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Production of Polyclonal Antisera 

Jonathan A. Green and Margaret M. Manson 

1. Introduction 
All immunochemical procedures require a suitable antiserum or monoclonal 

antibody raised against the antigen of interest. Polyclonal antibodies are raised 
by injecting an immunogen into an animal and, after an appropriate time, col- 
lecting the blood fraction containing the antibodies of interest. In producing 
antibodies, several parameters must be considered with respect to the final use 
to which the antibody will be put. These include (1) the specificity of the anti- 
body, i.e., the ability to distinguish between different antigens; (2) the avidity 
of the antibody, i.e., the strength of binding; and (3) the titer of the antibody, 
which determines the optimal dilution of the antibody in the assay system. A 
highly specific antibody with high avidity may be suitable for immunohts- 
tochemistry, where it is essential that the antibody remains attached during the 
extensive washing procedures, but may be less useful for nnmunoaffinity chro- 
matography, as it may prove impossible to elute the antigen from the column 
without extensive denaturation. 

To produce an antiserum, the antigen for the first immumzation is often pre- 
pared in an adjuvant (usually a water-in-oil emulsion containing heat-killed 
bacteria), which allows it to be released slowly and to stimulate the animal’s 
immune system. Subsequent injections of antigen are done with incomplete 
adjuvant that does not contain the bacteria. The species used to raise the anti- 
bodies depends on animal facilities, amount of antigen available, and the 
amount of antiserum required. Another consideration is the phylogenetic rela- 
tionship between antigen and immunized species. A highly conserved mam- 
malian protein may require an avian species in order to raise an antibody, 
Production of antibodies is still not an exact science and what may work for 
one antigen may not work for another. 
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A simple, generally applicable protocol for raising polyclonal antiserum to 
a purified protein of >lO,OOO molecular weight IS described. This method has 
been used to ratse antibodies against a cytosolic protein, glutathrone&trans- 
ferase, and a membrane-bound glycosylated protein, gammaglutamyl 
transpeptidase. The latter was first solubihzed by cleavage from the membrane 
with papam (I) Variations to this basrc procedure are discussed in Chapters 2, 
3, and 8. For protems or peptides of low molecular weight (6-l 0 kDa), con- 
jugation to a carrter protein 1s required for them to elicit antrgenictty (see Chapter 
7). Varratlons on this basic technique can be found m selected references (2-5,). 

2. Materials 
1 Phosphate-buffered saline (PBS), pH 7.4: 8 g of NaCI, 0.2 g of KHzPOd, 2.8 g of 

Na2HP04 -12H20, and 0.2 g of KC1 dtssolved and made up to 1 L m distilled water 
2 Anttgen: Purtfied protein diluted to about 100 clg/mL m PBS 
3 Complete and incomplete Freund’s adjuvant 
4 Two glass luer lock syringes 2 mL IS the best size. 
5 Three-way luer fitting plastic stopcock 
6. 19-g Needles, 0.7 x 22 mm Argyle medrcut cannula. 
7. Xylene 
8. Sterile glass universal tubes. 
9 Up to four rabbtts about 4-6 mo old. Various strams can be used, mcludmg half 

sandy lops or New Zealand whites (see Note 1) 

3. Method 
1. Take up 1 mL of complete adjuvant m one of the syringes and 1 mL of antigen 

solutron containmg approx 100 clg of the antigen m another Attach both to the 
plastic connector (Fig. l), making sure that the tap on the connector IS open m 
such a way that only the two ports connecting the two syringes are open Repeat- 
edly push the mtxture from syringe to syringe until tt becomes thick and creamy 
(at least 5-10 min). Push all the mixture into one syringe, disconnect this, and 
attach it to a 19-g needle (see Notes 2 and 3). 

2. Ensure that the rabbit to be injected is held firmly, but comfortably. For the pri- 
mary immunization, inject 500 & deeply mto each thrgh muscle and also inject 
500 pL mto each of two sttes through the skm on the shoulders 

3 Repeat these injections btweekly for a further 4 wk, but make the emulsion with 
incomplete admvant. 

4. Ten days after the last injection, test-bleed the rabbits from the marginal ear vem 
Hold the animal firmly and gently swab the rear marginal vein with xylene to 
dilate the vein Then cannulate the vem with an Argyle medlcut cannula and 
wrthdraw the needle, leaving the plastic cannula m place. Draw blood out of the 
cannula with a syringe until the reqmred amount has been collected. Transfer the 
collected blood into a sterile glass universal contamer. 

5. Remove the cannula and stem the blood flow by sustained pressure on the punc- 
ture site with a tissue. 
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Fig. 1. Preparation of emulsion for immunization Two luer lock glass syringes 
connected by a three-way plastic stopcock are used to form a stable emulsion of anti- 
gen and adjuvant. 

6. Allow the collected blood to clot by letting it stand at room temperature for 2 h 
and then at 4°C overnight. Separate the serum from the blood by detaching the 
clot carefully with a spatula from the walls of the container and pouring the liq- 
uid into a centrifuge tube. Then centrifuge the clot at 25OOg for 30 min at 4°C and 
remove any expressed liquid. Add this liquid to the clot-free liquid collected pre- 
viously and centrifuge the whole pooled liquid as described above. Finally, 
remove the serum from the cell pellet with a Pasteur pipet (see Note 4). 

7. At this stage, test the antiserum using an appropriate assay (see Note 5). If the 
antibody has the requirements for the use to which it will be put, up to three 
further bleeds on successive days may be performed. If the antiserum is unsatis- 
factory, i.e., the reaction is very weak, inject the rabbit again 1 mo after the test 
bleed, and again test-bleed 10 d after this injection. 

8. St ore antibodies in small, preferably sterile, aliquots at a minimum of -20°C. 
Repeated freezing and thawing should be avoided. For long-term storage, aliquots 
may be freeze-dried and reconstituted when needed (see Note 6). 

4. Notes 
1. The production of antibodies in animals must be carried out in strict accordance 

with the legislation of the country concerned. 
2. Emulsions containing antigens are just as immunogenic to humans as to the exper- 

imental animal. Great care should be exercised during all the procedures. 
3. A stable emulsion has been produced when a drop of the preparation does not 

disperse when placed on water. 
4. Serum should be straw colored; a pink coloration shows that hemolysis has taken place. 

This should not affect the performance of the antibodies during most assay procedures. 
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Fig. 2. Ouchterlony double-diffusion technique. The antigen is placed in the center 
well, cut in an agarose gel, and different antisera in a range of dilutions are placed in 
the surrounding wells. Antigen and antiserum diffuse toward each other and form a 
white precipitin line where an antibody recognizes the antigen. 

5. This can be done by the Ouchterlony diffusion technique (see Fig. 2 and ref. 6), 
by enzyme-linked immunosorbent assay (see Chapter 15), or by Western blot, 
either using the purified protein or a more complex mixture of proteins contain- 
ing the antigen of interest separated on a sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis gel (see Chapter 20). 

6. Some freeze-dried antisera are difficult to reconstitute, or occasionally may lose 
activity. Test a small sample before drying the whole batch. Any cloudiness after 
reconstitution is denatured lipoprotein, and can be clarified by centrifugation and 
does not affect antibody binding. 
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Raising Polyclonal Antibodies 
Using Nitrocellulose-Bound Antigen 

Monique Diano, Andrb Le Bivic, and Michel Hirn 

1. Introduction 
Highly specific antibodies directed against minor proteins, present m small 

amounts in biological fluids, or against nonsoluble cytoplasmic or membranous 
proteins, are often difficult to obtain. The main reasons for this are the small 
amounts of protein available after the various classical purification processes 
and the low purity of the proteins. 

In general, a crude or partially purified extract is electrophoresed on a sodium 
dodecyl sulfate polyacrylamide gel (SDS-PAGE); then the protein band is 
lightly stained and cut out. In the simplest method, the acrylamide gel band is 
reduced to a pulp, mixed with Freund’ s adjuvant, and injected. Unfortunately, 
this technique is not always successful. Its failure can probably be attributed to 
factors such as the difficulty of disaggregating the acrylamide, the difficulty 
with which the protem diffuses from the gel, the presence of SDS in large 
quantities resulting in extensive tissue and cell damage, and finally, the toxic- 
ity of the acrylamide 

An alternative technique is to extract and concentrate the proteins from 
the gel by electroelution (see Methods in A4olecuZur Biology, Volume 1, 
Chapter 19), but this leads to considerable loss of material and low amounts 
of purified protein. 

Another technique is to transfer the separated protein from an SDS-PAGE 
gel to nitrocellulose. The protein-bearing nitrocellulose can be solubilized with 
dimethyl sulfoxide (DMSO), mixed with Freund’s adjuvant, and injected mto a 
rabbit. However, although rabbits readily tolerate DMSO, mice do not, thus 
making this method unsuitable for raising monoclonal antibodies. 

From Methods m Molecular Srology, Vol 80 tmmunochemrcal Protocols, 2nd ed 
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The monoclonal approach has been considered as the best technique for rais- 
mg highly specific antibodies, starting from a crude or partially purified mrmu- 
nogen. However, experiments have regularly demonstrated that the use of 
highly heterogenous matertal for mununization never results in the isolation of 
clones producing antibodtes directed against all the components of the mix- 
ture. Moreover, the restricted specificity of a monoclonal antibody that usually 
binds to a single epitope of the antigemc molecule is not always an advantage. 
For example, if the epitope is altered or modified (i.e., by fixative, Lowicryl 
embedding, or detergent), the binding of the monoclonal antibody might be 
compromised, or even abolished. 

Because conventional polyclonal antisera are complex mixtures of a consid- 
erable number of clonal products, they are capable of bmdmg to multiple anti- 
gemc determinants. Thus, the bmdmg of polyclonal antisera is usually not 
altered by slight denaturation, structural changes, or mrcroheterogeneity, mak- 
mg them suitable for a wide range of applications. However, to be effective, a 
polyclonal antiserum must be of the highest specificity and free of irrelevant 
antibodies directed against contaminating proteins, copurified with the protein 
of interest and/or the proteins of the bacterial cell wall present in the Freund’s 
adjuvant. In some cases, the background generated by such u-relevant antibod- 
ies severely limits the use of polyclonal anttbodies. 

A simple technique for rarsmg highly specrfic polyclonal antisera against 
minor or msoluble proteins would be of considerable value. 

Here, we describe a method for producing polyclonal antibodies, which 
avoids both prolonged purification of antigemc proteins (with possible proteo- 
lytic degradation) and the addition of Freund’s adjuvant and DMSO. Two- 
drmensronal gel electrophoresrs leads to the purrficatton of the chosen protein 
m one single, short step. The resolution of this technique results m a very pure 
antigen, and consequently, in a very high specificity of the antibody obtained. 
It is a simple, rapid, and reproducible technique for proteins present in 
sufficiently large quantmes to be detected by Coomassie blue stammg. 

A polyclonal antibody, which by nature cannot be monospecific, can, if tts 
titer is very high, behave like a monospecific antibody m comparison with the 
low titers of irrelevant antibodies in the same serum. Thus, this method is faster 
and performs better than other polyclonal antrbody techmques while retaining 
all the advantages of polyclonal antibodies. 

2. Materials 
1. For isoelectric focusing (IEF) and SDS-PAGE gels, materials are those described 

by O’Farrell(1,2) and Laemmli (3). It should be noted that for IEF, acrylamide and 
bu-acrylamlde must be of the highest level of purity, and urea must be ultrapure 
(enzyme grade) (see Methods zn Molecular Brology, Volume 3, Chapters 15-2 1). 
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2. Ampholmes with an appropriate pH range, e.g., 5 O-S 0 or 3.0-9.0. 
3. Transfer membranes. 0 45-pm BA 85 mtrocellulose membrane filters (from 

Schletcher and Schull GmBH, Kassel, Germany); 0 22-pm membranes can be 
used for low-mol-wt antigenic proteins 

4 Transfer buffer 20% methanol, 150 Mglycine, and 20 mM Trts base, pH 8.3. 
5 Phosphate-buffered saline (PBS), sterilized by passage through a 0 22-pm filter 
6 Ponceau Red: 0 2% m 3% trichloroacetic acid 
7. Small scissors. 
8 Sterile blood-collectmg tubes, with 0 1M sodium citrate, pH 6.0, at a final con- 

centration of 3.2% 
9. Ultrasonication apparatus, with 100 W mmimum output. We used a 100-W ultra- 

sonic disintegrator with a titanium exponential microprobe with a tip diameter of 
3 mm (l/8 m ) The nominal frequency of the system is 20 kc/s, and the ampli- 
tude used is 12 p. 

3. Methods 
This is an immuntzation method in which nitrocellulose-bound protein is 

employed and m which nezther DMSO nor Freund’s adjuvant are used, in con- 
trast to the method described by Knudsen (4) It is equally apphcable for soluble 
and membrane protems. 

3.1. Purification of Antigen 
Briefly, subcellular fracttonatron of the tissue is carried out to obtain the 

fraction contammg the protem of interest. This 1s then subjected to separation 
in the first dimension by IEF using O’Farrell’s technique (I), or as described in 
Methods in Molecular Biology, Volume 3, Chapter 19. At thus stage, It is 
important to obtain complete solubrlrzation of the protein (see Note 1). 

Separation in the second dimension is achieved by using an SDS polyacryl- 
amide gradient gel (see Methods in Molecular Biology, Volume 1, Chapter 7 
and refs. 1 and 4; see also Note 2). 

The proteins are then transferred from the gel to mtrocellulose (Methods in 
Molecular Biology, Volume 10, Chapters 24-26 and ref. 5). It is Important to 
work with gloves when handling nitrocellulose to avoid contamination with 
skin keratms. 

3.2. Preparation of Antigen for Immunization 
1 Immerse the mtrocellulose sheet in Ponceau red solutton for l-2 mm, until deep 

stainmg 1s obtained, then destain the sheet slightly in runnmg dtsttlled water for 
easier detection of the spots. Never let the wtrocellulose dry out. 

2. Carefully excuse the spot corresponding to the antigemc protein. Excise mside the 
circumference of the spot to avoid contammation by conttguous proteins (see Fig. 1) 

3. Immerse the nitrocellulose spot in PBS in an Eppendorf tube (1-mL size) The 
PBS bath should be repeated several times until the nitrocellulose is thoroughly 
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Fig. 1. Excision of the spot containing the antigen. Cut inside the circumference, 
for instance, along the dotted line for the right spot. 

Fig. 2. Maceration of nitrocellulose. 

destained. The last bath should have a volume of about 0.5 mL, adequate for the 
next step. 

4. Cut the nitrocellulose into very small pieces with scissors. Then rinse the scissors 
into the tube with PBS to avoid any loss (see Fig. 2). 

5. Macerate the nitrocellulose suspension by sonication. The volume of PBS 
must be proportional to the surface of nitrocellulose to be sonicated. For 
example, 70-80 pL of PBS is adequate for about 0.4 cm2 of nitrocellulose 
(see Notes 3 and 4). 
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6 After sonmatron, add about I mL of PBS to the nitrocellulose powder to 
dilute the mixture, and aliquot it in 500,350, and 250~uL fractions and freeze 
these fractions at -80°C until use. Under these storage conditions, the ahquots 
may be used for immumzation for up to one year or, may be longer. Never 
store the nltrocellulose without buffer. Never use sodium aztde because of its 
toxicity. 

3.3. Immunization 

1. Shave the backs of the rabbits Routinely inject two rabbits with the same antigen. 
2. Thaw the 500~pL fraction for the first immunization and add 1.5-2 mL of PBS to 

reduce the concentration of mtrocellulose powder. 
3. Inoculate the antigen, accordmg to Vaitukams et al. (6), mto 20 or more sites 

(Vattukaitis injects at up to 40 sites). Inject subcutaneously, holding the skin 
between the thumb and forefinger. Inject between 50 and 100 $---a light swell- 
ing appears at the site of injection. As the needle is withdrawn, compress the skm 
gently. An 18-g hypodermic needle is routmely used, though a finer needle (e.g., 
20- or 22-g) may also be used (see Note 5). Care should be taken over the last 
injection; generally, a little powder remains in the head of the needle. Thus, after the 
last injection, draw up 1 mL of PBS to rinse the needle, resuspend the remaining 
powder in the syringe, and posrtion the syrmge vertrcally to inject. 

4. Three or four weeks after the first immunization, the first booster maculation is 
given m the same way. The amount of protein injected is generally less, corre- 
sponding to two-thirds of that of the first immunization. 

5. Ten days after the second immunization, bleed the rabbit (see Note 6). A few 
milliliters of blood suffice, i.e., enough to check the munune response against a 
crude preparation of the injected antigenic protein. The antigen is revealed on a 
Western blot with the specific serum diluted at 1:500 and a horseradish peroxi- 
dase-conjugated second antibody. We used 3,3’-Diaminobenzidine tetra- 
hydrochloride (DAB) for color development of peroxidase activity (see Methods 
in A4oleculur Biology, Volume 10, Chapter 10). If the protein is highly antigenic, 
the beginning of the mununological response IS detectable 

6. Two weeks after the second immunization, admimster a third immunization in 
the same way as the first two, even if a positive response has been detected. If 
there was a positrve response after the second immunization, one-half of the 
amount of protein used for the original immunization is sufficient. 

7. Bleed the rabbits 10 d after the third immunization and every week thereafter. At 
each bleeding, check the serum as after the second immunization; but the serum 
should be diluted at 1:4000 or 1:6000. Bleeding can be continued for as long as 
the antibody titer remains high (see Note 7). 

Another booster should be given when the antibody titer begins to decrease if 
it is necessary to obtain a very large volume of antiserum (see Note 7) 

8. After bleedmg, keep the blood at room temperature until it clots. Then collect the 
serum and centrifuge for 10 min at 3000g to eliminate microclots and lipids. 
Store aliquots at -22Y! 
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Fig. 3. Second dtmenston with several IEF gels Several IEF gels are cut, 0.5 cm 
above and 0.5 cm below the tsoelectric point of the protein of interest They are placed 
side by side at the top of the second dimension slab gel Thus, only one SDS gel is 
needed to collect several spots of interest 

4. Notes 
1 To ensure solubihzation, the following techniques are useful. 

a. The concentration of urea m the mixture should be 9%9.M 1 e , close to 
saturation 

b The protein mixture should be frozen and thawed at least SIX times 
Ampholmes should be added only after the last thawmg because freezing ren- 
ders them moperative 

c If the antigenic protein is very basic and outside the pH range of the 
ampholmes, it is always possible to carry out NEPHGE (noneqmlibrmm 
pH gradient electrophoresis) for the first dimension (see Section 3.1 , and 
see also Methods in Molecular Bzology, Volume 3, Chapter 17). 

2 If the antigemc protein 1s present m small amounts m the homogenate, it 1s pos- 
sible to save time by cutting out the part of the IEF gel where the protein is 
located and depositmg several pieces of the first-dimension gel side by side on 
the second-dimenston gel slab (see Fig 3) 

3. Careful attention should be paid to temperature during preparation of the antigen, 
always work between 2 and 4°C. Be particularly careful during somcation; wait 
2-3 mm between consecutive somcations 

4. This is a crucial point m the procedure If too much PBS IS added, the pieces of 
mtrocellulose will swirl around the probe and disintegration does not occur. In 
this case, the nitrocellulose pieces should be allowed to settle to the bottom of the 
tube before sonicatton and the excess buffer drawn off wtth a syringe or other 
suitable mstrument (7CL80 pL of PBS 1s sufficient for about 0 4 cm2 of mtrocel- 
lulose) For these quantities, one or two 10-s cycles suffice to get powdered mtro- 
cellulose We mention the volume as a reference since the surface of 
mtrocellulose-bound antigen may vary In every case the volume of PBS must 
be adjusted. 
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5 What is an appropriate amount of antigenic protein to inject? There is no absolute 
answer to this question It depends both on the molecular weight of the protein, and 
also on its antigemclty It is well known that if the amount of antigen is very low 
(0.5-l pg for the classic method with Freund’s adjuvant), there is no antibody pro- 
duction; rf the amount of antigen is very high (e g , several hundred micrograms of 
highly antigemc protem), antibody production might also be blocked. 

It would appear that m our method, a lower amount of antigen is required for 
munumzatron; the nitrocellulose acts as if it progressively releases the bound protein, 
and thus, the entrre amount of protein is used progressively by the cellular machinery 

Our experiments show that a range of 10-40 pg for the first mnnumzatron 
generally gives good results, although, m some cases, 5 pg of material is 
sufficient. The mtrocellulose powder has the additional effect of triggering an 
inflammatory process at the sites of mjection, thus enhancing the immune 
response, as does Freund’s adjuvant by means of the emulsion of the antigenic 
protein with the tubercular bacillus; macrophages abound m the inflamed areas. 

6. It is perhaps worth noting that careful attention should be paid to the condition of 
the rabbit at time of bleedmg. We bleed the rabbits at the lateral ear artery. When 
the rabbit is calm, 80-100 mL of blood may be taken. The best time for bleeding 
1s early m the morning, and after the rabbit has drunk Under these conditions, the 
serum is very clear It IS essential to operate m a quiet atmosphere If the rabbit is 
nervous or under stress, the arteries are constricted so strongly that only a few 
drops of blood can be obtamed Note that to avoid clotting, the needle is impreg- 
nated with a sterile sodium citrate solution by drawing the solution mto the 
syringe three times 

7. When the effective concentration required corresponds to a drlution of 1:2000, 
the titer is decreasing. Serum has a high trter rf one can employ a dilutron over 
1.2000 and if there is a strong specific signal without any background 

8. We have also immumzed mice wrth mtrocellulose-bound protem by mtraperito- 
neal injection of the powder. This is convenient when time and material are very 
limited, since very little protein is needed to induce a response (three to live 
times less than for a rabbit) and since the time-lag for the response is shorter 
(the second irmnumzatlon was 2 wk after the first, and the third immumzation, 
10 d after the second) Mice have a high tolerance for the nitrocellulose powder. 
Unfortunately, the small amount of serum available is a hmitmg factor This tech- 
nique for immumzmg mice can, of course, be used for the preparation of mono- 
clonal antibodies 

9. Utihzatron of serum. The proper dilutions are determined. We routmely use 
1:4000 for blots, 1:300-l :200 for immunofluorescence, and 1.50 for mrmunogold 
staining. Serum contmues to recognize epitopes on tissue protems after Lowicryl 
embedding Labeling is highly specific, and gives a sharp image of zn srtu protein 
locahzatron There IS no need to pmfi the serum IgG purified from serum by 
whatever means usually gives poorer results than those obtained with diluted 
serum. Purification procedures often give rise to aggregates and denaturatron, 
always increase the background, and result in loss of specific staining. 
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10. Bacterial antigemc protein When antibodies are used in screening cDNA hbrar- 
ies in which the host is E coli, the antibodies produced against bacterial compo- 
nents of Freund’s adjuvant may also recognize some E toll components An 
advantage of our technique is that it avoids the risk of producmg antibodies 
against such extraneous components. 

11. Is nitrocellulose antigenic? Some workers have been unable to achieve good 
results by immumzation with mtrocellulose-bound protein. They reproducibly 
obtain antisera directed against mtrocellulose We found that m every case, this 
resulted from mlecting powdered nitrocellulose m Freund’s adjuvant; using 
adjuvant actually increases the production of low affinity IgM that bmds 
nonspecifically to nitrocellulose. We have never observed this effect in our 
experiments when the technique described here was followed strictly 

12. The purification step by 2-D electrophoresis implies the use of denaturmg condi- 
tions (SDS), and thus, is not appropriate for obtaining antibodies directed agamst 
native structures. For that purpose, the protein should be transferred onto nitro- 
cellulose after purification by classical nondenaturing methods and gel electro- 
phoresis under nondenaturing conditions. 

However, it should be pointed out that, followmg the method of Dunn (7), it is 
possible partially to renature proteins with modifications of the composition of 
the transfer buffer. 

13. Second dimension electrophoresis can be carried out with a first electrophoresis 
under native conditions, followed by a second electrophoresis under denaturing 
conditions, i.e., with SDS. 

Because the resolution provided by a gradient is better, it should always be used 
in the 2-D electrophoresis. Agarose may also be used as an electrophoresis support 

14. If only a limited amount of protein is available, and/or if the antigen is weakly 
immunogemc, another procedure may be used. The first mnnumzation is given as a 
single mjection, of up to 0.8 mL, mto the popliteal lymphatic ganglion (8) using a 
22-g needle, i.e., the finest that can be used to inject mtrocellulose powder. In this 
case, the antigen IS delivered immediately into the immune system If necessary, 
both ganglions can receive an mjection. The small size of the ganghons limits the 
injected volume. The eventual excess of antigen solution is then injected mto the 
back of the rabbit, as described above. The boosters are given in the classic manner, 
i.e., m several subcutaneous injections into the rabbit’s back 

If the amount of protein available is even more limited, a guinea pig may be 
immunized (first immunization in the lymphatic ganglion, and boosters, as usual). 

15 The advantage of getting a high titer for the antibody of interest IS that the amount 
of irrelevant antibodies is, by comparison, very low and, consequently, does not 
generate any background Another advantage of using a crude serum with a high 
antibody titer, is that this serum may be used without further purification to screen 
a genomic bank (9) 

16 The time required for transfer and the voltage used is dependent on the molecular 
weight and the nature of the protein to be transferred. During transfer, the elec- 
trophoresis tank may be cooled with tap water. 
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Production and Characterization of Antibodies 
Against Synthetic Peptides 

David C. Hancock and Gerard I. Evan 

1. Introduction 
1.1. Immunizations 

Immunization protocols vary greatly among laboratories. In general, there 
are no hard and fast rules, and most protocols give satisfactory results. The 
methods described below are designed to give optimal results with minimal 
mJury to the test animal, and we have used them extensively and successfully 
for several years (1-6) Peptide immunizations differ from those where the 
immunogen IS a larger macromolecule in that maximal antipeptrde titers (which 
arise rapidly after two to three immunizations) do not always coincide with 
maximal titers against the intact protein (which tend to peak rather later at four 
to six immunizations). Thus, although antipeptide enzyme-linked immuno- 
sorbent assays (ELISAs) are useful gages of m-nnune responsivity, there is no 
substitute for eventual screening on the intact protein (e.g., by nnmunopre- 
cipitation, Western blotting, and so forth). Individual variation in antipeptide 
response is very marked, so it is advisable to use several animals (three to 
six) per immunogen. Rabbit responses are generally poorer in specific patho- 
gen-free (SPF) animals, probably reflecting their greater immune naivity. 
Mouse responses are often best in F1 crosses (e.g., Balb/c x C57B1/6) rather 
than pure strains. Alternatively, SJL mice generally respond well. 

Adjuvants stabilize immunogens so that they induce the immune system 
persistently over long periods. Oil-water adjuvants, such as Freund’s, are extremely 
effective, but must be prepared properly as stable emulsions. Such emulsions 
are thick, do not separate even after standing for long periods, and do not dis- 
perse if pipeted onto the surface of water. Immunogens administered in 
Freund’s adjuvant can persist for weeks, and there is thus no point in repeating 
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immumzattons too frequently. Freund’s complete adjuvant (FCA), which con- 
tains killed pertussis bacteria to induce massive nonspecific inflammation, 
causes ulceration (resulting m loss of immunogen and considerable discomfort 
to the animal) if administered m too large a bolus in one place or if given more 
than once. For this reason, subsequent mnnunizattons are given using Freund’s 
mcomplete adjuvant (FIA), which contains no pertussis. An effective altema- 
tive to oil-water adjuvants is to administer the nnmunogen on alum as a fine 
adsorbed suspension. Precipitation of peptide-carrier conjugates with acetone 
also renders them partially insoluble and thus more persistent immunogens. 
Acetone precipitates are particularly useful for primmg prior to spleen fusions 
for the development of monoclonal antibodies (MAbs). 

Immunizations prior to such fusions should not be done with persistent adju- 
vants, such as Freund’s, because in this case the aim is to induce a rapid and 
transient immune response whose early (lymphoprohferative) stage coincides 
with fusion to myeloma cells. 

1.2. ELBA for Anfipeptide Antibodies 

Because the peptide immunogen used to generate antibodies is available in 
comparatively large amounts, tt is seldom necessary to use highly sensitive 
radionnmunoassays to check antibody titers. For almost all purposes, a peroxi- 
dase- or P-galactosidase-based enzyme-linked calorimetric assay is adequate. 
The target antigen is passively adsorbed to the walls of microtiter wells, either 
as free peptide or as peptide conjugated to an irrelevant carrier protein (e.g., 
bovine serum albumin [BSA]). Usually, the free peptide makes a perfectly 
effective antigemc target, but occasionally important determinants on some 
peptides are masked by adsorption to the plate, m which case peptide-carrier 
conjugates should be used. Thus, tf antibody titer on free peptide is low, it 1s a 
good idea to try conjugated peptide as the target. Annbodies bound to the 
adsorbed peptide are detected with an appropriate enzyme-linked second-layer 
reagent, typically antiimmunoglobulm or protein A, and the assay developed 
with a calorimetric substrate. 

1.3. Affinity Purification of Anfipepfide Antibody 

It can occasionally be necessary to purify an antibody preparation, perhaps 
in order to eliminate background “noise” in a particular assay. With a ready 
source of immunogen m the form of peptide, it is straightforward to purify anti- 
peptide antibodies by affimty chromatography. The peptide is covalently 
coupled to agarose and the crude antibody passed down the column. Unbound 
material 1s washed away and the bound antibody eluted under denaturing 
conditions, for example, low pH (pH 2.5), high pH (pH 11.5), or 4M MgCl,. 
Immunoglobulins are unusually resistant to permanent denaturation by pH 
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extremes or chaotropic reagents, although there are always exceptions (espe- 
cially with MAbs). MgC12 elution is the mildest, and therefore the first method 
to try; low pH followed by rapid neutralization is used most frequently m our 
laboratory. 

The affinities of antibodies for their cognate peptides can be very high, so it 
is sometimes difficult to recover quantitatively the higher-affimty antibodies 
in a polyclonal serum from the peptrde resin. For this reason, it 1s essential to 
use only low concentrations of peptide on the resin (typically 100-200 pg of 
peptlde/mL of agarose gel) and to elute bound antibody m the reverse direc- 
tion to which it was run into the column, so as not to drive eluting antibodies 
mto a further excess of antigen. If both of these criteria are adhered to, yields 
are usually on the order of 60-80% recovery. 

Suitable affinity resins are CNBr-activated Sepharose and similarly acti- 
vated N-hydroxysuccmimide ester-based gels with spacer arms. These react 
with free amino groups on the peptide. If the peptide contams many lysine 
residues, alternative couplmg systems may be used, for example, carbodiimide- 
activated agaroses. In our experience, however, even peptides with mternal 
lysines make good immunoadsorbents, and we routinely use CNBr-activated 
Sepharose. 

2. Materials 
2.1. Immunizations 

1. FCA and FIA* FCA is a suspension of killed pertussis in oil This should be 
shaken well before use FIA is just oil Freund’s adjuvants should be mixed with 
the aqueous unmunogen solution/suspension at a ratio between 1:2 and 2.1 and 
mixed until set. This is most easily achieved by passage back and forth between 
two glass syringes connected by a three-way luer fitting. After a while (l-5 min) 
the mixture should become noticeably “suffer,” and may then be used. 

2. Potassium aluminum sulfate (Alum) AlK(SO& * 12H20: The aqueous tmmuno- 
gen solutlotisuspension IS mixed wtth 0 3 vol 10% aluminum. The pH 1s then 
adjusted to about 8.0 with sodium hydroxide solution, and the resultant precipi- 
tate washed in 0 9% NaCl solutton and administered 

3. Acetone precipitates. The aqueous mununogen IS precipitated with 4.5 vol ace- 
tone at -20°C. The precipitate is collected by centrtfugatton at 10,OOOg at room 
temperature, washed m 80% acetone, and air-dried The pellet is resuspended in 
salme using a DounceTM homogenizer, and then administered directly or in asso- 
ciation with alum or Freund’s adjuvants. 

4. Bacillus Calmette-Guerm (BCG). An attenuated strain of bovine tubercle bacil- 
lus is available from Glaxo or from outdated hospital supplies as a lyophthzed 
powder. Before use, rt IS suspended in sterile distilled water. 

5 Saline. 0.9% NaCl. 
6 Glass syringes (2 and 10 mL) 
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7 Disposable three-way luer fitting taps 
8. Peptide conjugate. 

2.2. ELISA 
1 10X Adsorption buffer: 1M sodmm bicarbonate, pH 9 6 (adjust with NaOH) 
2. Peptide solution/suspension at 1 mg/mL in phosphate-buffered salme (PBS) 

stored at -20°C 
3. Antipeptide antibody 
4. “Immulon 2” hard plastic 96-well microtiter plates (Dynatech Ltd.) 
5. Rabbit antimouse Ig-horseradish peroxtdase conjugate (RaMIg-HRP), Donkey 

antirabbit Ig-horseradish peroxrdase conjugate (DaRIg-HRP), swine antirabbtt 
Ig-horseradish peroxidase conlugate (SwaRIg-HRP), protein A-peroxidase or 
appropriate S-galactosidase-conjugated second-layer reagent (DAK0 [High 
Wycombe, UK] or Amersham International [Amersham, UK]). 

6. Tris-buffered salme (TBS): 25 mMTrts-HC1/144 mA4NaC1, pH 8 2. 
7 Blocking buffer (TM). TBS contammg 2% dried milk powder (Marvel). 
8. Assay buffer (TMT): TBS contammg 2% dried milk powder and 0.5% Tween-20. 
9 Substrate solution for HRP 1 mM 2,2’ azinobis 3-ethylbenzthiazoline-6 sulfomc 

acid (ABTS) (Srgma, St. Louis, MO) in O.lM sodium acetate, pH 5 0. Add 1 & 
of 30% hydrogen peroxide/l mL of ABTS solution just before use. Discard any 
old ABTS stocks that have a noticeable green color when dtssolved m the 
absence of hydrogen peroxide 

10. Stop solution for peroxidase assays. 5% sodium dodecyl sulfate (SDS). 
11. Substrate solution for S-galactosrdase* 4 mg/mL dmitrophenyl-J3+galactopy- 

ranostde (ONPG) dissolved in TBS containing 0.7% 2-mercaptoethanol and 
1 mA4MgC1, 

12. Stop solution for P-galactostdase. lMNa&O, 

2.3. Affinity Purification 
1 CNBr-activated Sepharose (Pharmacta, Uppsala, Sweden). 
2. Sintered glass funnels 
3. Chromatography columns (Pharmacia C series) 
4. Peristaltic pump 
5. Concentrated HCl. 
6. PBS. 
7. 100 mMNa acetate, pH 4 0. 
8. 2MNaCl in PBS. 
9 TBS 

10. TBS containing 0 1% sodium azide (Caution: toxic). 
11. TBS containing 0.1% NP40 
12. 250 mMEDTA, pH 8.0. 
13. Saturated ammonium sulfate solution. 
14 NP40 stock solution. 10% in water. 
15. 100 mMNa citrate, pH 2 5 
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16. 2M Tris base. 
17. Saline. 0.9% NaCl. 
18. 4M MgCl,. 
19. 10X TBS. 250 mMTris-HC1/1,44MNaCl, pH 8.2. 

3. Methods 
3.7. KL H/Thyroglobulin-Peptide Conjugate Immunizations 

1. Immunize rabbits as follows (see Note 2). 
a. Intradermally immunize with 50-200 pg of peptide conjugate m FCA at 

multiple sites 
b. After 2-3 wk, immumze again intradermally with 50-100 pg of conjugate 

m FIA 
c. Repeat step b at 2-wk intervals. Bleed 10 d after immunization We usually 

test bleed (from the ear) after the third and fifth immumzations, and then 
completely exsanguinate after a further one to four immunizatrons as appro- 
priate, depending on the efficacy of the antiserum 

2. Immunize mice as follows: 
a Immunrze m the tall-base with 20-100 pg of peptide conjugate in FCA. 
b. After 2 wk, mmumize intramuscularly (e.g., m the base of the tail), or subcu- 

taneously (in the flanks) with about 50 pg of conjugate in FIA. 
c. Repeat step b at 2-3-wk intervals until titers plateau (three to six immumza- 

tions in total). Test bleed (from the tail) 10 d after immunization. 
d For fusions, 3-10 wk after last immunization, immunize intraperitoneally with 

about 50 1-18 of conjugate on alum or as an acetone precipitate m saline (d 0) 
Remununize 3 d later (d 3). Fuse 3 d later (d 6) 

3. Immunization with PPD-peptide conjugates (see Note 1) 
a. Four to 6 wk before start of immunization, inoculate with two adult doses of 

BCG (all animals) in saline subcutaneously without adjuvant. 
b. Administer the first PPD-peptide immumzatron m FIA 
c. Repeat step b at 34-wk intervals until titers plateau, Test bleed (from the 

tail) 10 d after immunization. 
d. For fusions, follow the same procedure used for KLH/thyroglobulin conju- 

gates described in step 2d. 

3.2. ELISA for Antipeptide Antibodies 
3.2.1. Adsorption of Peptide to Microtiter Plates 

1. If using free pepttde as the antigenic target, drlute it to a final concentration of 
50 pmol/mL in adsorption buffer (roughly a dilution of about 1 m 2000 for a 
lo-mer peptide). If using a peptidtiarrier conjugate as the target, dilute the con- 
jugate in adsorption buffer to a peptide concentration of about 10 pg/mL. The 
precise amount of peptide conjugate may need eventually to be titrated to give 
optimal signals. 

2. Add 100 pI., of diluted peptide solution to each well. 
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3 Leave at room temperature m a wet box overnight. 
4 Shake out any unadsorbed pepttde, and wash the plate three times m TBS by 

mnnersion of the plate in a TBS bath Immerse the plate at an angle to avoid 
trapping air bubbles. Shake the plate dry 

5. Add 150 pL of TM buffer/well, and leave at room temperature for at least 30 mm 
If required, store the plates at this stage at -20°C 

3.2.2. ELISA 

1 

2 
3 
4 

9. 

Empty the wells, and add 100 pL of antibody diluted m TMT/well. Suitable start- 
mg dilutions are 1 m 50 for antisera, 1 in 2 for hybrtdoma culture supernatants, 
and 1 in 500 for hybridoma ascites fluids Serially dilute antibody in doubling 
dilutions down one row of the microtiter plate (1 e., eight dilutions) 
Leave for 30 mm at room temperature. 
Wash the wells three ttmes in TBS as before 
Add 100 @.,/well of appropriate second-layer reagent diluted m TMT Dilute the 
stock HRP-anti-Ig conjugates (from the manufacturer) 1 m 200, stock protein A- 
HRP solution (1 mg/mL) 1 m 200, and stock P-galactosidase conJugates 1 m 100 
(see Note 3). 
Leave for 30 mm at room temperature 
Wash three times m TBS as before. 
Add 100 pL of substrate solution/well 
Incubate at room temperature. Peroxidase reactions take about 5-30 mm to 
develop j3-galactosidase reactions can take longer Judge the reaction time by 
eye (see Notes 4 and 5). Reactions may be stopped by adding 100 pL of 
appropriate stop solution to each well (5% SDS for peroxidase, 1M Na&O, 
for @galactostdase). The SDS also solubihzes any prectpitated products formed 
m the HRP reaction. 
Read the optical density (OD) on an ELISA plate reader Green ABTS reaction 
product and yellow ONPG reaction product may both be read at a wavelength of 
406 nm 

3.3. Affinity Pwrification 

3.3.1. Preparation of Peptide Agarose 

1. Mix 1.5 g of CNBr-Sepharose and 200 mL of 1 mMHC1, and leave for 15 min at 
room temperature 

2. Collect the slurry on a smter funnel, and drain until a moist cake is formed. Add 
the cake (typically - 5 mL vol) to 5 mL of PBS (pH 7 5-8.0) contammg - 500 pg 
of peptide. Agitate gently for about 2 h at room temperature. Note: Do not use a 
magnetic sttrrer, smce this fragments the resin and generates fines, whtch then 
slow or block the column flow 

3 Pour the slurry onto a sinter, and wash sequentially wtth 20 mL of the follow- 
mg: PBS; 100 mM sodmm acetate, pH 4.0; 2MNaCl m PBS; TBS. Store as a 
50% slurry m TBS containing 0.1% sodium aztde at 4°C. 
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3.3.2. Preparation of Serum or Ascites Fluid 

1. Allow clots to form. Ring the tube to prevent the clot adhering and leave over- 
night at 4°C 

2. Remove the supematant, and clarify the serumascites by centrifugation at 1 OOOg 
for 5 mm. 

3. Adjust the sample to 5 mM EDTA, add 0.82 vol of saturated ammonium sulfate 
solution while sturmg, and leave for 15 mm at room temperature. 

4 Collect the pellet by centrifugatton (10 mm, lO,OOOg, 4’C). 
5 Redissolve the pellet in its origmal volume using TBS. Add 10% NP40 to a final 

concentration of 0 l%, and spin m a microfuge to clarify. 

3.3.3. Affinity Chromatography 

1. Use a Pharmacia reversible column Pack 2 mL of affinity matrix into the column 
(keep moist) in runnmg buffer (TBS contammg 0 1% NP40) Wash with 20 mL 
of running buffer over 20 mm 

2. Run m the antibody solution as prepared earlier The flow rate should be about 
l-2 mL/min (a peristaltic pump is useful to control the flow rate) Run in the 
equivalent of about 1 mL of antiserum/ml of gel. 

3 Wash with 10 column volume of running buffer. 
4. Reverse the direction of flow. Wash with 10 column volume of TBS containing 

0.1% NP40 over 10 mm 5 column volume of TBS at the same flow rate and 
5 column volume of 0 9% NaCl. 

5 Elution of antibody may be achieved by either one of the following two 
procedures. 
a. Low pH elution Elute the bound antibody with 4-column volume of 

100 mh4 sodium citrate, pH 2.5, over 10 min, collecting the eluate and 
immediately neutralizing to pH 5 O-8 0 with 2M Tris base This can be 
achieved by prealiquotmg into the collectmg tubes the amount of Trts 
base necessary to neutralize a given fraction volume. Fractions may be 
assayed by ELISA (see Section 3.2.) diluted 1 in 5 to 1 m 50. Pool the 
most strongly positive fractions Adjust the pooled fractions to pH 6 0, 
and add 1 vol of saturated ammonium sulfate solution. Leave for 10 min 
at room temperature, and pellet the antibody at 10,OOOg for 10 mm at 
4’C. Resuspend the antibody in water at about l-5 mg/mL (OD2s0 of 
IgG is about 1 4 for a 1 mg/mL solution). Either dialyze against TBS 
contammg 0.1% sodium azide or add l/10 vol 10X TBS (see Note 6) 
Store in aliquots at -20°C. 

b. Elution with 4A4 MgClz: Elute the bound anttbody with 4 column volumes of 
4MMgC12. Dilute the eluate 10 times with distilled water. Add an equal vol- 
ume of saturated ammonium sulfate and pellet the immunoglobulm at 
10,OOOg. Resuspend the pellet in water. Either dialyze against TBS contain- 
ing 0.1% sodium azide or add l/l0 vol1OX TBS (seeNote 6). Store in ahquots 
at -20°C 
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4. Notes 

1 If PPD is used as the carrier for peptide immunizations, the animals must first be 
primed with live attenuated tubercle bacteria (BCG strain), which express PPD 
on their surface This prtmmg step elicits a strong T-cell helper response against 
subsequent PPD-lmked immunogens. FCA actually appears to interfere with this 
primmg process and so must be avoided if using this method. 

2 A “prennmun~zation” serum sample from the test animal serves as an excellent 
negative control serum. This can conveniently be taken at the time of the first 
immumzation. 

3. Protein A only bmds certain Ig subclasses at neutral pH (for example, many 
mouse antibodies of the IgGl subclass fall mto this category). Its bmdmg range 
can, however, be greatly extended by using htgh-pH (pH 8 5) buffers and high 
salt (l-2A4 NaCl), although these conditions can be inconsistent with antibody 
binding to peptide. For this reason, anti-Ig detection reagents are advised for 
primary testing of antipeptide antibodies. 

4. If the ELISA color development takes more than a few minutes, contmue the 
mcubation m the dark P-galactosidase reactions tend to have a lower spontane- 
ous background than peroxidase reactions, but take longer to develop. P-galac- 
tosidase reactions can be sped up by incubation at 37°C. 

5. Avoid contammation of substrate solutions by skm contact, since this can some- 
times increase background activity Read HRP reactions immediately, since 
atmospheric oxidation will gradually react with substrate m all wells 

6. Ammonium sulfate precipitation of IgG mevitably leads to residual ammonmm 
sulfate m the pellet Dialysis ~111 remove this, but may also lead to a significant 
loss of anttbody. For most purposes, addition of 10X TBS to the resuspended 
pellet is an acceptable alternative. 
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Preparation and Testing of Monoclonal Antibodies 
to Recombinant Proteins 

Christopher J. Dean 

1. Introduction 
Monoclonal antibodies (MAbs) are essential reagents for the isolation, iden- 

tification, and cellular localization of specific gene products and for aiding in 
the determination of their macromolecular structure. They can also help in 
identifying the function of the protein. Although the ability to clone and 
sequence specific genes has revolutiomzed our understanding of cellular struc- 
ture and function, the preparation of recombinant proteins and the synthesis of 
peptides based on protein sequences derived from cDNA clones have provided 
sufficient maternal for generating specific antibodies. The proteins may be iso- 
lated and purified directly from cells, or recombmant proteins may be derived 
from prokaryotic systems, such as Escherichza coli, or from eukaryotlc expres- 
sion systems, such as Chinese hamster ovary (CHO) cells, or insect cells 
expressing constructs m baculovirus. The eukaryotic systems are being used 
increasingly for expression of glycoproteins, because the recombinant material 
is glycosylated. It should be remembered, however, that glycosylation may be 
species-specific and if one of the functions of the protein depends on carbohy- 
drate, then the function of a recombinant glycoprotein may be altered depend- 
ing on the species used for expression. 

A number of protocols will be described here that have been used success- 
fully with both rat (Y3 and IR983F) and mouse (SP2/0) myelomas to generate 
MAbs to cellular proteins, recombinant proteins, or peptides based on cDNA 
sequences. Successful hybridoma productron relies on the ability to: 

1. Generate speck B-cells; 
2 Fuse them with a myeloma cell line; 
3. Identify the antibodies that are sought m culture supernatants; and 
4. Isolate and clone the specific hybridoma. 
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Of particular importance is the elicitation of the specific B-cells required for 
fusion, and several protocols to achieve this aim will be described. It should be 
remembered that the presence of specific antibody in serum is not necessarily a 
guarantee of success, nor is its absence a surety for failure. 

The second important requirement is for a quick, reliable assay(s) for the 
specific antibody that can be applied to the large numbers of culture superna- 
tants (296) that may be generated. Usually, the assays make use of a labeled 
second antibody (e.g., rabbit, sheep, or goat antibodies directed against the 
F[ab’ls of mouse or rat immunoglobulms) to identify the binding of MAb to 
antigen. The second antibody can be detected because it is conjugated to a 
fluorescent marker, e.g., fluorescein or a radiolabel, such as tz51. Alternatively, 
conjugates of second antibody with enzymes, such as alkaline phosphatase, 
peroxidase, or P-galactosrdase, may be employed. 

Persistence is an absolute requirement for the hybridoma producer; fusions 
can fail for many reasons, and it is essential not to give up because of early 
failures. The methods described in this chapter include techniques for: 

1. Preparation of antigen, 
2. Immunization; 
3. Hybridoma production; and 
4. Assaying the MAb-producmg hybndomas. 

2. Materials 

2.7. Generation of Immune Spleen or Lymph Node Cells 
1. Rats of any strain aged 1 O-l 2 wk, or Balb/c mace aged 6-8 wk (see Notes 1 and 2). 
2. Phosphate-buffered saline (PBS), pH 7.4: 1.15 g of Na2HP04, 0.2 g of KH*PO,, 

0.2 g KCl, 8.0 g of NaCl dissolved in water, and make up to 1 L 
3. Antigen: One of the following sources of antigen can be used to raise MAbs. 

a. Cells, e.g., mouse 3T3-cells expressing recombinant human membrane pro- 
tein (see Note 3). 

b. Soluble protein dissolved in PBS at a concentration of 1 O-4 0 mg/mL. 
c. Soluble recombinant protein extracted from cells or supernatants of eukary- 

otic cells (e g., CHO cells or insect cells expressmg recombinant baculovzrus), 
or bacteria, such as E coli, harbormg plasmids or recombinant viruses. In E. 
coli, recombinant material is often generated as a fusion protein with P-galac- 
tosidase or glutathione transferase (see Notes 3 and 4). 

d Proteins separated electrophoretically in sodium dodecyl sulfate containing 
polyacrylamide gels (SDS-PAGE), and eluted electrophoretically from gel 
slices Often, /3-galactosidase fusion proteins are prepared in this way because 
of their poor solubility 

e. Peptide conjugated to a protein carrier and dissolved in PBS. 
4. Freund’s complete adjuvant (FCA). 
5. Freund’s incomplete adjuvant (FIA). 
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2.1.7. Conjugation to Carriers 

1. Ovalbumm, bovine serum albumin (BSA), or Keyhole lympet hemocyanm 
(KLH), at 20 mg/mL in PBS. 

2 PPD-kit (tuberculrn-purtfied protem dertvative, Cambridge Research 
Biochemicals Ltd , Macclesfield, UK). 

3. Glutaraldehyde (spectally purified grade 1): 25% solution m dtstilled water. 
4 IMGlycine-HCl, pH 6.6. 

2.2. Hybridoma Production 

1. Dulbecco’s Modified Eagle’s Medium (DMEM) contammg glucose (1 g/L), sodium 
bicarbonate (3.7 g/L), glutamine (4 x 10e3A4), pemctllm (50 U/mL), streptomycin 
(50 pg/mL), and neomycin (100 pg/mL) stored at 5-6”C and used withm 2 wk of 
preparation. 

2. Fetal calf serum (FCS): macttvated by heatmg for 30 mm at 5-6”C and tested for 
ability to support growth of hybridomas (see Note 5). 

3. HAT selection medium: Prepare 100X HT by dissolving 136 mg of hypoxan- 
thme and 38.75 mg of thymidine in 100 mL of 0.02MNaOH prewarmed to 60°C. 
Cool, filter-sterilize, and store at -2O“C in I- and 2-mL alrquots. Prepare 100X A 
by dtssolving 1.9 mg aminopterm in 100 mL O.OlMNaOH, and then tilter-steril- 
ize and store at -2O“C in 2-mL aliquots. HAT medium is prepared by adding 
2 mL of HT and 2 mL of A to 200 mL of DMEM containing 20% FCS. 

4. HT medium: Add 1 mL of HT to 100 mL DMEM contaming 10% FCS 
5. Feeder cells for t&ton cultures (see Note 6): essenttal for fusions employmg rat 

myelomas. Quickly thaw irradtated rat fibroblasts, prepared as described in Note 
6, just before commencing the cell fusion. Add the cells to 10 mL of serum-free 
DMEM, centrifuge, and wash once in serum-free DMEM Resuspend feeders m 
HAT medium just before addition of the fuston mixture. Alternatively, use thy- 
mocytes from spleen donors (mouse). 

6. Polyethylene glycol (PEG) solution: Weigh 50 g of PEG (1500 molecular weight) 
into a capped 200-mL bottle, add 1 mL water, and then autoclave for 30 mm at 
120°C. Cool to about 7O”C, add 50 mL of DMEM, mix, and after cooling to 
ambient temperature, adJust the pH to about 7.2 with 1M NaOH (the mixture 
should be colored orange). Store as 1 -mL aliquots at -2O’C. 

7. Freezer medmm: Freshly prepared 5% dtmethyl sulfoxtde in FCS 
8. Myeloma cell lme Mouse SP2/0-Ag14 or rat IR 983F cells growing exponen- 

tially m 25- or 75-cm2 flasks containing DMEM/lO% FCS (dilute to 2-3 x IO5 
cells/ml the day before fusion). The rat myeloma Y 3 Ag 1.2.3. has to be grown in 
spinner culture to fuse well. Seven to 10 d before cells are required, about 5 x 1 O6 
cells, stored frozen m liquid nitrogen as 1-mL aliquots m freezer medium, are 
thawed quickly at 37°C diluted with 10 mL DMEM-10% FCS, centrifuged (500g 
for 2 min), then resuspended m 100 mL of the same medmm, and placed m a 
200-mL spinner flask. Let stand for 2 d at 37°C to allow cells to attach to the base 
of the vessel, Then place the spinner flask on a magnetic stirrer (e.g., Bellco) 
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runnmg at about 160 rpm. The Y3 myeloma has a generation time of about 10 h, 
and exponenttally growing cultures require feeding dally by fourfold dilution 
with fresh medium. 

2.3. Screening Culture Supernatants 

1 PBSA: PBS containing 0 02% NaN,. (NaN, should be handled with care It IS an 
inhibitor of cytochrome oxldase, and is highly toxic and mutagenic Aqueous 
soluttons release I-IN3 at 37’C ) 

2 PBST: PBSA contammg 0.4% Tween-20 
3 PBS-BSA: PBSA containmg 0.5% BSA. 
4. PBS-Marvel* PBSA contaming 3% Marvel (skimmed milk powder) Centrifuge 

or filter through Whatman No. 1 paper to remove undissolved soltds This is 
cheaper to use and Just as effecttve as PBS-BSA 

5. Plate-coatmg buffer (PCB), pH 8.2: O.OlM Na2HP04, O.OlM KH,P04, and 
0.14MNaCl. 

6 Alkaline sarkosyl. 1% Sodium dodecyl sarkosmate m 0.5M NaOH. 
7 Plates containing cell-bound antigens* Monolayers of cells grown m 96-well 

polystyrene (PS) plates (see Methods zn Molecular Bzology, Volume 5, Chapter 
54 for detailed instructions) 
a Rodent cells expressmg a recombinant protein, e g., CHO or 3T3 cells trans- 

fected wtth genes for human transmembrane proteins, 
b. Tumor cell lmes overexpressing transmembrane protems, e.g., the receptor 

for EGF or the product of the c-erbB-2 gene; 
c. Adherent cell lme expressing htgh cytoplasmtc levels of the specific antigen, 

which can be accessed followmg fixation and permeabiltzation with methanol 
Wash the cells with ice-cold DMEM and then add to each well 200 N of metha- 
nol that has been precooled to -7O’C by standing m cardice-ethanol. Leave at 
ambtent temperature for 5 min, “flick” off the methanol, and wash twice wtth 
medium containmg 5% FCS (live cells), or PBS-Marvel (fixed cells); and 

d. Control cell lme that etther does not express the specific antigen (e.g., normal 
3T3 cells), or in which expression IS at the normal one gene copy level. Thts 
wtll act as the negative control. 

8 Plates coated with purified soluble antigen. As an alternattve to step 7 above, and 
providing purified soluble antigen is available, 96-well PS or polyvmyl chlortde 
(PVC) plates can be coated wtth protem, recombinant protein, peptide, or pepttde 
conjugated to a carrier protent Plates are coated as follows 
a. Dtssolve the antigen at 1 Pg/mL m PCB. 
b Coat by mcubatton wtth 50 pL of antigen per well for 2 h at 37°C or overnight 

at 46°C. 
c. Block the remaining reactive sites by incubation for 2 h at 37°C with 200 uI.,/ 

well of PBS-Marvel. 
d. Wash the plates with PBST before use 

In many cases, the coated plates can be stored at 46°C for several weeks (fill 
wells wtth PBST), but it IS wise to check their anttbody-binding capacity before use. 
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9 Plates for antibody-capture assays: Where a specific anttbody IS available, thts 
may be a better assay to use than step 8 above, because the antigen 1s less likely 
to be subject to denaturation 
a Coat wells first by incubating for either 2 h at 37°C or overnight at 46°C 

with 50 pL (1-5 Clg/mL in PCB) of a polyclonal anttbody or MAb to the 
specific antigen Where pepttdes coupled to BSA are used, the plates can be 
coated first with rabbit antibodies to BSA 

b. Block the wells with PBS-Marvel for 2 h at 37“C 
c. Incubate wrth the specific antigen (50 l&/well of a 0.1-l pg/mL solution in 

PBST) for 2 h at 37”C, or overnight at 4--&C, and then wash with PBST For 
antigens that are not readily soluble, e.g., membrane proteins extracted m 
nonionic detergents, the extract in OS-l% Trlton X-100 or Nonidet-P40 can 
be used after suitable dilutton wtth PBSA containmg 0.5% of the detergent 
All subsequent procedures should be carried out using buffers containing 
detergent at 0.1&0.5% These plates are best prepared wlthm a day of use. 

2.3.1. lmmunoprecipitations 

1 Protein A/G or specific anti-tmmunoglobulin covalently linked to Sepharose 4B 
or slmllar bead support for preparmg mnnunopreclpltates (see Note 14) 

2. CNBr-activated Sepharose 4B 
3 Radlolabeled (3H, 14C, 35S, or lz51) protein or cell extract prepared m PBSA con- 

taining 10e3M phenyl methyl sulfonyl fluoride (PMSF) as proteinase mhtbttor, 
and 0 5-l .O% nomomc detergent 

4 Specific MAb etther purified or as culture supernatant. 
5 Polyclonal antibody to mouse or rat tmmunoglobulins depending on the species 

m which the MAb was raised 

2.3.2. Western Blotting (see also Chapter 20) 

1. Blotting membrane. Nltrocellulose or PVDF membrane 
2 Equipment for wet or semidry blotting 

2.3.3. Second Antibodies 

1. Sheep, rabbit, or goat antibodies to rat or mouse F[ab’]*, IgG, IgA, and IgM for 
labeling with 125I to carry out radiommmnoassay (RIA), or ConJugated to alkaline 
phosphatase or btotm for an enzyme-linked lmmunosorbent assay (ELISA) 

2. 1 5-mL polypropylene mlcrocentrifuge tubes coated with 10 pg of IODO-GEN 
(Pierce Chemical, Rockford, IL) by evaporation, under a stream of nitrogen, from 
a 100 clg/mL solution m methylene chloride (see Note 8). 

3. Carrier-free 1251, radloactrve concentration 100 mCl/mL (e.g., code IMS.30, 
Amersham International, Amersham, UK) 

4. y-Counter. 
5. UB: 100 mM phosphate-buffer (Na2HP04/KI-12P04), pH 7.4, containing 0 5M 

NaCl and 0.02% NaN, 
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6. 30 x 0 7 cm Dtsposocolumn (Bio-Rad, Hercules, CA) containing Sephadex G25, 
equihbrated before use with UB and pretreated with 100 pL of FCS to block sites 
that bmd protein nonspecifically. 

7. 3-mL Tubes for collection of samples. 
8. Lead pots for storage of 1251-labeled antibodies. 
9. Streptavidin labeled with lz51 or conjugated to alkaline phosphatase or to fluorescein 

10. 96-Well plate reader for ELISA. 

2.3.4. Buffers and Substrates for Alkaline Phosphatase Used in ELISA 

1. 10 mMDiethanolamine, pH 9.5, containing 0.5MNaCl 
2. 100 m&f Dtethanolamine, pH 9 5, contaimng 100 mMNaC1, and 5 mMMgC12. 
3. Substrate to give a soluble product (plate assays) O.l%p-nitrophenyl phosphate 

in 10 mM diethanolamine, pH 9.5, containing 0 5 mM MgC12. 
4. Substrate to give an insoluble product (Western blots): 

a. NBT stock: 5% nitroblue tetrazolmm m 70% dimethyl formamide 
b. BCIP stock. 5% disodium bromochloromdolyl phosphate in dimethyl 

formamide 
c Alkaline phosphatase buffer: 100 mM diethanolamine, pH 9.5, containing 

100 mMNaC1, and 5 mMMgC12 
Just before use, add 66 uL NBT stock solution to 10 mL of alkaline phos- 

phatase buffer, mix well, and add 33 pL of BCIP stock solution. 

3. Methods 
3.1. Conjugation of Peptides to Carriers 

Peptides that do not bear epitopes recognized by T-cells are poor immuno- 
gens and must be conjugated to carrier proteins or PPD to elicit good mmmne 
responses. 

1 Protein carriers, such as BSA or KLH. Mix the peptide and carrier m a 1: 1 ratio, 
e.g., pipet 250 pL of each into a 5-mL glass beaker on a magnetic stirrer. Small 
fleas can be made from pteces of paper cbp sealed in polythene tubmg by heat- 
ing. Add 5 @ 25% glutaraldehyde and continue stnrmg for 15 mm at room tem- 
perature. Block excess glutaraldehyde by adding 100 pL of 1M glycme and 
stirring for a further 15 min. Use directly or dialyze overnight against PBS, and 
store at -20°C 

2. PPD kit: Read instructions supplied with the kit very carefully. Inhalation of 
the ether-dried tuberculin PPD is dangerous for tuberculm-sensitive people to 
handle. Follow specific instructions to couple 2 mg of peptide to 10 mg PPD and, 
after dialysis, store at -20°C. 

3.2. Antigens for Immunization 

1. Suspend whole cells m PBS or DMEM at 5 x 1 06-1 0’ cells/ml. 
2. Mix proteins, peptide conjugates, or eluates from polyacrylamide gels m PBS 1: 1 

with adjuvant (FCA for the first immumzation, subsequently with FIA) m a 
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capped plastic tube (LP3 [Luckham Ltd., Burgess Hill, UK]), “bijou,” or 30-mL 
universal bottle by vortexmg until a stable emulston is formed Check that phase 
separation does not occur on standing at 4°C for >2 h. Alternatively, allow drop 
to fall from a Pasteur pipet onto a water surface. The drop should contract, remam 
as a droplet, and not disperse. 

3.3. Immunization Procedures 
1. Anesthetize animals (see Note 1), and take a blood sample from the jugular or tail 

vem into a capped 0.5- or 1.5~mL microcentrifuge tube to act as a preimmune 
sample. Allow tt to clot, centrifuge at 15OOg, remove the serum, and store at -20°C 

2 For fusions that will use spleen cells, immunize at 5 sites (4 times subcutaneously 
and 1 time mtraperttoneally) with a total of 50-500 pg of antigen in FCA/animal 
Test bleed 14 d later and reimmunize using the same protocol, but with antigen in 
FIA Test bleed and reimmumze at monthly intervals until sera are positive for 
antibodies to the antigen (see Section 3.5.). Three days before the fusions are 
done, rechallenge the animals mtravenously wrth antigen in PBS alone. 

3. For fusions that will use mesenteric lymph nodes of rats, the antigens are injected 
into the Peyer’s patches that lie along the small intestine The surgical procedures 
are described m Methods m Molecular Bzologv, Volume 5, Chapter 54. Again, test 
bleed the rats and then immunize two or three times at I-mo intervals, and use the 
mesentenc nodes 3 d after the final immunization. This protocol has resulted in 
good yields of spectfic IgG- and IgA-producing hybridomas (1,2) 

3.4. Hybridoma Production 
3.4.1. Preparation of Cells for Fusion 

1. Centrifuge exponentially growing rat or mouse myeloma cells in 50-mL aliquots 
for 3 mm at 4OOg, wash twice by resuspension m serum-free DMEM, count in a 
hemocytometer, and resuspend m this medium to l-2 x lo7 cells/ml. 

2. Kill immune animals by cervical dislocation or COz inhalation, test bleed, and 
open abdominal cavity. Remove spleens or mesenteric nodes by blunt dissection. 

3. Disaggregate spleens or nodes by forcing through a fine stainless-steel mesh (e.g., 
tea strainer) into 10 mL of serum-free DMEM using a spoon-head spatula (dipped 
into ethanol and flamed to sterilize it). 

4. Centrifuge cells for 5 min at 4OOg, wash twice in serum-free DMEM, and resus- 
pend in 10 mL of the same medium. 

5. Count viable lymphoid cells in a hemocytometer. Spleens from unmune mice 
yield about lo8 cells, from rats 3-5 x lo* cells, and the mesenteric nodes of rats 
up to 2 x lo8 cells. 

3.4.2. Fusion Protocol 
1. MIX lo8 viable lymphocytes wtth 5 x lo7 rat myeloma cells or 2 x lo7 mouse 

myeloma cells m a IO-mL sterile capped tube, and centrifuge for 3 min at 400g. 
2. Pour off the supernatant, drain carefully with Pasteur pipet, and then release cell 

pellet by gently tapping tube on bench. 



30 Dean 

3. Stir 1 mL of PEG solution, prewarmed to 37°C into the pellet over a period of 
1 min Continue mixing for a further mmute by gently rocking the tube 

4. Dilute the fusion mixture with DMEM (2 mL over a period of 2 min, and then 
5 mL over 1 mm). 

5 Centrifuge for 3 mm at 4OOg, and then resuspend the cells m 200 mL HAT selec- 
tion medium, and add irradiated fibroblast or thymocyte feeder cells. Plate 2-mL 
ahquots mto four 24-well plates or, if necessary, five 96-well plates (fusions with 
SP2/0 myeloma) (see Note 6). 

6 Screen culture supematants for specific antibody 6-14 d after commencement of 
mcubatton at 37°C in 5% CO,-95% air (see Section 3.5 ) 

7. With a Pasteur pipet, pick mdividual colonies mto 1 mL of HT medium con- 
tamed m 24-well plates. Feed with 1 mL of HT medmm, and spht when good 
growth commences Freeze samples m liquid nitrogen 

8. Rescreen the picked colonies and expand postttve cultures Freeze samples of 
these in hqmd mtrogen and clone twice 

3.43. Cloning of Hybridomas 

1 Prepare a suspension of mouse thymocytes or irradiated rat fibroblasts as feeders 
(5 x 105/20 mL of HT or DMEM contamlng 10% FCS) 

2. Centrifuge cells from at least two wells of a 24-well plate that contam confluent 
layers of hybridoma cells Count the number of cells, and then dilute to give 
about 50 cells in 20 mL of HT or DMEM contammg 10% FCS-contammg 
feeder cells 

3 Carefully “flick off’ the supematant medium from the rat feeder cells, and plate 
0 2-mL ahquots of hybridoma cells into each of the 96-wells 

4 Examine the plates 5-10 d later and screen those wells that contain only single 
colonies 

5 Pick cells from positive wells into 24-well plates, expand, and freeze m hquid 
nitrogen 

6. Reclone the best antibody producing colonies (see Section 3 5 ). 

3.5. Assays for Specific MA& 

In most of the assays described, the detection of rat or mouse MAb depends 
on the use of a second antibody reagent specific for F[ab’], or heavy-chain 
isotype (see Note 14). These second anttbodles are detected because they have 
etther a radiolabel (1251) or fluorescent tag (fluorescein), or are conjugated to 
an enzyme (e.g., alkaline phosphatase, peroxtdase, or P-galactowdase) either 
directly or indirectly via a btotm-streptavidin bridge As examples of these 
procedures, two alternative types of methodology, i.e., RIA usmg 1251-labeled 
antibodies and ELISA using alkaline phosphatase conlugates, will be described. It 
1s assumed that m most cases the second antibodies will be bought either as pur~- 
fied material for radiolabeling or already conjugated to fluorescein, biotin, or 
the enzyme of choice (see ref. 3 for additional methods). 
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3.5.1. Radiolabeling with 125l 
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All of the following manipulations should be carried out in a Class I fume 
hood according to local safety regulations. 

1. Add 50 pg purified antibody in 0.1 mL PBS to an IODO-GEN-coated tube fol- 
lowed by 500 pCi of 125I (e g., 5 pL of IMS-30, Amersham International) Cap 
and mix nnmedrately by “flickmg,” and keep on me wrth occasional shaking (see 
Note 11) 

2. After 5 min, transfer the contents of the tube with a polythene, capillary ended, Pas- 
teur prpet to a prepared Sephadex G-25 column, then wash in, and elute with, UB 

3. Collect 0.5-mL fractions by hand, count lo-& altquots, and pool the fractions 
contammg the first peak of radtoactrvity 

4 Store at 4°C in an enclosed lead pot (e.g , 1251 container) 

3.52. R/A Using Antrgens Bound Directly to PVC Multiwell Plates 

1. Add 50 pL of a&body contammg culture supernatant, purrfled antibody, or 
ascrtes, diluted to l-l 0 pg/mL in PBS-Marvel, to each of the antigen-coated wells. 

2 Incubate for 1 h at ambient temperature, and then wash three times with 200 pL 
of PBST/well 

3 Add 50 pL of 1251-labeled second antibody (lo5 cprn/50 pL m PBS-Marvel) to 
each well, and Incubate for a further 1 h at ambient temperature 

4 Carefully discard the radioactive supernatant by inverting the plate over a sink, 
designated for aqueous radioactive waste, and then wash the wells three times 
with PBST. 

5 Cut the plates mto individual wells with scissors, and determine the ‘251-bound m 
a y-counter. 

3.5.3. R/A Using Antigens Bound via Antibody to PVC Multiwell Plates 

The assays are done as described in Section 3.5.2. with the modrfication 
that, if the antigens require the presence of a nonionic detergent to retain their 
solubihty or native conformatton, the detergent should be added to the PBS- 
Marvel dtluent/wash solutton. 

3.5.4. Assay Using Live Adherent Cells Grown in Multiwell PS Plates 

All solutions should be prepared in DMEM or other suitable growth medium 
containing 5% FCS (or newborn calf serum [NBS], which, if tested for non- 
toxicity, may be used as a cheaper alternatrve). If the effect of antibody bmdmg 
on the behavior of the membrane protein is unknown, then all mcubations 
should be carried out at 4°C (float plates on ice bath and precool diluents). 
Monolayers of cells vary widely m their adhesion to plastic, and also, they may 
roundup after prolonged incubation at 4°C owing to depolymerlzatlon of micro- 
tubules (see Note 7). 
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1. Wash cell monolayers with DMEM containing 5% FCS or NBS to remove non- 
adherent/dead cells. Then proceed as described for antigens bound to PVC plates 
(see Section 3.5 2.), but using DMEM containing 5% FCYNBS for all diluents, 
and washings 

2 After the final wash, lyse the cells by mcubatmg for 15 min at room temperature 
with 200 $.,/well of alkaline sarkosyl 

3. Transfer lysates to LP2 tubes (Luckham Ltd.), or similar, and determine the 
amount of 125I present. Dependmg on the cells used, the background bmdmg will 
vary from 50-200 cpmwell, whereas posittve wells will be at least five times 
this value. 

3.5.5. Competitive Assays 
These are useful for mapping eprtopes, determinmg whether two antibodies 

crossreact, and for comparing antibody affinities. They are the basis of quantt- 
tative assays (RIA), and use multiwell plates coated etther wtth anttgen or 
antibody as described in Section 2.3. The principle is either to compete the test 
antibody with 1251-labeled specific MAb (see Section 3.5.1. for preparation), or 
polyclonal antibody for binding to antigen bound to a plastic surface (anti- 
body-capture can be used to secure antigen to the plastic well, and this form of 
assay is useful where it is necessary to retain the antigen in its native confor- 
mation), or compete test antibody with i2SI-labeled antigen for binding to a 
specific antibody bound to a plastic surface. 

1. Make doubling dilutions in PBS-Marvel of culture supernatant or of purified 
antibody starting at 20 pg/mL to give 50 p.L final volume. 

2 Add to each well 50 pL 1251-labeled specific antibody or antigen (2-4 x lo4 cpm/mL 
in PBS-Marvel). 

3. Transfer 50-a aliquots of the mixtures to the antibody or antigen-coated PVC 
multiwell plate so that each well contains 14 x lo4 cpm of radiolabel. 

4. After l-4 h at ambient temperature, wash the plates three times with PBST, and 
determine the ‘25I bound Controls to determine maximum bmdmg should be 
included together with a standard curve prepared from dilutions of unlabeled 
specific antibody or antigen. Comparison of the inhibition curve produced with 
the test antibody with that of the control yields mformation on the crossreactivity 
of the two antibodies and their relative afflmties for antigen Expect to obtain a 
maxlmum binding of between 1 and 5 x lo3 cpmwell, dependmg on the purity 
and quality of the labeled antigen or antibody. Hybridoma supernatants contam- 
ing good competing antibodies (l-10 pg/mL) wtll reduce bmdmg to the back- 
ground (50-100 cprn/well). 

3 5.6. lmmunoprecipitation 
This is an essential procedure for the isolation of antigens from complex 

sources (e.g., cells) and for their subsequent separation by electrophoresis in 
SDS-containing polyacrylamide gels and analysis by Western blotting. 
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1. Label cellular proteins metabolically by incubating cultures for 4-24 h wtth 35S- 
methionine, 3H-lysine, or 14C-amino acids in medium deficient m the relevant 
amino acid. 

2. Wash the cells three times with complete medium, and then incubate for a further 
hour in the same medium 

3. Wash the cells in we-cold PBSA containing 10m3M PMSF, and then lyse with 
mmimum volume (l-2 mL/25-cm* flask) of PBSA containing l(r3M PMSF and 
0.5% Triton X- 100 by incubating for 30 min on ice. 

4. Transfer the lysate to a centrifuge tube, and spin at 30,OOOg for 30 mm to remove 
cell debris 

5. Prepare immunoabsorbent beads by linking 5-15 mg of purified MAb or polyclonal 
antibody to mouse or rat F[ab’], to Sepharose 4B (about 3 mL of swollen gel). 
Alternatively, use protein A/G-beads for mouse antibodies (see Note 14) 

6 Incubate 1 mL of cell lysate (-3 x lo6 cells) with either 10 ug of MAb or 100 pL 
(packed volume) Ab-beads overnight at 4°C 

7. When soluble MAb is used, add 50 pL (packed volume) of protem A-beads or 
anti-Ig beads, and incubate for a further hour at 4°C. 

8. Wash the beads three times with PBSA containing 0.5% Triton X- 100 and PMSF, 
pelleting the beads by centrimgation. 

9. Elute the antigen (fMAb) by heating beads (5 mm at 95°C) with equal volume of 
SDS-sample buffer, and apply to an SDS-containing polyacrylamide gel. Run 
prestamed markers on these gels, because they will transfer to blots and assist in 
determmmg the molecular size of the proteins. 

3.5.7. Western Blotting 

Thus procedure is particularly useful where an antibody recognizes an amino 
acid sequence or carbohydrate moiety, but may be unsurtable for antibodies 
that bind to a conformational epttope on the protein. 

1. Follow the instructtons of the suppliers of the blottmg equipment for the elec- 
trophoretic transfer of proteins from SDS-contammg polyacrylamide gels to 
either nitrocellulose or PVDF membranes (see ref 4 and Chapter 20 for detailed 
instructions) 

2. Carefully separate the membrane from the polyacrylamide gel. Block the blot by 
placing it in a polythene bag, add 20 mL PBS-Marvel + 3% BSA/lSO x 150 cm 
blot, and then after sealing the bag, incubate for 2 h at 37°C on a rocking platform. 

3. Wash the blot twice with PBST, and then cut mto strips when necessary (after 
labeling the individual strips m pencil), using the gel comb as a guide. Altema- 
tively, use a proprietary manifold that allows staining of individual tracks with- 
out the need for cutting the blot into mdividual strips. 

4. Place each blot strip m a suitably sized polythene bag, and add 1 mL of neat 
culture supematant or purified antibody (10 pg/mL in PBS-Marvel) for every 20 
cm2 of membrane 

5. Seal the bags, and incubate for 1 h at room temperature on a rocking platform. 
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6. Cut off one end of each bag, discard the contents, and wash the blot strips three 
times with PBST Transfer the strips to “communal” bags, and add 1 mL/20 cm2 
blot of ‘251-labeled antibodies to rat or mouse F[ab’], ( IO6 cpm/mL in PBS-Mar- 
vel containing 3% normal rabbit, sheep, or goat serum) 

7 After rocking for 1 h at room temperature, open the bags, dispose of the radioactive 
supernatant safely, and then wash the blots four times with PBST, and dry at 37°C 

8 Secure the blot strips to a sheet of Whatman 3MM paper using Photomount or 
other spray-on adhesive, and then autoradtograph at -70°C using prefogged 
X-ray film and an mtensifymg screen (51 

3.58. ELlSAs 

As an alternative to the use of 1251, most, if not all of the procedures described 
in the preceding section can be done using antibodies conjugated to an enzyme 
that converts a substrate into a colored or fluorescent product (see also Chapter 
24) that is either soluble (plate assays) or insoluble (Western blots) (see Note 
12). The protocols for the use of either radiolabeled or enzyme-conjugated 
antibodies are the same until the completton of washing following treatment 
with the second antibody or, m the case of competttrve assays, the spectl-ic 
antibody. At this time, the substrate for the enzyme IS added, the samples are 
incubated at room temperature or 37OC for a suitable ttme, and then the reac- 
tion is terminated. Plates coated with proteins, peptides, or conjugated pep- 
tides, and those used m antibody-capture assays can usually be read directly in 
a multiwell plate reader (e.g., Titertek multiscan). For this reason, it is better to 
use flat-bottom PS multiwell plates because of their better optical qualities. 
Alternatively, as with tests using cell monolayers, the supernatants can be trans- 
ferred to a new plate for reading. The final steps for use with alkaline phos- 
phatase conjugates are given below (see Note 10). 

3.5 8 1. PLATE ASSAYS 

1 Wash the plate once with PBS, and then twice with 10 mA4 diethanolamine, pH 
9.5, contammg 500 mMNaC1. 

2 Add 50 pL of p-mtrophenyl phosphate substrate solution to each well, and mcu- 
bate at room temperature for 1 O-30 mm 

3 Stop the reaction by addition of 50 pL of 100 mA4 EDTA/well 
4 Read at 405 nm (posittve wells appear brtght yellow). 

3.5.2. Western Blots 

1 Wash the blots twice with 100 mM diethanolamme, pH 9 5, contammg 100 mM 
NaCl and 5 mM MgCI, 

2. Add 1 mL of BCIP-NBT substrate/20 cm2 of membrane, and incubate at room 
temperature on a rocking platform until the purplish-black bands/spots are suit- 
ably developed. 

3. Rinse the membrane in PBS containing 20 mA4EDTA to stop the reaction. 
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3.6. /sotyping of MAbs 

1. Coat PVC plates with MAbs or polyclonal antibodies (5 pg/mL of PBS, pH 8 0) 
specific for rat or mouse heavy-chain isotypes usmg the protocol described m 
Section 2 3., item 8. 

2 Block with PBS-Marvel. 
3 Add 50 pL of test MAb to each well at 1 pg/mL m PBS-Marvel or as neat super- 

natant, and Incubate for l-4 h at room temperature or overmght at 4°C 
4. Wash three times with PBS-Marvel. 
5 Add 50 $/well ( lo5 cpm m PBS-Marvel) of ‘251-labeled antibodies to rat or 

mouse F[ab’12, and incubate for 1 h at room temperature 
6 Wash three times with PBST, and determme the amount of radioactivity bound 

Include MAbs of known isotype as controls (see Note 13) 

4. Notes 

1 The use of animals for experimental purposes IS under strict control m many coun- 
tries, and hcences are necessary before surgical procedures can be performed. 

2. For growth of rat hybridomas as ascites, we recommend the use of nude rats, 
since these have low levels of endogenous immunoglobulms (~1 mg/mL) and 
can yield up to 30 mL of ascmc fluid/rat (l-5 mg/mL specific antibody) 

3 Problems may be encountered when using recombinant fusion proteins (with 
/3-galactosidase or glutathione transferase) as rmmunogens, because the response 
is directed predommantly against the bacterial enzyme. In this case, it is advts- 
able where possible to cleave off and isolate the specific protein 

4 Immune responses m rats and mice can be elrcrted by direct transfer of DNA, 
e.g., by injecting an expression plasmid containing the specific gene directly mto 
muscle or other tissue. Some of the muscle cells will express the specific gene 
that may activate the host immune system. Alternatively, naked DNA or gold 
particles coated with low concentrations of the plasmid DNA can be transferred 
mto the tissue using a pneumatic gun or by particle bombardment. These proce- 
dures circumvent the need to express m vitro and then purify the recombinant 
protein, but as yet they have not been widely used for hybndoma production. 
Details of these procedures are given m refs 6 and 7 

5 Some batches of FCS are toxic to hybndomas, and it is important to test all new 
batches for their ability to support hybridoma growth Alternatively, obtain 
samples of FCS that have been tested by the supplier 

6 Feeder cells are essential when the Y3 myeloma is the fusion partner. We use cell 
lines derived by trypsmization of the xrphold cartilage that termmates the xiphls- 
ternum of adult rats. Chop the cartilage from six to eight adult rats mto 2-3 mm 
pieces with a scalpel, and then transfer mto 15 mL of DMEM containing 0.5% 
trypsm (bovine pancreas type III) and 1% collagenase (type II), and stir for 
45 min at room temperature. Add FCS to 10% and filter through sterile gauze to 
remove debrrs. Wash the cells in DMEM contammg 10% FCS, and plate mto the 
same medmm Passage the cells in DMEM containing 10% FCS after removmg 
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the cells by mcubation for 2-3 mm m PBS containmg 0.05% Na,EDTA and 0.2% 
trypsm. Irradiate the cells m DMEM with 30 Gy of X- or y-rays, then wash once 
in DMEM, and freeze the cells m liquid nitrogen as aliquots of lo6 cells in 
5% DMS0/95% FCS. 

7. Cell monolayers fixed with glutaraldehyde or paraformaldehyde can overcome 
the problem of loss of cells from the wells, but the effect of fixative on the bmd- 
ing of antigen should be determined Wash cells in PBS, and then add to each 
well 50 pL of freshly prepared 0.5% glutaraldehyde m PBS, contammg 2 mM 
CaCl,, 2 mA4 MgCl,, and 300 mM sucrose or, alternatively, 50 pL of 0.4% 
paraformaldehyde. After Incubating on me for 30 mm, “fltck off’ the fixative and 
replace with 200 pL PBS containing O.lM glycine to block excess glutaralde- 
hyde Leave for 30 min, and then wash twice with PBS-Marvel Fixed cells can 
be handled m the same way as antigens bound to PVC plates 

8. IODO-GEN (1,3,4,6--tetrachloro-36dtphenylglycouril) is a better reagent for 
the todmation of proteins than chloramine-T, 1s less damaging, and has fewer 
side reactions than the latter. The msolubthty of IODO-GEN m water means that 
tubes can be precoated with the reagent dissolved in methylene chloride or chlo- 
roform. Then the tubes are stored in the dark until required. The reaction IS started 
by adding the protein and radioiodide, and terminated by removing the sample 
from the reaction vessel. 

9. Pnstane (2,6,10,14-tetramethylenedecanotc acid) acts as an irritant, and as a result, 
macrophages and monocytes are recruited into the peritoneal cavity. The nutri- 
ents secreted by these cells provide a good environment for the growth of hybn- 
domas m suspenston. 

10. When unfixed cells or frozen sections are used for ELISA, it may be necessary to 
block endogenous alkaline phosphatase activity, and in thts case, include 0.1 mA4 
levamisole in the substrate solution. 

11 Iodination reactions employmg either chloramine-T or IODO-GEN are particu- 
larly sensitive to the presence of thtocyanate ions and, if antibodies are required 
for this purpose, it is essenttal that they be dialyzed thoroughly after elution from 
aftimty columns with thiocyanate ions. 

12. The use of biotinylated antibodies provides perhaps the greatest versatility and 
sensitivity of all methods The affinity of biotin for avtdm or the more usually 
used streptavtdm is very high, and the latter can be conjugated to radioisotope, 
fluorescent moiety, or enzyme Again, the basic procedures are the same as out- 
lined for lz51-labeled antibodies wrth the additional steps required for streptavtdin 
binding and subsequent Incubation with enzyme substrate (see also Chapters 17 
and 18) 

13 Only occasionally will an MAb show reactivity with more than one anti-tsotyptc 
antibody in thts capture assay. In thts case, try mrmunoprectprtation in agarose 
gels (Ouchterlony procedure; see ref. 8) usmg polyclonal reagents. Because a 
crosslinked lattice must be formed among several different epttopes on the anti- 
gen and several antibodies to gave an mununoprecipttate, the Ouchterlony proce- 
dure gives few false positives. 
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14. Unlike their murine counterparts, rat antibodies bind poorly, if at all, to protein 
A, but some lsotypes will bind to protein G. For this reason, we use a sheep 
antirat F[ab’], as a general reagent both for immunoprecipitations and for screen- 
ing hybridoma supernalants. 
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A Simple Hollow-Fiber Bioreactor 
for the “In-House” Production 
of Monoclonal Antibodies 

Margaret Goodall 

1. Introduction 
Monoclonal antibodies (MAbs) have traditionally been produced in quan- 

tity by transfer of the hybridomas to the peritoneal cavity of mice and subse- 
quent recovery of MAb from the ascitlc fluid. Legislation in many countries, 
however, now limits the use of ammals for such purposes. Although It IS pos- 
sable to produce MAbs m vitro by maintenance of hybridomas under standard 
cell-culture conditions, this requires the processing of large volumes of super- 
natant and is expensive. This chapter describes a simple method for culturing 
hybridomas m vitro in renal dialysis cartridges, which allows several hundred 
milligrams of MAb to be recovered at high concentration. 

The apparatus IS modified from that of Klerx et al. (1) and IS represented 
dlagrammatlcally m Fig. 1. High cell densities can be maintained by constant 
perfusion of medium through the hollow fibers of dialysis membrane (molecu- 
lar weight cutoff usually -10,000) with minimal dilution of the MAb. The 
assembled apparatus, which can be moved readily around the laboratory on a 
small trolley, is designed for use m a controlled 37°C “warm” room, but can 
also be set up in an incubator that has the appropriate access ports. The eqmp- 
ment IS inexpensive, and is simple to assemble and operate. 

2. Materials 
1. Pump (302S/RL, Watson Marlow, Falmouth, UK) (see Note 1) 
2 Pump head and adapter (303D/A, Watson Marlow) 
3. Pump head extension (303X, Watson Marlow). 
4 Marprene tubing, 15 m, 4.8~mm bore/l .6-mm wall (Watson Marlow). 

From Methods m Molecular Biology, Vol 80 lmmunochemrcal Protocols, 2nd ed 
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Fig. 1. Circuit diagram of a hollow-fiber production unit. 

5. Renal dialysis cartridge (e.g., Disscap 180SE, Hospal Ltd., Rugby, UK) (seeNote 2). 
6. In-line adapters, 2/cartridge (SP38, Hospal Ltd.). 
7. Air pump (e.g., Whisper 800, Interpet Ltd. [Dorking, UK] or tropical fish suppli- 

ers) (see Note 1). 
8. Reservoirs: Duran Schott glass without caps and rings, 5- and 2-L capacity. 
9. Screw caps and PTFE pouring rings for reservoirs (see Note 3). 

10. Silicone rubber inserts for reservoir caps (see Note 4). 
11. Air filters, hydrophobic, 2/reservoir (Acre 50,0.2 pm, 50-mm diameter, Gelman 

Sciences, Ann Arbor, MI). 
12. Spring loading dialysate hose connectors, 2/cartridge (Cobe 5002 18, Hospal Ltd.). 
13. 50-mL Male luer lock syringes. 
14. Lockable stopcocks: one-way tap (cat. no. 872.10) and three-way tap (cat. no. 

876.00, Vygon Ltd. Cirencester, UK). 
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15. Luer lock connectors: double female (cat. no. 892.00, Vygon Ltd.). 
16. Long adapter: male/female adapter (R90, Sums Distribution, Dudley, UK) 
17. Plug, male/female (R94, Sims Distribution). 
18. Luer lock cap, male (R96, Sims Distribution). 
19. Luer lock male adapter (MTLI 250, Value Plastics Inc , Fort Collins, CO). 
20. RPM1 1640 culture medium containing penicillin (200 U/mL), and streptomycin 

(100 pg/mL). Store at 4”C, and use within 7 d (see Note 5). 
21. Fetal calf serum (FCS) for bioreactor medium (see Note 6). Batch test before 

purchase (see Note 7). Inactivate the complement by heating to 56“C for 30 mm 
and store in 100~mL, aliquots at -20°C 

22. 5 L Saline 
23. Media filtration capsules, 0.2-p pore size (Gelman Sciences) (see Note 8). 
24. Class II laminar air flow cabmet 
25. Clamp stands and clamps. 
26. 5 in /127-mm Kwill extension tubes (Sims Dlstributlon). 
27. Portex blue nylon layflat sheeting for bags (BDH-Merck Ltd., Poole, UK) 
28. Glucose test BM Test l-44 (Boehrmger-Mannheim, Diagnostics and Bio- 

chemicals, Lewes, UK) 
29. Aluminum foil. 
30. 50 mL Polypropylene conical tubes. 
31. Dlsmfectant spray for hard surfaces: chlorhexidme gluconate 0.1% (w/v), e g., 

Aerocide (De Puy Healthcare, Leeds, UK.). 
32. In-line filters, 0.2 pm pore size (e.g., Sterivex GP 1015, Mlllipore, Bedford, MA) 

(see Note 9). 
33. lo-cm Glass Pasteur plpet tubing with 90” bend 3 cm from one end. 
34 Sterde tryptose phosphate broth (TPB) 

3. Methods 
3.1. Assembly of Equipment 
3.1.1. Tubing and Connectors 

Tubing and connectors are preassembled as described below, stored sterile 
in nylon bags cut from Portex nylon sheeting, and sealed with autoclave tape. 

1. Pump tubmg: Cut 1 m of Marprene tubing, and fit a male adapter MTLI 250 into 
each end. Loosely attach plug R94 to each MTLI 250 for additional protection 
during manipulation Prepare several of these, since one 1s used for each hollow- 
fiber production unit and for the filtration circuit. 

2. Outlet tubmg: Cut 35 cm Marprene tubing, and push a male adapter MTLI 250 
into each end. Protect ends with R94 plugs to prevent accldental contammatlon 

3. Product access port connectors (2/cartridge): Push a male/female adapter R90 
into the barb hose part of the dialysate hose connector and remforce with 2 cm of 
tubing (see Fig. 2). Protect adapter end with a male luer lock cap R96. 

4. Washing port connector tubes (21cartndge). Attach 20-cm tubing to barb hose 
end of dialysate hose connector. Fit male adapter MTLI 250 to free end, and 
protect with R94 plug. 
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Fig. 2. Dtalysls cartrtdge fittings. 

3.1.2. Reservoirs 

The arrangement of fittings for the reservoirs 1s shown m Fig. 3. 

1 Drill four holes each 8-mm diameter in the lids equidistant from one another (see 
Note 10). 

2 Cut circles of silicone rubber to fit inside the lids, and punch out four holes of 
7.8~mm diameter to marry up with those m the lid (see Note 10). 

3. Through the holes in the hd and rubber seal, pass four pieces of tubing as 
follows. 
a Medium output tubing. 40-cm tubing for 5-L bottles, 30-cm tubing for 2-L 

bottles wrth 10 cm of it protrudmg outside the lid Push a double female con- 
nector (892.00) into this end, and protect with male cap R96 Cover the tubmg 
end and fittmgs with aluminum foil to prevent accidental displacement of the 
cap. Inside the bottle, the tubing should extend almost to the bottom. 

b. Medium input tubing: 20 cm with 10 cm of it protruding through the ltd. Push 
a double female connector (892.00) into the tubing end on the outside, and 
protect with a male cap R96 Cover with alummum foil Push the bent Pasteur 
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Fig, 3. Fittings for top of reservoir. 

ptpet glass tubmg mto the end that will be inside the bottle so that tt will touch 
the inside wall (see Note 11) 

c. Au input tubing* 20-cm tubing with 5 cm protrudmg outside the lid. Attach an 
au filter (Acre 50) by pushing the barb hose mto the tubing Number and/or 
label filter for ease of identrfication (see Note 12) 

d. Au output tubing* 15-cm tubmg with 5 cm on the outside of the cap Attach 
the second Acre 50 air filter Number and/or label as m step c. 

4. Assemble the bottle, but unscrew the lids by a half-turn to allow free access of 
steam during autoclavmg Tighten and store sterile. 

5. Allocate two small (2-L) reservoirs to the cartridge washing procedure 
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3.1.3. Filtration Unit Fittings 

Figure 4 shows the necessary modifications to the filtration capsules. 

1. Mark each for rdentrfication purposes, and record its lot number 
2. Push 10 cm of tubing onto each barb hose end of the filtration capsule. 
3. Attach a double female connector 892.00 to the input tubing and a male adapter 

MTLI 250 to the output tubing 
4. Cover the output end with two layers of aluminum foil (no plug), and autoclave 

the filter m a nylon bag. Separate the au vent valve screw from the unit to facili- 
tate the circulatron of steam around the filter. 

5. Prepare one or more adapter tubes by cutting 30 cm Marprene tubing, and attach- 
ing a double female connector 892 00 to one end and a male adapter MTLI 250 to 
the other. Sterilize each m a nylon bag 
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Fig. 5. Cucutt diagram for filtration. 

3.2. Filtration of Media 

Addition of serum to the medium in the reservoirs is not necessary for the 
growth of most hybridomas. The filtration circuit is shown in Fig. 5. 

1. Work m a laminar au flow cabmet. 
2. Remove filtration unit from autoclave pack, replace vent valve loosely, and mount 

on a clamp with the vent at the top. 
3. To the input tubing on the filter, attach adapter tube and pump tubing in serves. 
4. FIX pump tubing in pump head and put the free end into the medium. Pump tub- 

ing can be extended using additional adapter tubing. Remove the aluminum for1 
and take care not to touch the exposed end. 

5. Switch on the pump, fill the filter, and screw down the vent valve Pump 
100 mL of medmm into a small sterile bottle as the “start” sterility control 
(see Note 13). 

6. Attach the filter output tubing to the longer tubing m the first reservoir (i e , not 
the one with the Pasteur prpet tubing attached: see Fig. 3). Keep the cap sterile for 
reuse later. 

7. Filter 3.5 L of medmm into the 5-L bottles and 1.5 L of medium into the 2-L 
bottles 
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8. Replace the sterile cap, but not the alummum foil This identities the output port 
for the pump tubing when changmg the reservoirs. 

9. Label and date the reservoir 
10. Fill the other reservons, and record the sequence of filling (see Note 14). Other 

than after the last 100 mL (see Note 13), do not allow the filter to dry out, smce 
the buildup of pressure may push through contammants. 

11 Filter the last 100 mL into a small sterile bottle as the “timsh” stenhty control 
(see Note 13). 

12. Continue to pump for about 10 s after all of the medium has passed through to 
confirm integrity of the filter by disconnecting the pump tubmg from the filter at 
the luer lock and releasing the pressure If the pressure is not considerable, then 
the integrity of the filter 1s m doubt, and the media must be refiltered 

13. Wash the filter and tubing by pumping through 200 mL of deionized water Crr- 
culate a further 1 L of deionized water for 15 mm Contmue to pump unttl empty, 
and then repack for sterthzation. 

14 Store the tilled reservoirs m a refrtgerated room (see Note 13). 

3.3. Preconditioning the Bioreacfor 

Before seeding, the renal dialysis cartridges must be washed through wtth 
saline to remove preservative and then recirculated with fresh salme until ready 
for use. The circuit diagram for washmg the bioreactor is shown m Fig. 6. 

1 
2. 

3. 

4 
5 

6 
7. 

8. 

9 

10. 
11. 

Work in a lammar an flow cabinet. 
Take out the dialysis cartridge from its packaging, check that all ports are capped, 
and fix hortzontally to a clamp stand. 
Take out an m-line adapter SP38 from its packaging, and remove the plug from 
its color-coded end. Remove the plug from one end of the cartrtdge, and screw 
the SP38 onto the cartridge until tight. 
Affix the second SP38 onto the other end of the cartridge as above. 
Remove the protector from the right-hand access port. Take out a washmg port 
connector tubing from its bag (ensure that the male adapter is protected with 
the R94 plug). Fix tt to the access port wtth the sprmg loading connector (see 
Fig. 2 and Note 15). 
Fix the second access port connector tubing to the left-hand port m the same way 
Remove the safety cap from the right-hand SP38, and remove the R94 from the 
right-hand access port connector tubing Lock the two together (see Note 16). 
Remove the aluminum foil and cap from etther the output tubing or the input 
tubing of a sterile empty small reservoir. This will collect the discarded washmgs 
Remove the R94 plug from the left access port connector tubing and lock the 
tubing onto the reservoir. 
Filter-sterilize 1 5 L of saline mto a second small reservoir as shown m steps l-6 of 
Section 3.2. This is the recirculatton reservoir. 
Carefully detach the filter from the reservoir. 
Remove the safety cap from the left-hand SP38, and place tt on the exposed end 
of the tubing of the reservoir for protection 
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sterile saline 
or PBS #It- 

Fig. 6. Crrcurt dtagram for washing renal dralysrs cartrtdge 

12. Attach the filter to the SP38, and pump a further 1 5 L of salme through the 
dialysis cartridge. The saline will pass through the fibers and then through the 
extracaprllary space before pouring mto the discard bottle. Tilt the cartridge to 
dtsplace as much air as possible. 

13. Detach the filter from the left SP38, and filter a further 100 mL of saline into a 
sterile bottle for the sterility check. 

14. Attach sterile pump tubing to the exposed SP38. 
15. Attach the other end of the pump tubing to the recuculation reservotr via the 

tubing capped with the SP38 safety cap (see step 11). 
16. Detach the washings reservoir by removing the left dialysate hose connector from 

the dialysis cartridge, and replace it with a product access port connector Ensure 
that the end IS protected with an R96 cap before opening the bag. 
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17 Detach the right dialysate hose connector, and replace rt with the second product 
access port connector (capped) 

18. Check that the outlet tubing has its plugs m place before opening the bag Attach 
one end to the medium input tubing of the saline reservotr (1 e , that with the 
Pasteur pipet tubing, the outlet of which is covered with alummum foil) 

19. Remove the washing port connector tubmg from the right-hand SP38. 
20 Attach a one way stopcock 872 10 (see Note 17) onto the exposed end of the 

SP38 
2 1. Join the free end of the outlet tubing onto the stopcock Check that the stopcock 

IS open. 
22. The circuit is now complete, and the apparatus can be hfted from the laminar an 

cabinet onto a bench. Fix the pump tubing into the pump head and switch on. 
23 Check that the salme flows from the long tubing of the reservoir and returns by 

the glass tubing The flow rate should be about 1 L m 10 mm. 
24. Circulate the salme for at least 2 h, but preferably overnight. 
25 Add 2 mL TPB or serum to each sterility control sample, incubate at 37°C for 

2-3 d, and monitor 

3.4. Preparation of Cells 

Although 1 O* viable cells wrll generally be suffcrent to establish growth m 
the bioreactor, the use of greater numbers allows the product to be harvested 
sooner (see Section 3.7.). Ideally, the cells should be in midlog phase and their 
viabrhty 100%. Harvest the cells and resuspend m 50 mL of culture medium 
containing serum (see Note 18). 

3.5. Loading the Cartridge 

1 Disconnect the pump head from the pump. Transfer the apparatus into a lammar 
au flow cabmet. 

2 With the cartridge mounted horizontally, replace each male cap R96 with a one- 
way tap (872 10). Ensure that this is in the “off’ position, and that the free end is 
protected by its own cap 

3 Tilt the cartridge into the vertical position with the ports on the right side 
4 Remove the cap from the lower access port tap Lock on a 50-mL syringe (see 

Fig. 2) 
5. Open the tap at the top access port, and loosen the cap to allow air to pass mto the 

cartridge 
6 Open the bottom tap, and gently draw mto the syringe as much of the salme as 

possible. Close the tap, remove the syringe, and discard the saline aseptically lf 
necessary, replace the syrmge, and repeat this procedure until the bioreactor is as 
empty as possible. 

7. Fill the syringe with the cell suspension using a Kwtll extension tubing InJect the 
cells mto the cartridge, and chase them through with a further 50 mL or more of 
medmm, as required to fill the cartridge. Take care not to overfill, since this will 
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result in loss of medium through the upper tap. The cartridge can be tilted back- 
ward shghtly so that as much au as possible can be dtsplaced. 

8 Close the upper tap, and tighten its cap 
9. Close the lower tap but leave the empty syringe in place. 

3.6. Changing Reservoirs 
Exchange the saline reservoir for one containing culture medtum (see Note 

19) as follows: 

1. Transfer a reservoir containing culture medium (see Note 20) mto the lammar an 
flow cabinet. 

2. Remove the cap from the longer tubing (from whtch the aluminum foil has been 
removed) 

3. Close the stopcock, remove the pump tubing from the saline reservoir, and lock it 
onto the medium reservoir via the long medium output tubing (see Fig. 1) 

4. Remove the cap from the input tubing of the reservoir (which should still be 
protected with alummum foil) 

5. Disconnect the outlet tubing from the salme reservoir (connected to the Pasteur 
pipet), and reconnect it to the medium reservoir (again to tubing attached to the 
Pasteur pipet). The ctrcult is now complete 

6. Spray the access port taps with disinfectant or alcohol 
7 Transfer the apparatus mto a warm room or incubator, and fix the pump head 

onto the pump 
8 Open the m-lme stopcock and start pump 
9. Check that the medium flows m the correct direction. Move the bloreactor to a 

horizontal posttton (see Note 2 1) 

3.7. Maintenance 
3.7.1. General Maintenance 

1 Pertodically check the btoreactor for an bubbles. Tilt the bioreactor to the verti- 
cal to allow the an to be pumped out of the fibers and headspaces. 

2. If there are air bubbles m the extracapillary space, tilt the bioreactor to the vertt- 
cal, so that they accumulate at the syringe access port (which will now be at the 
top) Open the tap of the syringe port only, and gently draw the an mto the syringe. 
Close the tap. The reduced pressure created within the btoreactor will be com- 
pensated for by the flow of medium through the membranes (see Note 22). 

3. Check for signs of contammation: gross bacterial contamination of the reservoir 
is potentially hazardous (see Section 3 7.2 ) 

4. If bacterial contamination 1s suspected, the btoreactor may be saved by adding 
Gentamycm (see Note 23). 

5. If fungal contaminatton is suspected, add Nystatin to the bioreactor (see Note 24). 
6. The pH of the bioreactor should be about 7.0. If the pH rises above 7.5, run 5% 

COZ into the headspace (see Note 25); if the pH falls to 6.8, change the medium if 
low nutrient concentratton is suspected (see Note 26), or attach the an pump and 
increase aeration of the medium (see Note 27) 
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The bioreactor IS allowed to become established without interference for 
about 4 d or until the pH of the medium begins to fall (color change of the 
phenol red mdrcator), whichever is sooner. This time limit IS crmcal, because 
glutamine levels fall rapidly and the antibiotic cover deteriorates. 

3.7.2. Contamination 

In the event of contamination, wear gloves and transfer the apparatus to a 
wash-up area. 

1 If the reservoir medium is contammated, carefully unscrew the reservoir from 
the cap, and drop a chlorine tablet (e.g., Haztab) mto the medium Rest the cap m 
place, and leave at least 2 h before dismantling 

2. Remove the port connectors and tubing, and immerse m detergent Carefully dis- 
pose of the cartrtdge with tts SP38 adapters still attached m a hazard bag, and 
autoclave 

3. Remove cap from the reservoir, and sluice away the medium. Wash the bottle 
and the tubes several times. Leave the reservoir full of water (change frequently) 
with the fittings in place to remove the chlorine, which may be absorbed by the 
Marprene. The tittmgs may have to be replaced. Rinse with deiomzed water, set 
up for autoclaving, and reuse 

4 Spent medium can be slmced away without further treatment. The bottle is rinsed 
several times with tap water and then deionized water, dramed, and prepared for 
autoclaving and reuse 

5 In the event of the cartridge alone becoming contaminated, carry out steps 2 
and 4, only. 

3.8. Harvesfing 
The earliest time at which product can be harvested from the btoreactor 

depends on: 

1. The number of cells used for seeding. 
2. The number of cells remaining viable. 
3 The growth rate of the cells. 
4. The rate at which the bioreactor culture becomes established 

Generally the first harvest can be made within 4-7 d, but it 1s Important to 
ensure that as few cells as possible are removed. Proceed as follows: 

1. Detach the head from the pump, close the stopcock, and hft the whole unit mto 
the laminar flow cabmet. 

2 Tilt the bioreactor to the vertical so that the syringe is at the bottom right side 
3 Open the upper tap, and loosen the protective cap. 
4. Open the lower tap, and gently withdraw 50 mL 
5 Close the lower tap, unlock the syringe, and expel the syringe contents mto a 

sterile conical centrifuge tube. 
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6 Replace the syringe on the cartridge, and repeat steps 4 and 5 as required to empty 
the cartridge. 

7. Refill the cartridge with fresh culture medium containing 10% heat-inactivated 
FCS (aliquoted m 50- or lOO-mL volumes, depending on the size of the car- 
tridge) as in Section 3 5., steps 7-9. 

8 Change the reservoir as in Section 3.6 
9. Take a sample of the hollow-fiber product, determine cell viability by trypan 

blue exclusion (see Note 28), and assess the glucose level using the BM-Test 1-44 
strips (see Note 26). 

10. Centrifuge the cells and decant the supematant for further processing (see Note 29). 
11 Assay the supematant for product content and concentration, since cells may 

cease production or other changes may occur. 

3.9. Records 

Records can be most informative when problems occur and can save much 
time and expense. The format shown in Table 1 has been found to be useful, 
and this also allows detailed costing to be obtained. 

4. Notes 
1. These pumps have been found to function reliably under warm room conditions 
2 The hollow-fiber bloreactor 1s a stenle renal dialysis cmdge, and may be obtained 

from dlstrlbutors or hospital supplies departments There are various sizes, but 
we find the most useful to have an internal volume of 50 or 150 mL. Not all dialysis 
cartridges are suitable for growing cells The fibers should be of regenerated cel- 
lulose, about 10,000 m number, and approx 200-p diameter and 8-l 0-w wall 
thickness. 

3. It IS recommended that the more durable PTFE rings and screw caps be fitted to 
the reservoirs, smce they withstand successive autoclaving and are more reslstant 
to chemrcals, such as hypochlorite. It IS, however, more difficult to bore holes 
m these caps 

4. The rubber inserts m the caps for the bottles can be cut from slhcone rubber sheet 
(-2-mm thickness). These ensure a very close fit with the Marprene tubing to 
maintain an alrtight seal 

5. Usually extra glucose (1 g/L) should also be added to the medium because there 
is a danger of glucose starvation at high cell densities Extra glutamme may be 
required for some cell lines 

6. FCS is added to the bioreactor medium only; serum is not added to the medium in 
the reservoir 

7. Some batches of FCS do not support cell growth well and may even be toxic. 
Test several batch samples for ability to support cell growth. Take two represen- 
tative clones, and set up duplicates in 2 mL RPM1 with 10% heat-Inactivated 
FCS at a startmg seeding density of 1 O3 cells/ml. Record cell counts and viabll- 
lty every 48 h. Choose the serum that supports the highest viable number for the 
longest period, which may not necessarily be that which gives the steepest Iog- 
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8. 

9. 

10. 

11 

12 

13. 

14. 

15 

16. 

17. 

growth phase. This may be important for maximum productron levels: For many 
cell lines, optimum MAb productron occurs as the cells enter the stationary phase 
wrth little occumng during the early and mtdlog phases of growth. 
To reduce costs, the filtration capsules should be autoclavable. Normally, they 
can be used five times before their efficiency is reduced, but this depends on the 
clarity of the medium, the throughput volume, and the srze of the capsule 
Many types of in-line filter are available, but few have a luer lock fitting for both 
the inlet and outlet. Wherever possible, the use of luer lock fittmgs IS recom- 
mended for ease of manipulation and greatest adaptability 
The holes in the cap should be evenly spaced, not too near the rim. They should 
be slightly smaller than the tubing, so that they form a tight seal, but not a strangle- 
hold, which may impede the flow. The diameter of the holes m the srhcone rub- 
ber IS much more critical, since gaps may become apparent during storage or 
manipulation, and consequently become a source of Infection. 
The glass tubing allows medium to drip down the inside of the bottle This helps 
in mixing and aeratron, and also mimmrzes frothing. 
Identification (by numbering) of the filters helps to monitor their use, and replace- 
ment as well as identifying the bottle. The air input tubing is longer and thus 
closer to the medium to maxrmrze aeration. Take care to avoid the possibrhty of 
medium splashing into the tubing during transportatron. 
The samples of medium taken for sterility checks may require the presence of 
protein or peptrdes to allow growth of potential contammants Thus, about 2 mL 
of sterile serum or tryptose phosphate broth (TPB) are added before leaving the 
samples at 37°C for as long as possible. Because the rate of contammation may 
be very low or the presence of antrbiotics retard growth, lOO-mL samples may 
not be sufficient to detect this. Therefore, the last bottle of a batch of medium 
should be left at 37°C and monitored. 
Contammation is potentially the most serious problem. Therefore, it IS prudent to 
compile a detailed record of medta preparation and sterihzatron. For example, 
the filter may fail toward the end of a run, but the level of contaminatton is too 
low to be detected by the normal quality-control protocol, yet this may become 
apparent later. 
Several access port or dralysate hose connectors are avarlable. Most have a sprmg 
lock fitting. Ensure that the fitting is secure. Otherwise, fluid will leak from the 
port or an will enter and the cartridge ~111 slowly empty owmg to drfferential 
pressures set up during pumping. 
When joming tubes together with a luer lock connectron, care must be taken that 
the tubes have a degree of twrst that IS always ensuring that the luer fittmgs remam 
locked. They can work loose because of the movement in the apparatus generated 
by the peristaltic pump 
Optional devices, such as the in-lure filter, can be introduced at the junctron of 
the stopcock and outlet tubing. Two filters in series incorporate extra protection 
against contamination. If the first is observed to be contaminated, then it can be 
removed, the second filter replaces it, and a new filter IS mtroduced m-line Close the 
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stopcock before carrying out any procedures to prevent loss of medium. Alterna- 
tively or addmonally, a three-way stopcock (876.00) can be Introduced at this 
pomt together with a 0.2-w syringe filter attached to the free arm. Through this 
entry port can be introduced any addltlves mto the reservoir. Mix well after pump- 
mg has been restarted 
For routine production of MAbs and for initial assessment of the product, RPM1 
1640 with 10% heat-inactivated FCS is the standard culture medium. Ideally, 
however, the medmm 1s that m which the cells are usually cultured. Only the 
blorector itself requires the presence of proteins of molecular weight significantly 
greater than the hollow-fiber cutoff point of 10,000. It may be an advantage for 
the mltlal loading of cells to be in medium contammg 20% heat-mactlvated FCS 
to allow the coatmg of all surfaces with protein 
At the begmnmg of a production run, it 1s preferable to use small reservoirs of 
medium, and replace them more frequently This maintains the levels of 
glutamme and antlblotlc. As the cells grow and nutrients are consumed more 
rapidly, then the large reservon-s can be used It IS advisable to prewarm the 
medmm before use 
The medium should be warm. Leave the filled reservoir m a warm room or mcu- 
bator (this ~111 also act as a sterility control) If glutamme concentration 1s critl- 
cal for a hybridoma, make up medium wlthout glutamme, and add it when 
changing the reservoirs. Alternatively, warm the reservoir in running warm water, 
taking care to protect the sterlhty of hd fittings 
The growth characterlstlcs of the cells govern the optimum mounting position of 
the bloreactor at any given time. If the cells are adherent, e.g., Chinese Hamster 
Ovary (CHO) cells, then they ~111 spread to occupy the whole surface area mde- 
pendent of the posItIon of the bloreactor. Having chased the cells through when 
loading, most are found toward the top, and the cartrldge can be left m the vertical 
posltlon. However, cells that are weak or nonadherent will fall to the bottom of the 
cartridge Overcrowdmg of cells leads to necrosis of those areas not receiving 
adequate nutrition or gaseous exchange. Thus, turning and tilting of the cartridge at 
frequent Intervals will help to mamtam dlsperslon and maximum vlablhty. 
The presence of air m the bloreactor ~111 not Jeopardize the cells in the mltlal 
phase of growth, but as the cells become established and increase m numbers, the 
bloreactor must be kept full or cell death of adherent cells will occur in the air 
pockets. 
If infection is suspected, Gentamycm may control It. This 1s not recommended, 
smce resistant orgamsms may develop However, m trying to salvage a bloreactor, 
the addltlon of 20 mg Gentamycin to a new large reservoir m the first instance 
and the addition of 10 mg to subsequent reservoirs may prolong the life of the 
bloreactor sufficiently to complete a production run. Add the Gentamycin with a 
syringe mto the inlet tubing of the new reservoir before locking mto the unit. 
When the pump 1s engaged, swirl the reservoir to mix the contents. 
If fimgal contamination is suspected m the bloreactor (which indicates failure of 
a filter), then the addition of Nystatm to the replacement medium on harvestmg 



Ho/lo w-Fiber Bioreactor 55 

Fig. 7. Gas delivery system. 

may prove helpful. Nystatm is not very effective for fungal contamination of 
CHO cells, since it is phagocytosed. Yeast contammation usually swamps the 
bioreactor before effective steps can be taken to eradicate it. Fungal or yeast 
contamination of the reservoir may be arrested by putting a sterile magnetic bar 
mto a new reservoir, adding Nystatm, and mamtammg the antifungal agent m 
suspension by rapid mixing 

25 A simple device for measuring and delivering gas can be made from a football 
bladder, tubing, and a three-way tap as shown in Fig. 7: Fill the bladder with 
COz, close the tap, and detach from the cylinder. Turn the tap so that the syringe 
can be tilled with the gas. Attach the tubing to the input filter on the reservoir, 
and turn the tap so that the COz can be Injected into the reservoir. In this fashion, 
a predetermined volume can be delivered. 

26. For some cell lines, the glucose concentration needs to be monitored, since glu- 
cose starvation can occur The use of blood glucose strips is very effective. A 
drop of spent medium after a reservoir has been changed or a drop of harvested 
supematant IS placed on the reaction site of the strip, and left for 1 mm This IS 
wiped off, and after a further minute, the color change is compared with a refer- 
ence chart 

27. By pumping air through the reservoir, CO* 1s blown off and the pH of the medium 
will rise. However, if the air is pumped m too soon, the pH may rise too high; this 
tends to occur with clones that utilize glutamine preferentially The input of air or 
COz to adJust pH is learned by experience of the growth characteristics of the clone 
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28 With an adherent ceil lure, inmally there will be few cells m the harvest and those 
that are recovered may be nonviable This is not necessarily a cause for concern, 
since viable cells ~111 remam attached to the fibers With a nonadherent cell lme, 
the first 50 mL of the initial harvests may yield a htgher proportion of dead cells, 
because these tend to fall more rapidly to the bottom of the cartridge 

29. In the early stages with a nonadherent cell line, too many cells may inadvertently 
be removed durmg harvesting After centrifugation, these cells may be suspended 
m the replacement medium and remtroduced mto the bioreactor It is also pos- 
sible to use cells from a well-established btoreactor to seed another 

Reference 
1. Klerx, J. P. A M., Jansen Verplanke, C., Blonk, C. G , and Twaalfhoven, L. C 

(1988) In vitro production of monoclonal antibodies under serum-free conditions 
using a compact and inexpensive hollow fibre cell culture unit. J ImmunoI Meth- 
ods 111, 179-188. 
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Screening of Monoclonal Antibodies 
Using Antigens Labeled with Acetylcholinesterase 

Yveline Frobert and Jacques Grassi 

1. Introduction 
The production of large quantities of monoclonal antibodies (MAbs) of pre- 

determined specificity has been rendered possible by the pioneermg work of 
KGhler and Milstem (I) These workers have shown that lymphocytes can be 
immortalized and subsequently cultured after somatic fusion with genetically 
selected myeloma cells. Usually, once fusion between spleen cells and myel- 
oma cells has been performed, cells are suspended in a large volume of selec- 
tive medium and distributed in culture wells, so that hybridomas are brought to 
clonal dilution If fusion is successful, the first hybridoma colonies will be 
detectable within a few days (5-15 d). Because fusion is a random process, 
most clones code for MAbs of unknown specificity, characterizing the immu- 
nological past of the host. It is then necessary to select the different colonies 
that secrete MAbs of the desired specificity. Owing to the great number of 
wells to be tested (often a few hundred), and to the small quantities of MAbs 
available (at best, 300 pL at a few pg/mL), it is not easy at this stage to charac- 
terize the fine specificity of the antibodies (i.e., recognition of a precise epitope, 
inhibitory effect on a biological system, properties suitable for purifying anti- 
gen, or for histochemical characterization, and so on). Initrally, it is generally 
preferable to use a simple method to select all the hybridomas producing MAbs 
directed against the immunizing antigen. Further characterization of these 
MAbs is performed later, after expansion of the clones. Of the different steps 
involved in the production of MAbs, this “screenmg” step is certainly one of 
the most critical, since this is the moment when the good clones are kept or 
lost. Screening is preferably performed on all the culture supernatants regard- 
less of whether hybridoma colonies are visible. This obviates the need for time- 

From Methods /n Molecular Biology, Vol 80 Immunochemical Protocols, 2nd ed 
E&ted by J D Pound 0 Humana Press Inc , Totowa, NJ 

57 



58 Frobert and Grassi 

consummg microscopic examination of each well and limits the risk of losing 
a slowly growing clone 

An ideal screening method would include the following charactenstlcs: (1) 
sufficient sensitivity to allow detection of antibodies below the pg/mL range; 
(il) high specificity, resulting in strict and reliable characterization of clones 
secreting the expected antibodles, avolding both underestlmatlon and false 
positives; and (iii) simple methodology, since primary screening and clonmg 
involve many assays (up to 4000 for the entire procedure, including recloning 
and final expansion of the clones). 

Most of the methods described in the literature (2-4) are based on the use of 
solid-phase immobilized antigens. Specific antibodies in culture supernatants 
are bound to the solid phase coated with the specific antigen, and then detected 
by a reactlon with a labeled reagent specific to mouse immunoglobulins 
(antimouse second-antibody or protein A from Staphylococcus aureus). One 
advantage of this approach IS the use of a single-labeled reagent, regardless of 
the specificity of the MAbs. On the other hand, an appropriate solid phase must 
be developed for each antigen. This requires large amounts of purified antigen, 
which might be problematic in some cases. In addition, this approach may lead 
to the selection of falsely posltlve clones if one particular MAb is nonspecifi- 
cally adsorbed on the solid phase. 

We have developed a contrasting strategy based on the use of a solid phase 
coated with a universal reagent of mouse immunoglobulms (I.e., a second anti- 
body). MAbs bound to this solid phase are detected by thetr ability to bind the 
labeled antigen specifically (see Fig. 1). This approach appears more specific 
in that nonspecific adsorptlon of unrelated MAbs on the solid phase will not be 
detected. In this method, the solid phase represents a universal reagent, but the 
appropriate antigen must be labeled for each particular screening. 

The aim of this chapter is to describe simple methods allowing the labeling 
of small quantities of antigen (or hapten) with the enzyme acetylcholinesterase 
(AChE). We show that this can be achieved in every case by using either cova- 
lent labeling methods or noncovalent coupling through avldm-biotin interac- 
tlons. Depending on the labeling method used, three dtfferent screening 
procedures are described (see Fig. 1). 

Acetylcholinesterase was chosen as the labeling enzyme because it presents 
many advantageous properties. First, AChE can be assayed at extremely low 
levels because of its very high turnover (am01 amounts of the enzyme can be 
detected using a one-step, l-h colorimetrlc assay (5). This detection limit IS 
lower than that observed for 125I and other enzymes currently used in immuno- 
assays (i.e., horseradish peroxidase, /3-galactosidase, or alkaline phosphatase) 
(5). In addltlon, AChE provides a continuous signal for many hours (at least 
24 h under the usual conditions), thus offering the possibihty of increasing the 
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Fig. 1. Schematic representation of screening procedures. MAbs contained in cul- 
ture supernatants are bound to a solid phase coated with a second antibody. The pres- 
ence of MAbs on the solid phase is revealed by their ability to bind antigen labeled 
with the enzyme acetylcholinesterase (AChE). Three different methods for labeling 
antigens with AChE are described in this chapter. Depending on the labeling method, 
three different screening procedures are used. Method 1: This is a one-step procedure 
using an antigen-AChE covalent conjugate as tracer. After completion of immuno- 
reaction between MAb and tracer, the solid phase is extensively washed and the enzy- 
matic activity immobilized on the solid phase is measured, using a calorimetric assay 
(Ellman’s method). Methods 2 and 3: These are two-step procedures using a 
biotinylated antigen (biot-antigen) as tracer. In the first step the biot-antigen is reacted 
with MAbs. After washing, biot-antigen immobilized on the solid phase is revealed by 
reaction with either an avidin-AChE conjugate (Method 2) or an avidinbiot-AChE 
complex (Method 3). Washing and enzymatic steps are performed as for Method 1. 

sensitivity of the test by allowing the enzymatic reaction to proceed for a 
longer period. Finally, it has been shown that AChE can be used efficiently 
for labeling various molecules, including haptens (6-91, antigens (2 0, I I), or 
antibodies (II), coupling with the enzyme always being achieved without 
significant loss of enzyme activity. The corresponding conjugates are stable 
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for years when kept frozen (-20 or -8O’C) or lyophillzed (+4OC) under suit- 
able conditions. Screening of MAbs usmg AChE-labeled antigens has already 
been described (12) 

2. Materials 
1. Acetylcholmesterase (AChE). This IS purified from the electric organs of the elec- 

tric eel, Electrophorus electricus, using one-step affinity chromatography (I 3) 
The resulting preparation has a specific activity of IO5 Ellman U/mg of protein 
and shows the electrophoretlc pattern characteristic of the pure enzyme. This 
preparation contams mamly asymmetric molecular forms of the enzyme (As and 
A12 forms) and a small proportlon of the G4 globular form Details of these 
molecular forms of AChE are reviewed m Massoullk and Toutant (14) The 
major fraction of asymmetric forms is converted into the tetramerlc form (G4) 
by reaction with trypsm for 18 h at 25°C in O.lM phosphate buffer, pH 7.0 
(enzyme/protein ratio [w/w] l/2000). This mixture of AChE forms IS used for 
labeling without further purification (see Notes 1 and 2). For the measurement of 
AChE activity, see Note 3. 

2. N-succinimidyl-4-(N-maleimidomethyl)-cyclohexane-l-carboxylate (SMCC) 
and S-succinimidyl-S-acetyl-thioacetate (SATA) are marketed by various 
companies. 

3. iV-hydroxysuccinimide ester of biotin (NHS-biotin). 
4 Egg avidm 
5. Biogel A 0.5 m, A 1.5 m, and A 15 m are used for molecular sieve fractionation. 
6. G25 gel. 
7. 0 05M Potassium phosphate buffer, pH 7.4. 
8. Enzyme immunoassay (EIA) Buffer: O.lM potassium phosphate buffer, pH 7.4, 

containing 0.1% BSA, 0 4MNaC1,0.00 1 M EDTA, and 0 0 1% sodnm azide (toxic), 
9 Washing buffer O.OlM potassium phosphate-buffer, pH 7 4, containing 0.05% 

Tween-20. 
10 0. IM Sodium phosphate buffer, pH 6.0, containing 0.005M EDTA 
11. Polyspecific antimouse Ig antibodies are available from different commercial 

sources (use only affinity-purified quality) 
12. 96-Well mlcrotlter plates (Immunonunc I 96F, NUNC, Denmark) 
13. Anhydrous dtmethylformamlde (DMF) 
14. O.lM Sodium borate buffer, pH 9.0. 
15. 1M Tns-HCl buffer, pH 7.4 
16. N-ethyl-malelmide 12.5 mg/mL (O.lM) in 0 1M potassium phosphate buffer, 

pH 7.4. 
17. 1M Hydroxylamine in 0 1M potassium phosphate buffer, pH 7.0. 
18. 0.00 1M 5-5’-Dithio-bwnitrobenzoate (DTNB) m O.lM potassium phosphate 

buffer, pH 7.0. 
19. Multidispenser (8 or 12 plpets) 
20. Ellman medium: 7 5 x lO-“M acetylthiocholine and 5 x 10-4M DTNB m O.lM 

phosphate buffer, pH 7 0. 



Screenmg MAbs with AChE-Labeled Antigens 61 

3. Methods 
3.1. Immobilization of Antimouse lmmunoglobulins 
on the Solid Phase 

The principle of the screening test implies that the antimouse unmunoglo- 
bulin solid phase has the capacity to recognize all mouse nnmunoglobulm 
classes and subclasses (see Note 4). 

1. F111 the wells of mIcrotIter plates with 200 pL of a 10 pg/mL solution of affirnty- 
purified second antibodies in O.OSMphosphate buffer, pH 7.4 

2. Leave overmght at room temperature, then wash the plates extensively with wash- 
mg buffer. 

3. Saturate the solid phase by adding 300 pL of EIA buffer in each well and store 
the plates at +4”C They can be used 8 h later or kept under these conditions at 
+4’C for at least 6 mo 

3.2. Labeling of Antigens with AChE 
Two methods for labeling antigens with AChE are presented. 

3.2.1. Labelmg of Antigens Through Avidin-Biotin Interactions 
In this method, antigen and AChE (Fig. 1, Method 3) are covalently 

labeled with biotin molecules. AChE and antigen are coupled durmg the 
course of the screening test via high-affinity avidm Interactions (see prin- 
ciple in Fig. 1, Methods 2 and 3). Blotm 1s covalently linked to AChE or 
antigen by reaction of an activated N-hydrosuccmimide ester of blotm (NHS- 
biotm) with the primary ammo groups of the proteins. NHS-blotin is quickly 
hydrolyzed in presence of water and is then dissolved in anhydrous DMF a few 
minutes before use. Ideally, the reaction 1s performed in basic medmm (borate 
buffer, pH 9.0), but can be realized at reduced efficiency m neutral medium 
(phosphate buffer, pH 7.0). (5’ee further recommendations m Note 5.) 

3.2.1.1. LABELING OF ANTIGENS WITH BIOTIN 

1. To 100 ~18 of antigen dissolved in 200 pL of 0. 1Mborate buffer, pH 9 0 (10 run01 of 
a lo-kDa antigen), add 17 pL of a 1 mg/mL solution of NHS-blotin in anhydrous 
DMF (50 nmol) Allow the reactlon to proceed for 30 mm at room temperature 

2. Stop the reaction by adding 100 pL of 1M Tris-HCl buffer, pH 7.4. 
3. After a further 15-min reaction period, dilute biotmylated antigen (blot-Ag) m 

EIA buffer up to a concentration of 100 to 10 ,ug/mL. Store concentrated 
blotinylated antigen at -2O’C. 

3.2.1 2. LABELING OF ACHE WITH BIOTIN 

1 To 500 JJL of a 250 pg/mL solution of AChE (3 1 .OOO Ell.U/mL, 0 4 nmol of Gq- 
AChE) in O.lMborate buffer, pH 9.0, add 5 pL of a 8.5 mg/mL solution of NHS- 
blotin in anhydrous DMF (125 nmol). Allow the reaction to proceed for 30 mm at 
room temperature 
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2. Add 100 pL of lMTn.s-HCl buffer. 
3 Add 1 mL of EIA buffer 15 mm later. 
4. Then purify blotmylated AChE (blot-AChE) on a Biogel A 0.5 m column (1 5 x 

90 cm) equilibrated m EIA buffer. The enzymatic profile 1s established usmg 
Ellman’s method, and fractions correspondmg to the GJ form (major peak) are 
pooled. Store concentrated biot-AChE at -20°C 

3.2.2. Covalent labeling of Antigens with AChE 

Antigens can he covalently coupled to AChE using the heterobifunctional 
reagent SMCC. This method involves the reaction of thiol groups (previously 
introduced mto antigen) with malelmldo groups incorporated into AChE after 
reaction with SMCC. This method has been applied successfully to the label- 
mg of various haptens (7,s) and antigens (I 0,Z Z) 

3.2 2 1. INTRODUCING MALEIMIDO GROUPS INTO ACHE 

Malelmido groups are introduced into AChE by reaction of their pn- 
mary ammo groups with the N-hydroxy-succmimlde moiety of SMCC In 
neutral medium. This reaction is very similar to that used for incorpora- 
tion of blotin molecules into protems Prior to this reaction, the enzyme is 
treated with N-ethyl malelmide m order to block any thiol groups. Finally, 
SMCC-AChE is purified by molecular sieve chromatography on a Blogel 
A 1.5 m column. 

1 To 100 pL of a 2 mg/mL solution of G4-AChE (0 62 nmol), add 10 pL of a 12 5 
mg/mL solution of N-ethyl-malelmlde in phosphate buffer, pH 7 0 Allow the 
reactlon to proceed for 30 mm at room temperature 

2. Add 10 pL of a 15 mg/mL solution of SMCC (449 nmol) in anhydrous DMF. 
3 After a further 30-mm reaction period at 3O”C, chromatograph the mixture on a 

Blogel A 1.5 m column (1 x 30 cm) equilibrated m phosphate buffer, pH 6.0, 
contammg EDTA 

4. Collect fractions of about 1 mL and determine then enzymatic activity using the 
Ellman method (see Note 3) Pool the fractions correspondmg to the G4 form 
(second major peak) and determine the AChE concentration of the pool enzymat- 
ically. G4-SMCC can be used immediately It can also be kept frozen at -80°C for 
at least 6 mo. 

3.2.2.2. INTRODUCING THIOL GROUPS INTO ANTIGENS 

Thiol groups are introduced into antigens by reaction of their primary amino 
groups with SATA. This 1s the same kmd of reaction as that used for incorpo- 
ration of biotin molecules mto antigens or of SMCC into AChE and requires 
the same precautions. The thloester function of SATA 1s then hydrolyzed m 
the presence of hydroxylamme m order to reveal the thlol groups. Excess reag- 
ents (SATA, hydroxylamme) are finally ehmmated by molecular sieve chro- 
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matography. As an example, we shall describe the procedure used for the 
thiolation of egg-avldm (preparation of an avidm-AChE conjugate). 

1. To 500 pg of avldm (8.7 nmol) dissolved in 250 pL of 0 1M borate buffer, pH 9.0, 
add 14 pL of a 2 5 mg/mL solution of SATA (150 nmol) m anhydrous DMF. 
Allow to react for 30 min at room temperature 

2 Add 250 & of a IA4 solution of hydroxylamine in O.lM phosphate buffer, pH 7 0. 
3. After a further 30-mm reaction penod, chromatograph the mixture on a G25 col- 

umn (1 x 10 cm). Elute with phosphate buffer, pH 6 0, containing EDTA Before 
and during chromatography, the eluant is kept under a contmuous stream of nitro- 
gen to eliminate dissolved oxygen and avoid any oxidation of thlol groups. Col- 
lect fractions of about 1 mL and pool the fractions corresponding to the void 
volume (ldentlfied by measurmg the absorbance at 280 or at 412 nm after reac- 
tion of thlol groups with DTNB) (see below) 

4. Measure the thlol content of the pool by mixing 100 pL of the solution with 100 pL 
of a 0.00 1M solution of DTNB in 0. 1M phosphate buffer, pH 7 0 (reaction per- 
formed m wells of a mlcrotlter plate) 

5. After 5 mm, read the absorbance at 412 nm and calculate the thlol concentration 
([SH]) accordmg the followmg equation. 

[SH] = (A x 2)/(~ x 1) 
where (A) 1s the measured absorbance, (E) 1s the molar extmctlon coefficient of 
reduced DTNB (13600), and (1) the optlcal pathlength (0 439 cm If a mIcrotIter 
plate IS used) 

Ideally, thlolated avldm will be coupled unmedlately to G4-SMCC, although 
it can be kept for a few weeks at -80°C. If thawed, check its SH content as 
described above 

3.2.2.3 COUPLING THIOLATED ANTIGEN WITH MALEIMIDO-ACHE 

Couplmg of AChE with the antigen 1s achieved by mixing G,-SMCC 
(nnmedlately after lsolatlon by molecular sieve chromatography or from stor- 
age at -SOT) with an excess of thiolated antigen. We generally use a molar 
ratio (moles of SH/moles of G4-SMCC) ranging from 10 to 50. Depending on 
the efficiency of the coupling reaction, the ideal ratio can be determined empuically. 

In the case of avidm, we currently use a ratio of 50. In one typical experi- 
ment, this corresponded to a mixture of 395 pL of thlolated antigen (measured 
as containing 6.3 x 10e5M of SH groups) with 755 Ils, of a 26200 Ell.U/mL 
solution of G,-SMCC. 

1 Perform the coupling reaction at 30°C for 3 h. 
2. Purify the enzymatic conjugate on a Blogel A 0.5 m column (Bio-Rad, USA, 1 5 

x 90 cm) equilibrated m EIA buffer 
3. Collect fractions of about 2 mL, pool those containing AChE actlvlty, and store 

the conjugate (at -20 or-80°C) for months or years, depending on the stability of 
the antigen 
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3.3. Performing the Screening 

The screening procedure differs slightly according to whether the antigen is 
labeled with biotin or directly coupled to AChE (see Fig. 1) The use of 
biotinylated antigen requires one more step. In both cases, the first step con- 
sists of transferring an ahquot of the culture supernatant to second antibody- 
coated plates. This operation is straightforward since culture plates and coated 
plates are geometrrcally equivalent and the transfer can be performed usmg a 
multidispenser (8 or 12 pipets). Under these conditions, up to 2000 superna- 
tants can be transferred in 1 h by a single experimenter. Usually, 50 pL of 
culture supernatants are used for the screening test. 

3.3.1. Screening Using Covalent 
Antigen-AChE Conjugates (Method 1) 

1. Transfer 50 pL of culture supernatants to second antrbody-coated plates 
2. Add to each well 50 & of the antigen--AChE conjugate previously drluted in EIA 

buffer This tracer is generally used at a concentration of 2-10 El1 U/mL Allow 
the reaction to proceed overmght at +4”C. 

3. Wash the plates extensively, using washing buffer We recommend at least three 
washing cycles, including 3-mm soaking for each step. 

4. Add 200 uL of Ellman medium to each well. Allow the enzymatic reaction to 
proceed at room temperature. 

5 Read the plates when a strong yellow color appears m any well. This usually 
occurs within 30 minor 1 h, but longer enzymatic reaction periods (up to 6 h) can 
be used 

3.3.2. Screening Using Biotin-Labeled Antigens 
(Methods 2 and 3) 

1. After the transfer of culture supernatants, add 50 clr, of biotin-antigen (0 l-1 pg/mL 
diluted m EIA buffer) to each well. 

2 After overnight reaction at +4”C, wash the plates as described above (see Section 
3 3.1 ). 

3. At this pomt, the presence of brotmylated antigen on the solid phase can be 
revealed m two ways: 
a Method 2: Add 100 pL of avidm-AChE coqugate (2-5 Ell.U/mL diluted m 

EIA buffer), or 
b Method 3: Add 100 pL of a prereacted mixture of avidm and biot-AChE 

This mixture is obtained as follows (quantity for 100 tests): add 40 pL of a 
15 pg/mL solution of avidm (m EIA buffer) to 80 u.L of a 300 Ell.U/mL 
solution of biot-AChE (in EIA buffer) and allow to react for 30 mm at room 
temperature. Then dilute the mixture with 10 mL of EIA buffer before add- 
mg 100 pL to each well 

4. After a further 2-4 h of reaction at room temperature with stirrmg, wash the 
plates, develop, and read as described above For an example, see Note 6. 
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4. Notes 
1. All the procedures described m this chapter have been especially optimtzed in 

terms of AChE labeling. We recommend the use of this enzyme that we feel is 
particularly well suited to this application. However, the same basic principles 
can be applied (with appropriate modifications) to the labeling of antigens with 
other enzymes (peroxidase, alkaline phosphatase, P-galactosidase). This 1s par- 
ticularly true for those labelmg methods involving the use of btotinylated anti- 
gens, smce biotinylated enzymes as well as avidm-enzyme comugates are 
available from numerous commercial sources. 

2. It is not advisable to use AChE from commercial sources (Sigma, USA or 
Boehrmger, RFA), since these preparations are largely impure and possess a 
specific activity about tenfold lower than our preparations. Pure AChE can be 
obtained on request from our laboratory. 

3. AChE activity is measured using the method of Ellman et al. (15); final concen- 
trations of acetylthiocholme and DTNB are 7.5 x l@M and 5 x ltiM, respec- 
tively. One Ellman unit (E1l.U) is defined as the amount of enzyme producing an 
absorbance increase of 1 absorbance unit (AU) in 1 min, m 1 mL of medium and 
for an optical pathlength of 1 cm. It corresponds to about 8 ng of enzyme. AChE 
concentrations are determined enzymatically using a turnover number of 4.4 x 
1 O7 mol/h/site (16) and a molecular mass of 80 kDa for the catalytic subunit (G4 
= 320 kDa) According to these values, a detection limit of 1.8 amol of enzyme 
may be calculated for the G4 form (i.e., the quantity of AChE producing an absor- 
bance increase of 0 01 AU m 1 h, in 200 pL of Ellman medium, 0 44 cm path- 
length [5/). 

4. Polyspecific antimouse immunoglobulin antibodies may be obtained by munu- 
nizing rabbits with an appropriate mixture of MAbs Ideally, this immunizing 
preparation should contain equivalent amounts of IgGt, IgGza, IgG& IgG3, and 
IgM, some of these antibodies bearing h light chain. Primary immunization and 
booster injections are performed as described by Vaitukatis (17) in the presence 
of Freund’s complete adjuvant. A dose of 50 ug is used for each injection. The 
first booster injection 1s given 6 wk after immunization, and the rabbits are bled 
weekly from this date. Booster injections can be given every 2 mo. The presence 
of anttmouse Ig directed against the different classes and subclasses can be checked 
using conventional immunological techniques (12). Specific antibodies from 
pooled sera will be further purified by affinity chromatography m order to pre- 
pare a solid phase with maximum binding capacity. Purification can be performed 
using an affinity column composed of mouse immunoglobulms (either polyclonal 
immunoglobulins or a mixture of MAbs) covalently linked to a solid matrix. In a 
previous paper, we descrtbed a method based on the use of polyclonal mununo- 
globulins mnnobilized on cyanogen bromide-activated Sepharose 4B (12). 

5. For the labelmg of antigens with blotin, it is essential to avoid the presence of 
other compounds containing primary amino groups (Tris-HCl buffer, for instance), 
since they interfere with the labeling reaction. Interfering substances may be 
eliminated by dtalyzmg the antigen preparation against borate buffer prior to 
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labelmg. In order to preserve the immunoreactive properties of the antigen, tt is 
advisable to introduce only a few biotm molecules mto the antigen. This can be 
achieved by using low NHS-biotm to antigen ratios. We usually recommend a 
molar ratio of 5 mol of NHS-biotin for each 10 kDa of antigen (e.g , 15 mol of 
NHS-biotin/l mol of a 30-kDa antigen). This ratio can be modified wtthm the 
range of 100 to 1 if, for any reason, the efficiency of the reaction is particularly 
low (poorly concentrated antigen, neutral pH) or high (highly concentrated antt- 
gen, primary amme enriched antigen) 

6 As an example, we present the results of screening tests performed for detectmg 
antt-interleukm I j3 (IL 1 l3) MAbs The three methods described above have been 
tested, i.e., the use of an ILleAChE conjugate (Method l), the use of biotmy- 
lated ILlb associated with either an avidin-AChE conjugate (Method 2), or a 
complex of avidin and biot-AChE (Method 3) Biot-IL1 l3 was prepared usmg a 
NHS-biotm/ILll3 ratio of 10 and was used at a concentration of 1 pg/mL. The 
preparation of IL 1 FAChE conjugate has been described elsewhere (I I) 

ILleAChE and avtdm-AChE conjugates were used at a concentration of 2 
and 4 5 Ell.U/mL, respectively The enzymatic reaction was allowed to proceed 
for 13 min m all three methods The 96-wells of one entire plate were tested 
Ftfteen wells appeared clearly positive regardless of the method used. The signal 
observed with each method for these 15 wells is represented m Fig 2. For each 
method, the “blank” was estimated by averaging the signal measured for the other 
Sl-wells (see corresponding values in the legend of Fig 2). These results show 
that Methods 1 and 2 provide an absolute signal significantly supenor to that of 
Method 3. In terms of specific signals (signal/blank ratio), Method 1 is better 
than Method 2 because of lower nonspecific bmdmg In addition, from a practical 
point of view, the use of a covalent conjugate appears advantageous in that it 
requires one step fewer, thus simphfying the screenmg The hierarchy observed 
m this test (Method 1 > Method 2 > Method 3) IS representative of our general 
experience. It is worth notmg, however, that the three methods allow correct 
selection of positive clones, and that methods usmg biotinylated antigens are 
more easily accessible to the experimenter because of a greatly simplified label- 
mg procedure The weaker signal observed with Method 3 cannot be regarded as a 
major drawback, since taking advantage of the enzymatic properties of AChE, a 
stronger signal, can be obtamed using a longer reaction time (up to 6 h) 

7. Maximum efficiency of the screening methods described in this chapter will be 
obtained by optimtzmg the different steps of the labelmg procedure and of the 
screening test itself. This includes 
a. Optimtzatron of the NHS-biot/antrgen ratio for the biotm labeling of antigens. 
b Optimization of the SATAlantigen ratio and of the thiolated-antigen/AChE- 

SMCC ratio for the preparation of covalent conjugates. 
c Determination of the optimal concentration of the different reactants used m 

the screenmg test (blot-antigen, antigerr-AChE conjugate, G4-avidm, and so on) 
These prefusion operations can be performed usmg the sera of immunized 

mice. In addition, the availabthty of an optimized method will allow the 
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Fig. 2. Comparative results of screening tests performed with the three methods. 
The 96 culture supernatants of one entire plate were tested using the three screening 
procedures described in Fig. 1. Fifteen wells appeared clearly positive regardless of 
the method used. The signal observed with each method for these 15 wells is repre- 
sented in this figure. For each method, the “blank” was estimated by averaging the 
signal measured for the other 8 1 wells and expressed in terms of mean + ICY. q , Method 
1, blank = 12.5 + 19 mUA; q , Method 2, blank = 37 + 19 mUA; n , Method 3, blank 
=4t-4mUA. 

experimenter to control the effectiveness of immunization and to select for 
fusion the mouse presenting the most marked immune response. 

8. When optimized, the screening test can detect very low concentrations of anti- 
bodies (up to a few ng/mL [IZ]). This could lead to the detection of antibodies 
secreted by lymphocytes still present in the culture medium during the few days 
following fusion. We thus recommend that the screening test be performed at 
least 10 d after fusion and that the culture medium be changed at least twice 
during this period. 
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Synthesis of Peptides for Use as lmmunogens 

David C. Hancock, Nicola J. O’Reilly, and Gerard I. Evan 

1. Introduction 
An increasing problem in cell and molecular biology IS the preparation of 

antibodies specific to proteins that are present in mmute quantities within cells 
or tissues. With the advent of recombinant DNA technology, it is now often 
possible to deduce the primary amino acid sequence of a polypeptlde with- 
out its purification. Two strategies then exist to raise appropriate antlbod- 
ies. The gene can be expressed in a heterologous species, usually bacteria, and 
the resultant purified protein used as an immunogen. Glutathione S-trans- 
ferase fusion proteins, for example, have been extensively used as unmuno- 
gens. Alternatively, small synthetic peptides can be made that contam ammo 
acid sequences inferred from that of the gene. Such antipeptlde antibodies 
crossreact with the intact native protein with surprisingly high frequency and 
have the additional advantage that the epltope recognized by the antibody is 
already well defined (1,2) In this way, antibodies can be raised against novel 
gene products that are specifically directed against sites of interest, for example, 
unique regions, highly conserved regions, active sites, or extracellular or intra- 
cellular domains. Moreover, the ready availability of the pure peptlde nnmu- 
nogen against which the antibody was raised means that sera can be rapidly 
and easily screened, e.g., using an enzyme-linked immunosorbent assay 
(ELISA) for antipeptide activity. Free peptlde can also be used to block antl- 
body binding and so demonstrate immunological specificity, and it may be 
coupled to a solid support (e.g., agarose) to generate an affinity matrix for 
antibody punficatlon. In this chapter, we describe the basic principles behind 
the design, synthesis, and use of synthetic peptides as unmunogens, and in this 
and Chapter 3, give some of the basic methods used m our laboratories. These 
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methods have been used for several years with a considerable degree of suc- 
cess by many groups, both m our mstrtute and elsewhere. 

1.1. Choosing Peptide Sequences 

Many peptrde sequences are unmunogenic, but not all are equally effective 
at ehcttmg antibodies that crossreact with the intact cognate protem (we term 
these crossreactive peptides). Many factors can influence the success of usmg 
peptide unmunogens to raise antrprotein antibodies They include such ele- 
ments as the number of peptrdes from one protein sequence to be used and the 
number of animals available for mrmunization (both of which may be deter- 
mined by the existing facilities), the availability of sequence data, the predicted 
secondary structure of the intact protein, and finally, the ease of synthesis of 
spectfic sequences. Contmual improvements to synthesis methodologies means 
that the latter aspect 1s less significant than m the past, although certam 
sequences can still be problematic (see Section 1.2.). There is no guarantee that 
antibodies raised against a partrcular synthetic peptrde will crossreact with the 
intact protein from which the sequence is derived. In our experience, the prob- 
ability of generating a successful antiprotem antibody by these methods may 
be somewhat ~50%. Nonetheless, there are a number of ways of improving 
one’s chances of success (see Sections 1.1-l .-1 .l 4.) 

7.1.7. Predicted Structure of the Whole Protein 

There are several predictive algorithms available, for both mainframe and 
personal computers, that can provide data on anttgemcrty, hydrophilicity, flex- 
ibility, surface probabthty, and charge dtstrtbution over a given ammo acid 
sequence. In addition, the seasoned algorithms of Chou and Fasman and of 
Garmer et al. (3,4) give a good idea of where regions of particular secondary 
structure, such as a-helix, P-sheet, turns, and coils, are likely to form. Primary 
sequences can also indicate consensus sequences that may be sites of post- 
translatronal modrficatron (e.g., 0- and N-linked glycosylatton sites and sites 
of phosphorylatton) and that may therefore be immunologically unavailable m 
the mature protein. Clearly, accesstbrlity on the external surface of the intact 
protein is, overall, the most important requirement for a crossreactive peptide. 

Very frequently, the C-termmus of a protem, although often not a region of 
strongly predicted secondary structure, 1s exposed, and this sequence makes a 
good first choice. However, the C-terminus occasionally forms the membrane- 
anchormg regton of some membrane-bound proteins and is therefore generally 
too hydrophobic to consider. The N-terminus of a protein can also prove to be 
a good candidate sequence, but in our experience, is a less reliable choice than 
the C-terminus and may be modified or truncated. Regions with too high a 
charge or hydrophilicrty are sometimes not as effective as might be expected, 
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probably because almost all known antibody-combining sites make contact 
with their epitope by polar and Van der Waal’s bonds, and not ionic mterac- 
tions. Hydrophilic a-helical regions can be good peptide epitopes, because pro- 
vided the synthetic peptide is Itself long enough to form a helix, it often assumes 
an identical conformation to that m the intact protein. 

1.1.2. Specific Requirements 

By their nature, peptide-specific antibodies are site-directed probes for pro- 
teins. Both the sequence and position of the antibody epitope are predefined. 
Indeed, the technique of “epitope tagging” exploits the existence of an anti- 
body with specificity for a given linear peptide epitope that can be expressed in 
the context of a fusion protein (5). It is therefore possible to target antipepttde 
antibodies to specific regions of interest m the intact protein, such as areas of 
high conservation in order to identify additional members of a protein family, 
or areas of hypervariability in order to unambiguously identify a particular 
family member. The mcreasmg reliability of synthesis of, for example, 
phosphopeptides means that sites of posttranslational modification can also be 
analyzed. Other functional regions of a protein, such as binding sites, trans- 
membrane domains, or signal sequences, may also be targeted m this way. 
However, the factors mentioned above may affect the success of any given 
peptide nnmunogen. 

1.1.3. lmmunolog~cal Requirements 

Peptides of 1 O-20 amino acids are optimal as antigens. Our standard is around 
15 residues. Short peptides (below about seven residues) are probably of msuffi- 
cient size to function as epitopes. Larger peptides may adopt their own specific 
conformation (which is often mnnunodommant over any primary structural 
determinants), which may not be reflected in the conformation of the sequence 
within the intact protein. Given the above criteria, it is fair to say that almost all 
peptide sequences are nnmunogemc if presented to the nnmune system m the 
right way (see Section 1.3.), but that not all will generate crossreactive antibod- 
ies. Probably the single most important factor in optimizing one’s chances of 
making useful antibodies is to use several peptides from different regions of the 
protein sequence and immunize several animals with each. Different animals 
within the same group frequently respond differently to the same nnmunogen. 
Often a given antipeptide antibody may work well in one assay, e.g., Western 
blotting, but not in another, e.g., immunoprecipitation. 

1.1.4. Synthesis Requirements 

The chemical difficulties of synthesizing certain ammo acid sequences are 
complex and briefly dealt with in the next section (Section 1.2.). In general, 
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hydrophilic sequences are easier to synthesize, more soluble, and more likely 
to be exposed on the surface of the intact molecule. There appears to be little 
requirement for a high degree of purity for peptide immunogens. Our experi- 
ence is that peptides of 75% purity (sometimes even less) generate effective 
polyclonal antisera, although criteria may need to be more stringent when mak- 
mg monoclonal antibodies (MAbs). 

1.2. Peptide Synthesis 
Once a requirement for synthetic peptides has been identified, the major 

decision to be made is how to obtain them. The options are either to have them 
made commercially or to attempt to synthesize them m-house. Whichever option 
is chosen depends largely on current and future needs, local expertise, and 
funding. Peptides may be purchased from several companies specializing in 
contract synthesis, and if only a few are required, this is clearly the most 
straightforward way to obtain the desired reagents. However, custom synthesis 
of peptldes can be expensive, with many specific sequences or moditicatlons 
costing even more. On the other hand, in-house synthesis is labor-intensive, 
requires significant knowledge of peptide chemistry, and if carried out using 
an automated machine, involves large capital expenditure. In general, acquisi- 
tion of an automated peptrde synthesizer is probably best suited to laboratories 
or institutes with substantial and ongoing requirements for synthetic peptides, 
and preferably with their own dedicated personnel. An in-house peptide syn- 
thesis facility is a particularly attractive alternative to custom synthesis, because 
it allows much greater flexibility in the design and production of peptides. This 
can be particularly important if specially derlvatized peptides, such as phos- 
phopeptides, are needed, or if, for example, chemically defined immunogens, 
such as multiple antigen peptides (MAPS) (6), mimotopes (7,8), or eprtope 
mapping (9,1 O), are envisaged. 

7.2.7. Principles of P eptide Synthesis 

A wide choice of peptide synthesizers is currently available, ranging from 
manual to fully automated. They are all based on solid-phase peptide synthe- 
sis methodologies m which either t-butoxy carbonyl (t-hoc) (II), or 9-fluor- 
enylmethoxycarbonyl (Fmoc) (12) is the major protecting group during 
synthesis. A detailed description of peptide synthesis IS clearly beyond the 
scope of this chapter, and further information on practical and theoretical 
approaches to this chemrstry may be found elsewhere (13-15). However, a 
brief outline of solid-phase synthesis may prove useful. 

The peptide is synthesized on a derivatized solid support, often a polyamtde 
or polystyrene resin, and synthesis proceeds from C-terminus to N-termmus. 
The lmker group, which provides the lmk between the resin and the peptide 
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chain, varres and depends on the type of C-terminus desired, e.g., C-terminal 
acid or amtde. In addition, resins are available that already have the first pro- 
tected amino acid attached. This 1s often desirable, since the bond between the 
first ammo acid and the resin linker is not a peptide bond and therefore requires 
a different reaction to the subsequent peptide chain assembly steps. 

Each amino acid has its primary amine group protected (with either a t-hoc 
or an Fmoc group). In addition, the amino acid side chain may need protectron. 
Commercially available amino acids are supplied either as free acids or with 
derivatized carboxyl groups, as required by the particular synthetic chemtstry 
being used. After cleavage of the amine-protecting group on the resin, the 
incoming amino acid is solubihzed, activated in a polar solvent, and then 
allowed to react with the deprotected amine group of the growing peptide chain, 
After washing, usually with the same solvent, the peptide resin is ready for 
another round of N-termmal deprotection and amino acid addition. Automated 
synthesis is generally performed in the 0.025-0.5 mm01 range. The time taken 
to perform addition of each amino acid is on the order of 1 h, although smaller- 
scale procedures can use shorter coupling times. The stepwise percentage yield 
is typically >95%. Recent developments in automated synthesis include on-line 
momtormg and feedback control of synthesis. This allows automatrc analy- 
sis of each chain assembly step m real time, with the option to “double- 
couple” any amino acid that falls below a predetermined couplmg efficiency. 
As a result, stepwise yield is improved, and the number of failed syntheses is 
reduced. 

When cham assembly has been completed and the final N-terminal-protect- 
ing group removed, the peptide is cleaved from the resin with strong acid (typi- 
cally hydrogen fluoride [HF], or trifluoromethanesulfomc acid [TFMSA] with 
t-hoc chemistry and trifluoroacetic acid [TFA] with Fmoc chemistry) to give a 
free acid C-termmus. This acid treatment also cleaves most side chain-protect- 
ing groups. Frequently, various scavengers have to be added during acid cleav- 
age in order to minimize side reactions and protect certain moieties: for 
example, thiols are used to preserve free sulfhydryl groups on cysterne and pro- 
tect methionine side chains during Fmoc acid cleavages. Where possible, amino 
acid side chain-protecting groups are chosen to allow the use of less odorous 
scavengers, such as triisopropyl silane. It may be necessary to perform pilot 
cleavages to determine the optimum conditions for a particularly difficult 
sequence. Once liberated from the resin, the peptide may be desalted, precipi- 
tated, and lyophihzed. Clearly, the nature of the reagents used in these organic 
syntheses requires access to a good fume cupboard (m particular, hydrogen 
fluoride demands great care), and the postsynthesis workup typically utilizes a 
rotary evaporator and lyophilizer The final product is usually evaluated by 
reverse-phase HPLC (Cs or C,s columns with water/acetonitrile gradients) and 
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amino acrd analysis/protein sequencing or mass spectrometry. For a synthesis 
scale of 0.1 mmol, the typical yield IS in the region of 10 mg/residue, i.e., 
approx 100 mg for a 1 0-mer, which is more than sufficient for antisera produc- 
tion and charactenzatton. 

The synthesis of most peptide sequences m the region of 20 residues m 
length may nowadays be considered quite routtne. There are, however, always 
exceptions. Certain sequences can be extremely difficult to synthesize and otten 
dictate the choice of chemistry used. For example, tryptophan residues are often 
problematic with t-hoc synthesis because of their instabthty during the harsher 
acid treatment during synthesis and deprotection. Peptides containing multiple 
arginine residues often present difficulties with Fmoc chemistry owing to poor 
substitution and mcomplete deprotection. Alternative side-chain-protectmg 
groups for problematic ammo acids are, however, increasingly commercially 
available and can sometimes solve a particular synthesis problem. Very hydro- 
phobic peptides may require unusual solvents to mamtam their solubility dur- 
ing synthesis, and longer peptides (above, say, 25 residues) can prove 
progressively more difficult to solvate adequately, and therefore give low 
yields, although improvements m chain assembly efficiency mean that pep- 
tides of 50 or 60 residues can now be reliably made. Other problems encoun- 
tered are frequently peculiar to a specific sequence made with a specific 
chemistry. Sometimes changing chemistries (i.e., t-hoc to Fmoc or vice versa) 
solves the problem. Occasionally, it proves impossible to synthesize directly a 
pure peptide of the appropriate sequence, and the correct species has to be 
identtfied from among the reaction products and subsequently purified with 
concomitant loss of yield. 

7.3. Conjugation of Peptides to Carrier Proteins 

In general, short oligopeptides are poor nnmunogens, so it IS necessary to 
conJugate them covalently to immunogenic carrier proteins in order to raise 
effective antipeptide antibodies. These carrier protems provide necessary MHC 
Class II/T-cell receptor epitopes, whereas the peptides can then serve as B-cell 
determinants. Keyhole limpet hemocyanm (KLH) and thyroglobulin are exam- 
ples of carriers that we have used successfully to generate polyclonal 
antipeptide antibodies. We generally avoid using bovine serum albumm (BSA), 
because the high levels of anti-BSA antibody generated can interfere with sub- 
sequent studies on cells grown in media containing bovine sera. 

The peptides are covalently ConJugated to the carrier molecule using an 
appropriate bifunctional reagent- the most straightforward coupling method- 
ologres mvolve the amine or sulthydryl groups of the peptrde. Not surprismgly, 
substantial antibody titers are also frequently generated against determinants 
present on these carrier molecules, In general, such anticarrier antibodies 
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present few problems in polyclonal antipeptide antibodies and may, anyway, 
be adsorbed out on a matrix of carrier bound to agarose. When making MAbs, 
however, the substantial anticarrier response may mask the frequently weaker 
antipeptide response, resulting in few, if any, peptide-spectfic hybridomas 
being isolated. For the preparation of MAbs, therefore, we advise the use of the 
carrier tuberculin-purified protein derivative (PPD) {I 6). The advantage of PPD 
IS that it is an extremely poor B-cell antigen, yet elicits a strong helper T-cell 
response. Using PPD as the carrier thus gives an antibody response that IS pre- 
dominantly directed against the peptide of interest. The only drawback with 
routinely using PPD as a carrier IS that animals have first to be primed with live 
attenuated tubercle bacrlli at least 3 wk before immunization (see Chapter 3). 
An alternative approach to the use of pepttdmarrier conjugates has been 
developed by Tam (6). The MAP system makes use of the a-ammo group of 
lysine residues to generate a branched core matrix that can be used as a scaf- 
fold for subsequent peptrde synthesis. This system can be employed to deliver 
high densrttes of single, defined peptide antigens, or to generate B-cell and T-cell 
epttopes attached to the same MAP scaffold (17). MAP synthesis products can 
be difficult to analyze by HPLC and mass spectrometry owing to their large 
mass. However, m our experience, MAPS can be successfully used to generate 
good antisera where conventional peptidecarrier conjugates have failed. 

The most straightforward carrier-peptide conjugation procedure uses 
glutaraldehyde as the bifunctional reagent, which crosslmks ammo groups on 
both carrier and peptide. In our experience, glutaraldehyde conJugation is reh- 
able, easy, and effective, and generates good antipepttde antibodies even with 
short peptides containing internal lysme residues, doubtless reflecting the hap- 
hazard manner in which complex antigens are processed by the immune sys- 
tem. m-Maleimidobenzoyl-N-hydroxysuccinimide ester (MBS) can be used to 
crosslink the thiol group of cysteme on the peptide to an amino group on the 
carrier. The MBS method generates a somewhat better-defined conjugate, but 
it mvolves a slightly more complicated procedure and requires the presence of 
a reduced cysteme residue within the peptide (thts is frequently added to the 
sequence during synthesis for comugation purposes). 

2. Materials 
2.1. Conjugation of Peptides 

1 KLH, purchased as a solution in 50% glycerol (Calbiochem, La Jolla, CA), 
and stored at 4°C If obtained as an ammonium sulfate suspension, the KLH 
will require extensive dialysis against borate-buffered saline (20 mM Na borate/ 
144 mM NaCI) contammg 50% glycerol 

2. Porcine thyroglobulm: obtained as a partially purified powder (Sigma, St. Louis, MO). 
3. BSA. purified and essentially globulin-free (Sigma) 
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4. PPD of tuberculin: derived from the tubercle bacillus and available from Statens 
Serum Institut (Copenhagen, Denmark) as a 1 mg/mL solution in PBS. Store 
at 4°C. 

5. Glutaraldehyde (Sigma, Grade 1) stock. a 25% solution divtded mto l-mL 
abquots It is stored at -2O’C and never refrozen 

6. Sodium bicarbonate stock (10X): a 1M solution adjusted to pH 9 6 with HCI 
7 Glycine ethyl ester (Sigma). make up as a 1M stock, and adjust to pH 8.0 with 

NaOH. 
8. MBS: “Sulfo” verston of this reagent is water-soluble and, therefore, preferable 

(Pierce, Rockford, IL). 
9 O.lM Sodium phosphate-buffer, pH 6.0. mix 12 mL of 1M disodium hydrogen 

phosphate with 88 mL of 1M sodium dihydrogen phosphate, and make up to 1 L 
with water 

10. Sephadex G25. 
11. Sodmm borohydrtde 
12. Borate buffer 0. IA4 boric acid solution adjusted to pH 8 0 with NaOH 
13 1MHCl 
14. 1MNaOH 
15 Acetone 
16 Salme: 0 9% NaCI. 
17 Ammonium hydrogen carbonate, pH 7.5. 

3. Methods 
3.7. Glutareldehyde Conjugation Procedure (see Note 7) 

1. Weigh out the peptide and an equal weight of KLH or thyroglobulin carrier This 
gives an approximate ratio of 40-150 mol of peptide to each molecule of carrier 
(2 mg of peptide/ammal is ample) If using PPD as carrier, weigh out at a molar 
peptide:PPD ratio of about 2: 1 assummg the molecular weight of PPD to be about 
10 kDa (i.e., for a 15 amino acid peptide, use 3 mg peptide for each 10 mg of PPD). 

2 Dissolve the peptide and carrier protein in 0 lM( 1X) sodium bicarbonate using 
1 mL for every 2 mg of carrier protein 

3. Thaw out a fresh vial of glutaraldehyde, and add to the peptide-carrter solution 
to a final concentration of 0.05%. MIX m a glass tube, stirring with a magnetic 
stu-ring bar at room temperature overnight in the dark. The solutton will usually 
turn a pale yellow color. Occasionally the solution wrll turn pale brown or orange 
thts reflects the fact that peptide preparations often contam traces of scavenger 
reagents used m cleavage from the resin and is not a cause for concern 

4. Either dtalyze against double-disttlled water for 12 h and lyophllrze the coupled 
carrier (N.B. for PPD conjugates, use low molecular weight cutoff dialysis tubmg) 
to assess the yield, weigh the lyophilized material, and determine the percentage 
of peptide coupled, or, because couplmg efficiency is usually reasonable and not 
too critical, it is easier to do the following: Add 1Mglycme ethyl ester to a final 
concentration of 0. lM, and leave for 30 min at room temperature. Then, precipi- 
tate the coupled carrier with 4-5 vol of ice-cold acetone at -70°C for 30 mm 
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Briefly warm at room temperature, and pellet the protem at 10,OOOg for 10 mm at 
room temperature, pour off the acetone, au-dry the pellet, and redtsperse it in 
salme at 1 mg carrier/ml Since the pelleted protein is rather sticky, this IS best 
done using a Dounce TM homogenizer. If necessary, store the mrmunogen at --20°C 
and rehomogenize before use 

3.2. MBS Coupling Method (see Note 2) 
1. Dissolve 15-20 mg of carrier protein in minimum amount of PBS (about 1 mL). 
2. Dissolve 5 mg of MBS m mimmum amount of dimethylformamide (about 

0 75 mL), or if crosslinker is sulfo type, dissolve in mmimum amount of 
sterile water 

3 When crosslinker and carrier are completely dissolved, mix well and leave at 
room temperature for 1 h. 

4 Desalt on a 20 mL Sephadex G25 column using O.lM sodium phosphate-buffer, 
pH 6.0. Collect 2-mL fractions Read the optical density (OD) of the fractions at 
280 nm. Keep the two fractions with the highest OD,ss 

5. Meanwhile reduce the peptide. 
a. Make up fresh 5 mg/mL solution of sodium borohydnde, and store on ice 
b. Dissolve 15-20 mg of peptide m minimum amount of 0 1M borate buffer, 

pH 8.0. 
c. Add 100 mL sodium borohydride to the dissolved peptide, mix well, and stand 

on ice for 5 mm 
d. Lower pH by adding 1M HCl (approx 5 drops), mix, and leave on ice for a 

further 5 mm. 
e. Add equal number of drops of lMNaOH, and check that the pH is between 

6.0 and 7.0. If not, then adjust with 1MNaOH or 1M HCl. Note: 10 mL are 
approx 0.5 of a pH unit. 

6. Add desalted crosslinker to reduced peptide, and leave overnight. 
7. If the conjugate becomes msoluble, precipitate completely with 4-5 vol of ice- 

cold acetone at -70°C for 30 mm. Briefly warm at room temperature. Pour off the 
supernatant and air-dry Resuspend in saline as m Section 3 1 , step 4. Alterna- 
ttvely, if the conjugate remains soluble, desalt the solution on a 20-mL Sephadex 
G25 column using ammonium hydrogen carbonate buffer, pH 7 5. Collect 2-mL 
fractions, and pool those of OD,,, > 0.4 Store at -20°C. 

4. Notes 
1. During glutaraldehyde conjugation, it is vital to exclude any buffers contammg 

ammo, imino (e g , Tris), ammonium, or azide moieties, since these will inhibit 
the crosslmkmg reaction. If the peptide or carrier is insoluble m coupling buffer, 
sodium dodecyl sulfate (SDS) may be added to 0.1% without affecting the con- 
jugation. 

2. It IS often worth adding a cysteine residue at the C-terminus of the peptide to give 
the option of MBS coupling. This method couples the -NH2 groups on KLH to 
-SH groups of cysteine in the peptide molecules. 
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3. Durmg MBS couphng, the DMF concentrattons should never exceed 30% or 
KLH will come out of solution KLH concentrations in excess of 20 mg/mL will 
also cause it to come out of solution. If possible, use the sulfo dertvattve. 

References 
1, Lerner, R. A., Green, N., Alexander, H., Liu, F. T , Sutchffe, J. G , and Schmnick, 

T. M. (198 1) Chemically synthesized pepttdes predicted from the nucleottde 
sequence of the hepatitis B virus genome elicit antibodies reactive with the native 
envelope protein of Dane particles. Proc Nat1 Acad SCL USA 78,3403-3407 

2 Ntman, H L., Houghten, R A., Walker, L E., Reisfeld, R A., Wilson, I. A, 
Hogle, J. M., and Lemer, R. A. (1983) Generatton of protein-reactive anttbodtes 
by short pepttdes is an event of high frequency: imphcattons for the structural 
basis of immune recognmon Proc Nat1 Acad Scz USA 80,4949-4953 

3 Chou, P. Y. and Fasman, G. D (1978) Predtctton of the secondary structure of 
proteins from then ammo acid sequence Adv Enzymol Related Areas A401 Brol 
47,45-158. 

4 Gamier, J., Osguthorpe, D. J , and Robson, B. (1978) Analysis of the accuracy 
and tmpltcations of simple methods of predtctmg the secondary structure of globu- 
lar proteins. J Mol. Bzol 120, 97-120 

5. Munro, S and Pelham, H. R. B (1986) An HSP70-like protem m the ER: identity 
with the 78kD glucose-regulated protein and immunoglobulm heavy cham bmd- 
mg protem Cell 46,29 l-300. 

6. Tam, J. P (1988) Synthetic peptide vaccine destgn: synthesis and properties of a 
high-density multiple antigemc peptide system. Proc Nat1 Acad SCI USA 85, 
5409-5413. 

7 Geysen, H M , Rodda, S J , Mason, T J., Trtbbick, G., and Schoofs, P. G (1987) 
Strategies for epitope analysis using peptide synthesis J Immunol Methods 102, 
259-274 

8. Geysen, H. M , Rodda, S J , and Mason, T. J (1986) A prtorl delmeation of a 
pepttde which mimics a dtscontmuous anttgemc determinant Mol. Immunol. 23, 
709-715 

9 Geysen, H M., Meloen, R. H., and Bartelmg, S. J. (1984) Use of pepttde synthe- 
sis to probe viral antigens for epitopes to a resolutton of a smgle ammo acid Proc 
Nat1 Acad Scl USA 81,3998-4002. 

10 van? Hof, W., van den Berg, M , and Aalberse, R. C. (1993) The use of T bag 
synthesis with paper discs as the solid-phase m epttope mapping studies. J 
Immunol Methods 161,177-186 

11 Merrifield, R B (1963) Solid-phase peptide synthesis. 1 The synthesis of a tet- 
rapeptide J. Am Chem. Sot 85,2149-2154. 

12 Atherton, E., Gatt, M J , Sheppard, R C , and Williams, B. J (1979) The polya- 
mide method of solid-phase peptide and oltgonucleottde synthesis. Bloorg. Chem 
8,35 l-370. 

13. Bodanszky, M. (1984) The Prwclples of Peptlde Synthesis Springer-Verlag, Ber- 
hn, Heidelberg. 



Peptide Synthesis and Conjugation 79 

14. Bodanszky, M. (1988) Peptide Chemistry. A Practical Approach Springer- 
Verlag, Berlm, Heidelberg. 

15. Atherton, E. and Sheppard, R. C (1989) Sold-Phase Pephde Syntheses: A Practl- 
cal Approach IRL, Oxford 

16 Lachmann, P. J., Strangeways, L., Vyakarnam, A., and Evan, G. I (1984) Raiszng 
Antibodies by Couplmg Peptldes to PPD and Immunlsing BCG-Sensitized Am- 
ma2.s. CIBA Foundatron Symposium. Wiley, Chichester, UK 

17. Calvo-Calle, J M , de Ohveira, G. A., Clavrjo, P., Maracic, M , Tam, J P., Lu, 
Y -A., Nardm, E. H , Nussenzwerg, R. S , and Cochrane, A H. (1993) Immuno- 
gemcity of multrple antigen peptrdes containmg B and nonrepeat T-cell eprtopes 
of the circumsporozoite protein of Plasmodwm falclparum. J Immunol 150, 
1403-1412 





Use of Proteins Blotted to Polyvinylidene Difluoride 
Membranes as lmmunogens 

Boguslaw Szewczyk and Donald F. Summers 

1. Introduction 
The great analytical power of sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) makes it one of the most effective tools of pro- 
tem chemistry and molecular biology. In the past, there have been many 
attempts to convert the technique from analytical to preparative scale, because 
by SDS-PAGE, one can resolve more than 100 protein species m 5-6 h. The 
number of papers that describe preparative elutlon from polyacrylamide gels is 
immense (for example, see refs. Z-5). In spite of the numerous variations m the 
procedure of elution, none of the available methods IS entirely satisfactory. 
Some of the methods are very laborious, and others lead to loss of resolution or 
poor recovery. 

In general, the elution of proteins above 100 kDa from polyacrylamide gels 
always presents considerable problems. Another of the serious limitations of 
elution from gels is owing to the elastic nature of preparattve polyacrylamide 
gels. The precise excision of a protein band from a complex mixture is diffi- 
cult, and the slice may contain portions of other protein bands located close to 
the band of interest. To overcome some of the hmitations of elution from gels, 
Parekh et al. (6) and Anderson (7) attempted to elute protems from mtrocellu- 
lose replicas of SDS-PAGE gels. Binding of protems to nitrocellulose is, how- 
ever, so strong that the dissociatmg reagents (acetonitrile, pyndine) partly or 
completely dissolve the membrane. When such preparations are used for immu- 
nization, they may cause adverse effects in animals. We have found that when 
a polyacrylamide gel replica is made on polyvmylidene difluoride (PVDF) 
membrane, then the conditions for elution are much milder (8). In this method, 
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proteins are first separated by SDS-PAGE, then electroblotted to PVDF 
membrane, and stained with armdo black or Ponceau S. The protein bands of 
interest are excised and are then eluted from the membrane with detergent- 
contammg buffers at pH 9.5. Elutlon from PVDF membranes IS nearly 
independent of protein molecular weight and recoveries of 70-90% are rou- 
tinely obtamed. 

2. Materials 
1. Transfer buffer: Tris-glycine (25 mM Tris/l92 mM glycine), pH 8.3. 
2 Methanol 
3 Protein stains: 

a 0.0 1% Amido black m water. 
b. 0.5% Ponceau S m 1% acetic acid 

4 Elutlon buffer: 1% Triton X-100/2% SDS in 50 mM Tns-HCl, pH 9.5 
5. PVDF membrane (e.g , Immobilon PTM from M&pore Corp , Bedford, MA) 
6 Whatman 3MM filter paper 
7 Scotch Brite pads 
8 SDS-PAGE apparatus. 
9. Transfer apparatus (e g., Trans Blot Cell from Bio-Rad Laboratones, Hercules, CA) 

10. Glass vessels with flat bottom. 
11. Rocker platform. 
12. Mlcrofuge. 
13. Small dissecting scissors 

3. Method 
1 Apply a mixture of proteins containmg antigen to be purified (see Notes 1 and 2) 

to an SDS-PAGE gel, and run the gel (see Methods m Molecular Bzologv, Volume 
1, Chapter 6) 

2. Prepare transfer buffer (about 4 L for Blo-Rad Trans Blot Cell) and five glass 
vessels, one of them large enough to accommodate the gel holder 

3. Pour methanol (around 50 mL) into one of the vessels, and 100-200 mL of trans- 
fer buffer into the other vessels. 

4. Place the gel holder and Scotch Brite pads in the biggest vessel, and six sheets of 
Whatman paper in another vessel The size of the Whatman sheets should be 
slightly smaller than the size of the Scotch Brite pads 

5. Using gloves, cut the PVDF membrane to a size slightly bigger than the size of 
the resolving gel. Put the sheet into a vessel with methanol for 1 mm and then 
place It m one of the vessels contammg transfer buffer. 

6 Put a wetted Scotch Brite pad on one side of the gel holder, and then three sheets 
of Whatman paper saturated with transfer buffer on top of the pad. 

7. On completion of electrophoresis, carefully remove the upper stacking gel because 
it may stick to the membrane. 

8. Place the lower resolving gel on Whatman paper in the gel holder. Pour a few 
milliliters of transfer buffer on top of the gel. 
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9. Place a sheet of a PVDF membrane on the gel. Roll over the membrane with a 
glass rod to remove an bubbles from between the gel and the membrane. 

10. Next place three Whatman sheets prewetted with Tris-glycme buffer on top of the 
PVDF membrane and finally a prewetted second Scotch Brite pad. Close the holder. 

11. Place the holder m the transfer tank bearing m mmd that the membrane should 
face the anode. 

12. Begm electroblotting. Apply 20 V for overnight runs. It IS not necessary to use 
methanol m the transfer buffer, since it does not improve the bmdmg of proteins 
to this membrane (see Note 3). 

13. After transfer, stain the membrane with amid0 black solution for 20-30 mm or 
with Ponceau S for 5 mm (see Notes 4 and 5). 

14. Destain the membrane with distilled water. 
15. Excise the band(s) of interest with scissors, and place it in an Eppendorf tube 

contaming 0.2-0.5 mL of elution buffer/cm* of the membrane. 
16. Mix well by vortexing, or centrifuge the tube at low revolutions m a microfuge 

for 10-20 min. 
17. Spin down the membrane m a mtcrofuge at maximum revolutions for 2 mm. 
18. Transfer the supematant to a new tube 
19. Add 0.2-0.5 mL of fresh elution buffer to the tube with the PVDF membrane. 
20. Break up the crumpled PVDF membrane into a few pieces usmg a disposable 

needle 
21. Mix well by vortexing, or centrifuge the tube at low revolutions in a microfuge 

for 5-10 mm. 
22. Centrifuge the membrane m a microfuge at maximum revolutions for 2 mm 
23. Combme the supernatant with the supernatant from step 18 
24. Pierce the bottom of the tube containing the membrane with a hot needle 
25. Place this tube on top of another open Eppendorf tube, and cut off caps of 

both tubes. 
26. Centrifuge the tubes at maximum speed for a few seconds to remove the residual 

eluent from the membrane. 
27. Transfer the residual eluent to the combined supernatants (step 23). 
28. Centrifuge the last traces of PVDF membrane from the combined supernatants m 

a microfuge at maximum revolutions for 5 min. 
29. Collect the supernatant. 
30. Divide the supernatant mto the appropriate number of tubes, and add 4 vol of 

cold acetone (-20°C) to 1 vol of protein solution 
3 1. Leave the tubes overnight at -20°C or m a dry-ice bath for 1 h. 
32. Centrifuge the tubes m a microfuge at maximum revolutions for 10 min at 4°C. 
33. Discard the supematant. 
34. Wash the pellets twice with 0.5 mL of acetone. 
35. Resuspend the pellets m a small volume of water, phosphate-buffered salme, or 

20 mM Tris-HCl, pH 7 5. 
36. Prepare a stable emulsion with adJuvant and inject into animals by standard pro- 

cedures (see Chapter I). 
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4. Notes 
1. The method has been used to obtain a variety of sera against bacterial, viral, and 

eukaryotic proteins. The amount of immunogen needed to stimulate hrgh levels 
of antibodies varies for different protems, but generally, 50-500 ug of protem are 
sufficient to induce the formation of high levels of specific antibodres. 

2 The PVDF membrane should not be overloaded with protein to prevent its deep 
penetration into the matrix. The protein band excused from a single electrophoretic 
lane (about 1 cm in length) should not contain more than 10-20 pg of protein 

3. Transfer of protems from the gel to PVDF membrane should not be performed at 
elevated temperatures (above 30°C), since the force of protein binding to the 
membrane apparently increases with temperature Therefore, it is advisable to 
make transfers m a cold room at 4°C or use precooled transfer buffer. 

4. Depending on the supplier and batch of amid0 black, the sensrtivrty of protein 
detection with this reagent may vary If the sensitivity of staining is not satisfac- 
tory, it is advisable to dilute the amido black solutron 5-10 times with water 
rather than to increase its concentration. In our hands, amido black purchased 
from Research Organics (Cleveland, OH) or Sigma Chemical Co. (St Louis, MO) 
gives optimum results. 

5. The sensitivity of staining with amrdo black in water or with Ponceau S is not 
very hrgh (about 0.5-S pg dependmg on protein species). The advantage of these 
stains is their reversibihty 

6. With some experience, no staining of the membrane is necessary. When the 
PVDF membrane is illummated with white light immediately after transfer, pro- 
tein bands appear as white, opaque areas surrounded by translucent protem-free 
membrane. Taking care not to dry the membrane, a protein band to be eluted can 
be marked wrth a pencil. 

7. The elution from PVDF membranes is strictly pH-dependent. At pH 7.0, there is 
practically no elutron; the maximum efficiency of elution is reached at 8.5-9 5 

8. Often SDS can be omrtted from the elution buffer. The eluted protems can be 
Injected then without necessrty of Tnton X-100 removal. However, depending 
on the batch and supplier of the membrane, elutton efficiency with Triton X-100 
alone may vary, and some protems are eluted poorly with this eluent. 

9. The membrane should not be allowed to dry before the completion of the elution 
procedure. 

10. When semidry apparatus is used, the manufacturer’s suggestions for transfer of 
proteins to the PVDF membrane should be followed. 
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Purification of Glycoproteins 
and Their Use as lmmunogens 

Boguslaw Szewczyk and Donald F. Summers 

1. Introduction 
Glycosylation 1s a major posttranslational modtficatton that produces het- 

erogeneity in a protem and results in a group of structurally different species 
called glycoforms. Protem-associated oligosaccharides are large, structurally 
diverse molecules, and the brological roles ascribed to them are numerous. 
Some of these functions include the followmg: intercellular adhesion, adhe- 
sion of microorganisms, includmg viruses to target cells, and modulation of 
immunological activity of polypepttde chains. 

The rsolation of individual glycoforms for immunological studies 1s usually 
a very difficult task. Molecular-weight heterogeneity of glycoforms is respon- 
sible for the diffuse or multiple bands on a gel for glycoproteins analyzed by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 
Potentially, glycoforms could be eluted from gel slices. However, the direct 
elution from gels is very often ineffective. Hence, the elution from replicas of 
gels would be an attractive alternative. The elution procedure described here IS a 
modtfication of the method described in Chapter 8. It follows from our experi- 
ence that the elution of glycoproteins with a mixture of guanidmmm hydro- 
chloride and lysolecithin is superior to other methods of elution of this class of 
biologtcal macromolecules from SDS-PAGE replicas. Additionally, this 
method of elution does not interfere with the subsequent structural studies of 
oligosaccharides, which are very often required for the correlation of the 
immunological activity with the extent and complexity of modifications of 
polypepttde chains with carbohydrates. 
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2. Materials 
1. 100 mM Sodium acetate, pH 5 5 
2. 30 mM Sodium m-periodate in 100 n-U sodium acetate, pH 5 5 
3. 80 mM Sodium blsulfite in 100 mM sodium acetate, pH 5.5. 
4. 5 mMBlotm hydrazide in 100 mM sodium acetate, pH 5.5. 
5. Prestamed protein molecular weight standards 
6. TBS buffer: 0.47 g of Tns-base, 2.54 g of Tris-HCl, 29.25 g of NaCl made up to 

1 L with distilled water 
7. Transfer buffer: Tris-glycme buffer (25 mM T&192 mA4 glycme), pH 8.3 
8. Methanol 
9. Blocking solution: 1% (w/v) bovine serum albumin (BSA) in TBS buffer. 

10. Avldin (or streptavldm)-alkaline phosphatase complex Dilution in TBS supple- 
mented with 1% (w/v) BSA as suggested by manufacturer for lmmunodetectlon 
on membranes 

11. Alkaline phosphatase buffer 100 mM Tris-HCl, pH 9.5, containing 50 n-u!4 
MgC12. 

12. Nitrotetrazolmm blue (NBT): 50 mg/mL in deionized dimethylformamide. 
13. 5-Bromo-4-chloro-3-indolylphosphate (BCIP), toluidine salt. 75 mg/mL m 

deionized dlmethylformamide. 
14. Protein stains: 0.01% (w/v) amido black in water or 0 5% (w/v) Ponceau S in 1% 

(v/v) acetic acid 
15. Elution buffer: 7A4 guanidmmm hydrochloride (GuHCl) m 100 mM Tris-HCl, 

pH 8.0, containing 0.5% (w/v) lysophosphatidylcholme (Sigma [St. LOUIS, MO] 
catalog no. L-5254). 

The eluent is prepared Just before the elutlon by adding solid lysophos- 
phatidylcholine (lysolecithin) to the buffered 7A4 GuHCl (pH should be checked 
and, if necessary, adjusted before the addition of lysophosphatidylcholine). 

16 Absolute ethanol. 
17. Freund’s complete and incomplete adjuvants. Alternatively, other adjuvants can 

be used m countries where the use of Freund’s adJuvants IS not allowed. 
18. PBS buffer, pH 7.4,8 g of NaCl, 0.2 g of KH,PO,, 2.8 g Na2HP04 + 12H20, and 

0.2 g of KCl, dissolved and made up to 1 L m distllled water. 
19. Sodium azide or thiomersal for preservation of antisera, 
20. Xylene. 
2 1. 96% Ethanol (v/v). 
22. PVDF membrane (e.g., Immobilon P from Mlllipore Corp., Bedford, MA). 
23. Whatman 3MM filter paper 
24. Scotch Brute pads. 
25. SDS-PAGE apparatus 
26. Transfer apparatus. 
27. Glass vessels with flat bottom 
28. Rocker platform. 
29. Microfuge. 
30. Small scissors. 
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3 1. Ultrasonification apparatus (100 W minimum output) fitted wrth a titamum 
microprobe with a trp diameter around 3 m&I 

32. Syrmges. 
33. Short thin needles (22-gage or thinner) for injections. 
34. Short thick needles for bleedmg. 
35. Sterile tubes for blood 
36 Rabbits. 
37. Bench centrifuge for the removal of blood clots. 

3. Methods 
3.1. Biofinylafion of Glycoproteins with Biofin Hydrazide (1) 

1 Mix 10 pg of a glycoprotem (in approx 20 pL of 100 mA4sodmm acetate, pH 5.5) 
with 10 pL of 30 mM sodium m-penodate in the same buffer, and incubate the 
mixture for 20 min at room temperature in dark. 

2. Remove the excess of periodate by adding 10 pL of sodium bisulfite solution, 
and leaving the mixture for 5 min at room temperature. 

3 Add 10 pL of biotm hydrazide solution, and leave for 1 h at room temperature. 
4. Store at -20°C until ready to run an SDS-PAGE gel 

3.2. Transfer of Glycoproteins onto PVDF Membrane 
and Defection of Glycoprofeins on the Membrane 

1. Prepare an SDS-PAGE gel (see Methods in Molecular Biology, Volume 1, Chap- 
ter 6). The number of sample application wells m a stacking gel should allow for 
running the samples in duplicates. 

2. Boil the onginal and the respective biotinylated glycoproteins m SDS-PAGE sample 
buffer. Apply samples to the gel. Start with the original underivatized glycoproteins, 
then apply prestained protein molecular weight standards, and finally apply the 
biotinylated glycoproteins. The prestamed markers can be applied also on one end of 
the gel to eliminate the ambiguity when cutting the membrane after transfer 

3. Run the gel (see Methods in Molecular Biology, Volume 1, Chapter 6). 
4. On completion of electrophoresis, proceed with transfer of glycoprotems onto a 

polyvinyhdene difluorrde (PVDF) membrane. Remember to discard the upper 
stacking gel and to wet the PVDF membrane m methanol before use. “Wet” trans- 
fer may be done according to the procedure described in Chapter 8 For “semidry” 
blottmg, follow the procedure described in Chapter 20. 

5. After transfer, cut the membrane along the lane of prestained protein standards. 
Keep the piece of PVDF membrane with ongmal, underivatrzed glycoproteins in a 
buffer for future elutions. Proceed with the detection of biotinylated glycoproteins. 

6. Block the piece of PVDF membrane containing brotinylated glycoprotems with 
1% (w/v) BSA m TBS for 1 h on a platform shaker 

7 Incubate the membrane in solution of avidin (or streptavidin)-alkaline phos- 
phatase complex in 1% (w/v) BSA in TBS for 30 min (the dilution of the com- 
plex will vary depending on a manufacturer; usually it is about 1.1000). 
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8. Remove the excess of the complex by three consecutive washes with TBS (10 mm 
each wash, 200 mL of TBS each time). 

9 Wash the membrane with 100 mL of alkaline phosphatase buffer once for 10 mm 
10. Add 66 l.tL of NBT solutton to a plastic tube containing 15 mL of alkaline phos- 

phatase buffer, and mix it by gentle swirling. Then add 50 pL of BCIP (tohudme 
salt) solution, and mix it again 

11. Place the membrane m the solution of substrates The membrane should be com- 
pletely covered with hqutd. 

12. Incubate the membrane for at least 10 mm in the solution of substrates. The vessel 
should be wrapped with alummum foil to protect the solution from light The mcu- 
batton time can be much longer (up to 12 h), but this leads to higher background. 

13 Wash the membrane twice with distilled water for 5 mm 
14 Dry the membrane on air, and store it m a place protected from light 

3.3. Hution of Glycoprofeins 
with Guanidinium Hydrochloride Solution 

1 

2 

3 
4 

5 

6 
7 
8 

9 
10 
11. 

Wash the piece of membrane contaming transferred undertvatized glycoprotems 
with dtstilled water for 5 mm. 
Stam the membrane with amtdo black solution for 10-30 min or with Ponceau S 
for 5 mm. 
Destain the membrane with distilled water until the bands are clearly visible. 
Locate the glycoprotein band of interest on the membrane by comparmg the total 
protein pattern with glycoprotein pattern obtained as described in the prevtous 
subsection. 
Mark the positron of glycoprotem band(s) wtth pencil, excise tt with sctssors, and 
place it in an Eppendorf tube contammg 0 2 mL of GuHCVlysolecithm eluenti 
cm2 of the membrane. 
Proceed with steps 16-29 of the procedure described m Chapter 8 
Divide the supernatant into small ahquots (about 0 1 ml/tube) 
Add enough cold absolute ethanol to each tube to obtam at least 90% final etha- 
nol concentration, and leave the tubes at -20°C overnight. 
Centrifuge the tubes m a microfuge at maximum speed for 5 mm 
Discard the supernatant, and wash the pellet twice with absolute ethanol 
Resuspend the pellet m a small volume of dtsttlled water or a buffer (e g , PBS). 

3.4. Preparation of Monospecific Polyclonal Antisera 
1. Prepare a stable 1: 1 (v/v) emulsion of an eluted glycoprotem (20-250 pg m a 

buffer, preferably PBS) and an adluvant If Freund’s complete adjuvant IS used 
for the first mtradermal injection, this can be done by subjectmg the mtxture m 
an Eppendorf tube to a short ultrasonic treatment (usually three to four pulses for 
1 O-20 s each time). During somcatton, the tube should be placed on ice. 

2 Check the stability of the emulsion by placmg a small drop on the surface of cold 
water. The drop should stay as a discrete globule 

3 Inject about 1 mL of the emulston mtradermally at a few sites at the back of 
the rabbit. 
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4. Three weeks after the first injectron, mrmumze the animal subcutaneously The 
emulsion is prepared m the same quantity and m the same way as before, but 
instead of Freund’s complete adjuvant, use Freund’s mcomplete adjuvant (or an 
alternative adjuvant of the “new generatron” of adjuvants) 

5. Two weeks after the second injection, test bleed the rabbit from an ear vein. 
Swab the ear with xylene to dilate the vein before bleeding. 

6. Collect no more than 15 mL of blood from a mature, middle-sized rabbit 
7. Stem the blood flow by pressing the puncture with a tissue 
8. Remove xylene by washing the ear with an ample volume of ethanol 
9. Keep blood at room temperature for 2 h and then at 4°C overnight 

10 Detach the clot carefully, and transfer it to a centrifuge tube. Transfer the serum 
to another centrifuge tube 

11. Centrifuge the clot at 25OOg for 10-15 mm Remove any supernatant and com- 
bme it with the serum of the previous step 

12 Centrifuge the pooled serum at 3000g for 15 min Collect the supernatant 
13 Add sodmm azide (0.02% w/v final concentration) to the serum to prevent mrcro- 

bial growth Thiomersal can be used for mhtbition of bacteria in cases where use 
of sodium azide is not compatible with subsequent application of the serum (e.g., 
sodium azide is a potent Inhibitor of horseradish peroxidase, which 1s often used 
m enzymatic detection of antigen-antibody complexes) 

14. Ahquot, and store the antiserum at -20°C 
15 Check the antiserum titer Repeat the booster mjection, and proceed with the 

protocol if the titer is not satisfactory. 

4. Notes 
1. The method was used for elution of many glycoprotems of a wide range of molec- 

ular weights and of different degrees of glycosylation. The data for a number of 
common glycoproteins are shown m Table 1. The elution from the membrane is 
practically complete in each case; lower overall yields are owing to losses during 
the steps of precipitation with ethanol. Figure 1 shows SDS-PAGE analysis of 
human IgG heavy chain eluted from PVDF membrane 

2. Usually, 0.1 mg of the sample IS sufficient for raising the monospecific sera. 
Sometimes, especially for smaller proteins, more glycoprotem is needed to obtain 
high-titer sera. In very rare cases, no humoral response is observed after repeated 
mjections with an m-nnunogen of low molecular weight In these cases, it is 
advisable to prepare immunogen conjugates with keyhole limpet hemocyamn 
(KLH) or with other highly nmnunogemc proteins that do not interfere with future 
assays. The method for preparation of conjugates is described m Methods zn 
Molecular Bzology, Volume 10, Chapter 4. 

3 For membrane proteins, the derivatrzation with biotin hydrazide can be done m 
the presence of SDS (1) 

4. Derivatization with biotm hydrazide can be done directly on blots after transfer 
of proteins from SDS-PAGE gels. In general, a method described m ref. 2 can 
be followed with the exception that blotin hydrazide is used instead of 



Table 1 
Recoveries of Glycoproteins from PVDF Membranes 

Glycoprotein Recovery, % 

Human IgG, heavy chain 
Ovalbumin 
Horseradish peroxidase 
Fetuin 
Ribonuclease B 
Human c1 acid glycoprotein 
Bovine a acid glycoprotein 
Ovomucoid 
Transferrin 
Fibrinogen 

CL chain 
p chain 
y chain 

70 
63 
52 
60 
42 
61 
68 
59 
37 

40 
53 
38 

12345 

Fig. 1. SDS-PAGE pattern of human IgG heavy chain eluted from PVDF membrane. 
Human IgG (10 pg) was resolved by SDS-PAGE and transferred to a PVDF membrane. 
The proteins on the membrane were stained with amido black in water, and the heavy 
chain was excised and eluted with guanidinium hydrochloride/lysophosphatidylcholine. 
After precipitation with absolute alcohol, the glycoprotein was subjected to analytical 
SDS-PAGE, and the gel was stained with Coomassie brilliant blue to ascertain its purity. 
Lanes 1 and 4: original commercial preparation of human IgG; lanes 2 and 3: IgG heavy 
chain eluted from the PVDF membrane; lane 5: mixture of molecular mass standards, from 
top to bottom: phosphorylase b (94 kDa), BSA (67 kDa), ovalbumin (43 kDa), carbonic 
anhydrase (30 kDa), soybean trypsin inhibitor (20 kDa), a-la&albumin (14.4 kDa). 
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digoxigemn hydrazlde. However, lower sensitivity than for derivatrzation before 
SDS-PAGE is to be expected. 

5. The purified glycoprotein can be used not only for ammo acrd microsequencing, 
but also for the determmatron of the structure of oligosaccharide chains. 

6. The removal of eluent from the sample can be also achieved by dialysis. When 
dialyzing the concentrated GuHCl solution m a dialysis bag, it IS important to 
leave some space in the bag, since there is a significant increase m volume with 
the decrease of GuHCl concentration. 

7. The recovery of a glycoprotem should be checked before mjectron mto animals 
by applying a part of the glycoprotein suspension (before the addition of an adju- 
vant) to an SDS-PAGE gel (Fig. 1). 

8. A rabbit may be bled every week provided that booster mjectrons are admmis- 
tered every 8-12 wk. When this schedule is followed a large volume of antiserum 
can be collected from a single animal. 
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IgG Purification 

Mark Page and Robin Thorpe 

1. Introduction 
Several mununological procedures can be successfully carried out using 

nonpurified antibodies, such as unfractionated antisera or ascltlc fluid/culture 
supernatant containmg monoclonal antibodies (MAbs). However, a much 
“cleaner” result can often be obtained if some form of enrichment or isolation 
of lmmwnoglobulm (Ig) 1s employed. Some procedures, such as conjugation 
with isotopes, fluorochromes, or enzymes, and preparation of mununoaffinity 
columns cannot usually be efficiently performed with nonpurified immunoglo- 
bulm; other procedures may yield artlfactual results if whole antiserum or 
ascetic fluid 1s used as a source of antibody. Purification of immunoglobulm 1s 
therefore at least useful and sometimes essential for a range of nnmunological 
methods. This process may consist of purification of total IgG or subpopula- 
tions (e.g., subclasses) of IgG from antisera/ascltlc fluid/culture supernatant or 
the isolation of a particular antigen-binding fraction of Ig from such fluids. The 
former can be achieved by biochemical procedures, whereas the latter usually 
requires some type of affinity purification. 

Many biochemical methods can be used for immunoglobulm purlficatlon. 
They range from simple precipitation techniques yielding an immunoglobulin- 
enriched preparation to more complex chromatographlc techmques for the pro- 
duction of “pure” immunoglobulin. Most of these procedures can be apphed to 
the purification of mununoglobulm from the more commonly used species; 
however, mouse and rat IgGs are less stable than immunoglobulin from higher 
mammals and are generally less easily purified. Avian antibodies may require 
special condltlons for efficient purification (1). 

From Methods m Molecular Biology, Vol 80 Immunochem~cal Protocols, 2nd ed 
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2. Materials 
2.7. Precipitation Techniques 

1 Saturated ammomum sulfate solutton: Add excess (NH& SO4 to dtstrlled water 
(about 950 g to 1 L), and star overnight at room temperature. Chill at 4°C and store 
at this temperature. 

2. Phosphate-buffered saline (PBS): 0 14M NaCl, 2.7 mkf KCl, 1 5 mM KH2P0,, 
8.1 mA4Na2HP04. Store at 4°C 

3. Sodium sulfate 
4. 20% (w/v) Polyethylene glycol (PEG) 6000 m PBS 
5. 0.6M Sodmm acetate buffer, pH 4.6 Adjust pH wrth 0 6M acetic acid. 
6. Capryhc acid (free actd). 

2.2. Chromatography Techniques 
1. Dtethylaminoethyl (DEAE) Sepharose CL-6B. 
2 0 07M Sodmm phosphate-buffer, pH 6 3. Prepare by mtxmg 0.07M Na2HP04 

and 0 07M NaH,P04 until requtred pH IS obtamed 
3. 1MNaCl 
4. Sodium aztde. 
5. Anion-exchange HPLC. 

a. Amon exchanger (e g , Anagel TSK DEAE, Anachem, Luton, UK) 
b. 0.05M Tns-HCl buffer, pH 8.5. 
c. 0.5MNa2S04. 
d. 0.3MNaOH. 

6 Anion-exchange FPLC 
a. Amon exchanger (e g., Mono-Q, Pharmacia Btotech, Uppsala, Sweden) 
b. 0.02M Trtethanolamme, pH 7 7. 
c lM, 2MNaCl. 
d 2MNaOH. 

7 Gel-filtration column matrices, e.g , Bra-gel P 200, Sephacryl, Ultrogel AcA 44, 
TSK G3000. 

8 0.2M Sodium phosphate-buffer, pH 6.0, containing 0 lit4 sodium sulfate 

2.3. Affinity Chromatography Techniques 

1. Sepharose 4B 
2 0 5M Sodium carbonate, pH 10 5. Adjust pH with 0 11’14 NaOH 
3 Cyanogen bromide (CNBr). (WARNING: CNBr is toxic and should be handled 

only in a fume hood.) 
4. lM, 4MNaOH. 
5 0 1M Trisodium citrate, pH 6.5. Adjust pH with O.lM crtrrc acid. 
6 Lrgand solutton (2-10 mg/mL in 0 1M sodium cttrate buffer, pH 6.5). 
7 2M Ethanolamine 
8. PBS. 0 14MNaCl,2.7 mMKC1, 1 5 mMKH2P04, 8 1 rnAJNa,HPO, 
9. 0 1% Sodmm aztde 
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10. 0 1M Glycme, pH 2.5. Adjust pH with lMHC1 
11. 1M Tris-HCl buffer, pH 8.8. Adjust pH with 1M HCl. 
12. Dlvinylsulfone 
13. 0. lM, OSM Sodium carbonate, pH 9.0. Adjust pH with O.lM NaOH 
14. P-Mercaptoethanol. 
15. 0 1M Tns-HCl, pH 7 6, containing 0.5M K$O,. 
16. 0. IM Ammomum bicarbonate. 

2.4. SDS-PAGE Technique 

1 Gel solution. 1M TrisllM Bicine (2.0 mL), 50% (w/v) acrylamide contammg 
2.5% (w/v) bisacrylamlde (4.0 mL), 1.5% (w/v) ammonium persulfate (0.4 ml.,), 
10% (w/v) sodium dodecyl sulfate (SDS) (0.2 mL) Make up to 20 mL with dis- 
tilled water 

2 Gel runnmg buffer: 1MTnsllMBlcine (2.8 mL), 10% (w/v) SDS (1.4 mL) Make 
up to 140 mL with dIstilled water. 

3. Sample buffer: sucrose (1.0 g), 1M TrisllM Bicme (0.2 mL), 10% (w/v) SDS 
(1 0 mL), 2-mercaptoethanol (0.25 mL). Make up to 3 mL with distilled water, 
and add 0 001% (w/v) bromophenol blue. Store at -20°C 

4. Coomassle Blue R stain’ Add Coomassie brilliant blue R (0.025 g) to methanol 
(50 mL), and stir for 10 mm. Add distilled water (45 mL) and glacial acetic acid 
(5 mL) Use within 1 mo. 

5. Destain solution: Glacial acetic acid (7 5 mL), methanol (5 mL). Make up to 100 
mL with distilled water 

6 N,N,N:N’-Tetramethylethylenediamme (TEMED) 
7. Molecular weight markers (range 200,000-14,000 MJ 

3. Methods 
3.7. Prepurification Techniques 

3.1.1. Separation of Serum from Whole Blood 

Separating the IgG-contammg serum from cells and other insoluble compo- 
nents of whole blood can be simply achieved by allowing the blood to clot and 
then centrifuging to yield serum as a supernatant. This should be carried out as 
soon as possible after collection to avoid hemolysls and degradation of IgG 
(see Note 1). 

1 Allow blood to clot at room temperature (this takes approx 1 h). Leave overmght 
at 4”C-this allows the clot to contract (see Notes 2 and 3) 

2. Detach the clot from the walls of the container usmg a wooden or plastic rod, and 
pour off all hquld into a centrifuge tube or vessel (leave the clot and adhering 
substances behind). 

3. Pour the clot mto a separate centrtfuge tube and centrifuge for 30 min at 15OOg at 
4°C. Remove any expressed liquid, and add this to the previously asplrated clot- 
free liquid. 
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4. Centrifuge the pooled liquid for 15-20 mm at 15OOg at 4’C. Aspirate the clear 
serum, and store m aliquots at -20°C (or -7O’C). Alternatively, serum can be 
stored at 4°C if an antibacterral agent (e.g , 0 02% [w/v] NaNJ is added Do not 
freeze chicken serum. 

3.2. Preliminary Purification (Precipitation) Techniques 

Addition of appropriate amounts of salts, such as ammomum or sodium 
sulfate (21, or other chemicals, such as PEG, cause precipitation of IgG from 
serum. Caprylic acid can also be used to fractionate proteins from serum 
Although such IgG is usually contaminated with other proteins, the ease of 
these precipitation procedures coupled with the high yield of IgG produced has 
led to them being very widely used to produce enriched IgG preparations surt- 
able for many numunochemical procedures, e.g., production of mnnunoaffinity 
columus, and as a starting point for further purification. The precipitated IgG 1s 
usually very stable and such preparations are ideally suited for long-term stor- 
age or distribution and exchange between laboratories. 

Ammonium sulfate precipitation is the most widely used and adaptable pro- 
cedure, yielding up to 75% pure preparatton. 

3.2 1. Ammonium Sulfate Precipitation 

1. Prepare saturated ammomum sulfate at least 24 h before the solution is required 
for fractionation 

2 Centrifuge serum for 20-30 mm at 10,OOOg at 4°C. Discard the pellet 
3 Cool the serum to 4’C, and stir slowly. Add saturated ammomum sulfate solution 

dropwise to produce 3545% final saturation (see Note 4) Alternattvely, add 
solid ammomum sulfate to give the desired saturation (2 7 g of amrnomum sul- 
fate/10 mL of fluid = 45% saturation). Stir at 4°C for l-4 h or overnight 

4 Centrifuge at 2000-4OOOg for 15-20 min at 4°C (alternatively for small volumes 
of 1-5 mL, microfuge for 1-2 min). Discard the supernatant, and dram the pellet 
(carefully Invert the tube over a paper tissue). 

5. Dissolve the prectpitate in lO-20% of the origmal volume in PBS or other physi- 
ological buffer by careful mixing with a spatula or drawmg repeatedly into a 
wide-gage Pasteur pipet When fully dispersed, add more buffer to give 25-50% 
of the original volume, and dialyze agamst the required buffer (e.g., PBS) at 4°C 
overnight with 2-3 buffer changes. Alternatively, the precipitate can be stored at 
4 or -20°C if not required nnmediately. 

3.2.2. Sodium Sulfate Preciprtation 

Sodium sulfate may be used for precipttation of IgG instead of ammomum 
sulfate. The advantage of the former salt is that a purer preparation of IgG can 
be obtained for some species, e.g., human. The disadvantages are that yield 
may be reduced and that fractionation must be carried out at a precise tempera- 
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ture (usually 25”C), since the solubility of Na2S04 is very temperature-depen- 
dent. Sodium sulfate is usually employed only for the purificatron of rabbit or 
human IgG, but it can be used for other species. 

1. Centrifuge the serum at 10,OOOg for 20-30 mm. Discard the pellet, warm the 
serum to 25”C, and stir 

2 Add solid Na2S04 to produce a 18% (w/v) solution (1.e , add 1.8 g/IO mL), and 
stir at 25°C for 30 mm to 1 h. 

3 Centrllkge at 2OOWOOOg for 30 mm at 25°C. 
4 Dtscard the supernatant, and drain the pellet. Redissolve m the appropriate buffer 

as described for ammonmm sulfate precipitation 

3.23. Precipitation with PEG 

PEG precipitation works well for IgM, but 1s less efficient for IgG, and salt 
precipitation methods are usually recommended for the latter. PEG preciprta- 
tion may be preferred in multistep purrfications that use ion-exchange columns, 
because the ionic strength is not altered and therefore does not require dialyses 
before ion-exchange chromatography. Furthermore, it is a very mild procedure 
that usually results m little denaturation of antibody. This procedure is appli- 
cable to both polyclonal anttsera and most MAb-containing fluids. 

1 Cool 20% (w/v) PEG 6000 solution to 4°C 
2. Prepare serum/ascitic fluid for fractionation by centrrfugatron at 10,OOOg for 

20-30 mm at 4°C Drscard the pellet. Cool to 4°C 
3. Slowly stir the antibody containing fluid, and add an equal volume of 20% PEG 

dropwise (see Note 5). Continue sturing for 20-30 mm. 
4. Centrifuge at 2000-4OOOg for 30 min at 4°C Discard the supernatant, and dram 

the pellet. Resuspend in PBS or other buffer as described for ammomum sulfate 
precipitation 

3.2.4. Capryk Acid Preciprtation 

Capryhc (octanoic) acid can be used to isolate mammahan IgG from serum, 
plasma, ascites fluid, and hybridoma culture supernatant by precipttation of 
non-IgG protein (3) (see Note 6). Other methods have been described m which 
caprylic acid has been used to precipitate immunoglobulin depending on the 
concentration used. The concentratton of caprylic acid required to purify IgG 
varies according to species (see step 2 below). 

1. Centrifuge the serum at 10,OOOg for 20-30 mm. Discard the pellet, and add twice 
the volume of 0 06M sodium acetate buffer, pH 4.6. 

2. Add capryhc acid dropwise while stirring at room temperature For each 25 rnL 
of serum, use the followmg amounts of caprylic acid: human and horse, 1 52 mL; 
goat, 2.0 mL; rabbit, 2 05 mL; cow, 1.7 mL Star for 30 mm at room temperature. 

3. Centrifuge at 4000g for 20-30 min. Collect the supernatant, and discard the pellet 
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3.3. Chromatography Techniques 
Based on Charge or Size Separation 

3.3. I DEAE Sepharose Chromatography 
IgG may be purified from serum from several species by a sample one- 

step ion-exchange chromatography procedure. The method is wtdely used 
and works on the principle that IgG has a higher or more basic isoelectric 
point than most serum proteins Therefore, if the pH 1s kept below the iso- 
electrrc point of most antibodtes, the tmmunoglobulms do not bind to an 
amon exchanger and are separated from the majority of serum proteins 
bound to the column matrix. The high-capacity of anion-exchange columns 
allows for large-scale purtfication of IgG from serum. The DEAE anion- 
exchange group, covalently linked to Sepharose (e g , DEAE Sepharose 
CL-6B, Pharmacia) is particularly useful for this purpose, because it is 
provided preswollen and ready for packing into a column. Furthermore, tt 
is relatively stable to changes m tome strength and pH. Other matrices 
(e.g., DEAE cellulose) are provided as soltds, and therefore require prepa- 
ration and equtlibration (4). 

This procedure does not work well for murine IgG or preparations contam- 
ing mouse or rat MAbs, since these do not generally have the high-p1 IgGs of 
other species. Other possible problems are that some nnmunoglobulms (e.g., 
mouse IgG3) are unstable at low-tonic strength, and precipitation may occur 
during the ton-exchange procedure. 

1 Dialyze the serum (preferably ammonium sulfate fractionated) against 0 07M 
sodium phosphate buffer, pH 6 3, exhaustively (at least two changes over a 24 h 
period) at a ratio of at least 1 vol of sample to 100 vol of buffer. 

2. Apply the sample to the column, and wash the ion exchanger with 2 column 
volumes of sodium phosphate buffer Collect the wash, whrch will contain IgG, 
and monitor the absorbance of the eluate at 280 nm (AZ& Stop collectmg frac- 
tions when the Azsa falls to baseline 

3. Pool the wash fractions from step 2, and measure the A2s0 (see Note 7) 
4 Regenerate the column by passing through 2-3 column volumes of phosphate- 

buffer containing 1M NaCl 
5. Wash thoroughly in phosphate-buffer (2-3 column volumes), and store in buffer 

containing 0 1% (w/v) sodmm azlde 

3.3.2. Conventional /on-Exchange Chromatography 
Conventtonal ton-exchange chromatography separates molecules by 

adsorbing protems onto the ion-exchange resin that are then selectively eluted 
by slowly Increasing the ionic strength (this disrupts ionic interactions between 
the protein and column matrix) or by altering the pH (the reactrve groups on 
the proteins lose then charge). Anion-exchange groups (DEAE) covalently 
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lmked to a support matrix (such as Sepharose) can be used to purify IgG m 
which the pH of the mobile phase buffer is raised above the pI of IgG, thus 
allowmg most of the antibodles to bind to the DEAE matrix. Compare this 
method with that above (Sectlon 3.3.1.) in which the IgG passes through the 
column. The procedure can be carried out using a column that is washed and 
eluted under gravity (4). However, high-performance liquid chromatography 
(HPLC) provides improved reproducibility (because of the sophisticated pumps 
and accurate timers), speed (because of the small, high-capacity columns), and 
increased resolution (because of the fine resins and control systems). Fast-per- 
formance liquid chromatography (FPLC) 1s a variant of HPLC that has proven 
usefnl in the purification of murine MAbs, although the technique 1s applicable 
to IgG preparations from all species. 

3.3.2.1. ANION-EXCHANGE HPLC 

1 Prepare IgG fraction from serum by ammonium sulfate preclpltabon (45% satu- 
ration) Dialyze the sample against 0 05MTris-HCI, pH 8.5. Dilute the sample at 
least 1’ 1 m 0 05M Tns-HCl and filter (0 2 pm) before use (see Note 8) 

2. Assemble the HPLC system according to the manufacturer’s mstructlons 
3 Wash the column (e g , TSK DEAE 5PW) with buffer A (0.05M Tns-HCl, pH 

8.5), at an optlmal flow rate (1 .O mL/min) until absorbance at 280 nm is stable. 
4 Run a blank salt gradient O-100% buffer B (buffer A + 0 5M Na,SO,) over 20 

min to complete preparation of the matrix. Finally, re-equilibrate the column with 
buffer A before sample application, so that the A,,, IS at baselme. 

5. Add the sample manually using a l-5 mL loop, and allow at least 10 mm before 
applying the salt gradient. 

6 Apply salt gradient from O-l 00% (buffer B) over 45 mm collecting protein peaks. 
The length of the run will depend on column size A larger column will take 
longer to apply the salt gradient at the same flow rate 

7. Purge the column with 100% 0.5MNa2S04 for 10 mm 
8. Wash the column with 0 3MNaOH for 10 mm. Other columns (e.g , silica-based) 

may require different wash buffers 
9 Wash the column with sample buffer until absorbance is stable, and store in dls- 

tilled water contammg 0 02% sodium azide. 

3.3.2.2 FPLC PURIFICATION OF IGG 

1. Prepare serum by ammomum sulfate precipitation (45% saturation). Redissolve 
the preclpltate m 0.02M trlethanolamme buffer, pH 7 7, and dialyze overmght 
against this buffer at 4’C Filter (0.2 pm) the sample before use (see Note 8). 

2. Assemble the FPLC system according to the manufacturer’s mstructlons for use 
with the Mono-Q ion-exchange column 

3. Equilibrate the column with 0 02M trlethanolamine buffer, pH 7.7 (buffer A) 
Run a blank gradient from O-100% buffer B (buffer A + 1MNaCl). Use a flow 
rate of 4-6 mL/mm for this and subsequent steps. 
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4 Load the sample depending on column size by reference to the manufacturer’s 
instructions for loadmg capactties of the columns. 

5 Equiltbrate the column with buffer A for at least 10 mm. 
6. Set the sensitivity in the UV monitor control unit to a suitable value that will 

enable peak detection at a given concentration of protein Zero the baseltne or 
chart recorder. 

7 Apply a salt gradient from O-28% buffer B for about 30 mm (see Note 9), and 
collect protein peaks. Follow with 100% 1M NaCl for 15 min to pnrge the column 
of remaining proteins 

8. Wash the Mono-Q ion-exchange with at least 3 column volumes each of 2M 
NaOH followed by 2M NaCl 

9. Store the Mono-Q ton-exchange column in distilled water containing 0.02% NaN, 

3.3.3. Gel-Filtration Chromatography 

In gel filtration, a protein mixture (the mobile phase) is applied to a column 
of small beads with pores of carefully controlled size (the stationary phase). 
The movement of the solute is dependent on the flow of the mobile phase, and 
the Brownian motion of the solute molecules causes their diffusion into and 
out of the chromatographic bed. Large proteins, above the “exclusion limit” of 
the gel, cannot enter the pore and are hence eluted m the “vord volume” of the 
column (see Note IO). Small proteins enter the pores and are therefore eluted 
m the “total volume” of the column, and intermediate-size protems are eluted 
between the void and total volumes. Proteins are therefore eluted m order of 
decreasing molecular size. Column matrices or ready-made columns are avail- 
able m a number of fractionation ranges, allowing users to select the appropri- 
ate column for their particular application. Columns may also be mcorporated 
mto HPLC equipment giving the user greater control over flow rates and peak 
monitoring 

Gel-filtration IS not especially effective for the purification of IgG, which 
tends to elute m a broad peak and 1s usually contaminated with albumin (mainly 
derived from dimertc albumin, M, - 135,000). The technique is more useful for 
the purification of IgM or may be used as an adjunct to ion-exchange chroma- 
tography. Some IgGs (monoclonal), however, possess pIs that make them dif- 
ficult to purify using ion-exchange chromatography. In such cases using gel 
filtration as a method of fractionation may be desirable (5). 

3 3.3 1. PREPARATION AND EQUILIBRATION 
OF GEL-FILTRATION COLUMN (SEE NOTE 11) 

1 Gently stir the filtration medium (enough to fill the column plus 10%) into 2X 
the column volume of buffer 

2. Degas the slurry using a Buchner side arm flask under vacuum for l-2 h with 
periodic swirling. Do not use a magnetic stirrer, since this may damage the beads. 
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3. Resuspend the slurry in approx 5X its volume of buffer, and leave to stand until 
most of the beads have settled. Remove the fines by asptratmg the supernatant 
down to about 1 5X the settled slurry volume. 

4. Carefully pack a clean column by first fillmg with a third column volume of 
buffer (0.2M sodium phosphate, pH 6 0, containing 0. 1M sodium sulfate) Swirl 
the slurry to resuspend it evenly, and pour it down a glass rod onto the mstde wall 
to fill the column Allow to settle under gravity for 0.5-l h and to let an bubbles 
escape (see Note 12) 

5. Adjust the height of the outlet end of the column, so that the vertical distance 
between it and the top of the column is less than the maximum operatmg pressure 
for the gel (see Note 13). Unclamp the bottom of the column, and allow the gel to 
pack under this pressure 

6. Top up the column periodically by siphoning off excess supernatant, stirring the 
top of the gel (if it has settled completely), and filling the column up to the top 
with resuspended slurry. 

7. Once the column 1s packed (gel bedlust runs dry), connect the top of the column 
to a buffer reservotr, remove any air bubbles m the tube, and allow one column 
volume of buffer to run through the column. 

3.3.3.2. SAMPLE APPLICATION AND ELUTION (SEE NOTE 14) 
1. Disconnect the top of the column from the buffer reservoir, and allow the gel Just 

to run dry 
2. Apply the IgG sample (see Note 15) carefully by runrung it down the inside wall 

of the column so that the gel bed 1s not disturbed. 
3 When the sample has entered the bed, gently overlay the gel with buffer, and 

reconnect the column to the buffer reservoir. 
4 Collect fractions (4-6 mL), and momtor the absorbance at 280 nm (A,& (see 

Notes 7 and 16) 

3.4. Affinity Chromatography 

Affinity chromatography 1s a parttcularly powerful procedure that can be 
used to purify IgG, subpopulations of IgG, or the antigen-binding fraction of 
IgG present in serum’ascitic fluid/hybridoma culture supernatant. This tech- 
nique requires the production of a solid matrix to which a ltgand that has either 
affinity for the relevant IgG or vice versa has been bound. Examples of ligands 
useful in thts context are. 

1. The antigen recogmzed by the IgG (for isolation of the antigen-specific fraction 
of the serumascitic fluid, and so forth). 

2 IgG prepared from an anti-mrmunoglobulm serum, e g., rabbit antthuman IgG 
serum, or murine antihuman IgG MAb for the purrfication of human IgG (see 
Note 17) 

3. IgG-bmdmg proteins derived from bacteria, e.g., protein A (from Stuphylococ- 
cus aureus Cowan 1 stram) or proteins G or C (from Streptococcus, see Note 18) 
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The methods for production of such immobilized ligands and for carry- 
ing out affinity purification of IgG are essentially similar whatever llgand 
is used. Sepharose 4B 1s probably the most widely used matrix for affinity 
chromatography, but there are other materials available. Activation of 
Sepharose 4B is usually carried out by reaction with CNBr; this can be 
carried out in the laboratory before coupling or ready-activated lyophlhzed 
Sepharose can be purchased. The commercial product 1s obviously more 
convenient than “homemade” activated Sepharose, but it 1s more expensive 
and may be less active. 

3.4.1. Activation of Sepharose with CNBr 
and Preparation of Immobilized Ligand 

Activation of Sepharose with CNBr requires the availability of a fume hood 
and careful control of the pH of the reaction-failure to do this may lead to the 
production of dangerous quantities of hydrogen cyanide (HCN) as well as com- 
promising the quality of the activated Sepharose. CNBr is toxic and volatile. 
All equipment that has been m contact with CNBr and residual reagents should 
be soaked in 1MNaOH overnight in a fume hood, and washed before dlscard- 
ing/returnmg to the equipment pool. Manufacturers of ready-activated 
Sepharose provide mstructlons for coupling (see Note 19). 

4 

5 

6 

7. 

8. 

Wash 10 mL (settled volume) of Sepharose 4B with 1 L of water by vacuum 
filtration. Resuspend m 18 mL of water (do not allow the Sepharose to dry out) 
Add 2 mL of 0 5M sodium carbonate buffer, pH 10 5, and stir slowly. Place in a 
fume hood and munerse the glass pH electrode m the solution 
Carefully weigh 1 5 g of CNBr mto an airtight container (N.B. Weigh in a fume 
hood; wear gloves)--remember to decontaminate eqmpment that has contacted 
CNBr m 1MNaOH overnight. 
Add the CNBr to the stirred Sepharose Maintam the pH between 10.5 and 11.0 
by dropwise addition of 4M NaOH until the pH stabilizes and all the CNBr has 
dissolved. If the pH rises above 11.5, activation will be inefficient, and the 
Sepharose should be discarded. 
Filter the slurry using a sintered glass or Biichner funnel, and wash the Sepharose 
with 2 L of cold 0 1Mtrisodium citrate buffer, pH 6 5 Do not allow the Sepharose 
to dry out Carefully discard the filtrate. (Caution: This contains CNBr.) 
Quickly add the filtered, washed Sepharose to the hgand solution (2-10 mg/mL 
m 0 1M sodium citrate, pH 6.5) and gently mix on a rotator (“wmdmill”) at 4T 
overmght (see Note 20). 
Add 1 mL of 2M ethanolamme solution, and mix at 4°C for a further 1 h-this 
blocks unreacted active groups 
Pack the Sepharose mto a suitable chromatography column (e.g , a syringe barrel 
fitted with a sintered disk), and wash with 50 mL of PBS Store at 4°C m PBS 
containing 0 1% sodium azide. 
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34.2. Purification of IgG Using Affinity Chromatography 
on Antigen-Ligand or Protein A/G Columns 

Isolation of IgG by affimty chromatography mvolves application of serum 
to a column of matrix-bound hgand, washing to remove non-IgG components 
and elution of IgG by changing the conditions such that the hgand-IgG inter- 
action is disrupted. 

1 Wash the affinity column with PBS. “Pre-elute” with dlssoclating buffer, e.g , 
0. lMglycme-HCl, pH 2.5. Wash with PBS; check that the pH of the eluate 1s the 
same as the pH of the PBS (see Note 2 1). 

2 Apply the sample to the column (filtered through a 0.45-m membrane). As a 
rule, add an equivalent amount of sample to that of the ligand coupled to the 
column Close the column exit and incubate at room temperature for 15-30 mm 
(see Note 22). 

3. Wash non-IgG material from the column with PBS, momtor the A2s0 as an mdl- 
cator of protein content. 

4. When the A2s0 reaches a low value (approx O-02), disrupt the ligand-IgG interac- 
tion by elutmg with dissoclatmg buffer (see step 1) Monitor the A2s0 and collect 
the protein peak into tubes containing IMTris, pH 8.8 (120 $ for a 1 mL fraction). 
If eluting with an alkali buffer, then neutrahze with acid 

5. Wash the column with PBS until the eluate 1s at pH 7.4. Store the column m PBS 
containing 0.1% azide Dialyze the IgG preparation against a suitable buffer (e.g , 
PBS) to remove glycme/Tns. 

3.4.3. Thiophilic Chromatography 
Immunoglobuhns recognize sulfone groups in close proximity to a thioether 

group (6) and therefore thlophllic adsorbents provide an additional chromato- 
graphic method for the purification of nnmunoglobulm that can be carried out 
under mild conditions preserving biological activity. A thlophihc gel 1s prepared 
by reducing divmylsulfone (coupled to Sepharose 4B) with P-mercaptoethanol. 

Caution: Dlvinylsulfone 1s highly toxic, and the column preparation proce- 
dures should be carried out m a well-ventilated hood. 

1. Wash 100 mL Sepharose 4B (settled volume) with 1 L of water by vacuum filtration. 
2 Resuspend m 100 mL of 0 5M sodium carbonate, and stir slowly. 
3 Add 10 mL of divinylsulfone dropwlse over a period of 15 mm with constant 

stirring. After addition is complete, slowly stir the gel suspension for 1 h at room 
temperature. 

4. Wash the activated gel thoroughly with water until the filtrate is no longer acldlc 
(see Note 23). 

5. Wash activated gel with 200 mL of coupling solution (O.lM sodium carbonate, 
pH 9 0) using vacuum filtration, and resuspend m 75 mL of coupling solution 

6 In a well-ventilated hood, add 10 mL of P-mercaptoethanol to the gel suspension 
with constant stirring, and continue for 24 h at room temperature (see Note 24) 
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7. 

8. 

9 

10 

11 

Filter, and wash the gel thoroughly The gel may be stored at 4°C m 0 02% sodium 
aztde 
Pack 4 mL of the gel m a polypropylene column, and equilibrate with 25 mL of 
binding buffer (0 1M Tris-HCI buffer, pH 7.6, contammg 0.5M K,SO,) 
Perform chromatography at 4°C. Mix 1 mL of clarified IgG preparation wtth 
2 mL of bmdmg buffer, and load onto the column Clartticatton of IgG is carried 
out by high-speed centrimgatton using a small bench centrtfuge (mtcrofuge) for 
about 5 mm 
After the sample has entered the gel, wash non-IgG from the column with 20 mL 
of binding buffer; momtor the A,,, as an mdtcator of protem content m the wash 
until the absorbance returns to background levels 
Elute the bound IgG with 0 IA4 ammonium bicarbonate, and collect mto 2-mL 
fractions. Monitor the protem content by absorbance at 280 nm, and pool the 
IgG-contammg fracttons (i e , those with protein absorbance peaks). Dialyze 
against an appropriate buffer (e.g , PBS) with several changes 

3.5. Analysis of IgG Fractions 

After the purificatton procedure, obtaining some index of sample purtty is 
necessary. One of the simplest methods for assessmg purity of an IgG fraction 
is by sodium dodecyl sulfate-polyacrylamide gel electrophorests (SDS-PAGE). 
Although “full-size” slab gels can be used wrth discontinuous buffer systems 
and stacking gels, the use of a “mmigel” procedure (see Note 25), using a 
Tris-bicine buffer system (4) rather than the classical Tris-glycme system, is 
quicker and easier, and gives improved resolution of nnmunoglobulm light 
chains (these are usually smeared with the Tris-glycme system). Gel heights 
can be restricted to about 10 cm, and are perfectly adequate for assessmg purity 
and monitormg column fractrons. 

1 Prepare sample buffer 
2 AdJust antibody preparation to 1 mg/mL m 0 1M Tris, O.lM btcme (see Note 7) 
3 Mix the sample m the ratio 2.1 wtth sample buffer 
4. Heat at 100°C for 2-4 min 
5. Prepare gel solutton and running buffer as described m Section 2 
6. Assemble gel mold according to manufacturers’ mstructtons. 
7. Add 30 pL TEMED to 10 mL of gel solution, pour this solutton between the plates 

to fill the gap completely, and insert the comb in the top of the mold (there is no 
stackmg gel wtth this system) Leave for 10 mm for gel to polymerize 

8 Remove comb and clamp gel plates into the electrophorests apparatus. Fill the 
anode and cathode reservoirs with runnmg buffer. 

9 Load the sample(s) (30-50 &/track), and run an IgG reference standard and/or 
molecular weight markers in parallel. 

10. Electrophorese at 150 V for 1 5 h 
11. Remove gel from plates carefully and stain with Coomassle blue R stain for 2 h 

(gently rockmg) or overnight (stattonary) (see Note 26) 
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12. Pour off the stain, and rinse briefly m tap water. 
13. Add excess destain to the gel. A piece of sponge added durmg destainmg absorbs 

excess stain. Leave until destaining is complete (usually overnight with gentle 
agitation). 

4. Notes 
I, Mouse and rat IgGs are less stable than IgG from higher mammals, it is best to 

separate mouse/rat serum from whole blood when clottmg has occurred 
2. If an anticoagulant has been added to the blood and the plasma isolated, it may be 

advisable to detibrmate the plasma to yield a serum analog The method for this 
varies according to the anticoagulant; for citrate, add l/100 volume of thrombin 
solution (100 IU/mL m 1M CaCl& to warmed (37’C) plasma, stir vigorously, 
and incubate for 10 mm at 37°C followed by 1 h at room temperature to ensure 
completion. For heparm, add l/100 vol of 5 mg/mL protamine sulfate solution 
and thrombm (as above) to warmed plasma. 

3. Blood clots more quickly m glass than in plastrc contamers and contracts more 
readily 

4. The use of 35% saturation will produce a fairly pure IgG preparation but will not 
precipitate all the IgG present m serum or ascitic fluid Increasmg saturation to 
45% causes precipitation of nearly all IgG, but this will be contaminated with 
other proteins, including some albumin. Purification using (NH&SO4 can be 
improved by repeating the precipitation, but this may cause some denaturatron, 
especially of MAbs. Precipitation with 45% (NH&SO4 1s an ideal starting pomt 
for further purification steps, e.g., ion-exchange or affinity chromatography and 
FPLC purrflcatron. 

5. Although the procedure works well for most antibodies, it may produce a fairly 
heavy contammation with non-IgG proteins with some samples, if this is the case, 
reduce the concentration of PEG. Consequently, carrying out a pilot-scale experi- 
ment before fractionatmg all of the sample is best. 

6. The method can be used before ammonmm sulfate precrpitation to yield a prod- 
uct of higher purity 

7. The extinction coefficient (E.$$ ) of human IgG is 13.6 (1 e , a 1 mg/mL solution 
has an A2s0 of 1.36) 

8 It is essential that the sample to be loaded and all buffers are filtered using 
0.2-pm filters. For HPLC, all buffers must be degassed by vacuum 

9. For FPLC, using the Mono Q system, IgG elutes between 10 and 25% buffer B 
and usually around 15%. When IgG elutes at 25% (dependent on PI), it ~111 tend 
to coelute with albumin, which elutes at around 27%. When thus occurs, alterna- 
tive purification methods should be employed. For HPLC, IgG elutes between 15 
and 25% buffer B. 

10. The “void-volume” of the column is the volume of liquid between the beads of 
the gel matrix and usually amounts to about one-third of the total column volume. 

11 There are a number of criterra to consider when setting up a gel-filtration system, 
e g., choice of gel, column, and buffer. The gel of choice may be composed of 
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beads of carbohydrate or polyacrylamtde, and IS available in a variety of pore 
sizes and therefore fracttonation ranges Useful gels for the separation of IgG 
Include Ultrogel AcA 44 (mixtures of dextran and polyacrylamide), Bio-Gel P 
200 (polyacrylamtde), and G3000 SW (stlica-based). For IgM fractionatton, 
Sephacel S-300 (crosslinked dextran) 1s useful. When selecting a column for gel- 
filtratton, the column should be of controlled diameter glass with as low a dead 
space as possible at the outflow Column tubing should be about 1 mm m dtam- 
eter, whtch helps reduce dead space volume. A useful length for a gel-filtration 
column 1s about 100 cm and the choice of cross-sectional area is governed by 
sample size, both m terms of volume and amount of protem As a rough rule of 
thumb, the sample volume should not be >5% of the total column volume (l-2% 
gives better resolutton). Between 10 and 30 mg of protem/cm2 cross-sectional 
area is a satisfactory loading. More protein will increase the yield, but decrease 
resolution and therefore purity, whereas less protein loaded improves resolution, 
but reduces the yield. Commerctal columns suitable for gel-filtration are avatl- 
able from a number of manufacturers Ensure columns are clean before use by 
washmg with a weak detergent solutton and rinsing thoroughly wtth water Gel- 
filtration can be performed using a variety of buffers generally of physrologtcal 
spectficatton, t.e , pH 7 0, O.lM. 

12 Gel-filtration columns may also be packed by using an extension reservotr 
attached directly to the top of the column Here the total volume of gel and buffer 
can be poured and allowed to settle without continual topping up. When usmg an 
extension reservoir, leave the column to pack until the gel bed just runs dry, and 
then remove excess gel. 

13. The operating pressure of the gel 1s the vertical distance between the top of the 
buffer m the reservoir and the outlet end of the tube; this should never exceed the 
manufacturer’s recommended maximum for the gel 

14. When loading commercial columns wtth flow adapters touching the gel bed sur- 
face, the most satisfactory way to apply the sample 1s by transferring the mlet 
tube from the buffer reservoir to the sample The sample enters the tube and gel 
under operating pressure, and then the tube must be returned to the buffer reser- 
voir Ensure no au bubbles enter the tube In homemade columns tt 1s also pos- 
sible to load the sample dtrectly onto the gel bed by preparing it in 5% (w/v) 
sucrose. Elutton of samples is etther by pressure from the reservoir (operatmg 
pressure) or by a pertstalttc pump between the reservoir and the top of the col- 
umn. Overall the flow rate should be the volume contained m 2-4 cm height of 
column/h. To prevent columns without pumps from runnmg dry, the inlet tube 
should be arranged so that part of tt 1s below the outlet pomt of the column, 
Eluted fractions should be collected by measured volume rather than time (this 
prevents fluctuations m flow rate from altering fractton size). In general for a 
loo-cm column, a column volume of eluent should be collected m about 100 
fractions. The void volume 1s eluted at fraction 30-35 

15. The choice of column stze will depend on the sample size As a rule, the sample 
stze should not exceed 5% of the total column volume. 10-30 mg of protem/cm2 



cross-sectional area is a suitable loading (equivalent to 10-30 mg of protem/lOO 
mL of gel for a loo-cm column). 

16. The protein yield for gel-filtration chromatography should be X30% and IS often 
as high as 95%. The yield will improve after the first use of a gel, because new 
gel adsorbs protein nonspecifically m a saturable fashion When very small 
amounts of protein are being fractionated, the column should be saturated with 
an irrelevant protein, e.g., albumin, before use. 

17. The use of subclass-specific antibodIes or MAbs allows the nnmunoaffimty lso- 
lation of mdlvldual subclasses of IgG. 

18. Some strains of S. aureus synthesize protein A, a group-specific llgand that binds 
to the Fc region of IgG from many species (7,s). Protein A does not bmd all 
subclasses of IgG, e.g., human IgG3, mouse IgG3, and sheep IgGl, and some 
subclasses bind only weakly, e.g., mouse IgGl. For some species, IgG does not 
bmd to protein A at all, e.g , rat, chicken, goat, and some MAbs show abnormal 
affinity for the protein. These properties make the use of protein A for IgG pun- 
fication limited in some cases, although it can be used to advantage m separating 
IgG subclasses from mouse serum (9). Protein G (derived from groups C and G 
Streptococcz) also binds to IgG Fc with some differences m species-speclficlty 
from protein A Protein G binds to IgG of most species, mcludmg rat and goat, 
and recognizes most subclasses (including human IgG3 and mouse IgGl and IgG3), 
but has a lower binding capacity. Protein G also has a high affimty for albumin, 
although recombinant DNA forms now exist in which the albumin-bmdmg site 
has been spliced out and are therefore very useful for affinity chromatography. 

Another bacterial IgG binding protein (protein L) has been Identified (10) 
Derived from Peptostreptococcus magnus, it binds to some K (but not h) chains 
Furthermore, protein L binds to only some light-cham domams, although Igs 
from many species are recognized, Its full potential IS yet to be established 

Finally, hybrid molecules produced by recombmant DNA procedures, com- 
prising the appropriate regions of IgG-binding proteins (e g., protein L/G, pro- 
tein L/A), also have considerable scope m mununochemlcal techniques. These 
proteins are therefore very usehI in the purification of IgG by affinity chroma- 
tography Columns are commercially available (MabTrap G II, Pharmacia) or 
can be prepared m the laboratory. 

19 Coupling at pH 6.5 IS less efficient than at higher pH , but 1s less likely to com- 
promise the binding ability of unmoblhzed ligands (especially antibodies) 

20. Check the efficiency of couplmg by measuring the A2s0 of the hgand before arid 
after couplmg. Usually at least 80% of the ligand 1s bound to the matrix. 

21 Elution of bound substances is usually achieved by a reagent that disrupts 
noncovalent bonds These vary from “mild” procedures, such as the use of high 
salt or high or low pH, to more drastic agents, such as 8M urea, 1% SDS, or 5M 
guamdine hydrochloride. Chaotropic agents, such as 3M thiocyanate or pyro- 
phosphate, may also be used. Usually an eluting agent is selected that is efficient, 
but does not appreciably denature the purified molecule; this 1s often a compro- 
mise between the two ideals In view of this, highly avid polyclonal antisera obtained 
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Fig. 1. SDS-PAGE minigel depicting purified IgG preparations derived from human 
serum (lane 2), mouse ascitic fluid (lanes 3 and 4), rabbit serum (lane 5), and sheep 
serum (lane 6). Samples are electrophoresed under reducing conditions and stained with 
Coomassie blue. All IgGs consist predominantly of two bands comprising heavy (50,000 
M,) and light (22,000 M,.) chains with no major contaminating proteins. Molecular 
weight markers are shown in lanes 1 and 7 and their molecular weights given on the left. 

from hyperimmune animals are often not the best reagents for immunoaffinity 
purification, since it may be impossible to elute the IgG in a useful form. The 
O.lM glycine-HCl buffer, pH 2.5, will elute most IgGs from immunoaffnity and 
protein A and G columns, but may denature some MAbs. Most IgGs can be eluted 
from protein A by using pH 3.5 buffer. Preelution of the column with dissociat- 
ing reagent just before affinity chromatography ensures that the isolated immu- 
noglobulin is minimally contaminated with ligand. 

22. Incubation of the IgG-containing sample with the ligand matrix is not always 
necessary, but will allow maximal binding to occur. Alternatively, slowly pump 
the sample through the column. Flow rate depends on the IgG concentration in 
the sample, and the binding capacity and size of the affinity column. 

23. The activated gel can be stored by washing thoroughly in acetone and kept as a 
suspension in acetone at 4°C. 

24. Immobilized ligands prepared by the divinylsulfone method are unstable above pH 8.0. 
25. The “minigel” is easily and quickly prepared, consisting of a resolving (separating) 

gel only, and takes approx 1.5 h to run once set up. The IgG sample is prepared for 
electrophoresis under reduced conditions, and is run in parallel with either a refer- 
ence IgG preparation or standard molecular weight markers. The heavy chains have 
a characteristic A4,. of approx 50,000 and the light chains an A& of 22,000 (Fig. 1). 



26. Mark the gel uniquely before staining so that its orientatton is known By con- 
ventton, a small triangle of the bottom left- or right-hand comer of the gel is 
sliced off. 
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Purification of Monoclonal Antibodies 

Mark Page and Robin Thorpe 

1. Introduction 
Hybridoma technology has made possible the production of specific homo- 

geneous antrbodies (monoclonal antibodies [MAbs]) with predefined binding 
characteristics that can be produced in large amounts from immortal cell lmes. 
MAbs can be exquisrtely specific, but preparations containing these may be 
contaminated with tissue-culture additives and nommmunoglobulm secretion 
products when produced in vitro, and by host animal proteins when prepared 
as an ascitrc fluid. These contaminants may give rise to artifactual results in 
immunological methods and will preclude the use of applications that requrre 
purified immunoglobulm, such as labeling with radioisotopes, enzymes, and 
fluorochromes, and couplmg to gels for productton of nnmunoaftinity columns. 
Therefore, some form of purification may be required. 

IgG MAbs may be purrfied using a variety of methods as described in Chap- 
ter 10, but these may require some modification to make them applicable for a 
single molecular species rather than for a mixture that is present in serum. A 
reliable method for a highly pure product 1s ton-exchange chromatography pre- 
ceded by a precipitation step (usually 45% ammonium sulfate). Murme MAbs, 
however, are not readily purified usmg a generic method for conventional ion- 
exchange chromatography because of the relatively lower isoelectric points 
(~1s) of these antibodies compared with those of higher mammals, e.g., humans 
and rabbits (see Chapter 10). Also, each MAb is unique and has a dtstmct iso- 
electric point, and thus the ion-exchange conditions need to be tailored for 
each mdivtdual MAb. This IS laborious, but can usually be avoided by the use 
of strong anion exchangers (e.g., Mono-Q, Pharmacia [Uppsala, Sweden]; 
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Hydropore SAX, Ramm [Woburn, MA]) in which conditions may be set so 
that a general method IS used for more or less any IgG MAb. 

IgM MAbs require different purification procedures from IgG MAbs 
because of the contrast in both size and charge. Ion-exchange chromatogra- 
phy can be used, but a more simple and reliable method is gel-filtration 
chromatography because the large molecular size of IgM facilitates the isola- 
tion. Precipitation methods with polyethylene glycol (PEG) and ammomum 
sulfate may also be used either alone or in conjunction with gel filtration. 
Affinity chromatography on protamine sulfate, the complement protein C 1 q, 
or mannan binding protein can also be used. 

Purificatron from culture supematants can be problematic because of the 
low concentratron of IgG/IgM. However, some m vitro culture systems that 
utilize dialysis bubble chambers (1) and hollow-fiber supports (see Chapter 5) 
can produce immunoglobulm concentrations m excess of 0.5 mg/mL, and are 
therefore suitable for enrtchment by precipitation techniques or direct puritica- 
tion using chromatographrc methods. If these systems are not used, rt may be 
necessary to reduce the supematant volume to about 5-10 mL using ultrafiltra- 
tion membranes under nitrogen pressure or centrifugation. Another useful pre- 
liminary procedure is a euglobm precipitation step m which IgM is precipitated 
by low-ionic strength dialysis. 

2. Materials 
1 Ultrafiltration cell fitted with a membrane having an M,. cutoff -500, e.g., from 

Amicon. 
2 Nitrogen pressure source. 
3 2 mM Sodium phosphate buffer, pH 6.0 
4. Phosphate-buffered saline (PBS): 0.14M NaCl, 2 7 mA4 KCI, 1.5 mM KH2P04, 

8.1 mMNa,HPO,. 
5 Dialysis tubing. 
6. Protamine sulfate. 
7. Cyanogen bromide (CNBr)-activated Sepharose 4B (see Chapter 10, Section 3 4 1.) 
8. O.lM Sodium phosphate buffer, pH 7.5, containing 1M sodium chloride. 
9. 10 mA4 Tns-HCl buffer, pH 7.4, containing 65 mM NaCl. 

10. 50 mMSodium phosphate buffer, pH 7.4, containing 150 mMNaC1,2 mkf EDTA, 
and 0.02% sodium azide. 

11. 10 mM Tris-HCl buffer, pH 7.4, containing 1.2M NaCl, 20 mM CaCl*, and 
0.02% sodmm azlde 

12. 10 mM Tns-HCl buffer, pH 7.4, containing 1.25M NaCl 
13 10 mA4 Tris-HCl buffer, pH 7.4, containing 1 25M NaCI, 2 mA4 EDTA, and 

0 02% (w/v) sodium azide 
14 Clq (Sigma, St. Lotus, MO) (see Note 1). 
15. Silicone dioxide 
16 PEG 6000. 



Purification of MAbs 175 

3. Methods 
3.1. Prepurification Techniques 

3.1.7. Concentration of MAbs in Culture Supernatants 
The low concentration of MAbs in conventionally produced culture super- 

natants entails the need for use of large volumes of supernatant and large 
amounts of precipitant to yield useful quantities of antibody. If ascitlc fluid 
cannot be made (as with human MAbs; see Note 2) then the precipitation step 
can often be more easily managed if the culture supematant IS reduced in vol- 
ume. This is readily carried out by using ultrafiltration membranes that remove 
water and small molecular weight solutes from the supematant. 

1. Assemble the ultrafiltration cell accordmg to the manufacturer’s mstructlons, 
inserting a membrane with an IV,. cutoff of 500 (see Note 3) 

2. Add the supernatant (see Note 4). Place the cell on a magnetic s&ring table, and 
pressurize the system to the recommended nitrogen pressure for a given mem- 
brane (usually about 55 psi). 

3 Stir contmuously at 4’C until the sample 1s reduced to the desired volume (5-10 mL) 
4. Turn off the mtrogen pressure source, turn off the stirrer, and slowly release the 

pressure m the system (see manufacturer’s instructions). 
5. Dialyze the concentrated supernatant agamst PBS, pH 7.4 

3.1.2. Euglobin IgM Precipitation 
Most IgM molecules are insoluble at low-lomc strength, and therefore, dra- 

lys~s of the IgM preparation against a weak salt solution will cause preclplta- 
tlon. However, some IgM molecules are not precipitated by this means, and 
other methods must be employed. 

1. Dialyze the IgM hybrldoma culture supernatant or ascites fluld agamst at least 
three changes of 10 vol of 2 Mphosphate, pH 6 0, at 4°C 

2. Centrifuge at 2000g for 10 min at 4OC, discard the supernatant, resuspend the 
precipitate m cold phosphate buffer, and recentrlfuge Repeat this washing pro- 
cedure immediately 

3. Dissolve the final euglobin precipitate m -l/10 of the starting volume of PBS 

3.1.3. Clarification of Ascitic Fluid 
Ascitlc fluid derived from the peritoneal cavity of mice or rats that have 

been inJected with hybridomas contain high concentrations of MAb (2-l 0 mg/mL), 
but this is usually mixed with variable amounts of blood cells, proteins, and 
fatty matenals. It is therefore necessary to separate these components from the 
ascitlc fluid before attempting purlficatlon of the MAb. 

1. Allow the ascitic fluid to clot at room temperature (some samples will not clot; m 
this case, proceed as in step 2). Detach the clot from the sides of the container 
using a wooden or plastic spatula. 
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2. Pour the ascetic fluid into a centrifuge tube, and spin for 10-15 mm at 2500g at 
4OC. Aspirate the clear supernatant, and store at -20°C or below (see Note 5) 

3.2. Preliminary Purification 
As with serum IgG (see Chapter lo), enrichment of MAbs by precipitation 

is a useful starting pomt for further purification. The use of ammonium sulfate, 
sodium sulfate, PEG, and caprylic acid, as described in Chapter 10, is apph- 
cable to hybridoma culture supernatants and ascitic fluid. 

3.2.1. Ammonium and Sodium Sulfate Precipitation 

Sodium sulfate precipitation is not usually recommended for most murine 
MAbs because mouse/rat IgG can be degraded by the relatively high tempera- 
ture (25OC) used during this procedure. If ltprd contammatron of ascetic fluids 
IS a particular problem, add silicone dioxide powder (15 mg/mL), and centrifuge 
for 20 min at 2000g. Use the method described m Chapter 10, Section 3.2.1. 

3.2.2. PEG Precipitation 

Use the method described in Chapter 10, Section 3.2.3. For IgG MAbs, use 
20% PEG, and for IgM MAbs, use 6% PEG. 

3.2.3. Caprylic Acid Precipitation 

It IS necessary to determine experimentally the quantity of caprylic acid 
required for a given volume of MAb to produce the desired purity and yield 
This will vary for each MAb. 

Use the method described in Chapter 18, Section 3.2.4. N.B. The superna- 
tant contains the immunoglobulin. 

3.3. Chromatography Techniques 
3.3.1. Ion-Exchange Chromatography 

Fractionation using diethylaminoethyl (DEAE) (or several other amon 
exchangers) does not work well for murme MAbs, because each MAb has a 
different isoelectric point that often overlaps with many other proteins present 
in the MAb-containmg preparation, except of course for those MAbs that hap- 
pen to have a suitable charge. However, conditions can be tailored if neces- 
sary. Strong anion exchangers may be used as a generic method for any MAb. 
Two methods are described m Chapter 10, Section 3.3.2. 

3.3.2. Gel-Filtration Chromatography 

Use the method described in Chapter 10, Section 3.3.3. This method is 
appropriate for MAbs that possess pIs, which are unsuitable for fractionation 
by ion-exchange chromatography, but it is also useful for MAb preparations 
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that have been derived from cultures propagated in serum-free medium that do 
not contam albumin (the albumin fractton and other serum proteins may be 
coeluted durmg Ion-exchange chromatography). It is helpful to cahbrate the 
column beforehand with a reference IgG or IgM preparation, so that the reten- 
tion time for the immunoglobulin can be identified and the appropriate peak 
collected during sample fractionation. Choice of column with an appropriate 
fractionation range will also be important. IgG has a molecular weight of 
approx 156,000. Therefore, columns, such as Anagel TSK G3000, Ultrogel 
AcA, and Bio-Gel P200, would be suitable. IgM has a molecular weight of 
approx 900,000, and therefore a column with a higher fractionation range will 
be reqmred, e.g., Anagel TSK G4000 and Sephacel S-300. 

3.3.3. Affinity Chromatography 

MAbs can be readily purified by affinity chromatography using hgands that are 
bound to a solid matnx, such as Sepharose. Such ligands are protein A, protein G, 
or protem L, an antlmouse immunoglobulm, the antigen recognized by the 
MAb, or some other reagent that specifically reacts with the immunoglobulin 

Special mention should be made of the binding propertles of proteins A and 
G. Protein A does not bmd mouse or human IgG3 and only weakly binds mouse 
IgGl and human IgM. Protein G will recognize all mouse and human IgG sub- 
classes, but has a lower bmdmg capacity (it does not bmd human IgM). Protein 
G also has a high affinity for albumin, although recombinant forms are avail- 
able in which the albumin bmdmg site has been spliced out and are therefore 
very useful for IgG MAb purification. Protein L is able to bind Ig molecules of 
all classes, but is restricted to molecules containing some K chains (it does not 
bind h chains). A further restriction is its ability to bind human K cham regions; 
the protein binds well to the VKI, VKIII, and VKIV subgroups, but does not 
seem to recogmze VKII. Use the method described in Chapter 10, Section 3.4.2. 

3.3.4. Thiophilic Chromatography 

Use the method described m Chapter 10, Sectlon 3.4.3. 

3.3.5. Purification of IgM MAb Using Immobilized Protamine Sulfate 

Protamme sulfate has a low affinity for IgM and 1s only recommended for 
producing small amounts of immunoglobulin. Some form of enrichment pro- 
cedure before chromatography is advised. 

1. Couple the protamine sulfate to CNBr-activated Sepharose 4B using the method 
described m Chapter 10, Section 3.4.1. (see Note 6). 

2. Equilibrate the column with PBS until the absorbance of the washings is 
below 0.02 (at 280 nm). 
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3 Apply IgM MAb sample to the column (see Note 7), and recirculate through the 
column with a peristaltic pump for at least 2 h. 

4. Wash sample through wtth PBS unttl the absorbance drops to 0.02 
5. Elute IgM wtth 0 1M sodium phosphate, pH 7.5, containing 1M sodmm chloride. 
6. Collect protem peaks, and dialyze mto PBS or buffer &choice (see Note 8). 

3.3.6. Purification of /gM Using immobilized Clq 

The complement protein, Cl q, has an 1 &fold higher affinity for pentamerx 
IgM than IgG. This property may be used to purify IgM selectively from MAb 
ascites. Immobihzed C 1 q binds IgM at 4OC, and the mnnunoglobulin is eluted 
simply and rsocratrcally (usmg the same buffer) by bringmg the column to 
room temperature for 2 h. 

1. Couple purtfied Clq to CNBr-activated Sepharose 4B as described m Chapter 
10, Section 3.4.1. Approximately 2 8 mg of C 1 q are coupled/ml of matrix 
(see Note 1) 

2. Perform the chromatography at 4°C Equilibrate the column with 10 mA4 Tris- 
HCI buffer, pH 7 4, containing 65 mMNaC1 (bmdmg buffer). 

3. Apply the IgM MAb culture supernatant to the C lq column 
4. When the sample has entered the column matrix, wash with bmdmg buffer until 

the absorbance falls to baseline (~0 02). 
5. Bring the column to room temperature, and incubate for 2 h. Do not let the 

column dry out Elute the IgM wrth 50 mA4 sodium phosphate buffer, pH 
7.4, contammg 150 mMNaCl,2 mM EDTA, and 0 02% sodium azide (elu- 
tton buffer). 

6 Collect 2-mL fractions, and measure the absorbance at 280 nm to identify those 
containing IgM (see Note 8) 

7 The IgM sample may be stored in the elution buffer. 

3.3.7. Purification of IgM 
Using Immobilized Mannan-Binding Protein (MBP) 

MBP is present in various mammalian sera and activates the complement 
system through the classical pathway. It also specifically binds to murine mono- 
clonal IgM and, hence, can be used to purify IgM MAb from mouse ascitic flu- 
ids. The bmding reaction is calcium-dependent, so that IgM can be specrfically 
eluted with a buffer containing a calcium chelator (e.g., EDTA). 

1 MBP is purified from rabbit serum usmg affimty chromatography on mnnobt- 
lized mannan (3). The resulting dialyzed MBP may be used dtrectly to couple to 
activated Sepharose 4B. 

2. Couple MBP to CNBr-activated Sepharose 4B using the method described m 
Chapter 10, Section 3 4.1. 

3. Equilibrate the MBP column at 4’C with 10 mA4 Trts-HCl buffer, pH 7 4, con- 
taining 1 25MNaC1, 20 mM CaCl*, and 0.02% sodmm azide (bindmg buffer) 
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4 Dialyze mouse ascltlc fluid (clarified) containing IgM against 10 mM Tris-HCl, 
pH 7.4, contaming 1.25M NaCl. 

5 Followmg dialysis, mix the ascitic fluid with an equal volume of bmdmg buffer, 
and apply to the column 

6 When the sample has entered the column matrix, wash the column with bmdmg 
buffer until the absorbance falls to baseline (CO.02 at 280 nm). 

7 Brmg the column to room temperature, and Incubate for 2 h 
8 Elute bound IgM using 10 mMTrls HCI, pH 7.4, contaunng 1.25MNaCl,2 mA4 

EDTA, and 0 02% (w/v) sodium azide. 
9 Collect fractions, and measure the absorbance at 280 mM to ldentlfy those con- 

taming IgM 
10 Dialyze pooled fractions against PBS, pH 7 4, and concentrate using an ultrafil- 

tratlon membrane if reqmred (see Section 3 1.1 ) 

4. Notes 
1 C lq 1s available commercially (Sigma), but is expensive AlternatIvely, It can be 

isolated from plasma (2) 
2 In cases where the cell hne is a heterohybnd, that IS, a human/mouse hybrid, it 

may be possible to grow the cell line as a tumor m sublethally lrradlated mice and 
produce as&c fluld 

3. Some ultrafiltration membranes must be used m the correct orlentatlon 
4. Centrifuge or prefilter the supernatants to remove any particulate matter, such as 

cell debris or preclpltates Thrs will prevent the filter from becoming clogged. 
5. Do not store ascltlc fluids at 4”C, because they contain proteolytlc enzymes, 

which will digest unmunoglobulm at this temperature. Always store allquots at 
-20 or -7O’C 

6. 10 mg Protamme sulfate will bmd about 2 mg of pentamerlc IgM 
7. Only dilute solutions of IgM are required, i e., culture supernatants, obviating the 

need to produce as&es 
8. The extinction coefficient (Eig) of human IgM IS 11 8 (I e , a 1 mg/mL solutton 

will have an A2s0 of 1.18) This may vary for each MAb 
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Production of Bispecific and Trispecific 
F(ab), and F(ab)s Antibody Derivatives 

Ruth R. French 

1. Introduction 
Bispecific antibodies (BsAbs) are hybrid molecules designed to combine 

two antibodies with different specificities. This dual specificity has led to their 
application m a variety of diagnostic situations that require the crosslinkmg of 
two protein surfaces, for example, antigen and detecting agent in tmmunohis- 
tochemistry or immunoassays. More interestmgly, BsAbs have been shown to 
have constderable therapeutic potential when used as targeting reagents to 
deliver pharmacological substances (drugs or toxins) or cellular effecters 
(T-cells, monocytes, or NK cells) to tumor cells (1,2). A relatively new devel- 
opment is the design of BsAbs to deliver chelated radiometals for the diagnos- 
trc Imaging of tumors and for radioimmunotherapy (I). 

The first BsAb derivatives were described in the early 1960s by Nisonoff 
and Rivers (3), who showed that a mixture of reduced Fab fragments from two 
rabbit IgG antibodies could reoxidize via their hinge region SH-groups to pro- 
duce F(ab)z heterodimers. Over the past few years, two mam approaches have 
been adopted for the production of BsAbs, chemical conjugation and hybrid- 
hybridoma technology. Chemtcal conjugation, in which two antibodies are 
joined using a chemical crosslinking reagent, has allowed the construction of a 
variety of BsAb derivatives. Lysyl reactive crosslinkers with free SH-groups, 
such as N-succinimidyl-3-(-2-pyridyldithio)-proptonate (SPDP), have been 
used to produce disulfide-linked IgG- and F(ab)z-heterodimers (4,5), and 
F(ab)2/Fab (6) and IgG/Fab (7) conjugates. Smaller bispecific F(ab), deriva- 
tives have been constructed using thiol-reactive reagents to disulfide- (8) or, as 
in this laboratory, thioether-link the hinge region SH-groups of two antibodies 
(9). The second approach, hybrid-hybridoma technology, involves the fusion 
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of two antibody-producing hybridoma cell lines to give a hybrid-hybridoma or 
quadroma cell line secreting bispecific IgG (10). The application of genetic 
engmeermg has allowed the construction of a range of new BsAb derivatives. 
Humanized Fab fragments with a single cysteme residue introduced at the hinge 
region have been produced m Escherzchia colz and then chemically conjugated 
to obtain fully humanized F(ab)2 BsAb (II). As a possible alternative to chemi- 
cal conjugation, dimerization domains, such as “leucme zippers,” have been 
genetically fused to pairs of antibody Fab fragments to promote the formation 
of heterodimers (12). Recently two types of derivatives combmmg just the Fv 
regions of two antibodies have been described, small dimeric bispecific antibody 
fragments known as “diabodies” (13) and single-chain BsAbs (14,15), generated 
by jommg two smgle-chain Fv regions via a flexible tanker. 

This chapter describes the procedures developed in the laboratory of Martm 
Glennie at the Lymphoma Research Umt, Tenovus Laboratory, Southampton, UK, 
for preparing bispecific F(ab), and F(ab), and trispecific antibody (TsAb) F(ab), 
derivatives from antibody Fab fragments using the crosslmker o-phenylenedt- 
maleimide (o-PDM) 

7.1. Production of Multispecific F(ab)* 
and F(ab,13 from Fab Fragments 

I. 7.1. Preparation of IgG and F(ab), 

First, the IgG fraction is isolated from mouse ascites, hybridoma, or 
bioreactor culture supernatant as described in Chapter 10. The F(ab)* fragment 
of IgG is then obtained by limited proteolysis (16). F(ab)2 can be produced 
from IgGl and IgG2a anttbodres’ digestion at pH 4.0-4.2. Some IgGl antibod- 
ies that are resistant to pepsin can be digested with the enzymes ficin or brome- 
lain (17,18). Pepsm will break down a few antibodies to smaller peptides and, 
provided they are of IgG 1 isotype, ficin or bromelam may again present a use- 
ful alternative (see Notes 1 and 2). 

1.1.2. Bispecific F(ab), 

Bispectfic F(ab)z derivatives are produced by using the bifunctional 
crosslinker o-PDM to jam two Fab fragments via their hinge region SH-groups. 
The procedure is illustrated m Fig. 1. First, Fab fragments are obtained from 
the two parent F(ab), species by reduction with thiol, thus exposmg free 
SH-groups at the hinge region (three SH-groups for mouse IgGl and IgG2a 
antibodies). One of the Fab species (Fab-A) IS selected for alkylation with 
o-PDM Because o-PDM has a strong tendency to crosslmk adjacent mtramo- 
lecular SH-groups (19), two of the three hinge SH-groups will probably be 
lmked together, leaving a smgle reactive maleimide group available for conju- 



0-PDM 

Fab-A(mal) I Fab-B(SH) 

Fab-B 

BISPECIFIC ANTIBODY 

Fig. 1. Preparation of BsAb using o-PDM as crosslinker. BsAb production is described 
in Sections 1.1.2. and 3.2. The F(ab)* BsAb illustrated is produced from Fab frag- 
ments derived from mouse IgGl or IgG2a antibody. Two adjacent hinge SH-groups of 
Fab-A are crosslinked by o-PDM (R, o-phenylenedisuccinimidyl linkage) leaving one 
with a free maleimide group for crosslinking with an SH-group at the hinge of 
Fab-B. Unconjugated SH-groups at the Fab-B hinge are blocked by alkylation 
(Q, carboxyamidimethyl). Increasing the ratio of Fab-A (mal) to Fab-B(SH) will favor 
the production of bispecific F(ab)s in which 2 mol of Fab-A(ma1) are linked to 1 mol 
of Fab-B (Sections 1.1.3. and 3.3.). 
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gation (see Section 1.1.5.). When excess o-PDM has been removed, the Fab- 
A(ma1) 1s mixed with the second reduced Fab, Fab-B(SH), under conditions 
favoring the crosslmking of the maleimide and SH-groups. When equal amounts 
of Fab-A(ma1) and Fab-B(SH) are used, the major product 1s bispecific F(ab), 
resulting from the reaction of one Fab-A(ma1) with one of the SH-groups at the 
hinge of Fab-B. Remaining free SH-groups on Fab-B are alkylated, and the F(ab), 
BsAb product (Fab-A x Fab-B) is separated by gel-filtration chromatography. 

In addition to the hinge region SH-groups, each reduced Fab fragment may 
also contain two SH-groups resulting from the reduction of the heavy (H)- 
light (L) chain S-S bond. However, these are less hkely to be involved m con- 
jugation than those at the hinge region for three reasons. Fn-st, under the 
conditions used, it has been shown that only around 50% of the H-L S-S bonds 
are reduced (9); second, the o-PDM ~111 tend to crosslmk the mtercham SH- 
groups on Fab-A, so that they are not available for conJugation, and finally, the 
SH-groups on Fab-B will be burred between the H and L chains. Therefore, 
they will be less likely than exposed hinge SH-groups to react with the 
Fab-A(ma1). 

1.1.3. Bispecific F(ab)s 

Increasing in the proportion of Fab-A(ma1) in the reaction mixture results in 
a significant amount of F(ab)s product by the reactton of two molecules of Fab- 
A(ma1) with two free SH-groups at the hinge of a single Fab-B molecule. By 
selecting the appropriate parent Fab to be Fab-A, F(ab), with two arms from 
either of the parent antibodies can be produced. These derivatives have proven 
useful in cellular retargeting studies because they can be designed with either 
two Fab arms bmdmg to the effector and one to the target or vice versa (20). 

I. I. 4. Trispecifk F(ab,13 

The protocol for the preparation of a BsAb can be extended to allow the 
preparation of a F(ab)3 TsAb, with each Fab arm having different specificity. 
This is illustrated in Fig. 2. The BsAb product (Fab-A x Fab-B) is isolated, but 
not alkylated and so still has free SH-groups at the Fab-B hinge. This reduced 
BsAb can then be used in a second conjugation step in which maleimidated 
Fab from a third antibody, Fab-C(mal), is linked to one of the remaining SH- 
groups at the Fab-B hinge, thus giving trlspecific F(ab)s as the major product. 

1.1.5. Selection of F(ab), for BsAb Preparation 

Since this procedure relies on one SH-group remaining free for conjugation 
after the intramolecular crosslinking of adjacent SH-groups at the hinge with 
o-PDM (Fig. l), the Fab species chosen to be maleimidated must be derived 
from IgG with an odd number of hinge region disulfide bonds. Mouse IgGl 
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Fab-A 

n 

Fab-B 

+ Fab-C(mal) 
I Fab-B 

TRISPECIFIC ANTIBODY 
FabC 

Fig. 2. Preparation of TsAb using o-PDM. TsAb production is described in Sec- 
tions 1.1.4. and 3.4. The BsAb (Fab-A x Fab-B)(SH) is conjugated to Fab-C(mal), 
giving trispecifk F(ab), as the major product. 

and IgG2a antibodies are both suitable in this respect, since they each have 
three SH-groups at the hinge. Rabbit Fab-SH (one SH-group) and rat IgGl 
(three hinge disulfide bonds) can likewise be employed. However, rat IgG2a 
and IgG2c have two and rat IgG2b has four such bonds (21) and, therefore, 
cannot be used to make a rat/rat F(ab), by this method. On the other hand, rat 
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IgG2a, 2b, and 2c can be used to produce a rat/mouse BsAb derivattve if used 
as the unmaleimidated partner If F(ab), derivatives are required, the number 
of SH-groups at the hinge of the unmaleimidated partner must be considered, 
smce this determmes the number of Fab(ma1) arms that can be conjugated. 
Thus, mouse IgGl and IgG2a (three SH-groups) can be used to construct 
F(ab)3. If rabbit Fab(SH) is the unmaleimidated partner, the major product 1s 
always F(ab),. We have found that a few antibodies give a consistently low 
yield of BsAb when used as the maleimidated partner. If large quantities of 
derivative are required, it is worthwhile performmg small-scale pilot prepara- 
tions to determine which maleimidated partner gives the optimal yield 

7. I. 6. Removal of Residual Fc 

The bispecitic and trispecitic derivatives produced by these procedures are 
almost always contaminated with trace amounts of intact IgG antibody or Fc 
fragments, which are coharvested with the parent F(ab)z and, accordingly, with 
the final product. In derivatives to be used for immunohistochemistry or drug/ 
toxin targeting, thts trace contammation is unimportant. However, even small 
amounts (cl%) of contaminatmg Fc can cause a major problem if BsAbs are to 
be used m cell proliferation studies or m redirected cellular cytotoxicity assays 
(2,20) If this is likely to be a problem, preparations can be checked for Fc by 
ELISA and, if necessary, Fc removed by immunoaffimty chromatography (22) 

1.1.7. Advantages of this Procedure 
for Preparing Multispecrfic Derivatives 

Using these procedures, well-defined derivatives are produced with good 
yield, and the products are easily isolated; starting with 10 mg each of two parent 
F(ab), species, expect to obtain 5-10 mg of BsAb. The derivatives can be pro- 
duced at relatively low cost and quickly: It is possible to obtain the BsAb product 
from the parent IgG m five workmg days, The protocols can be scaled up to 
produce larger amounts (100-l 50 mg) of derivative for therapeutic applications. 

2. Materials 
2.1. Reagents 

1 TE8, 2h4 stock, pH 8 0. 2MTris-HCl, 100 rnMEDTA Prepare 0.2M TE8 and 
20 rnM TE8 from 2M stock. 

2 Acetate buffer, 2A4, pH 3 7 103 mL glacial acetlc acid, 17.2 g sodium acetate, 
made up to 1 L 

3 70 mMAcetate/SO mMNaC1, pH 4 0, 3 22 mL acetic acid, 1 15 g sodium acetate, 
2 92 g NaCl, made up to 1 L 

4 Tris base, lA4, pH 9.2. 
5. TE7,50 mM, pH 7 0 50 mMTris-HCI, 2 mMEDTA 
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6. 2-Mercaptoethanol(2-ME). 
7. F(ab), reducing solution: 220 mM2-ME, 1 mMEDTA. Make up 10 mL 
8. Sephadex G25, Sephacryl S200 (Pharmacta, Uppsala, Sweden), and Ultrogel 

ACA44 (BioSepra S A, Villeneuve la Garenne, France) gel-filtration media 
9. Sepharose 4B (Pharmacia). 

10. Human albumin, e.g , Zenalb 20 (BPL, Elstree, Herts, UK) 
11. Polymtxm B sulfate (Stgma, St. Lotus, MO). 
12. G25 column buffer (AE, 0.05M): 3 35 g sodium acetate, 0 526 mL glacial acetic 

acid, 0 186 g EDTA, made up to 1 L. Degas before use, e.g , under vacuum (see 
Chapter IO) or by using nitrogen 

13. S200 Buffer (NAE, 0 5M): 0.5MNaC1, 0. 1M sodium acetate, 9 mM EDTA For 
therapeutic applications, use sterile pyrogen-free water 

14. HPLC buffer (0 2M phosphate, pH 7.0): Add 0 2MNa2HP0, to 0 2MNaH,PO, 
to obtain required pH. 

15. o-PDMIDMF for Fab(SH) alkylatton 12 mM o-PMD m DMF Make up 5 mL 
just prior to use (see Note 3). 

16. NTE8, In/r, pH 8 0: lMNaC1,0.2MTrts-HCl, 10 mMEDTA. 
17. Iodoacetamide 
18 Ammonium thtocyanate for cleaning Polymtxin column, 1M potassium thiocy- 

anate, OSM ammonia in sterile, pyrogen-free water. 
19. Limulus Amebocyte Lysate test krt (Pyrogen Plus, BtoWhittaker Inc., 

Walkersville, MD). 

2.2. Equipment 
1. Two pertstalttc pumps capable of rates between 15 and 200 mL/h for column 

chromatography. 
2. Columns of approx 1 6-, 2.6-, and 5-cm diameter. Pharmacta K series columns are 

suitable. These must be fitted with two end-flow adapters and waterjackets to allow 
chilling throughout the preparation of Fab(SH) and Fab(ma1) (see Section 3 2.). 

3 Chiller/circulator to cool chromatography columns (see Note 4) 
4. UV monitor, chart recorder, and fraction collector 
5. Amtcon starred concentrating cell (Series 8000,50 or 200 mL) with a 10,000 M, 

cutoff filter for concentration F(ab), and products 
6 HPLC system fitted with a Zorbex Bto series GF250 column (Du Pont Company, 

Wilmington, DE) or equivalent gel-permeation column capable of fractionation 
up to -250,000 A4, 

7 Pyrogen-free water for therapeutic preparations. 

3. Methods 
3.7. Preparation of Parent F(ab)2 
3.1.1, Pepsin Digestion 

A routme digestion would employ X-200 mg of IgG. However, for new 
antibodies, a pilot digestion using 5-10 mg 1s recommended. 
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1. Concentrate the mouse IgGl or IgG2a antibody to approx 10-15 mg/mL using 
the Amicon concentration cell and dialyze mto 0.02M TE8 buffer. 

2 Adjust pH to 4.0-4 2 with 2M acetate buffer, pH 3.7 
3. Make up a 10 mg/mL solution of pepsin m 70 mM acetate/50 nnl4 NaCl, pH 4 0 

Add pepsin to anybody solution to give a final concentration of 3% (w/w) 
4 Incubate at 37°C m a water bath. At hourly intervals, take IO-pL samples for size 

fractionation by HPLC (see Note 5). As the digestion proceeds, the profile will 
change from a smgle IgG peak to a doublet. When ~10% remains as Intact IgG, 
or when the size of the F(ab’), peak ceases to increase, stop the digestion by 
adjusting the pH to 8.0 with 1MTris Under these condmons, most IgGl diges- 
tions take 6-12 h (see Note 6). 

5. Fractionate the digestion mixture on Ultrogel AcA44 in 0.2M TE8 buffer. For 
digestions up to about 150 mg (not more than 10 mL), use two 2.6-cm dtameter 
columns connected in series, with a gel bed height of 80 cm and a flow rate of 
-30 mL/h. For larger preparations (up to 200 mg, more than 10 mL), use a single 
5-cm diameter column and a gel bed height of 90 cm. Harvest the F(ab’), peak 
(M, - 100,000). 

3.7.2. Bromelain Digest/on 

1. Concentrate IgG as described above, and dialyze into 50 mM TE7. 
2 Make up a 10 mg/mL solution of bromelam m 50 mM TE7, and add 2-ME to a 

final concentration of 0.5 @fto activate the enzyme. Incubate for 15 mm at 37OC 
Add bromelain to the antibody solution to a final concentration of 0.5-4% (w/w) 
depending on the susceptibility of the antibody to this enzyme 

3. Incubate at 37°C m a water bath. At hourly intervals, remove 10-a aliquots and 
analyze by HPLC as described m Section 3 1 1 (see Note 7) Stop the digestion 
by adding iodoacetamtde to a tinal concentration of 0 5 mM when intact IgG 
represents < 10% of the mixture. 

4. Fractionate on AcA44 columns in series as described m Section 3 1 1 

3.2. Preparation of Bispecific F(ab)2 Derivatives 

The followmg procedures describe the small-scale preparation of BsAb, 
startrng with between 5 and 20 mg of each F(ab)* species to obtain l-8 mg of 
BsAb. Large-scale preparations for therapy require the scaling up of the col- 
umns as described m Section 3.5. 

1. Start with equal amounts of F(ab), from the two parent antibodies If necessary, 
dialyze mto 0 2M TE8 The samples should be concentrated to between 5 and 12 
mg/mL in a final volume of l-3 mL 

2. Reduce both F(ab), preparations to Fab(SH) by the addition of l/IO vol of F(ab), 
reducmg solution (see Section 2 1 ) Incubate for 30 mm at 30°C and then keep 
on ice. The temperature must be maintained at 04C for the remainder of 
the procedure. 
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3. Select the Fab(SH) to be maleimidated (referred to hereafter as Fab-A[SH]) Remove 
2-ME by runnmg through a cooled Sephadex G25 column (1.6-cm diameter, bed 
height 25 cm) m 0 05M AE buffer at a flow rate of approx 60 mL/h. Collect the 
protein peak (eluted after 8-l 0 mm) in a graduated glass tube m an ice bath. Take 
a 45-& sample from the top of the peak for HPLC analysis Contamination of 
the Fab-A(SH) with 2-ME must be avoided. Therefore, stop collecting when the 
chart recorder pen has returned between half and two-thirds of the way to the 
baseline. Keep the Fab-A(SH) on Ice Leave the column running to remove all 
2-ME, which elutes as a small second peak. 

4 While on the HPLC column, Fab(SH) fragments can reoxidize to give F(ab),. 
Alkylation of free SH-groups by the addition of 5 pL of 50 mM iodoacetamide m 
lMNTE8 to the 45 pL of peak sample prevents this Incubate for 10 min at room 
temperature before applying a 1 O+L sample to the HPLC column. 

5 While Fab-A(SH) is on the Sephadex G25 column, make up o-PDMIDMF, mak- 
mg sure that all of the o-PDM is dissolved Immediately chill solution m a methyl- 
ated spirit/ice bath 

6. When the 2-ME has eluted from Sephadex G25 column (chart recorder has returned 
to baseline), load the second reduced Fab, Fab-B (SH), and separate as for 
Fab-A(SH), again taking a peak sample for HPLC analysis. 

7 While Fab-B(SH) 1s on the column, quickly add l/2 vol (normally 4-5 mL) of 
cold o-PDMIDMF to Fab-A(SH) Cover the tube with Parafilm or something 
similar, and invert two to three times to mix Leave m an ice bath for 30 min. 

8 When Fab-B(SH) has been eluted, connect a second, larger Sephadex G25 col- 
umn (2 6-cm diameter, bed height 20 cm) to the chart recorder. After the 30 min- 
mcubation, load the Fab-A(SHPDMIDMF mixture onto this second G25 
column, and elute at a flow rate of approx 200 mL/h. Collect the Fab-A(ma1) 
protein peak (elutes after 8-10 mm), taking a 45-pL sample for HPLC analysis 
Stop collecting when the chart recorder pen has returned half way to baselme to 
avoid contammation with o-PDM/DMF, which elutes as a large second peak 

9. Pool Fab-A(ma1) and Fab-B(SH) and concentrate rapidly at 0-5°C m a stirred 
Amicon cell until approximately equal to the starting volume of the two parent 
F(ab)2 fragments (around 5 mL) Remove the mixture from the cell, and leave at 
4°C overnight To avoid loss of product, slightly overconcentrate and then wash 
residue from the cell with a small volume of chilled buffer. 

10. To reduce any homodimers produced, add l/l 0 vol of 1M NTES to increase the 
pH and then l/10 vol of F(ab), reducing solution. Incubate at 30°C for 30 mm 
and then alkylate by adding l/10 vol of 250 mM iodoacetamide m 0.2M TE8. 
Check the composition of the mixture by HPLC 

11. Fractionate the mixture on two AcA44 columns run in series as m step 5, Section 
3.1 1. Collect 10-l 5 mm fractions (5-7.5 mL). A typical elusion profile 1s shown 
m Fig. 3. 

12. Pool the BsAb product. To minimize contammation, only take the middle two- 
thuds of the peak. Check the final product by HPLC. 

13 Concentrate in an Amicon, and dialyze into the appropriate buffer 
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Fig. 3. Chromatography profile showing the separation of parent Fab and bispecific 
F(ab), and F(ab), products on AcA44 columns. The preparation of bispecific F(ab), 
and F(ab)3 is described in Sections 3.2. and 3.3. In this case, Fab-A(SH) and Fab- 
B(ma1) were mixed at a ratio of 2: 1 to increase the formation of bispecific F(ab),. The 
unreacted Fab fragments and the F(ab)* and F(abh products are indicated. The arrows 
show the points at which protein standards eluted from the same columns. 

3.3. Preparation of Bispecific F(ab,13 Derivatives 

This is as for the preparation of bispecific F(ab)z (see Section 3.2.), except 
that the ratio of Fab(ma1) to Fab(SH) is increased from 1:l to 2:l or greater. 
Therefore, start with at least twice as much of the F(ab), species, which is to 
provide two arms of the F(ab)3 product. 

3.4. Preparation of Trispecific F(ab), Derivatives 

Preparation of trispecific F(ab), (Fab-A x Fab-B x Fab-C) should be carried 
out over two consecutive days. 

1. Day 1: Prepare the BsAb (Fab-A x Fab-B) as described in Section 3.2., but with 
the following modifications: 
a. If possible, start with 10-20 mg each of F(ab)*-A and F(ab),-B since smaller 

quantities can lead to problems during the second stage of the preparation. 
b. The alkylation with iodoacetamide described in step 10 must be omitted. 

This leaves SH-groups at the hinge region of (Fab-A x Fab-B) onto which a 
third Fab (Fab-C) can be coupled. After concentration of the Fab-A(ma1) and 
Fab-B(SH) described in Section 3.2., step 9, immediately load the mixture 
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onto the AcA44 columns. The BsAb (Fab-A x Fab-B) will thus be available 
for use on d 2 of the preparation. 

2. Day 2: Pool the (Fab-A x Fab-B) peak from the columns and concentrate to 3 mL 
or less Check the protein concentration 

3 F(ab), from the required third arm, F(ab),-C, should be at 5-12 mg/mL (max. 
3 mL m 0 2M TE8) For each 1 mg of the BsAb (Fab-A x Fab-B) use 2 mg of 
F(ab),-C for the second stage 

4 Reduce both F(ab),-C and (Fab-A x Fab-B) with l/IO vol of 220 mM2-ME for 
30 min at 3O”C, and then keep on ice. Mamtam at 04°C 

5 The remainder of the procedure is as described for the preparation of BsAb m 
Section 3 2., steps 3-8, but with Fab-C substituted for Fab-A, and (Fab-A x Fab- 
B) substituted for Fab-B Thus, remove 2-ME from Fab-C and (Fab-A x Fab-B) 
on a 1.6-cm diameter Sephadex G25 column (25-cm bed height, flow rate -60 
mL/h) malelmidate Fab-C and separate Fab-C(ma1) on larger Sephadex G25 col- 
umn (2.6-cm diameter, bed height 20 cm, flow rate -200 mL/h) 

6. Pool and rapidly concentrate Fab-C(ma1) with (Fab-A x Fab-B) back to the start- 
mg volume Remove the concentrated mixture from the cell, and leave overnight 
at 4°C 

7 Increase the pH of the mixture, reduce, and alkylate as described m Section 3 2 , 
step 10. Take a sample for HPLC analysis, and then separate on AcA44 columns 
as described m Section 3 2., step 11 

3.5. Modifications for Large-Scale Preparations 
for Therapeutic Applications 

For a large-scale preparation of BsAb starting with 100-150 mg of each 
parent F(ab),, the columns are scaled up appropriately: Use Sephadex G25 
columns of 2.6-cm diameter (25-cm bed height, flow rate 200 mL/h) and S-cm 
diameter (30-cm bed height, flow rate 500-800 mL/h) (see Note 8). 

For therapeutic preparations, subsequent stages are carried out as “cleanly” 
as possible. Sephacryl S200 columns (5-cm diameter, 80-cm bed height, flow 
rate 100-200 r&/h) are used instead of AcA44 for the separation of the prod- 
ucts, because they can be cleaned up easily by running through with 0.2M 
NaOH for 1 h and then washing with 2 column volumes of S200 buffer (0.5M 
NAE). In order to mimmlze contamination with pyrogens, the running buffer 
should be prepared in sterile, pyrogen-free water and fractions collected in 
disposable, sterile plastic tubes. 

After concentration m a concentration cell washed with 0.2MNaOH, prepa- 
rations are passed through a Sepharose-human albumin/Sepharose-polymlxin 
column m 0.5M NAE buffer to remove pyrogens (see Note 9). 

Use a 2.6-cm diameter column contaming a IO-cm bed of Sepharose-human 
albumin over a lo-cm bed of Sepharose-Polymixin and a flow rate 25-50 mL/h. 

The pyrogen-depleted preparation passes through a sterile filter before being 
collected m a transfusion bag. The column 1s cleaned between uses with 1 col- 
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umn volume of ammonium thiocyanate followed by washing with 2 column 
volumes of S200 buffer 

Preparations are pyrogen-tested using a Limulus Amebocyte Lysate test kit. 

4. Notes 
1 The “prime” character (I), as m F(ab’)* and Fab’, indicates that the fragments have 

been produced by pepsin digestion 
2 None of the proteolytic enzymes alluded to in Section 1 1.1. will produce F(ab)z 

from mouse IgG2b antibodies 
3. Caution: o-PDM is reported to be carcinogenic and should be handled with due 

caution. 
4. A polystyrene box containing water and crushed ice and a submersible garden 

pond pump (rate approx 10 L/min) can be used in place of purpose-built chillers. 
5 For a Zorbax Blo series GF250 column, equilibrate the gel with 0 2A4 phosphate 

buffer, pH 7.0, and use a flow rate of 0 5 mL/min. Each run takes about 30 mm. 
6. Since the activity ofpepsin IS highly pH-sensitive, the digestion rate can be increased 

by reducing the pH shghtly Oust 0.1 pH unit may be sufficient) or decreased by 
increasing the pH. Digestions not completed in a working day can be left over- 
night at 4°C and continued the next day 

7. As the dlgestlon proceeds, some Fc and Fab may be apparent on the HPLC trace. 
8. Care must be taken to avoid the buildup of back-pressure in 5-cm diameter 

Sephadex G25 columns. 
9 Human albumin and polymixin B sulfate are each coupled to Sepharose accord- 

mg to the manufacturer’s instructions. 
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Preparation of Cytotoxic Antibody-Toxin 
Conjugates 

Alan J. Cumber and Edward J. Wawrzynczak 

1. Introduction 
Conjugates of antibodies with plant toxins, such as ricin and abrin, are po- 

tent cytotoxic agents that selectively ehminate target cells from mixed cell cul- 
tures in vitro, and have great promise as antitumor agents m cancer therapy (I). 
Ricm and abrin are protein toxms consisting of two different polypeptrde sub- 
units, the A and B chains, which are of similar size (between 30 and 34 kDa) 
and are joined by a single drsulfide bond. The A chain is a ribosome-inactivat- 
ing protein (RIP) that inactivates eukaryotic ribosomes by a specific irrevers- 
ible covalent modification of the ribosomal RNA (2). The B chain binds to cell 
surface galactose-containing oligosaccharide residues. Following receptor- 
mediated endocytosis of toxm bound to the cell surface, the A chain gains 
access to the cytosol and destroys the ability of the cell to make protem (3) 

Antibody-toxin conjugates prepared with intact toxins are invariably cyto- 
toxrc, and their preparatton and use requires special care owing to the hazard- 
ous nature of the toxins (4) An alternative way to construct conjugates 1s to 
couple the isolated A chain directly to the antibody. This is conveniently 
achieved by using the single free sulfhydryl group of the A chain, which is 
revealed when the B cham is removed. Such conjugates, also referred to as 
immunotoxins, retain the catalytic activity of the A chain and possess a target 
specificity conferred solely by the antibody component. Many constructs of 
this type are highly potent and specific cytotoxins (5). 

The preparation of cytotoxic antibody-A cham conjugates using chemical 
crosslinkmg methods has two main requirements. First, the number of 
crosslinkers introduced per antibody molecule should be low. This mimmrzes 
the risk that the antigen-binding capability of the antibody will be compro- 
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mused by modification. Second, the subsequent reaction of the derivatlzed antt- 
body with the A chain should lead to the formatlon of a dlsulfide bond between 
the two components. This disulfide linkage 1s necessary for maximal expres- 
sion of cytotoxic activity by the conjugate (6). 

The most commonly used crosslmking reagent is N-succimmidyl 3- 
(2-pyridyldithlo)proplonate (SPDP). This heterobifunctlonal agent attaches 
covalently to the antibody at lysyl c-amino groups introducing an S-pyridyl 
group that is attached to the linker by a dlsulfide bond (7). In the conjugation 
step, the derivatlzed antibody is mixed with an excess of freshly reduced A 
chain. The sulfhydryl group of A chain molecules displaces Spyrldyl groups 
with concomitant formation of a disulfide bond between A chain and antibody. 
A useful feature of the SPDP reagent is the formation of pyndme-2-thione, 
which 1s a chromophore, on release of the S-pyndyl group. Therefore, the level 
of derivatization and the degree of reaction can be measured spectro- 
photometrically. 

RIPS, which act in a fashion identical to the toxm A chains and are similar m 
size (about 30 kDa), also occur naturally m plants as single chain polypeptides 
(81. A variety of RIPS of this type, including gelonm and momordin, have been 
used to make cytotoxic conjugates (9,10). The single chain RIPS differ from 
the toxin A chains and from one another in primary structure, isoelectric point, 
and glycosylation. They also lack cysteinyl residues because they are not 
associated with the equivalent of a cell-binding toxin B chain. For conjugation 
to antibody, such RIPS must first be reacted with SPDP. Subsequently, free 
sulfhydryl groups are revealed by treating the derlvatized RIP with a reducing 
agent to detach the S-pyridyl group. 

The methods described below for the preparation of antibody-toxin conJu- 
gates containing A chains isolated from toxins or single-chain RIPS are gener- 
ally applicable to the synthesis of conjugates using any type of antibody and all 
known RIPS of plant origin. 

2. Materials 
1. Antibody solution in PBSE (see item 6) containing between 10 and 15 mg at a 

concentration of 5-l 0 mg/mL (see Notes 6-8). 
2. Solution of toxin A chain or RIP in PBSE, containing between 5 and 

7.5 mg, at a concentration of about 1 5 mg/mL (see Notes l-5). 
3. N-Succinimidyl 3-(2-pyridyldithlo)propionate (SPDP) (Pharmacia, Uppsala, 

Sweden). 
4. Dimethylformanude (DMF) (Sequanal grade, Pierce [Rockford, IL]). 
5. Dlthiothrettol (DTT) (Sigma, St. Louis, MO). 
6. Phosphate/saline buffer (PBSE): 28.4 g of Na2HP04, 11.7 g of NaCl, 0.744 g of 

EDTA disodium salt. Adjust to pH 7 5 with 1MHCl and make up to a final vol of 
2 L m distilled water 
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7. Acetate/saline buffer 16.4 g of CH&OONa, 11.7 g of NaCl, 0.744 g EDTA 
disodmm salt Adjust to pH 4 5 with IMHCI and make up to a final vol of 2 L in 
distilled water. 

8. Column chromatography apparatus, including a suitable low-pressure pump, on- 
line UV monitoring at 280 nm and a fraction collector. 

9. Chromatography media Sephacryl S-200 (SF), Sephadex G-25 (SF) (Pharmacia) 
10. Chromatography columns: 

a. Sephacryl S-200 (SF)* dimensions, 80 cm x 1.6 cm internal diameter (id); bed 
vol, 160 mL, equihbrated with PBSE (for purification of antibody and antr- 
body-toxin conjugate). 

b. Sephadex G-25 (SF). dimensions, 30 cm x 1 6 cm (Id); vol, 60 mL, equrhbrated 
with PBSE (for purrficatron of derivatized antibody). 

c. Sephadex G-25 (SF): dimensions, 30 cm x 1.6 cm (id); vol, 60 mL, eqmhbrated 
with acetate/saline buffer (for purification of derivatized RIP). 

d. Sephadex G-25 (SF) dimensions, 45 cm x 1.6 cm (id); vol, 90 mL, eqmli- 
brated with PBSE (for purificatron of reduced RIPS). 

11. Nz cylinder. 
12. Ultrafiltratron cell (10 mL vol) containmg a suitable membrane wrth a cut-off of 

M, >lO,OOO for globular proteins (PM1 0 membrane, Amrcon [Beverley, MA]) 
13. Low protein bmdmg 0.22~pm filtration units (Mrllex GV, Millipore [Bedford, MA]) 

3. Methods 

3.1. Derivatization of Antibody 
1, Apply the antibody solutron at a concentration between 5 and 10 mg/mL to the 

S-200 column (see Section 2., item 10a) and elute with PBSE at a flow rate of 
between 10 and 20 mLih as a prehmmary purificatron step (see Notes 6-Q 

2. Pool all the fractions contained within the main antrbody peak, 1 e , correspond- 
ing to an M, of 150,000 relative to protein standards. Discard any flankmg 
fractrons that may contain aggregated protem or contammants of lower molecu- 
lar werght 

3. Concentrate the antrbody solution to about 10 mg/mL m the ultrafiltratron cell 
under N2 pressure and transfer the solution to a surtable reaction vessel holding 
10 mL of solution. 

4. Make up a fresh solution of SPDP at 2 mg/mL in DMF in a glass vessel (see 
Note 9). 

5. To 1 mL of the antibody solution at 10 mg/mL (a total of 67 nmol), slowly add 
42 pL of the SPDP solution (a total of 0.27 pmol, i.e., a fourfold molar excess of 
reagent added) while stn-ring rapidly. Once the addnion is complete, stn the mrx- 
ture gently for 30 min at room temperature (see Note 10). 

6. Apply the reaction mixture to the G-25 column (see Sectron 2., Item lob) and 
elute with PBSE at a flow rate of 30 mL/h to remove low molecular weight 
byproducts of the reaction. Collect the protein peak that elutes at the void 
vol of the column (total vol, about 7 mL) 
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7. Remove 0.5 mL of the pooled protein solution to measure the loading of S-pyridyl 
groups on the antibody (see Notes 11 and 12) 

8 Concentrate the remamder of the derivatized antibody solution to a final vol of 
about 1 mL by ultrafiltration. Store in the ultrafiltration cell at 4°C in preparation 
for the conjugation procedure. 

3.2. Derivatization of Single-Chain RIPS 

1. Make up a fresh solution of SPDP at 2 mg/mL m DMF 
2 To a solution (about 3 to 5 mL) of the single-chain RIP in PBSE containmg 7 mg 

(a total of 0.22 pool), slowly add 67 pL of the SPDP solution (a total of 0 43 
prnol, I e., a twofold molar excess of reagent added) while stu-rmg rapidly. Once 
the addition is complete, stir gently for 30 mm at room temperature 

3. Apply the reaction mixture to the G-25 column (see Sectton 2., item IOc) and elute 
with acetate/saline buffer at a flow rate of 30 mL/h to remove the low molecular 
weight byproducts of the reaction (see Note 13) Collect the protein peak that 
elutes at the void vol of the column (total vol, about 5 mL) 

4 Remove 0 25 mL of the pooled RIP solution to measure the extent of modification 
with SPDP (see Note 14) Use the remainder of the derivatized RIP preparation 
for conjugation to the antibody 

3.3. Conjugation 

1 Prepare a fresh solution of 1M DTT in PBSE 
2. To the solution of toxin A chain or denvatlzed single-cham RIP, add DTT solution to 

a final concentration of 50 mM Leave the solution for 30 min at room temperature. 
3. Apply the solution of reduced RIP to the G-25 column (see Section 2., item 10d) 

and elute with PBSE at a flow rate of 30 mL/h to remove the excess DTT and low 
molecular weight byproducts of the reactton (see Notes 15 and 16) Collect the 
protein that elutes at the void vol of the column (total vol, about 7 mL). 

4 Determine the protem concentration of the RIP solution by measurmg the optical 
density of the solution at 280 nm. 

5 Add the appropriate vol of the freshly reduced RIP solution that contains a total 
of 5 mg of RIP to the solution of derivatized antibody in the ultrafiltration cell. 
Stir gently to mix and then leave overnight at room temperature, without sturmg, 
under a gentle stream of Nz. 

6 Concentrate the reaction mixture, with gentle sturing, to about 3.5 mL and leave for 
between 4 and 6 h at room temperature under a gentle stream of N2 (see Note 17) 

7. Pass the reaction mixture through a 0.22~pm filtration unit 
8. Apply the filtered reaction mtxture to the S-200 column (see Sectton 2., item 10a) and 

elute with PBSE at a flow rate of between 10 and 20 mL/h to separate the anti- 
body--toxin conjugate from the excess of the RIP and the pyndme-2-throne released 
dunng the reaction Collect fractions of approx 2 mL in vol (see Notes 18 and 19). 

9 Remove samples from the column fractions making up the broad band contammg 
conjugate and unconjugated antibody, and SubJect to SDS-PAGE m the absence of 
reducmg agent to determine then content (see Note 20). 
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10. Pool fractions according to the determined content of conjugate and UnconJugated 
antibody (see Note 2 1). 

11. Pass the final conjugate preparation through a 0.22~pm filtration umt in a sterile 
hood and store in suitable containers at 4OC for short-term use, or at -70°C for 
long-term storage followmg rapid freezmg. 

4. Notes 
4.1. Toxin A-Chains and Single-Chain RIPS 

1 Toxin A chains are isolated from ricin and abrin by reductive cleavage of the 
toxm, followed by separation of the chains These procedures are hazardous and 
should not be undertaken without the proper safeguards (4). 

2. Commercially obtained preparations of ricin A chain and abrm A chain may 
require further purification to eliminate traces of contaminating toxin B chains. 
The simplest procedure is to pass the A chain preparation over a column of 
Sepharose-linked asialofetuin, to which the B chains bind avidly (4,11) 

3 RIPS should generally appear as a single band on SDS-PAGE. The presence of 
additional bands is a clear indication of impurity, and may complicate the inter- 
pretation of electrophoretic analysis of comugate products. The exception is ricin 
A chain that has been isolated from the native toxm. Native ricm A chain exists 
as a mixture of two differently glycosylated forms giving the appearance of a 
doublet on SDS-PAGE. Bands with apparent IWs of about 32,000 and 34,000 
occur m the approximate ratio of 2: 1. 

4. Caution must be exercised with the handling of ricin A chain which has a ten- 
dency to form “stringy” precipttates. The concentration of ricin A chain in solu- 
tion should not exceed about 1.5 mg/mL. At higher concentration, even gentle 
agrtation will cause aggregation. Frothmg of the solutron should also be 
avoided. Ricin A chain is much less prone to precipitation followmg conjuga- 
tion to antibody. 

5. The smgle-chain RIPS are generally more stable to a wider range of experimental 
condttions than ricm A cham However, loss of material can occur in the course 
of procedures based on selective passage through membranes. Ultrafiltration may 
be performed using a membrane with a lower M, cut-off 

4.2. Derivafizafion of Antibody 
6. The method described has been used to prepare antibody-toxm conjugates con- 

taining mouse and rat monoclonal antibodies of various IgG subtypes and 
polyclonal antibody from several ammal species. Modrfications of this method 
have also been used to prepare conjugates with antibodres of other classes. 

7 The starting antibody preparation should be as highly purified as possible, e g., by 
using ion-exchange chromatography, affinity chromatography, or protein A chro- 
matography, as appropriate. The gel filtration of the antibody on Sephacryl S-200 
before derivatization removes protein aggregates that are frequently present even in 
the most carefully prepared antibody samples, and any low molecular weight con- 
tarmnants that may interfere with the subsequent denvatizatton reaction. Precise knowl- 
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edge of the elution position of the antibody at this step also assists m the analysis of 
the chromatographic profile of the conjugation reaction mixture (see below). 

8. The method is readily adapted for the preparation of conjugates starting with 
between 20 and 50 mg of antibody by using columns of the same length but 
increased id (2.6 cm) and an ultrafiltration cell with 50 mL capacity For prepara- 
tions using less than 5 mg of antibody, HPLC gel filtration apparatus is more 
suitable for purification purposes 

9 SPDP is very stable when stored dry. As a solution in DMF, it is hydrolyzed only 
slowly, provided that moisture is rigorously excluded from the solution. It is 
advisable to prepare this solution freshly before each conjugation. 

10. The S-pyridyl group on the derivatized antibody is also relatively stable. In prac- 
tice, the conjugation procedure can be completed comfortably within a day If 
this proves to be impossible, the antibody solution may be stored under 
nonreducmg conditions for a few days at 4°C with little loss of S-pyridyl groups 

11. The level of substitution of the antibody after reaction with SPDP is determined 
spectrophotometricaliy. A sample of the derivatized antibody is treated with DTT 
at a final concentration of 5 mM, and the optical density measured at 280 nm and 
343 nm. The pyridme-2-thione released by reduction has a molar extmction 
coefficient at 343 nm of 8.08 x 103M/cm (12) This product also absorbs at 280 nm 
with a molar extinction coefficient of 5.1 x 103M/cm. The true protem 
absorbance is determined from the formula: 

A-&protem) = AzsO(observed) - (C x 5 1 x 103) 

where C is the molar concentration calculated for the pyridme-2-throne from the 
absorbance at 343 nm The molar extinction coefficient for antibody at 280 nm is 
2.1 x 10SMlcm. 

The sample used for this analysis must be discarded and not returned to the 
bulk of the derivatized antibody because of the presence of the added DTT. 

12. Using the conditions described, i.e., a fourfold molar excess of SPDP over anti- 
body, the level of derivatization should be between 1.5 and 2.0 S-pyridyl groups 
per antibody molecule on average At higher levels of modification, there is an 
increased risk of inactivating or precipitating the antibody. 

4.3. Derivatization of Single-Chain RIPS 
13. The acetate/saline buffer was originally used for the column chromatography of 

the derivatized RIP because the S-pyridyl group is easily displaced by sulfhydryl 
reagents under the conditions of low pH at which protein disulfide bonds are 
relatively stable. Most single-chain RIPS are stable to these conditions. 

14. The level of substitution of the single-chain RIPS obtained using the method 
described should be close to 1 0 S-pyndyl group per RIP molecule on average. 
Slight impairment of the enzymic function of several RIPS has been reported as a 
result of derivatization with SPDP. Alternative procedures for the introduction of 
sulfhydryl groups using different crosslinkers (e.g., 2-iminothiolane) may be used 
to circumvent this problem (8,13) 
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4.4. Conjugation 

15. It is essential that all traces of DTT should be removed from the RIP after the 
reduction step. The presence of even very low concentrations of DTT at this stage 
will release S-pyridyl groups from the antibody m preference to the formation of 
conjugate. For this reason, the G-25 column should be rigorously cleaned before 
use. EDTA in the column buffer inhibits drsulfide bond formation, catalyzed by 
trace amounts of metal ions. 

16 The number of reactive sulfhydryl groups foilowmg reduction and chroma- 
tography can be measured by mixing a sample of the RIP with Ellman’s reagent. 
Reaction of sulfhydryl groups with Ellman’s reagent leads to the quantrtatrve 
release of the 3-carboxylato-4-mtrothiophenolate amon, a chromophore with a 
molar extmctron coefficient of 1.36 x 104M/cm at 412 nm (14) 

The sample used for this analysis should be discarded The remaining 
RIP solution should then be added to the derrvatized antibody solution with- 
out delay. 

17. The final reaction mixture should not be stirred overmght to avoid the risk of 
precrprtatmg the RIP. The course of the reaction between the derrvatrzed anti- 
body and the RIP can be followed by monrtoring the release of pyridme-2-throne 
spectrophotometrrcally The reaction mixture can be stored at 4’C for several 
days without deleterious effect. 

18. The conlugate product consists of a mixture of antrbody molecules crosslmked to 
one or more RIP molecules Using the condrtrons descrrbed, the 1: 1 conjugate 1s 
obtained in the highest yield On S-200 column chromatography, the 1: 1 conju- 
gate elutes at a positron well separated from unreacted RIP and released pyri- 
dine-2-thione. Any aggregated protein and the multrple-substrtuted conjugates 
elute near the void volume of the column. This procedure does not efficiently 
separate the I:1 conjugate from unconjugated antibody (see Fig. 1 and also 
Chapter 14). 

19. In the case of rrcin A chain, a proportion of unreacted RIP binds irreversibly to the 
S-200 column during the final purrficatron. The column can be cleaned by wash- 
ing with 0 1M NaOH before further chromatography 

20. The pooled conjugate preparation contains the 1: 1 conjugate as the major prod- 
uct and unconjugated antibody as the major contaminant Smaller amounts of 
multiple-substituted conjugates are also present. The cornpositron of the conju- 
gate preparation can be determined by densitometric analysis of the pattern of 
bands on SDS-PAGE before and after reduction of the sample (Figs. 2 and 3). An 
alternative procedure mvolves trace radrolabelmg of the RIP component before 
conjugation to allow a precise measurement of the RIP content of the conjugate (15) 

2 1. Antrbody-toxm conjugates made with ricm A chain, abrin A cham, gelonm, and 
momordin can be stored for at least 4 yr at -70°C without detectable loss of 
activity. The bond between the antibody and the RIP breaks down very slowly at 
4’C m PBSE but, provided that care is taken to ensure the sterility of the solution, 
conJugates can be stored under these conditions for up to one year with little 
deterioration in quality. 
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Fig. 1. Gel permeation chromatography of an antibody-toxin conjugate reaction 
mixture. The reaction mixture obtained following the conjugation of a mouse mono- 
clonal antibody (50 mg) and [‘251]-labeled abrin A chain was chromatographed on a 
column of Sephacryl S-200 (SF), dimensions: 80 cm x 2.6 cm (id). Fractions eluting 
from the column were monitored spectrophotometrically at 280 nm (-) to measure 
total protein, and by gamma counting (-) to measure the A chain in its free or conju- 
gated form. The hatched area indicates a typical pooled conjugate preparation. 
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Fig. 2. SDS-PAGE of an antibody-toxin conjugate preparation. (A) Antibody (start- 
ing material). (B) Abrin A chain conjugate (pooled fractions shown in Fig. 1). Samples 
were prepared under nonreducing conditions and run on a 2-27% gradient polyactyl- 
amide gel. 
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Fig. 3. SDS-PAGE of reduced antibody-toxin conjugate. (A) Antibody (starting 
material). (B) Abrin A chain conjugate (as in Fig. 2). Samples were prepared in the 
presence of 5% w/v DTT and run on a 2-27% gradient polyacrylamide gel. 
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lmmunoaffinity Purification and Quantification 
of Antibody-Toxin Conjugates 

Edward J. Wawrzynctak and Alan J. Cumber 

1. Introduction 
Cytotoxic antibody-toxin conjugates made using antibodies and ribosome- 

inactivating proteins (RIPS) are prepared using chemtcal crosslinking methods 
(1,2 and Chapter 13). Gel permeation chromatography 1s used as a first step to 
purify coqugate molecules from the reaction mixture. This procedure removes 
protein aggregates, the excess of RIP employed m the conjugation reaction, 
and low molecular weight byproducts. However, a significant fraction of the 
resulting conjugate preparation consists of unconjugated antibody that cannot 
be completely separated from the conjugate on the basis of size discrimination 
alone (see Chapter 13). 

The efficient separation of some antibody-toxm conjugates from 
unconjugated antibody can be achieved using methods exploiting the physico- 
chemical properties of the RIP. Separation by ion-exchange chromatography is 
possible in cases where the RIP and the antibody have sufficiently distinct iso- 
electric points (3) Affinity chromatography on Blue Sepharose CL-6B can be 
used to purify coqugates contammg ricm A chain or abrin A chain (4). How- 
ever, these methods are not certain to succeed with different antibody-RIP com- 
binations because the chromatographic properties of RIPS may be altered 
following their attachment to antibody (5) 

An alternative approach to purification is immunoaffinity chromatography 
using RIP-specific antibody immobilized on a column matrix. Affinity chro- 
matography using soft gel matrices leads to poor recoveries and large sample 
dilution. An effective high performance immunoaffinity chromatography pro- 
cedure that purifies antibody-toxin conjugates free from contaminating anti- 
body and overcomes the problems associated with soft gel chromatography is 

From Methods m Molecular Bology, Vol 80’ lmmurtochemrcal Protocols, 2nd ed 
E&ted by J D Pound 0 Humana Press Inc , Totowa, NJ 
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described below. This generally applicable method IS based on the selective 
binding of antibody-conjugated RIP molecules to affinity-purified anti-RIP 
antibody lmmobillzed on a silica matrix. 

The concentration of antibody-toxin conjugates made with mouse mono- 
clonal IgG antibodies and a number of different RIPS can be accurately mea- 
sured, even in the presence of free antibody and serum protems by means of a 
highly sensltlve enzyme-linked unmunosorbent assay (ELISA). The noncom- 
petitive indirect ELISA procedure presented below uses munoblllzed affimty- 
purified rabbit anti-RIP antibody to capture conjugate molecules by bmdmg to 
the RIP component. The conjugate bound to the anti-RIP antibody is then detected 
using an enzyme-linked reagent that specifically recognizes the mouse antl- 
body component of the conjugate. 

2. Materials 
2.1. Production of RIP-Specific Antiserum 

1. New Zealand white rabbits. 
2 Filtration units: 0.45 pm (Mlllex HA, Mlllipore) and 0 22 pm (Mlllex GV, 

M&pore) 
3. Dulbecco’s phosphate-buffered salme, solution A (PBSA), 0.2 g of KCI, 0 2 g of 

KH2P04, 8.0 g of NaCl, 2.16 g of Na2HP04 7 H20 m 1 L of dlstllled, delomzed 
water. Sterile 

4 Freund’s complete adjuvant. 
5. RIP solution 1 mg m PBSA. 
6. Sodmm azide Care: Toxic 

2.2. Affinity Purification of Anti-RIP Antibody 
1 CNBr-activated Sepharose 4B (Pharmacia, Uppsala, Sweden) 
2 Low protein binding 0.22-w filtration umts (Mlllex GV, M&pore, Bedford, 

MA). 
3 Glass sinter (No. 1) 
4. IM Ethanolamine solution in distilled water (50 mL) 
5. 1 mMHCl(1 L) 
6. Bicarbonate buffer: 8.4 g of NaHC03,29.2 g of NaCl Make up to a final vol of 

I L in distilled water. The pH should be 8 3. 
7 Acetate/saline buffer: 8 2 g of CH$OONa, 29 2 g of NaCl. Adjust to pH 4 0 

with CH3COOH and make up to a final vol of 1 L m dlstilled water 
8. Borate/saline buffer: 6.18 g of H3B03,29.2 g of NaCl. Adjust to pH 8 0 with 1M 

NaOH and make up to a final vol of 1 L m distIlled water 
9 Phosphate/saline buffer 1.42 g of Na2HP04, 8 53 g of NaCl. Adjust to pH 7.4 

with 1M HCl and make up to a final vol of 1 L in dIstIlled water. 
10 Saline solution* 8 53 g of NaCl in 1 L of water. 
11. Elutmg solution: 7 1.2 g of MgC12 * 6H2O m 100 mL of distilled water. 
12. RIP solution: IO-20 mg m 10 mL of bicarbonate buffer. 
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2.3. High Performance lmmunoaffinity Chromatography 
1 High performance liquid chromatography (HPLC) apparatus (isocratic system) 

fitted with a 2-mL sample loop. 
2. Ultraffimty-EP HPLC column; dimensions, 50 mm x 4 6 mm id (Beckman, High 

Wycombe, UK). 
3. Loadmg buffer 78.0 g of NaHzP04.2HzO. Adjust to pH 6 8 with 1MNaOH and 

make up to a final vol of 1 L in distilled water. 
4. Running buffer 2.84 g of NazHP04, 11.7 g of NaCl. Adjust to pH 6 8 with 1M 

HCl and make up to a final vol of 1 L in dtstilled water. This buffer should be 
degassed before use. 

5. Elutmg buffer. 0.75 1 g of glycine. Adjust to pH 2.5 with 1M HCl and make up to 
a final vol of 100 mL m distilled water. 

6 Neutralizing buffer: 1M Tris-HCl, pH 7.5 (100 mL). 
7. Affinity-purified rabbit anti-RIP antibody solution: 6 mg in 6 mL of loadmg buffer. 
8. RIP solution: 1 mg m 1 mL of running buffer 

2.4. ELBA 
1. Flat-bottomed microttter plates (96-well) treated to enhance protein bmdmg 

(Immulon2, Dynatech) 
2 Humidified chamber, e.g , a sandwich box contammg a wet tissue. 
3. Sheep antimouse tmmunoglobulm-horseradish peroxidase (SAMIg-HRP), 

(Amersham). 
4 Casein (hammersten grade) (BDH, Atherstone, UK). 
5. O-Phenylenediamine (OPD) Mutagenic: Handle with care. 
6. Thimerosal. Highly toxic: Handle with care. 
7. Conc.HCl. 
8. 12.5% (v/v) H2SO4 solution m distilled water. Make up by addmg conc.HzS04 

slowly to excess water. 
9 100 vol Hz02 solution 

10. PBSA (see Section 2.1.3.). 
11 Carbonate/bicarbonate buffer: 0.159 g of NazCOs, 0.294 g of NaHC03 Adjust 

the pH to 9.6 and make up to 100 mL in distilled water. Make up the solution 
freshly before each assay. 

12. Casem buffer: 25 g of casein, 6.05 g of Trts base, 45 g of NaCl, 1 g of thtmerosal 
in 5 L of distilled water. Warm the buffer briefly to 60°C with gentle stirring and 
leave stirring overmght at room temperature. Add cone HCl to adjust the pH of 
the buffer to 7.6 and keep stirrmg until any prectpttates that appear on addition 
of the acid have redissolved. Store at 4°C and use within 1 mo. Warm to room 
temperature before use. 

13. Substrate buffer: 12 mL of 0. 1M citric acid (stock solution stored at 4”C), 13 mL 
of 0.2MNazHP04 (stock solution), and 25 mL of disttlled water Check that the 
pH of the solutton is 5.0 Add 20 mg of OPD and shake to dissolve. Then add 10 pL 
of 100 vol Hz02 solution and mix well. Prepare this solution shortly before use 
and cover to protect from light. 
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14. Affinity-purified rabbit anti-RIP antibody solution in carbonate/bicarbonate 
buffer, 20-40 pg per microtiter plate 

3. Methods 
3.7. Production of RIP-Specific Antiserum 

1 Prepare 4 mL of a solution of RIP at a concentration of 0.2 mg/mL in PBSA. 
Sterilize by passing the solution through a 0.22~pm filtration unit m a sterile hood. 

2. Mix 2 mL of the RIP solution with 2 mL of Freund’s complete adjuvant and 
emulsify, using a high-speed mixer. 

3 Inject the rabbit intramuscularly in the two hmd-legs with 0.5 mL of the RIP 
emulsion per site, i.e., 50 pg of RIP per site (see Notes l-3). 

4. Five weeks later, administer four subcutaneous injections of 0.25 mL of the RIP 
solutron m PBSA prepared m step 1, i.e , 50 ~(8 of RIP per site, to boost the 
antibody response of the animal. 

5. One week later, bleed out the rabbit (see Note 4) 
6. Allow the blood to clot for 1 h at room temperature m a glass container and then 

leave to stand overnight at 4’C to allow the clot to shrink m size. 
7. Dislodge the clot from the sides of the tube and transfer the supernatant to a 

centrifuge tube. 
8. Centrifuge the clot at 2500g for 30 min at 4°C Remove any hquid carefully and 

combine with the supernatant from step 7 
9. Centrifuge the pooled supematants at 15OOg for 15 min at 4°C to remove mtact 

blood cells. 
10. Treat the serum for 30 mm at 56°C to inactivate complement and pass through 

0.45- and 0.22~pm filtration units in succession. Dispense 5-mL aliquots mto 
suitable containers, freeze rapidly, and store at -70°C m the presence of 
0.02% (w/v) NaNs. 

3.2, Affinity Purification of Anti-RIP Antibody 
1. Prepare a solution containing between 10 and 20 mg of RIP m about 10 mL of 

bicarbonate buffer. Pass the solution through a 0.22~pm filtration unit to ensure 
that it is free of particulate matter. 

2. Swell 2 g of CNBr-activated Sepharose 4B (equivalent to about 6-7 mL of swol- 
len gel) in 1 mM HCl and wash with a further 500 mL of 1 mM HCl on a glass 
sinter, removing the liquid under vacuum from a water pump. 

3. Mix the acid-washed gel directly with the RIP solution prepared in step 1 and 
incubate for 2 h at room temperature with gentle inversion (see Notes 5 and 6). 

4. Remove the solution from the gel by careful filtration on a glass smter, followed 
by washing of the gel with a small volume of bicarbonate buffer. Measure the 
optical density of the pooled filtrate at 280 run to determine the amount of protem 
that has not coupled to the gel (see Note 7). 

5. Mix the gel immediately with ethanolamme solutton to block remaining active 
groups on the gel and incubate for 2 h at room temperature with gentle inversion. 

6. Remove the ethanolamme solution by careful filtration on the glass sinter. 



Purification of Antibody Conjugates 149 

7. Wash the gel alternately with at least three cycles of the acetate/saline and borate/ 
saline buffers to remove noncovalently adsorbed protein. 

8. Pour the gel mto a glass chromatography column and equilibrate with phosphate/ 
saline buffer. 

9. Prewash the column by pumping through one column volume of salme solution, 
followed by the elutmg solution to remove any noncovalently adsorbed protein. 

10. Reequilibrate the column with phosphate/saline buffer 
11. Apply the antiserum (see Note 8) to the column and elute with phosphate/saline 

buffer. 
12. Monitor fractions from the column by measuring the optical density at 280 nm, 
13. Continue elutmg untd the nonbinding material has passed through the column, 

i.e., when the optical density readings have returned to the baselme value. 
14. Apply one column volume of saline solution, followed by 10 mL of eluting solu- 

tion to remove the adsorbed anttbody. Then reequihbrate the column with phos- 
phate/saline buffer (see Note 9) 

15 Dialyze the affinity-purified antibody against two changes of 2 L of phosphate/ 
saline buffer, pass through a 0.22~pm filter, and store at 4“C m the presence of 
0.02% (w/v) NaN3 

3.3. High Performance /mmunoaffinify Chromatography 

1 Prepare a solution contammg affinity purified rabbit anti-RIP antibody at a 
concentration of approx 1 mg/mL of loading buffer and pass through a 0.22~pm 
filtration unit 

2. Load the antibody solution onto the HPLC column at a flow rate of 0 5 mL/min 
for 5 mm. Then recycle the solution through the column at a flow rate of 0.2 mL/ 
mm for 20 h at room temperature (see Notes 1 O-l 2). 

3. Wash the column with 5 mL of the loading buffer and measure the optical density 
of the pooled cycling and washing solutions at 280 nm to determine the amount 
of antibody that has not coupled to the column. 

4. Equilibrate the column with the running buffer 
5. Expose the column to several cycles of the low pH elution procedure (see step 10 

below) to remove any noncovalently adsorbed antibody. 
6. Before using the column to purify antibody-toxin conjugate, apply a solution of 

the RIP at a concentration of 1 mg/mL to block any high affinity bmdmg sites. 
Remove the RIP using the elution procedure (see Note 13) 

7. Load the sample (1 mL) of the antibody-toxin conjugate preparation (at a con- 
centration up to 1 mg/mL m running buffer) and elute with the runnmg buffer at 
a flow rate of 0 5 mL/min 

8. Monitor fractions from the column by measuring the optical density at 280 nm 
9. Continue elutmg with the running buffer until the nonbinding matenal has passed 

through the column, 1 e., when the optical density readings have returned to the 
baseline value. 

10 Apply a pulse of eluting buffer (2 0 mL) by means of the sample loop at a reduced 
flow rate of 0 2 mL/min to prevent trailmg of the eluted conjugate peak Collect 
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fractions mto tubes containing neutrahzmg buffer to mmimize the exposure of 
the conjugate to the low pH elution conditions (see Note 14) 

11. Dialyze the affinity-purified antibody-toxin conjugate into PBSA, filter-sterilize 
in a sterile hood, and store at 4°C or, freeze rapidly and store at -70°C (see Notes 
15 and 16). 

3.4. ELISA 
1. Prepare a solution of affinity-purified anti-RIP antibody at a concentratton 

between 2 and 4 pg antibody/ml m carbonate/btcarbonate buffer Add 100 pL to 
each well of a microtiter plate This step requires at least 10 mL of the solution 
per plate (see Note 17). 

2. Incubate the plate overnight at 4°C m a humidified chamber to mmtmize evaporation. 
3 Perform all subsequent steps at room temperature. Keep plates m the humidified 

box during mcubation steps. 
4 Prepare dilutions of the antibody-toxin conjugate samples with casem buffer to 

give an approximate concentration of between 0 5 and 5 ng of conjugated RIP/ 
mL of buffer m each case. At least 300 pL of each dilution is required for step 7 
(see Note 18) 

5 Wash the plate four times with casem buffer (see Note 19) 
6 Fill the wells with casem buffer and incubate the plate for 30 mm 
7 Remove the casem buffer Add 100 p.L of each dtluted antibody-toxin conjugate 

sample (prepared m step 4) to the plates m triplicate 
8. Incubate the plates for 2 h Wash the plates four times with casein buffer 
9. Add 100 pL of SAMIg-HI@ solution, freshly prepared by diluting the stock 

solution by 1 m 4000 to 1 m 10,000 with casem buffer. This step requires at least 
10 mL of the solution per plate (see Note 20) 

10. Incubate the plate for 1 h Wash the plate four times with casem buffer, then 
twice with PBSA (see Note 21). 

11 Add 100 pL of the substrate solution to each well. This step requires at least 10 
mL of the solution per plate 

12 Incubate the plate for 10 mm and stop the reaction by adding 50 pL of H2S04 solu- 
tion. This step requires at least 5 mL of the acid solution per plate (see Note 22) 

13. Read the optical density of the dark orange/brown solution in the wells at 492 nm 
(see Note 23). 

14 Calculate the concentration of antibody-toxin conjugate m sample wells by com- 
parison with a standard curve (see Note 23). 

4. Notes 
4.1. Production of RIP-Specific Antiserum 

1. Animals must only be handled by properly tramed personnel m accordance with 
the pertinent regulations 

2. RIPS of plant origin elicit a strong antibody response m the rabbit It is advisable 
to immunize two rabbits at the same time, because the antibody responses of 
mdtvtdual animals can differ 
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3. The titer of arm-RIP a&body can be determined before bleeding out the rabbit, by 
comparison with a sample of serum taken from the arnmal before immumzatton 

4. A single rabbit can be expected to yteld about 50 mL of antiserum, which should 
contam at least 10 mg of RIP-specific antibody 

4.2. Affinity Purification of Anti-RIP Antibody 

5 Ricm A cham in solution is prone to precrpitate wrth even mild agnatton It is recom- 
mended that the gel-couplmg procedure be performed without constant mversion. 

6 For the purrficatron of antibody raised against rrcm and abrm A chains, a useful 
alternative to affinity chromatography on columns made with the Isolated A 
chams is the use of unmobil~zed Rmnus and Abrus agglutmms, whtch crossreact 
unmunologically with the corresponding toxms but are much less toxic 

7 The amount of RIP coupled to CNBr-activated Sepharose 4B, calculated as the 
dtfference between the amount applied and the measured amount of RIP that has 
failed to couple to the gel, is generally m excess of 95% 

8 The immobrlized RIP columns bmd at least 2 mg of RIP-specific antibody. The 
precise volume of antiserum that can be applied without exceeding the bmdmg 
capacity of the column must be determined by experiment in each case 

9 RIP affimty columns can be stored at 4°C m the presence of 0 02% (w/v) NaN3 
for several years with little loss of performance 

4.3. High Performance hnunoaffinity Chromatography 

10. Using the coupling procedure described, 3-4 mg of affinity-purtfied anti-RIP 
antibody can be coupled to the HPLC column matrix The procedure requires a 
mimmum of 6 mL of anti-RIP antibody solution to allow cycling of the solutron 
via the hqurd reservou-, prepump solvent filter, pump, precolumn filter, the col- 
umn Itself, and all the connecting tubing. 

11 The entire loading and pulsing cycle as described takes approx 30 mm Using an 
increased flow rate of 1 mL/min and a single elution pulse, at least 20 mg of antr- 
body-toxm conjugate can be purified wrthm a day on thus stze of HPLC column. 

12. The capactty of nnmunoaffinny HPLC columns prepared usmg affinity-purified antr- 
body agamst ncrn A chain, abrm A chain, gelonm, and momordm varies between 400 
and 600 pg/mL of bed vol for the appropriate RIP. In the case of the antrbody- 
toxin conlugates made with these RIPS, the capacity is at least 2 mg/mL of bed vol. 

13 The ricm and abrm A chams used to block high affinity bmdmg sites on the 
column should be alkylated to remove the free sulfhydryl group that could mter- 
fere with conlugate purification 

14. The elution procedure using the low pH buffer removes 85-95% of the affimty- 
bound conlugate The remauung bound conlugate can be removed by a second 
pulse wtth the elutron buffer (see Fig 1) 

15. All the antibody-toxin conjugates bmd m then entirety to the approprrate 
nntnunoaffin~ty HPLC column and are completely separated from free antrbody. 
There is no adverse affect on the integrity of the conlugates as Judged by gel 
electrophoresis, size exclusron KPLC, and assays of cytotoxrc potency (5) 
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Fig. 1. High performance hquid immunoaffinity chromatography of an antibody- 
toxin conjugate preparation. An abrm A cham conjugate preparation obtained follow- 
ing Sephacryl S-200 (SF) chromatography was applied to an nnmunoaffinity HPLC 
column bearing immobilized affimty-purified rabbit anti-abrm A chain. Each arrow 
indicates the mjectlon of a pulse of low pH elutmg buffer The first peak that emerges 
from the column in runnmg buffer consists of unconjugated antibody only The first 
elution pulse removes the majority of the bound conjugate from the column. The 
remainder of the bound conjugate is removed by the second pulse. 

16. The anti-RIP antibody HPLC columns can be stored at 4’C m the presence of 
0.02% (w/v) NaNs for several years with little loss of performance 

4.4. ELISA 
17. The quality of microtiter plates varies according to the supplier and the batch 

It is advisable to check individual batches for their suitability and consistency 
m use. 

18. Casem buffer is used during steps 4-10 m Section 3.4., as a blockmg agent to 
prevent the nonspecific adsorption of reagents to the plate, which otherwise gives 
rise to high background values of optical density (6) 

19. During washing (Section 3.4 , steps 5,8, and lo), the best results are obtained by 
completely filling the wells of the microtiter plate with casem buffer. A plate- 
washing machme is recommended It is important to flush the tubing of the 
machme immediately after each batch of washes with casem buffer to prevent the 
liquid dispensmg system from becommg blocked. At the end of the washing steps, 
the plates should be inverted and slapped vigorously onto a pad of tissue to 
remove any remammg llqutd from the wells, 

20. The use of SAMIg-HRP that has been adsorbed against rabbit Ig to prevent 
crossreactivity with the rabbit anti-RIP antibody mrmobihzed on the plate is rec- 
ommended to prevent high background absorbance. 

2 1. The final washes with PBSA (Section 3 4., step 10) are important to remove traces 
of casein that can cause turbidity on the addition of HzS04 to the substrate solution. 
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22. The time for color development should be carefully controlled. Plates should be 
read soon after the color has developed. If this is impossible, store the plates in 
the dark to minimize the fading of color. 

23. The ELISA method for measuring the concentration of antibody-toxin conju- 
gates works successfully with conjugates containing several different types of 
ricin A chain, with abrin A chain, gelonin, and momordin. A sample of conjugate 
at a concentration of 5 ng/mL gives an optical density of about 0.5 at 492 nm 
using between 2 and 4 clg/mL of affinity-purified anti-RIP antibody and dilutrons 
of SAMIg-HRP of 1 in 4000 to 1 in 10,000. The optimal concentrations of these 
reagents must be established experimentally in each case 

24. The concentration of antibody-toxin conjugate in samples is determined from 
the optical density values at 492 run, grven by a standard curve. The standard curve 
is obtained by the same procedure using dilutions of the stock antibody-toxin solu- 
tion having final concentrations between 0.125 and 20 ng/mL in casein buffer. 
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Competitive ELBA 

Kittima Makarananda, Lucinda R. Weir, and Gordon E. Neal 

1. Introduction 
Enzyme-linked mrmunosorbent assay (ELISA) is a very useful technique 

for the specific and sensmve assay of certain compounds, rn which suitable 
antibodies, monoclonal or polyclonal, to the compounds are available. The 
technique has found particular application m the monitormg of environmental 
contaminants and toxins, either studymg the primarily contammated materials, 
e.g., foodstuffs, or body fluids of potentially exposed humans. The technique 
has been mcreasmgly applied to monitormg the carcinogemc mycotoxms, the 
aflatoxms. 

The prmctple of the dtrect ELISA system is a double-antibody sandwich 
technique, which is tllustrated in Fig. 1. The binding of the primary antibody to 
the antigen, which is immobilized on the bottom of the wells in multiwell 
ELISA plates, is followed by the addition of the secondary antibody, which has 
an affinity for the primary antibody. The secondary antibody is linked to an 
enzyme that is then reacted with a chromogemc substrate. The color formed is 
proportional to the amounts of both of the antibodies, and hence, to the amount 
of antigen. The use of the secondary antibody can amplify the signal from the 
antigen-bound primary antibody. In the competitive ELISA, two antigens are 
involved: one, the sample antigen to be assayed and the other, a constant level 
of “bmdmg” antigen immobrlized in the multiwell plate. The primary antibody 
is allowed to react m solution with the sample antigen it 1s required to assay, 
before applying to the ELISA plates. The amount of binding antigen with which 
the wells are coated, necessary to give quantitative competition curves over a 
useful range, is determined m prehmmary assays. Since only unbound primary 
antibody, i.e., that which has not undergone reaction with the sample antigen, 
is now available to bind to the immobrlized, constant level of antigen coating 

From Methods m Molecular Bfology, Vol 80 lmmunochemlcal Protocols, 2nd ed 
Edtted by J D Pound 0 Humana Press Inc , Totowa, NJ 
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secondary antibody + 

lmmoblhzed anttgen 

--ELlSA plate 

Fig. 1. Diagrammatic representation of the double-antibody-labeling technique used 
in the ELISA. 

the wells, there is an inverse relationship between the level of enzymically 
formed color and the amount of antigen in the sample. Calibration curves are 
constructed using a range of concentrations of antigen in the competition reac- 
tion. This method of assaying antigens can be widely used. It is illustrated here 
as an assay for aflatoxins (see Note l), in which case it is usually carried out 
using aflatoxin B, (AFB,) as the standard. Polyclonal and monoclonal anti- 
bodies raised against aflatoxins usually detect a wide spectrum of aflatoxin 
metabolites, but with differing sensitivities. If the nature of the aflatoxin under 
investigation is known, a suitable calibration curve can be constructed. If it is 
not known or if it is a mixture of aflatoxins, the results can be expressed as 
AFB i equivalents. 

2. Materials 
1. Rabbit anti-AFBI serum. 
2. Antirabbit IgG-peroxidase conjugate. 
3. Bovine serum albumin-AFBI conjugate (BSA-AFBI). 
4. Phosphate-buffered saline (PBS), pH 7.3: 8 g of NaCl, 0.2 g of KCI, 1.15 g of 

NazHP04 * 2H20, and 0.2 g of m2Po4 made up to 1 L with distilled water. 
5. Standard concentrations of AFBI ranging from 0.01 to 100 ng/mL in PBS (see 

Note 1). 
6. 3% BSA in PBS (PBS-BSA). 
7. Washing buffer (PBS, pH 7.4, 1.5 mM MgCI2,0.05% Tween-20). 
8. Dilution buffer (10 mMKzHP04/150 mMNaC1, 1% BSA, 0.1% Tween-20, pH 7.2). 
9. 3,3’,5,5’-Tetramethylbenzidine (see Note 2). 

10. Dimethyl sulfoxide (DMSO) (Spectrosol-grade). 
11. 0. IM Sodium acetate buffer, pH 6.0. 
12. 100 vol Hydrogen peroxide. 
13. 2hf&S@. 



Competitive ELBA 157 

14. Microtiter plates, model M129E (Dynatech Laboratortes Inc , VA). 
15 Plate sealing tapes. 
16. Microtiter plate shaker. 
17. Microtiter plate reader 

3. Method 
1. Determine the protein content of BSA-AFBi prepared as described by Sizaret et 

al. (I), using Lowry’s method (2,3). The molar ratio of BSA:AFBi usually 
obtained is on the order of 1:7. 

2. Dilute the BSA-AFB I to 5 ng of protein/50 pL of PBS 
3. Coat the microtiter plates with the diluted BSA-AFBi by adding 50 pL to each well. 
4. Leave the plates to dry overnight at 37°C (see Note 3). 
5. The plates can be stored at -20°C until required. 
6. Wash the plates four times with washing buffer, using the immersion technique. 

This is carried out by totally immersing each plate in approx 800 mL of the wash- 
ing buffer solution in a plastic box. Care must be taken to avoid air locks causing 
some wells not to be washed. This can be achieved by passing a small roller over 
the submersed plates (see Note 4). 

7. Dry the plates by vigorously banging the mverted plate on several layers of 
absorbent paper (see Note 5). 

8. Incubate each well wtth 200 pL of PBS-BSA (to block the nonspecific sites) for 
60 min at room temperature (see Note 6). 

9. Prepare a concentration range of AFBl standards (0.01-100 ng/mL) and pipet 
200 pL of each into small thoroughly clean glass test tubes (2-mL capacity). One 
tube IS also prepared using PBS to serve as a noninhibited standard. 

10. Dilute “unknown” samples appropriately (all assays are carried out using a 
200 pL sample volume). 

11. Dilute rabbit anti-AFBi serum 1: 10,000 using 2 p.L of antibody in 20 mL of dilu- 
tion buffer. Optimal dtlution of rabbit serum is determined in a preliminary 
experiment using a range of serum dilutions against a range of AFB 1 concentra- 
tions (see Notes 7 and 8) 

l-2. Add the diluted antibody to the AFBi concentration standards or “unknown” 
samples, using a 1: 1 ratio of antibody to sample. Then incubate the tubes at 37OC 
with continuous shaking for 60 min. The tubes should be covered to prevent 
evaporation. 

13. After the incubation to block nonspecific sites on the plate (step 8), discard the 
solution, and wash the plates twice with washing buffer. Then dry the plates (as 
m steps 6 and 7). 

14. Load each well with 50 pL of the mixture obtained from step 12, cover the plates 
with plate-sealing tape, and incubate, with continuous shaking using a microtiter 
plate shaker, for 90 mm at room temperature. 

15. Dilute rabbit anti-IgG-peroxidase conlugate 1:5000, using 4 pL of antibody 
in 20 mL of dilution buffer, approx 5 mm before use, and leave it m me (see 
Note 9). 
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16. Stop the plate shaker after 90 min (step 14), remove the sealing tape, and discard the 
solutron mto a waste bucket contauung 0.5% sodmm hypochlonte to destroy the 
toxm. Wash the plates five times with washing buffer and dry them as in steps 6 and 7. 

17. Add 50 pL of diluted antirabbit IgG-peroxidase conmgate (from step 15) mto 
each well, and then seal the plates, and Incubate at room temperature for another 
90 mm with contmuous shaking 

18. Prepare the substrate by warmmg (approx 40°C) 24.75 mL of 0 1M sodmm 
acetate buffer, pH 6.0, for 30 mm, then adding 2.50 pL of tetramethylbenzidme 
solution (10 mg m 1 mL of DMSO), and warmmg it for another 30 mm (see 
Note 10) 

19 Stop the plate shaker after the 90-mm incubation (m step 17), remove the tape, 
and discard the solution. Wash the plates five times with washing buffer, fol- 
lowed by a single distilled water wash, and dry the plates as m step 7 

20. Add 10 pL of 100 vol hydrogen peroxide to the substrate solution (from step 18) 
lmmedlately before use, and thoroughly mix by shaking (see Note 11) 

2 1. Dispense 50 pL of substrate solution mto each well. Incubate at room tempera- 
ture for 30 mm A blue color will develop. 

22. Stop the reaction by adding 50 pL of 2A4 H2SG4 to each well The color will 
change to yellow Leave the plates for 15 mm 

23, Read the absorbance at 450 nm using a microtiter plate reader (see Notes 11 and 12). 
24 Calculate the percentage inhibition using the non-AFBr-containing PBS stan- 

dard as the unmhibited control absorbance Absorbance of the PBS standard is 
routmely m the range 1.4-l .6. Inhrbttion of 50% 1s usually achieved using con- 
centrations m the order of 0 25 ng of AFB t/mL. 

4. Notes 
The aflatoxins are extremely potent hepatotoxms and hepatocarcmogens, exert- 
mg their biological effect at the microgram level m animal model systems 
Extreme caution is therefore necessary when using these materials to avoid con- 
tact with them Decontammation of contaminated glassware using 0 5% sodium 
hypochlorrte, followed by extensive rmsmg in water, should be routmely carried 
out. All combustible contaminated materials should be sealed m plastic bags and 
incinerated Solutions of aflatoxms to be discarded should also be exposed to a 
final concentration of 0.5% sodium hypochlorite for several hours, followed by 
extensive rmsmg of the container in runmng tap water 
Tetramethylbenzidme is used because of its noncarcmogenic property. 
When the plates are coated with BSA-AFBr and dried overnight, ensure that 
they are completely dry. Otherwise, binding antigen will be lost from the plates 
during subsequent procedures. 
All the plate washings are carried out using the mnnersron technique. Care must 
be taken to ensure that all wells are filled with the washing solution 
The plates are dried by inverting, followed by vigorous banging on absorbent 
paper to ensure that washing buffer is completely removed. Otherwise, it may 
interfere with the subsequent bmdmg of the antibodies or the substrate 
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Fig. 2. Competitive ELISA curves obtained using primary aflatoxins (left) and some 
aflatoxin metabolites (right). 

6. In each incubation step, the plates should be properly sealed to prevent evapora- 
tion. Otherwise varying concentration of the reactants will lead to lack of con- 
stant results between wells. 

7. All the dilutions of the antibodies required should be prepared shortly before use, 
and they should be kept cool in ice. 

8. The appropriate dilutions of the antibodies giving suitable curves in the competi- 
tive ELISA should be determined in preliminary experiments. Suitable antiserum 
for use in ELBA has been found to have working dilutions of between 1 in 10,000 
and 1 in 20,000. 

9. Peroxidase is routinely used because it is sufficiently sensitive to permit the 
detection of small quantities of antigen. Other enzymes linked to the second anti- 
body, e.g., alkaline phosphatase, have been examined, but have generally been 
less satisfactory than peroxidase (4). 

10. Sodium acetate buffer has to be warmed to 40°C before the tetramethylbenzidine 
is added to avoid precipitation. 

11. Hydrogen peroxide should be added to the substrate solution immediately 
before use. 

12. Standard curves should be included in every batch of assays. Figure 2 shows 
typical competition curves obtained using a range of aflatoxins. 

13. Use replicate wells (usually six) for each concentration assayed. 
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Epitope Mapping 

Glenn E. Morris 

1. Introduction 
The aim of epitope mapping is to find out which part of its antigen a given 

antibody binds to, and mapping methods are most widely applied to protein 
antigens. It is possible to think of epitope mapping as a “simple” biochemical 
problem of finding out how one well-defined protein (a monoclonal antibody 
[MAb]) binds to another (the antigen). The term “epitope mapping” is also 
used to describe the attempt to determme all the major sites on a protein sur- 
face that can elicit an antibody response, at the end of which one might claim to 
have produced an “epitope map” of the protein antigen. This information might 
be very useful, for example, to someone wishing to produce antiviral vaccines. 
However, it is questionable how far one can go down this road, since the final 
map will depend on the individual immune response (although immuno- 
dominant regions undoubtedly exist) and on how MAbs are selected, and may 
depend also on the mapping method used. Epitope mapping is usually done 
with MAbs, though it can be done with polyclonal antisera in a rather less 
rigorous way, bearing in mind that antisera behave as a mixture of MAbs of 
variable complexity. Some authors have extended the epitope concept to the mter- 
action between peptide hormones and their receptors (1); however one feels about 
this, it does make the point that in mapping epitopes, we are studying a biological 
process of fundamental importance, that of protein-protein interaction. 

At their most elaborate, epitope mapping techniques can provide detailed 
information on the amino acid residues in a protein antigen, which are m direct 
contact with the antibody binding site. X-ray crystallography of antibody-anti- 
gen complexes can identify contact residues directly and unequivocally, though 
not surprisingly in view of the effort required, this method is not m routine use. 
At the other extreme, demonstration by competition enzyme-linked immuno- 
sorbent assay (ELISA) methods that two antibodies bind to different sites on 
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the same antigen 1s also epitope mapping of a kind, experimentally simple, but 
producing results that lack molecular detail. There are many different reasons 
for wanting to identify epitopes; you may want to use an antibody as a very 
specific research tool at the molecular level, use the antibody-antigen system 
as a model for understanding protein-protein interacttons, learn about the 
immune response that an organism mounts against the antigen, understand bet- 
ter the specificity of a commercially important immunoassay, and so on. The 
degree of precision required in mapping and, hence, the choice of method, may 
depend on the apphcatton envisaged for the mapped antibodies. 

To understand eprtopes, both from a theoretical and practical point of view, 
the problem of antigen conformation must be tackled from the outset. Most native 
proteins are formed of highly convoluted peptrde chains, so that residues that he 
close together on the protem surface are often far apart m the ammo acid 
sequence. Consequently, most epttopes on native, globular protems are confor- 
mation-dependent or “assembled,” and they disappear if the protein is denatured 
or fragmented. Sometimes, by accident or design, antibodies are produced against 
“local” (linear, sequential) epitopes, which survive denaturation, though such 
antibodies usually fall to recognize the native protein, The simplest way to find 
out whether an epitope is conformational is by Western blotting after sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). If the anti- 
body still binds after the protein has been boded m SDS and 2-mercaptoethanol 
(2-ME), the epitope is unlikely to be highly conformational. Many, though 
not all, conformational epitopes are destroyed when the antigen binds to plas- 
tic in an ELISA test. Antibodies against assembled epitopes often display the 
high avidmes and specificities required for immunoassays, but they are diffi- 
cult to map. Mapping methods are etther rather vague (e.g., competition 
ELISA), mcomplete (e.g., antibody protection of antigen from chemical modi- 
fication), or long and involved (e.g., X-ray studies or construction of recom- 
binant chimeric antigens). Antibodies against local epitopes, on the other hand, 
can be mapped by fragmentation methods, which lend themselves to library 
approaches in which powerful screenmg methods (3. libraries) or even more 
powerful selection methods (phage display libraries) can be applied to complex 
mtxtures of anttgenic fragments or random peptides (see Chapter 47). MAbs 
produced as tools for cell and molecular biology research are often against local 
epitopes, since ability to work on Western blots is a very desirable property. 
Screening hybridoma supernatants against both denatured (Western blot) and 
native (e.g., mnnunohistochemistry or sandwich ELISA) antigen often produces 
the most useful MAb for research, though they may be quite unrepresentative of 
the overall immune response to the antigen. Table 1 lists and compares some 
of the mapping methods that have been used. Full details of these methods can be 
found in Epitope Muppmg Protocols, another volume in this series (2). 
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Table 1 
A Selection of Epitope Mapping Methods* 

X-ray analysis of Ab-Ag complexes 
NMR of Ab-peptide complexes 
Neutralization escape mutants of viruses 
Competition ELISA 
Surface plasmon resonance of Ab-Ag interaction 
Protection by antibody 

Protection of Ag from proteolysis 
Protection of Ag from chemical modlficatlon 

Fragmentation of Ag 
Chemical fragmentation 
Proteolytic fragmentation 
Mass spectrometry of Ab-bound fragments 

Synthetic peptldes 
On pins 
As SPOTS 
As “posltlonal scannmg” libraries 

Recombinant DNA methods 
Peptlde libraries in filamentous phage 
DNase fragment expression libraries 
Expression of PCR-generated subfragments 

In bacterial plasmlds 
By in vitro translation 

Deletion mutagenesis 
Transposon mutagenesis 
Early termination of m vitro translation 
Random PCR mutagenesis 
Site-directed mutagenesis 
Construction of chlmerlc antigens 

A, P, H, E 
S, I-‘, K E 
A, H 
A S, L C 
A S, L 

A, S, P, M 
A, S, P, H (limited) 

S, P, M, C 
S, P, M, C 
S, M, E 
S, H 

S, R, H 
S, R, M 
S, R, M 

S, R, M 
S, R M, C 
S, R, M, C 
S,R,M 
A S, R, H 
A R, M 

(14) 
(15) 
(16) 
(17) 
(18) 

(19) 
WV 

63) 
(21) 
(24 

(23) 
(24) 
(25) 

(26) 
(27x28) 

(29) 
(30) 
(31) 
(32) 
(33) 
(34) 
(35) 
(36) 

OMost methods are mamly suited to either assembled (A) or sequential (S) epltopes Some meth- 
ods are applicable only to Ags expressed from cloned cDNA (R, recombinant), whereas others need 
punfied protem (P) Resolution of mapping may be low (L, sequences not defined), medium (M, 
sequence defined to wlthm 10-100 ammo aads), or high (H, mdlvldual ammo acids defined) 
Some methods are particularly expensive (E) or cheap (C) m terms of the equipment and/or skilled 
labor required Finally (not shown tn the table), some methods may not be useful for your particular 
AbAg combmatlon 

It is now possible to identify T-cell epltopes, which are recognized by recep- 
tor complexes on the T-lymphocyte surface, in addition to the B-cell epitopes 
recognized by antibodies (which are also the B-lymphocyte receptors). T-cells 
are stimulated by small peptide fragments of antigens produced by intracellu- 
lar proteolytlc processmg, so problems of conformation do not arise, and syn- 
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thetic peptides are a popular and valid approach. At present, T-cell epitopes are 
usually recognized by their ability to stimulate T-lymphocyte division, rather 
than by direct receptor binding, and this limits the number of mapping methods 
that can be used. 

I shall describe a relatively simple “lrbrary” approach for MAb mapping m 
which overlapping antigen fragments, generated by chemical or proteolytic 
digestion, are screened with antibody on Western blots. It is widely applicable 
insofar as it is not restricted to recombinant antigens only, though it cannot be 
used for highly assembled epitopes and the amino acid sequence of the antigen 
must be known. Chemicals that cut proteins at uncommon ammo acids are 
used to produce fragments; cyanogen bromide (CNBr) cuts at Met (3), nitro- 
thiocyanobenzoic acid (NTCB) at Cys (4), iodosobenzoic acid (IBA) at Trp 
(5), and formic acid between AspPro bonds (6) The fragments on Western 
blots can often be recognized unequivocally using M,.s predicted from the 
sequence. Proteases tend to cut at common ammo acid residues; trypsm at basic 
residues, especially Arg and Lys; chymotrypsin at large hydrophobic residues, 
especially Tyr and Phe; endoprotemase Glu-C (V8) at Glu, and so forth. How- 
ever, the digestion is carried out under native or only partially denaturing con- 
ditions under which most sites are protected by protein folding and a restricted 
range of fragments ts obtained. To identify proteolytic fragments, it is neces- 
sary to sequence each of them. N-terminal sequence can be obtained directly 
from stained bands on Western blots using automated microsequencers. Auto- 
mated methods for C-terminal sequencing are bemg developed. 

Assembly of the Western blot data into a map is illustrated by chemical 
cleavage results with creatme kinase (7-11). Figure IA shows the amino acid 
sequence of chick muscle creatme kinase (M, 43,000) with Met, Cys, and Trp 
residues m bold type (except the CNBr-resistant Met-Thr bonds [3/). Figure 
1B shows the limiting fragments expected for each digestion. These fragments 
are separated by SDS-PAGE, and the fragment reacting with any given MAb 
can be identified by Western blotting. The epitopes can be defined more pre- 
cisely from the overlaps between the different fragments, and this IS illustrated 
m Fig. 1B for two MAbs, CK-2A7 and CK-JAC The third MAb, CK-ART, 
illustrates several interesting points about this method. The smallest fragment 
it will recognize is the 10.6-kDa C-terminal NTCB fragment E. It will also 
recognize the slightly larger 12-kDa C-termmal IBA fragment Z, but only after 
prolonged reduction of the Met-sulfone produced by IBA back to Met, sug- 
gesting that a Met is involved m the ART epitope. Consistent with this, CK- 
ART will not recognize any CNBr fragments cleaved at Met residues. Other 
experiments, however, suggest that CK-ART recognizes a conformattonal 
epitope, although one that is resistant to permanent denaturation by SDS (8). 
This being so, the Met-sulfones might be causing a conformational change m 
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MPFSSTHNKHKLKFSAEEEFPDLSKHNNHMAKVLTPELYKR 
LRDKETPSGFTLDDVIQTGVDNPGHPFIMTVGCVAGDEESY 
EVFKDLFDPVIQDRHGGYKPTDKHRTDLNHENLKGGDDLDP 
KYVLSSRVRTGRSIKGYSLPPHCSRGERRAVEKLSVEALNS 
LEGEFKGRYYPLKAMTEQEQQQLIDDHFLFDKPVSPLLLAS 
GMARDWPDARGIWHNDNKTFLVWVNEEDHLRVISMEKGGNM 
KEVFRRFCVGLKKIEEIFKKAGHPFMWTEHLGYILTCPSNL 
GTGLRGGVHVKLPKLSQHPKFEEILHRLRLQKRGTGGVDTA 
AVGAVFDISNADRLGFSEVEQVQMWIXVKLMVEMEKKLEQ 
NQPIDDMIPAQK 

k 
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I 1 
I Ix 

' ' 124 
IBA (W) 

! I I 

NTCB (C) 

bK-2i7 CK-JAC‘ 

NTCB 

43 

CK-ART 

Fig. 1. Epitope mapping of three MAbs against creatine kinase by chemical cleav- 
age at methionine, tryptophan, or cysteine residues. 

the C-terminal region, which prevents CK-ART binding, and removal of the 
last 30 amino acids by CNBr might also affect conformation. Thus, Met may 
not be a “contact” residue in the epitope after all. This shows that effects of 
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conformation still have to be kept m mind even when using methods that nor- 
mally are only useful for “sequential” determinants. In practice, chemical 
cleavage 1s rarely complete, and the usual result 1s a more complex pattern of 
partial dlgestlon products on the Western blot. However, a “fingerprmt,” or 
ladder, of bands on a Western blot can often be more mformatlve than a single 
product of complete digestion. 

Figure 1 C shows all five NTCB “fingerprmts” for MAbs recognizing regions 
A-E in Fig. 1B and three of these (A-E) match the patterns obtained with CK- 
2A7, CK-JAC, and CK-ART, respectively. Two MAbs bmdmg to regions A and 
B, respectively, would be difficult to dlstmguish if only the smallest NTCB frag- 
ments were detectable on the Western blot (8.2 and 8.1 kDa, respectively), but 
the two “fingerprmts” (lanes A and B m Fig. 1C) are quite dlstmctive IBA cleav- 
age 1s more complete and not every possible fragment 1s observed. In Fig. lC, 
lanes X and Z show the actual patterns obtained with CK-JAC and CK-ART 
MAbs, respectively. There are three tryptophans near the X-Y junction m Fig 
lB, and a tnplet of bands (24,25, and 26 kDa) is seen with CK-JAC instead of 
the 2-kDa band only. Similarly, CK-ART detects both fragments Z (12 kDa) and 
YZ (17.2 kDa). 

Creatine kmase sequences are known for many different species and lso- 
forms, so species-specificity of MAbs can often be used for refining the details 
of epltope mapping. Natural variants that prevent MAb binding are likely to 
involve “contact” residues, because the overall protein structures (and enzyme 
activity) are likely to be retained. The CK-2A7 MAb m Fig. 1B binds between 
Met-29 and Cys-73. It recognizes rabbit and Torpedo CKs, as well as chick 
CK, but it fails to bind to either rat muscle CK or rabbit brain CK. This sug- 
gests that Lys-39 1s required for CK-2A7 binding, since it is replaced by Asn m 
rat muscle CK and by Ala m rabbit brain CK (7), and 1s the only amino acid 
change consistent with the observed CK-2A7 specificity. 

2. Materials 

2.7. Digestions 

1. CNBr (toxic and may produce toxic gas; carry out all steps m an efficient fume 
hood)* Dissolve the whole bottle to make a 100 mg/mL stock m distilled water, 
and store in a well-sealed bottle at -20°C. 

2 NTCB (toxic). Prepare a fresh 25 mg/mL solution in water each time. Add 
5M NaOH in microliter amounts until the NTCB is dissolved (goes com- 
pletely clear) 

3 IBA (toxic) Prepare a fresh 5 mg/mL solution in IBA buffer each rime 
4 Dithloerythrltol (DTE): a 100 mM solution in water should be freshly prepared, 
5. SDS 20% (w/v) stock solution m water 
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6. 2-ME 
7 Sucrose. 
8 Bromophenol blue 
9. Formic, acetic, and hydrochloric acids (analytical-grade). 

10. p-Cresol (toxic and volatile Handle It, and all solutions contammg it, in a time hood). 
11 Sephadex G- 15 (Pharmacla, Uppsala, Sweden) 
12. Sephadex buffer (prepare freshly): 8M urea (ultra-pure) m 125 mM Tris-HCl, 

pH68 
13. NTCB buffer 1. 5M guamdine HCl (analytlcal-grade) m 200 mA4 Tns-acetate, 

pH 8 0 (pH 1s cntical) 
14 NTCB buffer 2: 8M urea m 200 mA4 Tris-acetate, pH 9 0 (pH is critlcal) 
15 IBA buffer 4M guamdme HCl/80% acetlc acid/2% p-cresol The p-cresol pre- 

vents IBA cleavage at tyrosine residues 
16. Protease buffer: 50 mM Tns-HCl, pH 6.8. 
17 Phenylmethyl sulfonyl fluoride (PMSF) Highly toxic. Handle powder and stock 

solutions in a fume hood Prepare a 100-m&f stock solution m 95% ethanol, and 
store at -20°C. Warm to redissolve crystals before use 

18 TPCK-treated trypsm, TLCK-treated chymotrypsm, and endoprotemase-Glu-C 
(Staphlococcal V8 protease) are all obtainable from Sigma (Poole, UK) 

19 For gel filtration: Glass columns (12 x 1 cm, approximately with 1 O-cm gel 
height) with glass smters at the bottom and no “dead volume” below the smter 

2.2. SDS-PAGE and Wesfern B/offing 

Materials are described in detail m Chapter 20. 

1. Laemmli buffers (12) for SDS-PAGE are only satisfactory for fragments of 
6 kDa or greater, and a Tns-Tncine system (13) 1s recommended if resolution of 
smaller peptides 1s necessary 

2 Low-M, range prestamed protein markers are essential for identification of cleav- 
age fragments on blots. These are available from Life Technologies (Gaithers- 
burg, MD) or Novex (SeeBlue and Multimark, San Diego, CA) 

3 Nitrocellulose (e.g , Schleicher and Schull [Keene, NH] BA85) 1s a relatively 
inexpensive, if rather fragile, medium for blots, but PVDF membranes (e g , 
Problott, Applied Blosystems-Perkm Elmer, Foster City, CA) are needed for 
automated mlcrosequencmg of proteolytlc fragments 

3. Methods 

3.1. Digestions 

The protocols are for 0.5 mg of antigen in a 0.5-mL reaction volume, but if 
the antigen is in short supply, it may be possible to scale down both weight and 
volume by usmg a smaller Sephadex column or replacing it with a mlcrospm 
column (check to ensure that the same separation IS obtained). 
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3. I. 1. CNBr for Met 

All steps are performed m a fume hood. 

1 Take 0.5 mg of protein antigen m 125 pL or less of disttiled water (or buffer) in 
a glass vial, and add 350 pL of formic acid 

2. Add 5 pI. of CNBr stock solution, and make up to 0 5 mL with dtstilled water 
(see Note 1) Mix, and leave for 18 h at 20°C (see Note 2) 

3. Load onto the column of Sephadex G-15 swollen and pre-equtltbrated in 
Sephadex buffer and precalibrated to identify the “excluded volume” fractions 
(see Note 3). Elute with Sephadex buffer, and collect 1-mL fractions 

4. To each “excluded volume” fraction, add 50 pL of 20% SDS, 50 pL of 2-ME, 
and 10 p.L of bromophenol blue, and boil for 2 mm for SDS-PAGE 

3.72. NTCB for Cys 

1 Dissolve 0.5 mg of antigen m 0 5 mL of NTCB buffer 1, pH 8 0 (see Note 4) 
2 Add 5 pL of 100 mM DTE, and leave for 30 mm at 20-25°C 
3. Add 30 pL of 25 mg/mL NTCB, and incubate at 37°C for 15 mm. 
4. Load immediately onto a Sephadex G-15 column equilibrated with NTCB 

buffer 2, pH 9.0, and elute with the same buffer collecting 1 mL fractions (see 
Note 5) 

5. Incubate “excluded volume” column fractions (see Note 3) at 37°C for 16 h (see 
Note 6). 

6. Adjust fractions to pH 6 8 using a predetermined amount of 5MHCl. Add 50 & 
of 20% SDS, 50 pL of 2-ME, 10 pL ofbromophenol blue, 100 mg of sucrose, and 
boil for 2 min for SDS-PAGE 

3.1.3. ISA for Trp 

1 Dissolve 0 5 mg of antigen m 450 pL of IBA buffer, and add 50 pL of 5 mg/mL 
IBA in the same buffer Mix, and leave at 20-25°C for 24 h 

2. Follow steps 3 and 4 of the CNBr method 
3 Optional* Add solid DTE (700 mM final cone ) to each column fraction, and 

incubate at 37’C for 24 h or longer (see Note 7) If this option is followed, the 
2-ME may be omitted from the previous step 

3.1.4. Formic Acid for Asp-Pro bonds 

1. Dissolve 1 mg of antigen m 0 5 mL of 75% formic acid, and incubate for 24-48 
h at 37°C (see Note 8) 

2 Follow steps 3 and 4 of the CNBr method 

3.1.5. Proteolysis 

Proteolysls occurs at much more common residues than chemical cleavage, 
but protein folding usually ensures that some regions are much more sensitive 
to proteolysls (i.e., more unfolded) than others, so that fragments are not too 
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small or too numerous to be resolved. Native proteins may be very resistant to 
proteolysls, m which case a brief pretreatment of the antigen with 0.1% SDS or 
0.6A4 guanidinium chloride will usually give a good pattern of fragments (3 7) 
(see Note 9). 

1. To a tube containing 1 mg of antigen in 0.5 mL protease buffer at 0°C add 10 pL 
of 1 mg/mL trypsm, chymotrypsm, or V8, and mix. 

2. Place m a 37°C water bath, and remove 100 pL samples mto 1 5-mL Eppendorf 
tubes containing 2 & of 100 mMPMSF at room temperature after 0 5, 2, 5, 15, 
and 45 min (see Note 10) 

3. Add 5 pL of 20% SDS, 5 pL of 2-ME, 1 pL of bromophenol blue, and 5-10 mg of 
sucrose, and boil for 2 min for SDS-PAGE. 

3.2. SDS-PAGE and Western Blotting 

Acrylamide (20%) with 0.5% bisacrylamide IS appropriate for the separat- 
ing gel. PVDF blots are stained with amido black, and all clearly visible bands 
are excised for direct mrcrosequencmg on the membrane, using an Applied 
Biosystems 476A or 494 sequencer (37) 

4. Notes 
1. The CNBr should be m 30-fold molar excess over the Met residues m the anti- 

gen; this works out at about 1:l (w/w) for a typical protein with 1 Met/3&40 
residues 

2. CNBr cleavage is usually almost complete under these condmons, except that 
Met-Thr bonds are not noticeably cleaved at all. 

3 The gel-filtration step removes formic acid and excess CNBr, and gets the anti- 
gen fragments mto a buffer compatible with SDS-PAGE. An important safety 
feature 1s that CNBr never leaves the fume hood and can be destroyed later by 
elution into bleach. The buffer described 1s for the Laemmli PAGE system (12) 
and should be replaced if other PAGE systems are used The urea prevents any 
possible precipitation on the column G- 15 allows fragments of M,. > 2000 to pass 
unretarded in the excluded volume, the column should be precalibrated with blue 
dextran to identify the excluded volume fractions (usually one or two main frac- 
tions). Since the column takes only a few minutes to run, elution buffer can be 
applied and fractions collected manually. 

4. pH is critical in this procedure. If your antigen sample contains buffer salts, make 
sure the final pH is unaffected. 

5. The gel-filtration step has a twofold purpose. first, to replace GdnHCl (which 1s 
not compattble with SDS-PAGE) with urea and, second, to raise the pH to 9 0 for 
the subsequent cleavage step 

6. Cleavage is usually incomplete with NTCB, and a complete spectrum of partial 
digestion products 1s produced It is necessary to work out a theoretical “finger- 
print” for each epitope location and compare them with the experimental result 
(see Fig. 1) 



170 Morris 

7. IBA oxidizes Met side chams to the sulfoxtde, and this makes it difficult to map 
epitopes that require Met by this method. The problem can be solved by the pro- 
longed mcubation with DTE described here 

8 Although rather similar conditions are used for CNBr cleavage (70% formic acid 
instead of 75%), relatively little Asp-Pro cleavage appears to occur at the lower 
temperature (2O’C mstead of 37°C). 

9. Urea should not be used because its effects on ammo groups Interfere with the 
Edman degradation in subsequent microsequencing. For similar reasons, 
microsequencmg can rarely be applied to chemical cleavage fragments. 

10 V8 protease 1s not inhibited by PMSF, so the aliquots should be boiled with SDS 
as soon as possible and kept at 0°C m the meantime. Di-isopropyl fluoro- 
phosphate (DFP) does inhibit, but its hazards are best avoided if inhibition 1s not 
essential. PefaBloc (Boehrmger Mannhelm) is a possible nontoxic alternative. 
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Coupling of Antibodies with Biotin 

Rosaria P. Haugland and Wendy W. You 

1. Introduction 
The aviditiiotm bond is the strongest known biological interaction between 

a ligand and a protein (Kd = 1.3 x lo-t5Mat pH 5.0) (1). The affinity is so high 
that the avidin-btotm complex is extremely resistant to any type of denaturing 
agent (2). Biotin (Fig. 1) is a small, hydrophobic molecule that functions as a 
coenzyme of carboxylases (3). It is present in all living cells. Avidin is a tet- 
rameric glycoprotein of 66,000-68,000 molecular weight, found in egg albu- 
min and in avian ttssues. The interaction between avidm and biotm occurs 
rapidly, and the stability of the complex has prompted its use for in sztu attach- 
ment of labels m a broad variety of applications, including immunoassays, 
DNA hybridization (1zd), and localization of antigens m cells and tissues (7). 
Avidin has an isoelectric point of 10.5. Because of its positively charged resi- 
dues and its ohgosaccharide component, conststmg mostly of mannose and 
glucosamine (8), avidin can interact nonspecifically with negative charges on cell 
surfaces and nucleic acids, or with membrane sugar receptors. At times, this causes 
background problems m histochemical and cytochemical applications. 
Streptavidin, a near-neutral, biotin-binding protein (9) isolated from the culture 
medium of Streptomyces avzdinii, is a tetrameric nonglycosylated analog of avi- 
din with a molecular weight of about 60,000. Like avidm, each molecule of 
streptavidin binds four molecules of biotm, with a similar dissociation constant. 
The two proteins have about 33% sequence homology, and tryptophan residues 
seem to be involved m then biotm binding sites (IO,II). In general, streptavidin 
gives less background problems than avidin. This protein, however, contams a trip- 
eptide sequence Arg-Tyr-Asp (RYD) that apparently mimics the binding 
sequence of fibronectin Arg-Gly-Asp (RGD), a universal recognition domain of 
the extracellular matrix that specifically promotes cell adhesion. Consequently, 
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Fig. 1. Structure of biotin. 

the streptavidin-cell-surface interaction causes high background in certain 
applications (12). 

As an alternative to both avidin and streptavidin, a chemically modified 
avidin, NeutraLiteTM avidin (NeutraLite is a trademark of Belovo Chemi- 
cals, Bastogne, Belgium), has recently become available. NeutraLite avidin 
consists of chemically deglycosylated avidin, which has been modified to 
reduce the isoelectric point to a neutral value, without loss of its biotin 
binding properties and without significant change in the lysines available 
for derivatization (13). (Fluorescent derivatives and enzyme conjugates of 
NeutraLite avidin, as well as the unlabeled protein, are available from 
Molecular Probes, Eugene, OR.) 

As shown in Fig. 1, biotin is a relatively small and hydrophobic molecule. 
The addition to the carboxyl group of biotin of one (X) or two (xx) amino- 
hexanoic acid “spacers” greatly enhances the efficiency of formation of the 
complex between the biotinylated antibody (or other biotinylated protein) and 
the avid&-probe conjugate, where the probe can be a fluorochrome or an enzyme 
(14,15). Each of these 7- or 14-atom spacer arms has been shown to improve 
the ability of biotin derivatives to interact with the binding cleft of avidin. 
The comparison between streptavidin binding activity of proteins biotinylated 
with biotin-X or biotin-XX (labeled with same number of moles of biotin/mol 
of protein) has been performed in our laboratory (Fig. 2). No difference was 
found between the avidin or streptavidin-horseradish peroxidase conjugates in 
their ability to bind biotin-X or biotin-XX. However, biotin-XY gave consis- 
tently higher titers in enzyme-linked immunosorbent assays (ELISAs), using 
biotinylated goat antimouse Ig (GAM), bovine serum albumin (BSA), or pro- 
tein A (results with avidin and with protein A are not presented here). Even 
nonroutine conjugations performed in our laboratory have consistently yielded 
excellent results using biotin-XY. 
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Fig. 2. (A) ELISA-type assay comparing the binding capacity of BSA and GAM 
biotinylated with biotin-X or biotin-XY. The assay was developed using streptavidin- 
HRP conjugate (0.2 pg/mL) and o-phenylenediamine dihydro-chloride (OPD). The 
number of biotin/mol was: 4.0 biotin-X’GAM (e), 4.4 biotin-XY/GAM (0), 6.7 biotin- 
NBSA (II), and 6.2 biotin-XVBSA (Cl). Error bars on some data points have been 
omitted for clarity. (B) Similar assay using GAM biotinylated with biotin-X(0) or 
biotin-XX (0). The assay was developed with streptavidin-R-phycoerythrin conjugate 

TM (25 pg/mL using a Perceptive Biosystems CytoFluor fluorescence microplate reader). 
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Biotin, biotm-X and biotin-XX have all been derivatized for conJugation to 
ammes or thiols of proteins and aldehyde groups of glycoproteins or other 
polymers. The simplest and most popular biotmylation method is to label the 
a-ammo groups of lysine residues with a succintrmdyl ester of btotm. Easy-to-use 
biotmylation kits that facilitate the biotmylation of l-2 mg of protein or oligo- 
nucleotides are commercially available (Z6). One kit for btotinylatmg smaller 
amounts of protein (0.1-3 mg) utilizes biotm-XY sulfosuccimmidyl ester (I 7) 
This compound is water-soluble and allows for the efficient labelmg of dilute 
protein samples. Another kit uses btotm-X 2,4-dmttrophenyl-X-lysme 
succmimidyl ester (DNP-biocytm) as the biotmylatmg reagent. DNP-biocytin 
was developed by Molecular Devices (Menlo Park, CA) for then patented 
Threshold-Immunoligand System (28) DNP-biocytm permits the direct mea- 
surement of the degree of biotmylatton of the reaction product by using the 
molar extinction coefficient of DNP (15,00O/cm at 364 nm). Conmgates of 
DNP-biocytin can be probed separately or simultaneously using either anti- 
DNP antibodies or avtdin/streptavidin; this flexibility is useful when combm- 
mg techniques, such as fluorescence and electron microscopy. Biotm 
todoacetamide or maleimide, which could biotinylate the reduced sulfhydryls 
located at the hinge region of antibodies, is not usually used for this purpose. 
More examples m the literature describe biotinylation of antibodies with biotm 
hydrazide at the carbohydrate prosthetic group, located in the Fc portion of the 
molecule, relatively removed from the binding site. Conmgation of carbohy- 
drates with hydrazides requires the oxidation of two adjacent hydroxyls to alde- 
hydes and optional stabilization of the reaction with cyanoborohydride (29). 

Because of its strength, the interaction between avidin and biotm cannot be 
used for preparing matrices for affimty column purificatton, unless columns 
prepared with avtdm monomers are used (20). The biotin analog, nninobiotm, 
which has a lower affimty for avidm, can be used for this purpose (21,22) 
Immobiotin in reactive form is commercially available, and the procedure for 
its ConJugation is identical to that used for btotm. Detailed, practical protocols for 
biotmylatmg antibodies at the lysme or at the carbohydrate site, and a method to 
determine the degree of biotinylation are described in detail m this chapter (see 
Notes l-10 for revtew of factors that affect optimal conjugation and yield of 
biotmylated antibodies). 

2. Materials 
2.7. Conjugation with Amine-Reactive Biofin 

1 Reaction buffer: 1Msodmm bicarbonate, stable for about 2 wk when refrigerated 
Dissolve 8.3 g of NaHCO3 in 100 mL of distilled water The pH will be about 8 3 
Dilute 1: 10 before using to obtain a O.lM solution. Alternate reaction buffer: 
0. 1M sodium phosphate, pH 7 8 Dissolve 12 7 g Na2HP04 and 1 43 g NaH2P04 
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in 800 mL of distilled water. Adjust pH to 7 8 if necessary. Bring the volume to 
1000 mL. This buffer is stable for 2 mo when refrigerated. 

2 Anhydrous dlmethylformamlde (DMF) or dimethyl sulfoxlde (DMSO). 
3. Phosphate-buffered saline (PBS), Dissolve 1.19 g of K2HPO4, 0.43 g of m2PO4 * 

HzO, and 8 8 g NaCl m 800 mL of distilled water, adjust the pH to 7 2 if necessary or 
to the desired pH, and bring the volume to 1000 mL with distilled water. 

4 Disposable desalting columns or a gel-filtration column. Amicon GH-25 and 
Sephadex G-25 or the equivalent, equrhbrated with PBS or buffer of choice 

5. Good-quality dlalysls tubing as an alternative to the gel-filtration column when 
derivatizing small quantities of antibody. 

6. Biotm, biotm-X, or biotm-XYsuccinimidyl ester: As with all succmimidyl esters, 
these compounds should be stored well desiccated in the freezer 

2.2. Conjugation with Biofin Hydrazide at the Carbohydrate Site 

1 Reaction buffer: 0. IMacetate buffer, pH 6.0. Dilute 5.8 mL acetlc acid in 800 mL 
distilled water. Bring the pH to 6.0 with 5MNaOH and the volume to 1000 mL. 
The buffer is stable for several months when refrigerated 

2. 20 W Sodmm metapenodate. Dissolve 43 mg of NaI04 m 10 mL of reaction 
buffer, protecting from light. Use fresh 

3 Biotm-X hydrazlde or blotm-XY hydrazrde 
4 DMSO 
5. Optional: 100 mM sodmm cyanoborohydride, freshly prepared. Dissolve 6.3 mg 

of NaBH3CN in IO mL of 0 1 mA4NaOH 

2.3. Determination of the Degree of Biofinylafion 

1. 10 mA44’ Hydroxyazobenzene-2-carboxylic acid (HABA) m 10 mA4NaOH. 
2 50 mM Sodium phosphate and 150 mM NaCl, pH 6 0. Dissolve 0 85 g of 

Na2HP04 and 6 07 g of NaH2P04 in 800 mL of distilled water. Add 88 g of NaCl. 
Brmg the pH to 6 0 if necessary and the volume to 1000 mL. 

3 0 5 mg/mL Avldm m 50 mM sodnun phosphate and 150 mA4 NaCl, pH 6 0 
4. 0.25 mM Blotm m 50 mM sodium phosphate, and 150 mMNaC1, pH 6.0. 

3. Methods 

3.1. Conjugation with Amine-Reactive Biofin 

1. Dissolve the antibody, if lyophilized, at approx 5-l 5 mg/mL m either of the two 
reaction buffers described m Section 2.1 If the antibody to be ConJugated is 
already m solution m IO-20 mM PBS, wlthout azide, the pH necessary for the 
reaction can be obtained by addmg l/10 vol of 1M sodium bicarbonate. IgM 
should be conjugated m PBS, pH 7.2 (see Note 3) 

2 Calculate the amount of a 10 mg/mL biotm succimmidyl ester solution (biotin- 
SE) needed to conjugate the desired quantity of antibody at the chosen blotin/ 
antibody molar ratio, according to the following formula: 
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(mL of 10 mg/mL brotm-SE) = { [(mg antibody x 0 l)/mol wt 
of antibody] x R x mol wt of btotm-SE)} (1) 

where R = molar mcubation ratio of biotin/protem. For example, using 5 mg of 
IgG and a 10: 1 molar mcubation ratto of biotin-XY-SE, Eq. (1) yields. 

(mL of 10 mg/mL btotin-XX-SE) = 
{[(5 x 0 1)/145,000] x (10 x 568)) = 0 02 mL (2) 

Weigh 3 mg or more of the biotin-SE of choice, and dissolve it m 0.3 mL or more of 
DMF or DMSO to obtain a 10 mg/mL solutton It is essential that this solution be 
prepared immediately before starting the reaction, since the succimmidyl esters 
or any amine-reactive reagents hydrolyze quickly in solution. Any remaining solutton 
should be discarded. 
While stnrmg, slowly add the amount of 10 mg/mL solution, calculated m step 2, 
to the antibody prepared m step 1, mixmg thoroughly 
Incubate this reaction mixture at room temperature for 1 h with gentle stu-rmg or 
shaking. 
The antibody conlugate can be purified on a gel-filtration column or by dialysis 
When workmg with a few mtlhgrams of dtlute antibody solution, care should be 
taken not to drlute the antibody further. In this case, dialysis IS a very simple and 
effecttve method to ellmmate unreacted biotm A few millihters of antibody 
solution can be effectively dtalyzed in the cold against 1 L of buffer with three to 
four changes. Small amounts of concentrated antibody can be purified on a pre- 
packaged desalting column equilibrated with the preferred buffer, followmg the 
manufacturer’s dtrections Five or more mtlltgrams of anttbody can be purified 
on a gel-filtration column. The dimensions of the column will have to be propor- 
tional to the volume and concentration of the antibody For example, for 5-10 mg 
of antibody in 1 mL solution, a column wtth a bed volume of 10 x 300 mm will be 
adequate To avoid denaturation, dilute soluttons of biotmylated antibodies 
should be stabilized by addmg BSA at a final concentration of 0 l-l % 

3.2. Conjugation with Biotin Hydrazide at the Carbohydrate Site 

1. It 1s essential that the entrre followmg procedure be carrred out with the sample 
completely protected from light (see Note 9) 

2. Dissolve antibody (if lyophihzed) or dialyze solution of antibody to obtain a 
2-10 mg/mL solutton m the reaction buffer described m Section 2.1 , item 1 
Keep at 4°C. 

3 Add an equal volume of cold metapenodate solution Incubate the reaction mix- 
ture at 4°C for 2 h m the dark. 

4. Dtalyze overnight against the same buffer protecting from light, or, tf the anttbody 1s 
concentrated, desalt on a column equilibrated with the same buffer. Thts step removes 
the iodate and formaldehyde produced durmg oxidation. 

5 Dissolve 10 mg of the brotm hydrazrde of chotce m 0 25 mL of DMSO to obtain 
a 40 mg/mL solution, warmmg tf needed This will yield a 107 mM solution of 
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biotin-Xhydrazide or an 80 Msolution of biotin-XYhydrazide. These solutions 
are stable for a few weeks 

6. Calculate the amount of biotm hydrazide solution needed to obtain a final con- 
centration of approx 5 mM, and add it to the oxidized antibody When using 
biotm-X hydrazide, 1 vol of hydrazide should be added to 20 vol of antibody 
solution. When using biotm-XXhydrazide, I vol of hydraztde should be added to 
15 vol of antibody solution. 

7 Incubate for 2 h at room temperature with gentle stirring 
8. This step is optional. The biotin hydrazone-antibody conjugate formed m this 

reaction (steps 6 and 7) is considered by some researchers to be relatively 
unstable. To reduce the conlugate to a more stable, substituted hydrazide, treat 
the conjugate with sodium cyanoborohydride at a final concentration of 5 mA4 by 
addmg a l/20 vol of a 100~&stock solution. Incubate for 2 h at 4°C (see Note 5). 

9. Purify the conjugate by any of the methods described for biotmylatmg antibodies 
at the amme site (see Section 3.1., step 6). 

3.3. Determination of the Degree of Biotinyktion 

The dye HABA interacts with avidm yielding a complex with an absorption 
maximum at 500 nm. Blotin, because of its higher affimty, displaces HABA, 
causing a decrease in absorbance at 500 nm proportional to the amount of biotm 
present m the assay. 

1. To prepare a standard curve, add 0.25 mL of HABA reagent to 10 mL of avidm 
solution. Incubate 10 min at room temperature and record the absorbance at 
500 nm of 1 mL avidm-HABA complex with 0.1 mL buffer, pH 6.0 Distribute 
1 mL of the avidm-HABA complex into six test tubes. Add to each the biotm 
solution m a range of 0 005-O. 10 mL. Bring the final volume to 1.10 mL with 
pH 6.0 buffer, and record the absorbance at 500 nm of each concentration point. 
Plot a standard curve with the nanomoles of btotm vs the decrease in absor- 
bance at 500 nm. An example of a standard curve is illustrated in Fig 3 

2. To measure the degree of biotinylation of the sample, add an alrquot of 
biotmylated antibody of known concentration to 1 mL of avidm-HABA com- 
plex For example, add 0.05-o. 1 mL of biotmylated antibody at 1 mg/mL to I mL of 
avidin-HABA mixture Bring the volume to 1 10 mL, if necessary, incubate for 
10 min, and measure the decrease in absorbance at 500 nm. 

3. Deduct from the standard curve the nanomoles of biotm correspondmg to the 
observed change m absorbance. The ratio between nanomoles of biotm and 
nanomoles of antibody used to displace HABA represents the degree of 
biotinylation, as seen from the followmg equation: 

[(nmol biotin x 145,000 x lod)/(mg/mL antibody 
x 0 1 mL)] = (mol of biotin/mol of antibody) (3) 

where 145,000 represents the mol wt of the antibody and 0 1 mL is the volume of 
1 mg/mL of btotmylated antibody sample. 
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Fig. 3. Examples of standard curve for biotin assay with avidin-HABA reagent, 
obtained as described in Section 3 $3. 

4. Notes 
4.1. Factors that Influence the Biotinylation Reaction 

1. Protein concentration: As in any chemical reaction, the concentration of the rea- 
gents is a major factor in determining the rate and the efficiency of the coupling. 
Antibodies at a concentration of 5-20 mg/mL will give better results; however, it 
is often difficult to have such concentrations or even such quantities available for 
conjugation. Nevertheless, the antibody should be as concentrated as possible. In 
the case of solutions of antibody ~2-3 mg/mL, the molar ratio of biotinylating 
reagent (or of both the oxidizing and biotinylating reagent, in the case of labeling 
the carbohydrate region) should be increased. It is also essential that the antibody 
solutions do not contain gelatin or BSA, which are often added to stabilize dilute 
solutions of antibodies. These proteins, generally present at a 1% concentration, 
will also react with biotinylating reagents. 

2. pH: The reactivity of amines increases at basic PH. Unfortunately, so does the 
rate of hydrolysis of succinimidyl esters. We have found that the best pH for 
biotinylation of the a-amino groups of lysines is 7.5-8.3. IgM antibodies, which 
denature at basic pH, can be biotinylated at pH 7.2 by increasing the molar 
ratio of the biotinylating reagent to antibody to at least 20. The optimum pH for 
oxidation and conjugation with hydrazides is 5.540. 

3. Buffer: Bicarbonate or phosphate buffers are suitable for biotinylation. Organic 
buffers, such as Tris, which contain amines, should be avoided, because they react 
with amino-labeling reagents or interfere with the reaction between aldehydes and 
hydrazides. However, HEPES and EPPS, which contain tertiary amines, are suit- 
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able Antibodies dissolved m 1 O-20 mM PBS can be readily prepared for conjuga- 
tion at the lysme site by adding l/10-1/5 of the volume of 1Msodmm bicarbonate. 
As noted, because IgM antibodies are unstable m basic solution, blotinylation at 
the E-amino group of lysmes should be attempted in PBS or equivalent buffer at pH 
7 2 Reactions of antibodies with periodate and biotin hydrazide can be performed 
m PBS at pH 7.0 or m acetate buffer, pH 6.0 (see Section 2 2 ) 

4 Temperature. Blotinylations at the ammo group &es are run at room tempera- 
ture, at the carbohydrate site at &4”C. 

5 Time: Succmimldyl ester derivatives will react with a protein within 1 h. 
Periodate oxidation will require 2 h at pH 6.0. Reaction with biotm hydrazide 
can be performed m a few hours. Stablllzatlon with cyanoboro-hydride 
requires ~2 h 

6. Desired degree of blotmylation and stability of the conjugate: Reaction of an 
antibody with biotm does not significantly alter the size or charge of the molecule 
However, because of the size of avidin or Its analogs (molecular weight = 60,000- 
68,000), an increase in the number of biotins per antibody will not necessarily 
increase the number of avldins capable of reacting with one antibody molecule. 
Because blotin, blotm-X, and biotin-XYare very hydrophobic molecules, a high 
degree of biotinylatlon might increase the background or might destabilize the 
antibody To obtain a degree of blotinylatlon of about 3-7 blotms/IgG, generally 
a molar ratlo of 15 mol of ammo biotmylating reagent/m01 of protein 1s used. 
When the concentration of the antibody is <3 mg/mL, this ratio should be 
increased The amount of increase should be determined experimentally, because 
the reactivity of the lysmes available for conjugation varies for each antibody. 
This could become a slgmficant factor, especially at low antlbody concentrations 

The succmlmldyl esters or hydrazides of brotin, blotm-X, and blotm-XXexhl- 
bit similar degrees of reactivity, and the chotce 1s up to the researcher. In general, 
the longer spacer arm in biotm-XX should be advantageous (Fig 2) The overall 
stability of blotmylated monoclonal antibodies derlvatlzed with a moderate 
number of blotm should be similar to the stability of the native antibody, and the 
storage condltlons also should be the same. 

4.2. Factors that Affect Antibodies 

7 Most antibodies can withstand biotinylation with mmimal change m activity and 
stability, especially if the degree of biotinylation is about 3-6 blotins/mol. 

8. Biotm or any of tts longer chain derivatives do not contribute to the absorbance 
of the antibody at 280 nm Consequently, the concentration of the antibody can 
be measured by using A /y; = 14 at 280 nm 

9 It is essential that the entlre procedure for blotmylation of antibodles at the carbo- 
hydrate site (Section 3.2.) be performed in the dark, protected from light 

10. It should be noted that dry milk, serum, and other biological fluids contam blotm 
and, consequently, they should not be used as blocking agents m systems where 
blocking 1s required 
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Preparation of Avidin Conjugates 

Rosaria P. Haugland and Mahesh K. Bhalgat 

1. Introduction 
The high-affinity avldin-biotin system has found applications in different 

fields of biotechnology, including lmmunoassays, histochemistry, affinity 
chromatography, and drug delivery, to name a few. A brief description of avl- 
din and avidin-like molecules, streptavidin, deglycosylated avldin, and 
NeutraLite avidin is presented in the previous chapter (Chapter 17). With four 
biotin binding sites per molecule, the avidin family of protems is capable of 
forming tight complexes with one or more biotinylated compounds (I). Typi- 
cally, the avidin-biotm system is used to prepare signal-amplifying “sandwich” 
complexes between specificity reagents (e.g., antibodies) and detection rea- 
gents (e.g., fluorophores, enzymes, and so on). The specificity and detection 
reagents are independently conjugated, one with avidm and the other with 
biotin, or both with biotin, providing synthetic flexibility (2). 

Avidin conjugates of a wide range of fluorophores, phycoblliprotems, sec- 
ondary antibodies, microspheres, ferritin, and enzymes commonly used in 
mmmnochemistry are available at reasonable prices, making their small scale 
preparation impractical and not cost effective (see Note 1). However, conjuga- 
tions of avidin to specific antibodies, to uncommon enzymes, and to other pro- 
teins and peptides are often performed on-site. A general protocol for the 
conjugation of avidin to enzymes, antibodies, and other proteins is described in 
this chapter. 

Avidin conjugates of oligodeoxynucleotides are hybrid molecules that not 
only provide multiple blotin binding sites, but can also be targeted to compli- 
mentary DNA or RNA sequences, by annealing interactions. Such conjugates 
are useful for the construction of macromolecular assemblies with a wide vari- 
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ety of constttuents (3). The protocol outlined in Section 3.1. can be modified 
(see Note 2) for the conjugation of ohgonucleotides to avidm. 

Streptavidin conlugates are also being evaluated for use in drug delivery 
systems. A two-step imagmg and treatment protocol has been developed that 
mvolves injection of a suitably prepared tumor-specific monoclonal antibody 
(MAb), followed by a second reagent that carries an imaging or therapeutic 
agent, capable of binding to the tumor-targeted antibody (4). Owmg to comph- 
cations associated with the mjection of radtolabeled biotin (.5), conjugation of 
the imaging or therapeutic agent to streptavidin is being considered instead. A 
protocol for radiotodination of streptavidin using IODO-BEADS (6) is 
described in Section 3.2. Some other methods that have been developed include 
the iodogen method (7,8), the Bolton-Hunter reagent method (9), and a few 
that do not mvolve direct iodination of tyrosine residues (1 O-13). Streptavidm- 
drug conmgates are also candidates for therapeutic agents. Synthesis of a 
streptavidm-drug conjugate involves making a chemically reactive form of the 
drug followed by its conjugation to streptavidm. The synthetic methodology 
thus depends on the structure of the specific drug to be conjugated (14-16). 

The avidm-biotm mteraction can also be exploited for affimty chroma- 
tography; however, there are limitations to this application. For example, a 
biotmylated protein captured on an avidm affimty matrix would likely be 
denatured by the severe conditions required to separate the high affimty avi- 
dm-biotin complex. On the other hand, an avidm affimty matrix may find 
utility m the removal of undesired biotmylated moteties from a mixture or 
for the purification of compounds derivatized with 2-immobiotm The biotin 
derivative 2-immobiotm has reduced affinity for avidm, and its moderate 
binding to avidm at pH 9.0 is greatly dimmished at pH 4.5 (17) Another 
approach to reducing the affinity of the mteraction IS to denature avidm to its 
monomeric subunits. The monomertc subunits have greatly reduced affinity 
for btotm (18). We describe here a protocol for preparing native (19) and 
monomeric avidm matrices (20). Recently, modified streptavidms, hybrids 
of native and engineered subunits with lower binding constants, have been 
prepared that may also be suitable for affinity matrices (21). 

2. Materials 
2.1. Conjugation with Antibodies and Enzymes 

1. Avldin 
2 Antibody, enzyme, peptlde, protem, or thlolated ohgonucleotlde to be coqugated to 

avldm. 
3. Succmlmidyl3-(2-pyndyldithlo)propionate (SPDP) (see Note 3). 
4 Succimmidyl trans-4-(N-male~midylmethyl)cyclohexane-l-carboxylate (SMCC) 
5 Dlthlothreltol (DTT). 
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6. Trzs (2-carboxyethyl)phosphme (TCEP). 
7 N-ethylmaletmide (NEM) 
8. Anhydrous dtmethyl sulfoxide (DMSO) or anhydrous dtmethylformamtde 

PM F) 
9 0 1M Phosphate buffer 0 1M sodium phosphate, O.lMNaCl at pH 7 5 Dissolve 

92 g of NazHP04,2 1 g of NaH2P04 * H20, and 46 7 g of NaCl in approx 3.5 L of 
dtstilled water and adJust the pH to 7 5 with 5M NaOH. Dilute to 8 L Store 
refrigerated. 

10. 1M Sodium bicarbonate (see Note 4): Dissolve 8.4 g m 90 mL of distilled water 
and adjust the volume to 100 mL. A freshly prepared solution has a pH of 8.3-8.5. 

11 Molecular exclusion matrix with properties suitable for purtficatton of the spe- 
cific conjugate Sephadex G-200 (Pharmacta Biotech, Uppsala, Sweden), Bto- 
Gel A-O.5 m or Bio-Gel A-l 5 m (Bio-Rad Laboratories, Hercules, CA) are useful 
for relatively small to large conjugates, respectively 

12. Sephadex G-25 (Pharmacia Biotech) or other equivalent matrix 

2.2. Radioiodination Using IODO-BEADS 
1 Streptavidin 
2. Na13tI or Na1251, as desired 
3 IODO-BEADS (Pierce Chemtcal, Rockford, IL). 
4. Phosphate-buffered saline (PBS), pH 7.2 Dissolve 1.19 g of KzHP04,O 43 g of 

KH2PO4, and 9 g of NaCl m 900 mL of distilled water. Adjust the pH to 7 2 and 
dilute to 1 L with distilled water. 

5 Salme solution 9 g of NaCl dissolved m 1 L of distilled water 
6. 0.1% Bovine serum albumin (BSA) solution in salme. 0.1 g of BSA dissolved in 

100 mL of saline solution 
7 Trichloroacetic acid (TCA), 10% (w/v) solution m salme Dissolve 1 g TCA in 

10 mL of saline solution 
8 Bio-Gel P-6DG Gel (Bio-Rad) 

2.3. Avidin Affinity Matrix 
1 50-100 mg of avidm. 
2 Sodmm borohydnde. 
3. 1,4-Butanediol-diglyctdylether 
4. Succmic anhydride 
5. 6MGuamdme HCl m 0 2MKCl/HCl, pH 1.5. Dissolve 1.5 g of KC1 m 50 mL of 

dtsttlled water. Add 57.3 g of guanidine * HCl with stirring Adjust the pH to 1.5 
with 1MHCl. Adjust the volume to 100 mL with distilled water. 

6. 0.2M Glycine * HCl pH 2 0: Dissolve 22.3 g of glycme HCl in 900 mL of dtstilled 
water. Adjust the pH to 2.0 with 6MHCl and the volume to 1 L with distilled water. 

7 PBS: see Section 2.2 , item 4 
8. 0.2M Sodium carbonate, pH 9.5: Dissolve 1 7 g of sodmm bicarbonate m 80 mL 

of distilled water. Adjust the pH to 9.5 with 1MNaOH and the volume to 100 mL 
with distilled water. 
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9 0 2M Sodium phosphate, pH 7 5: Weigh 12 g of Na2HP04 and 2.5 g of NaH2P04 
Hz0 and drssolve in 900 mL of drstrlled water Adjust the pH to 7.5 with 5M 

NaOH and the volume to 1 L with dtstrlled water. 
10. 20 mA4 Sodium phosphate, 0 5M NaCl, 0.02% sodmm azrde, pH 7.5. Dilute 

100 mL of the buffer described m item 9 to 900 mL with distilled water Add 
28 g of NaCl and 200 mg of sodium azrde. Adjust pH rf necessary, and dilute to 
1 L with distilled water. 

11. Sepharose 6B (Pharmacia Biotech) or other 6% crosslinked agarose gel. 

3. Methods 

3.1. Conjugation with Antibodies and Enzymes 
3.1.1. Avidin Thiolation 

An easy-to-use, protein-to-protein crosslinking kit is now commercially 
available (Molecular Probes, Eugene, OR). Thus kit allows predominantly 1: 1 
conjugate formation between two proteins (O-2-3.0 mg) through the formation 
of a stable throether bond (22), with mnumal generatron of aggregates. A srmr- 
lar protocol is described here for conjugation of 5 mg avidin to antibodies or 
enzymes. Modificatrons of the procedure for conjugation of avidm to thiolated 
oligonucleotides and peptrdes are described in Notes 2 and 5, respectively. 
Although the protocol described in this section uses avidin for conjugation, it 
can be applied for the preparation of conjugates using either avrdin, strept- 
avidin, deglycosylated avidin, or NeutraLrte avidin. 

1 Dissolve 5 mg of avrdm (76 nmol) m 0.5 mL of 0 1Mphosphate buffer to obtain 
a concentration of 10 mg/mL 

2 Weigh 3 mg of SPDP and drssolve m 0 3 mL of DMSO to obtain a 10 mg/mL 
solution This solutron must be prepared fresh immedrately before using Vortex 
or somcate to ensure that the reagent IS completely drssolved 

3. Slowly add 12 pL (380 nmol) of the SPDP solutron (see Note 3) to the stirred 
solution of avrdin. Stir for 1 h at room temperature. 

4. Purify the thiolated avidm on a 7 x 250 mm size exclusion column, such as 
Sephadex G-25 equilibrated m 0. 1M phosphate buffer. 

5. Determine the degree of thiolatron (optional)* 
a. Prepare a lOOmA solutron of DTT by drssolving 7.7 mg of the reagent in 

0.5 mL of distilled water 
b Transfer the equivalent of 0.3-O 4 mg of throlated avrdin (absorbance at 280 

nm of a 1.0 mg/mL avldm solution = 1 54) and dilute to 1.0 mL usmg 0 1M 
phosphate buffer. Record the absorbance at 280 and 343 nm 

c. Add 50 pL of DTT solution. Mix well, incubate for 3-5 min at room tempera- 
ture, and record the absorbance at 343 nm. 

d Using the extinction coefficient at 343 nm of 8.08 x 103/cmM (23), calcu- 
late the amount of pyndme-2-thione liberated during the reduction, which 
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Table 1 
Molar Extinction Coefficients at 280 nm 
and Molecular Weights of Avidin and Avidin-Like Proteins 

Protein Molecular weight Ea%JcmIM 

Avidin 66,000 101,640 
Deglycosylated 

avidimneutraltte avidm 60,000 101,640 
Streptavtdm 60,000 180,000 

is equivalent to the number of thiols introduced on avidm, using the follow- 
mg equation along with the appropriate extinction coefficient shown m 
Table 1: 

Number of thiols/avidin = [AA&(8.08 x 103)] x 
[E%,d(Am- 0~53fi343)l (1) 

where AA343 = change in absorbance at 343 nm; Eyvtldln = molar extinction 
coefficient; and 0.63AA343 = correction for the absorbance of pyridyldithio- 
propionate at 280 nm (23). 

6. Equation (1) allows the determination of the average number of moles of enzyme 
or antibody that can be conjugated with each of avidin (see Note 6). For a 1: 1 
protein-avidm conjugate, avidin should be modified with 1.2-l 5 throls/mol. 
Thiolated avidm prepared by the above procedure can be stored in the presence 
of 2 mA4 sodium azide at 4°C for 4-6 wk 

3.7.2. Maieimide Derivatization of the Antibody or Enzyme 

In this step, which should be completed prior to the deprotection of 
thiolated avidin, some of the ammo groups from the antibody or enzyme are 
transformed into maleimide groups by reacting with a bifunctional cross- 
linker, SMCC (see Note 7). 

1. Dissolve or, if already m solution, dialyze the protein m 0. 1M phosphate buffer 
to obtain a concentration of 2-10 mg/mL. If the protein is an antibody, 11 mg are 
required to obtain an amount equimolar to 5 mg of avidm (see Note 6). 

2. Prepare a fresh solution of SMCC by dtssolvmg 5 mg m 500 pL of dry DMSO to 
obtain a 10 mg/mL solution Vortex or sonicate to ensure that the reagent is com- 
pletely dissolved. 

3. While stirrmg, add an appropriate amount of SMCC solution to the protein solu- 
tion to obtain a molar ratio of SMCC-to-protein of approx 10. (If 11 mg of an 
antibody is the protein used, 30 pL of SMCC solution are required.) 

4. Continue stirring at room temperature for 1 h 
5. Dialyze the solution m 2 L of O.lMphosphate buffer at 4°C for 24 h, wtth four 

buffer changes using a membrane with a suitable molecular weight cut-off. 
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3.1.3. Deprotection of the A v/din Thiol Groups 
Thrs procedure is carried out immediately before reacting thiolated avldin with 

the malelmide derivative of the antibody or enzyme prepared m Section 3.1.2. 

1 Dissolve 3 mg of TCEP in 0 3 mL of O.lMphosphate buffer 
2 Add 11 $ of TCEP solution to the thlolated avldm solution Incubate for 15 mm 

at room temperature 

3.1.4. Formation and Purification of the Conjugate 

1 Add the thiolated avldm-TCEP mixture dropwlse to the dialyzed malelmlde- 
derivatlzed protein solution with stirring Continue stmmg for 1 h at room tem- 
perature, followed by stirring overnight at 4°C. 

2 Stop the conJugatlon reaction by capping residual sulfhydryls with the addition 
of NEM at a final concentration of 50 @ Dissolve 6 mg of NEM m 1 mL DMSO 
and dilute 1 1000 m the conjugate reaction mixture. Incubate for 30 mm at room 
temperature or overnight at 4’C (see Note 8) The conjugate 1s now ready for 
final purification 

3. Concentrate the avldm-protem conjugate mixture to l-2 mL m a Centncon-30 
(Amicon, Beverly, MA) or equivalent centrifuge tube concentrator. 

4 Pack appropriate size columns (e g., 10 x 600 mm for approx 15 mg of final 
conjugate) with a degassed matrix smtable for the Isolation of the conjugate 
from unconJugated reagents If the protein conjugated IS an antibody, a matrix 
such as Blo-Gel A-O 5 m IS suitable. For other proteins, Sephadex G-200 or a 
similar column support may be appropriate, dependmg on the size of the pro- 
tem-avldm conjugate 

5 Collect 0 5-1 mL fi-actlons The first protein peak to elute contams the conjugate, 
however, the first or second fiaction may contam some aggregates Analyze each 
fraction absorbing at 280 nm for biotm bmdmg and assay it for the antibody or enzyme 
activity HPLC may also be performed for tirther purification, if necessary 

3.2. Radioiodination Using IODO-BEADS 
The radiolodmatlon procedure (see Note 9) described here uses IODO- 

BEADS, which contain the sodium salt of N-chloro-benzenesulfonamide 
immobihzed on nonporous, polystyrene beads. Immoblhzatlon of the oxldlz- 
mg agent allows for easy separation of the latter from the reaction mixture. 
This method also prevents the use of reducing agents. 

1. Wash 6-8 IODO-BEADS twice with 5 mL of PBS Dry the beads by rollmg them 
on a clean filter paper 

2. Add 500 pL of PBS to the supplier’s vial contammg S-10 mCi of carrier free 
Na1251 or Na1311. Place the beads m the same vial and gently mix the contents by 
swulmg. Allow the mixture to sit for 5 mm at room temperature with the vial capped 

3. Dissolve or dilute streptavldm in PBS to obtain a final concentration of 1 mg/mL 
Add 500 pL of streptavidm solution to the vial containing sodium Iodide. Cap the 
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vial immediately and mix the contents thoroughly. Incubate for 2&25 mm at 
room temperature, with occasional swtrlmg (see Note 10). 

4. Carefully remove and save the liquid from the reaction vessel; thts IS the 
radtotodmated streptavtdm solution Wash the beads by addmg 500 pL of PBS 
to the reaction vial Remove the wash solutton and add tt to the radioiodmated 
streptavtdm 

5. For puriticatton, load the reactton mixture onto a 9 x 200 mm Bto-Gel P-6DG 
column packed m PBS (0.1% BSA may be added as a carrier to the PBS to reduce 
loss of streptavidin by adsorptton to the column) Elute the column wtth PBS and 
collect 0.5-n& fracttons The first set of radioactive fracttons (as determined by 
counting m a y-ray counter) contams radioiodmated streptavtdm, while the unre- 
acted radioiodine elutes in the later fractions. Pool the radioiodinated streptavidin 
fractions. 

6 Assessment of protein-associated acttvtty with trtchloroacettc acid precipitation 
a. Dilute a small volume of the pooled radtolabeled streptavtdm wtth salme 

solutton such that 50 pL of the diluted solution has 104-lo6 cpm. 
b Add 50 $ of the diluted streptavtdm solutton to a 12 x 75-mm glass tube, 

followed by 500 pL of a 0.1% BSA solution m salme. 
c. For precipttatmg the proteins, add 500 pL of 10% (w/v) TCA solutton m 

saline. 
d Incubate the solution for 30 min at room temperature and count the radtoac- 

tivtty of the solutron for 10 mm (“total counts”) 
e. Centrifuge the tube at 500 g for 10 mm and carefully discard the supernatant 

m a radtoactive waste contamer. 
f. Resuspend the pellet m 1 mL of saline and count its radtoacttvtty for 10 mm 

(“bound counts”) 
g. The percentage of radtoacttvtty bound to streptavrdm IS determmed using the 

following equation 

[(Bound counts)/(Total counts)] 
x 100 = % of radioacttvtty bound to streptavtdm (2) 

3.3. Avidin Affinity Matrices 
3.3.1. Native Avidin Affinity Matrix 

1. Wash 10 mL of sedtmented 6% crosslmked agarose wtth disttlled water on a 
glass or Buchner filter and remove excess water by suctton. 

2 Dtssolve 14 mg of NaBH4 m 7 mL of 1MNaOH. Add thts solution along wtth 
7 mL of 1,4-butanedtol-drglycrdylether to the washed agarose, with mixing. Allow 
the reaction to proceed for 10 h or more at room temperature with gentle sturmg. 

3. Extensively wash the activated gel with dtsttlled water on a supportmg filter. The 
washed gel can be stored m water at 4”C, for up to 10 d 

4. Dtssolve 50-100 mg of avrdm m 10-20 mL of 0.2M sodmm carbonate, pH 9.5, 
and suspend the sedimented actwated agarose gel m the same buffer to obtain a 
workable slurry 



192 Haugland and Bhalgat 

5 Slowly drip the agarose slurry mto the stirred protem solution and allow the bmd- 
mg to take place at room temperature for 2 d with continuous gentle mixing. 

6 Wash the avidm-agarose mixture in PBS until the filtrate shows no absorbance at 
280 nm Store at 4°C m the presence of 0.02% sodium azide. 

3.3.2. Monomer/c Avidin Affinity Matrix 

1 Filter the avidm-agarose matrix (from Section 3 3.1., step 6) on a glass or 
Buchner filter (or pack m a column) and wash four times with 2 vol of 6Mguam- 
dme * HCl in 0.2M KCl, pH 1 5, to dissociate the tetramertc avtdm 

2 Thoroughly wash the gel with 0 2Mpotassmm phosphate, pH 7.5, and suspend m 
10 mL of the same buffer. 

3 Add 3 mg of solid succmtc anhydride to succinylate the monomeric avtdin and 
incubate for 1 h at room temperature with gentle stnrmg 

4 Wash the gel wtth 0.2M potassium phosphate, pH 7 5, pack m a column, and 
saturate the bmdmg sites by running through three volumes of 1 mA4 biotm dis- 
solved in the same buffer 

5 Remove btotm from the low affinity bindmg sttes by washmg the column with 
0.2M glycme * HCl, pH 2 0 

6. Store the column equthbrated m 20 mM sodium phosphate, 0.5M NaCl, 0 02% 
sodium azide, pH 7.5 The column is now ready to use. 

7 Load the column with the mixture to be purtfied Elute any unbound protein 
by adding 20 mM sodmm phosphate, 0.5M NaCl, pH 7 5. Add biotm to the 
same buffer to obtain a final concentration of 0.8 mA4to elute the biotmylated 
compound. 

8 Regenerate the column after each run by washing with 0 2Mglycine HCl, pH 2 0 

4. Notes 

1. A detailed procedure for the conjugation of fluorophores to antibodies has been 
recently published (24) This protocol can be modified for conjugation of 
fluorophores to avldm or avtdm-related proteins by using a dye-to-avidm molar 
ratio of 5-8.1 

2. The conjugation reaction for ohgonucleotides synthesized with a disulfide con- 
taining a protecting group should be performed under nttrogen or argon 
Deprotect the disulfide of the ohgonucleotide using DTT Add 1 mg of DTT to 
140 pL of a 6 p/V oligonucleotide (2 l-33 mer) solution in 0 Mphosphate buffer 
containing 5 mM ethylenedtaminetetra-acetic acid. Stir the solution at 37’C for 
0.5 h. Purify the reaction mixture using a disposable desalting column. Combine 
the oligonucleotlde-containing fractions with thlolated avldm prepared as 
described m Section 3.1 1 It should be noted that, m this case, conjugation 
occurs through the formation of a disulfide bond instead of a thioether bond. 
Disultides are sensitive to reducing agents; however, they make reasonably stable 
conjugates, useful m most applications (25) Purify the conjugate as outlined in 
Section 3.1.4 
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3 Usmg a molar ratio of SPDP to avidm of 5 yields l-2 protected sulfbydryls per 
molecule of avidm. This range of thiols per mole is found to produce the best yield 
of a 1: 1 conjugate. 

4 Buffer and pH: The entire procedure for preparation of conjugates through 
thioether bonds can be performed at pH 7.5 (Note: Organic buffers containing 
amines, such as Tris, are unsuitable ) Antibodies or enzymes in PBS can be pre- 
pared for reaction with SMCC by adding l/10 vol of 1M sodium bicarbonate 
solution. This step eliminates dialysis and consequent dilution of the protem 
Presence of azide at concentrations above 0.1% may interfere with the reaction 
of the protein with SMCC or of avidin with SPDP. IgM antibodies denature above 
pH 7.2. They can, however, be conjugated in PBS at pH 7 0 by increasing the 
molar ratio of maleimide to antibody. 

5. Peptides (20-25 ammo acids) containing a smgle cysteme can also be conjugated 
to thiolated avidm by modifying the procedure described m Sectton 3.1 and per- 
forming the reaction under argon or nitrogen (26). Peptide-avidm conjugate for- 
mation described here also mvolves the formation of a disulfide bond For 
conjugation with 5 mg avtdm, dissolve 1 6 mg of a lyophihzed cysteme-contam- 
mg peptide m 900 pL water/methanol (2 1 v/v) using 50 mMNaOH (a few micro- 
liters at a time) to improve solubility. Immediately prior to use, cleave any 
cystine-bridged homodimer that may be present by the addition of TCEP solu- 
tion (10 mg/mL m 0 1Mphosphate buffer) to obtain a TCEP-to-pepttde ratio of 
3 Incubate for 15 mm at room temperature Purify the peptide-TCEP mixture 
using a disposable desalting column. Combme the peptide-contammg fractions 
with thiolated avidin prepared as described m Section 3 1.1. Purify the conju- 
gate as described m Section 3.1.4. 

6. Avidm and antibody or enzyme concentration: The concentratton of avidm as well 
as that of the protem to be comugated should be 2-10 mg/mL. The crosslinking 
efficiency and, consequently, the yield of the conjugate decreases at lower concen- 
trations of the thiolated avidm and maleimide-derivatized protein To obtain 1.1 
conjugates, equimolar concentrations of avidin and the protem are desirable How- 
ever, most methods of conjugation will generate conjugates of different sizes, 
followmg the Poisson distribution. The size range obtained with the method 
described here is much narrower because the number of proteins reacting with each 
mole of avidm can be regulated by the degree of thiolation of avidm 

7. It is essential that the procedure described m Section 3.1.2. be performed approx 
24 h before the procedure descrtbed in Section 3.1 3 , because the deprotected 
thiolated avidin and the maleimide derivative of the protein are unstable. Purifi- 
cation of the maleimide-derivatized protein by size exclusion chromatography 
can be performed more rapidly than dialysis, however, the former leads to dilu- 
tion of the protein and a decrease in the yield of the conjugate. 

8. If the molecule bemg conjugated to avidin is P-galactosrdase or other free thiol- 
contammg oligonucleotide or protein, NEM treatment is not performed. 

9. Radioiodination of streptavidin uses procedures similar to those used for stable 
nuclides However, some distinct differences remain, since radioiodinations are 
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10. 

11 

performed in dilute solutions. Also, the radioiodination mixture contains minor 
impurities formed during the preparation and purification of the radionuclide. 
Thus, optimization of reaction parameters is essential for performing radio- 
iodination. This reaction is carried out m small volumes, it is therefore essential 
to ensure adequate mixing at the outset of the reaction Inadequate mixing is 
often responsible for poor radioiodmation yield 
Specific activity using the method described in Section 3 2 is usually in the range 
of l&50 mCi/mg and the protein-bound radioactivity obtained IS >95%. Higher 
specific activity can be achieved by increasing the reaction time of step 3 m Sec- 
tion 3.2. by using more beads, or by mcreasmg the amount of radioiodine. How- 
ever, one must bear m mmd that at longer mcubatton times, the risk of damage to 
streptavidin is greater 
Storage and stability of avidm comugates: Most avidm conmgates can be stored 
at 4 or -20°C after lyophilization Because of the variation m antibody structure, 
there is no general rule on the best method to store avidm-antibody comugates, 
and the best conditions are determined experimentally. Ahquoting m small amounts 
and freezing is generally satisfactory Radiolabeled streptavidm is allquoted 
(- 100 ml/tube) and stored at 4 or -20°C until use 
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Enhanced Chemiluminescence Immunoassay 

Richard A. W. Stott 

1. Introduction 
Chemiluminescence results from reactrons with a very high energy yield, 

which produce a potentially fluorescent product molecule; reaction energy passed 
to the product may result in an excited state and subsequent productton of a 
single photon of light. The light yield is usually low, but can approach one pho- 
ton per molecule in bioluminescent reactions catalyzed by dedicated enzymes. 

A wide variety of immunoassay systems that use chemilummescence or 
bioluminescence have been developed with the aim of detecting low concen- 
trations of biologically active molecules. Even when emission efficiencies are 
Cl%, chemiluminescence is a sensitive label detection method compared with 
isotopic methods m whtch very large numbers of molecules must be present 
for each detected disintegration (e.g., about 1 x lo7 atoms of 125I give 1 count/s). 
The production of light against a low background permits detection of small 
numbers of reacting molecules by measuring total light output. Luminescent 
emtssions can be measured over a range of at least six orders of magnitude by 
all but the simplest luminometers. This is in marked contrast to fluorescent or 
spectrophotometrrc detection of reaction products, where sensitivity and instru- 
ment linear range are limited by the stability of light sources and wavelength 
selection. For example, a good spectrophotometer may achieve a linear range 
slightly greater than three orders of magnitude. 

Directly labeled chemrluminescent systems produce <I photon/label and 
require complex chemical synthesis to produce each new labeled molecule 
(1,2). In contrast, chemilummescent detection of enzyme labels combines the 
advantages of a high specific activity label with the convenience of relatively 
simple coupling chemistries, which use commercial reagents. A number of 
enzyme labels can be detected via chemtluminescent or bioluminescent reac- 
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Fig. 1. Chemiluminescent oxidation of luminol by peroxidase. 

tions, including P-galactosidase (3), alkaline phosphatase (4), peroxidase, luci- 
ferin and a variety of enzymes indirectly linked via production of ATP or NADH 
(5). Systems that use alkaline phosphatase and peroxidase have the additional 
advantage of commercial availability of a wide range of labeled molecules and 
complete assay kits suitable for adaptation to luminescent detection. 

Enhanced chemiluminescence is based on the reaction of luminol(3-amino- 
phthalhydrazide) with an oxidizing agent, such as hydrogen peroxide or sodium 
perborate. This reaction is catalyzed by metal ions at high pH, resulting in 
emission of blue light (emission peak about 425 nm). At lower pH, the reaction 
is catalyzed by heme-containing enzymes, such as horseradish peroxidase, cata- 
lase, cytochrome C, and hemoglobin (Fig. 1). However, the light output is low 
with a half-life of a few seconds. The presence of any one of a series of 
“enhancer molecules” increases the light emission from horseradish peroxi- 
dase by lOOO-fold or more, and alters the kinetics so that a steady glow is 
produced lasting several hours (6,7). Microparticles, plastic beads, plastic 
tubes, microtiter plates, membranes, and plastic pins have all been used suc- 
cessfully as solid supports in a wide range of enhanced chemiluminescence 
assays, including competitive immunoassays, immunometric assays, and RNA 
and DNA binding assays (6,8,9). 

In common with all other sensitive detection systems, maintenance of the 
label enzyme in its active state is important. The precautions detailed in Notes 
l-3 should be observed to maximize the sensitivity achieved. Reagents for 
enhanced chemiluminescence can be prepared in the laboratory or are avail- 
able commercially (see Note 4). The purity of the substrate solution is impor- 
tant in achieving maximum sensitivity. Therefore, the precautions detailed in 
Notes 5-7 should be followed if preparing substrate solutions. The free base 
form of luminol undergoes rearrangement to a mixture of luminol and a series 
of contaminants. Therefore, luminol should be purified by recrystallization as 
the sodium salt before use (see Note 8). 
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1.7. Light Measurement Instruments (Luminomefers) 

Commercial lummometers range from low-cost manual single tube mstru- 
ments to fully automated high-capacity machines and have been revrewed pre- 
viously (I 0). However, application-specific requirements are rarely discussed, 
and the first-time user will require some guidance m matching an instrument to 
the chemrstry or chemistries to be used. 

There IS normally no requn-ement for wavelength selectton, because very 
few reactions produce stgmficant light output. Therefore, a simple 
lummometer can consist of a detector and some means of presenting a sample 
or samples m a light-tight compartment. There may also be a system for add- 
ing reagents to the sample while m the chamber. The detector IS usually a 
photomultiplrer tube for sensitive instruments, but can be a photodtode m a 
portable instrument (7, I I) or photographic film, tf a semiquantrtatrve result 
is sufficient (2,12). 

Lummometers designed for use with short-lived reactions have complex high- 
precision reagent injectron systems. There may also be a short measurement prior 
to reagent mjectron to correct for background owing to light leaks, phosphores- 
cence, and scinttllation from sample tubes. Photon-counting and cooled detec- 
tors may also be used to achieve maximal light-detection senstttvtty None of 
these features IS essential for use with enhanced chemilummescence 

Relatively htgh hght mtensmes and prolonged emtsslon are produced by 
enhanced chemilummescence detection of peroxidase and the substituted 
dioxetane-based detection reactions for alkaline phosphatase or P-galactosi- 
dase (3,4). These reactions require a short stabihzmg time before reading and 
are convemently performed by adding the reagents before the sample reaches 
the measurmg posmon This can only be done tf any pretnjectron blank mea- 
surement can be disabled. It IS also practical to handle large numbers of samples 
using a timed reagent addition outside the instrument, completely ehmmatmg 
the need for automatic reagent handling. High light output can lead to “pulse 
pileup” in photon-counting electronics, resulting in nonlmearrty and eventu- 
ally zero apparent signal (Z3). Linearrty can be improved via mathematical 
correction for the dead time or msertron of a neutral density filter 

Although light output from individual transparent mtcrottter wells can be 
measured m a luminometer designed for tubes, it is more convenient to use 
opaque mtcrottter plate wells and one of the purpose-designed readers. Pro- 
longed light output makes it possible to start the reaction outside the instru- 
ment in the same pattern as the light emission is read. However, the presence of 
other glowing wells introduces the possibility of light carryover into the well 
being read. Carryover is important if the dynamic range of light emissions from 
a plate is expected to be higher than three orders of magnitude; in this case, 



Table 1 
Carryover from a Single Glowing Well in a Rigida 
Black Microtiter Plate Measured Using a Prototype Luminometer 

0.02% 0.01% 0.007% ND ND 
0.04% 0.035% 0.018% 0.005% ND 
0.71% 0.075% 0.034% 0.007% ND 
Source 0.1% 0.03% 0.007% ND 
0.045% 0.034% 0.025% 0.006% ND 
0.03% 0.025% 0.013% 0.005% ND 
0.009% 0.009% 0.006% ND ND 

uData represent the mean of several readings obtained for empty wells expressed as a 
percentage of the mean light output of the source well. Positions marked ND gave readings 
that were not significantly different from the photomultiplier background. 

Fig. 2, Origi 

L 

In 1 

I I J 

ie’ of light carryover between wells of an “opaql ” microtiter plate. 

there is a risk of false-positive results owing to a fraction of a percent of the 
emission from a very high sample being transmitted to a low one as much as 
three positions away (Table 1). 

Both white and black microtiter plates are available in single-well, strip, and 
plate formats. The plastic is made opaque by incorporating colored particles 
into transparent plastic. Therefore, some light can pass through the plastic. The 
light transmission differs considerably between formats and individual manu- 
facturers. However the greatest carryover occurs via external reflection from 
the shiny top surface (Fig. 2). Carryover is least for black plastic, although the 
loss of reflection within the well also reduces the signal available to the detec- 
tor. Multiwell strips have higher carryover along the strip than between adja- 
cent strips owing to the plastic web that links the wells. Similarly, individual 
wells have lower carryover than joined ones. 
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Carryover varies considerably between instruments, but it is particularly low 
if the instrument has an antireflectron mask between the plate and detector. 
Individual instruments should be assessed for carryover using the type of plates 
that will be used with it. The pattern of carryover should be determined by 
reading light output from all wells of a plate containing a single glowing well 
with a light output, which represents the highest expected from the assay. The 
location of this well may affect the results, and carryover should be assessed 
using each corner well and one close to the center of the plate. 

2. Materials 
1. High-quality deionized water (see Note 3). 
2. Lummol stock solution: 1.25 mMlumino1 in O.lMTris-HCI buffer, pH 8.6 Store 

at 4’C m the dark. Make up fresh each week. Lummol should be recrystallized as 
the sodium salt before use (see Note 8). 

3 Hydrogen peroxide: 30% (w/v). Store at 4°C. 
4. p-Iodophenol stock solution: p-iodophenol, 1 mg/mL m dimethyl sulfoxrde 

(DMSO). Make up fresh each day. 
5. Microfluor “B” microtiter plates (Dynatech Laboratories, Chantilly, VA) 
6. Coatmg buffer: O.lM glycme, pH 8.8. Adjust pH usmg NaOH. Store at 4°C and 

make up fresh each week. 
7. Rabbit anti-cc fetoprotein (AFP) (Dako [Glostrup, Denmark] cat. no. AOOOS). 
8. Phosphate-buffered salme (PBS), pH 7.2: 0.14M NaCl, 2.7 mA4 KCI, 1 5 mA4 

KHPPOb, and 8.1 mA4 Na2HP0,. Store at 4°C and make fresh each week. 
9. Blocking solution: PBS containmg bovine serum albumin (BSA) 0.1% (w/v). 

Make up fresh each day. 
10. PBS-Tween: PBS containing Tween-20, 0.05% (v/v). Make an additional batch 

using high-quality deionized water (see Note 3). Store at 4”C, and make fresh 
each week. 

11. Assay diluent. PBS-Tween containing BSA 0.5% (w/v) Make up fresh each day 
12. Working standards concentration range O-800 ng/mL made fresh for each assay 

batch by serial dilution of stock standard using normal human serum. Stock stan- 
dard (1600 ng/mL) is made by dllutmg AFP standard serum (Dako cat. no. X900 
or Boehrmg Diagnostics [Westwood, MA] cat. no. OTOD 02/03) in human serum 
containing 0.05% (w/v) sodmm azide. Store frozen as 1-mL ahquots. 

13. Peroxidase-conjugated anti-AFP (Dako cat. no. P128) diluted MOO0 m assay 
diluent. Make up fresh for each assay batch. 

14. Working enhanced chemlluminescence substrate solution (see Note 9)-either: 
a. p-iodophenol-enhanced substrate: luminol 1.25 mM, p-iodophenol 4 pA4, 

H202 2.7 mM). Add 15 pL of stock hydrogen peroxide and 40 mL of 
p-iodophenol stock solunon to 50 mL of stock substrate solution,, and mix 
well. Make up dally using high-quality deionized water (see Note 3), and 
store in the dark when not in use, or 

b p-Hydroxycinnamic acid-enhanced substrate (luminol 1.25 mM, p-hydroxy- 
cinnamic acid 30 pM, H202 2.7 mit4). Add 15 mL of stock hydrogen peroxide 
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and 1 mg ofp-hydroxycinnamrc acid (alternative names p-coumaric acid or 
4-hydroxycmnamtc actd, e g., Aldrich [Gillmgham, UK] cat. no. 2,320-7) to 
50 mL of stock substrate solutton. Mix for 30 min before using Make up 
dally using high-quality deromzed water (see Note 3), and store m the dark 
when not in use 

3. Method 
1. Coat the wells of a mrcrottter plate with 100 mL of anti-AFP (l/1000 m coating 

buffer). Allow the protem to bind for either 2 h at room temperature or overnight 
at 4°C (see Note 10) 

2. Empty the wells, and wash off any unbound antibody by fillmg each well with PBS 
and shaking the plate to re-empty Repeat the wash and block unbound sites by 
incubating wrth 200 n&/well of blocking solutton for 30 min at room temperature 

3. Empty the wells, and wash the plate twice (as descrtbed in step 2) with PBS- 
Tween to remove any unbound albumin 

4 Prepare l/20 dilutions of samples, standards, and quahty control specimens using 
assay diluent, and add 150 $, to each of the mrcrottter plate wells Cover the 
plate with plastic film, and incubate at 37°C for 1 h 

5 Empty the wells, and wash the plate three times wtth PBS-Tween Shake the 
plate over a sink to ensure complete removal of wash solution Add 150 pL of 
working conjugate to each well, cover, and incubate at 37°C for 1 h. 

6. Empty the wells, and wash the plate three times with PBS-Tween made using 
high-quality detomzed water (see Note 3). 

7 Add 150 pL of enhanced chemtlummescent substrate to each well m the same 
order and preferably with the same timmg as used by the plate reader. Allow at 
least 2 mm for the light output to stabilize before reading the plate. 

8. Obtam unknown spectmen results either by readmg off a plotted cahbratton curve 
or use a computer program to calculate from a fitted curve. 

4. Notes 
1. Peroxrdase is inactivated by anions and certain anttmicrobial agents, includmg 

aztde, cyanide, and thiomersal. Antrmtcrobial agents may be present m concen- 
trated enzyme label solutions and assay buffers at typically active concentra- 
tions, but must not be present m wash solutions or substrate. The latter reagents 
must be freshly made each day from concentrated stocks. 

2. Powerful oxldlzing or reducing agents may interfere with any peroxidase detec- 
tion reactron by macttvatmg peroxidase, oxidtzing the substrates or reducmg the 
oxidants m the reagents. There are potentially many of these in the laboratory 
environment, including chlorine in water, disinfectants, paper dust, laboratory 
coats, skin, and so forth. Care should be taken to avold contammatlon of mdl- 
vldual assay wells or equrpment 

3. For best possible sensitlvtty, the final assay wash (step 6) and all substrate reagents 
should be made up in water of the highest posstble purtty Trace contaminatton 
with bacteria, algae, organic compounds, and chlorine IS a particular problem. 
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Laboratory-grade distilled or reverse osmoses water should be further treated 
using a deionization cartridge. The water plant must be well maintained to avoid 
bacterial growth in deionization columns, plumbing, and storage tanks. Alterna- 
tively, commercial HPLC-grade water has been found to be satisfactory. 

4. Amerlite signal reagent (Johnson and Johnson Clinical Diagnostics) 1s supplied 
as separate bottles of buffer and substrate tablets. One “A” and one “B” substrate 
tablet (cat. no. LAN.4401) are dissolved in each bottle of substrate buffer (cat 
no. LAN. 4402) prior to use. This reagent is stable for a day at room temperature 
providmg it is kept m the dark glass bottle 

5 In order to ensure stable concentrations, the anhydrous form of sodium luminol is 
preferred molecular weight 199 1. This should be stored over silica gel m the 
dark. Luminol solutions should be stored in the dark at 4’C. Stock solutions must 
be made up at least weekly and working substrate dally. 

6. DMSO is a colorless, odorless compound. However, it IS hygroscopic and 
acquires an onion-like smell. DMSO in this state has been found to be inhibitory 
in the enhanced chemtlummescent reaction. Therefore, the highest available 
grade should be purchased m small amounts and carefully stored to minimize 
water uptake. 

7. Hydrogen peroxide is a powerful oxidant, but gradually loses activity The high- 
est available grade should be purchased m small amounts, and stored at 4°C 

8. Lummol is available as the free base under alternative chemical names from sev- 
eral chemical suppliers, mcludmg 
a 5-Amino-2,3-drhydro-1,4-phthalazinedione (Sigma [St Louis, MO], cat no. 

A 851 IP). 
b 3-Ammophthalhydrazide (Aldrich cat. no 12,307-2). 

There is considerable batch to batch variability in commercial lummol. The 
purity of the original material IS only tmportant m determining how many recrys- 
tallization steps are required. Recrystallization gives a consistently high activity 
product and may be performed as follows (for further details, see ref 7): 
a Dissolve lummol in 5% (w/v) sodium hydroxide at room temperature until 

close to saturation (about 200 g/L). The color of this solution will depend on 
the original lummol. Cool the solution in an ice bath and allow to crystallize 
for 4 h. Recover the sodium lummol crystals using suction filtration on a 
glass fiber filter disk (Whatman GFA or similar), and wash using a small 
volume of ice-cold 5% sodium hydroxide The crystals should be white or 
only slightly discolored. Sodium luminol should be recrystallized at least 
twice after a white product is obtained 

b. Dissolve the sodium lummol in a minimum volume of 5% sodium hydroxide 
at room temperature Allow to crystallize on an ice bath for 18 h A refrigera- 
tor can be used as an alternative, although crystallization may be slower and 
yield may be low Recover the crystals by filtration as above 
The initial crystalline form is the hexa-hydrate, which converts to an anhydrous 

powder on drying over silica gel. Sodium lummol is stable to heat (meltmg point 
>400°C), but undergoes photochemical reactions and should be stored in the dark 



Sodrum lummol has recently become available from Sigma (cat no. A 4685) 
The author has no experience with this product 

9. The substrate solutions detailed here (Section 2., item 14) are essentially mter- 
changeable with no sensitivtty advantage for either. Both systems are optimized 
for a reasonably steady light output at a peroxidase concentrations typically 
encountered in immunoassays. Use of final peroxidase activities that are mark- 
edly higher will result in declmmg light output owing to substrate exhaustion. 
This cannot be avoided by alteration of the reaction conditions. Slight reduction 
m enhancer concentratton may give more stable light output for assays with atypi- 
cally low peroxidase activity. 

10 For best results, plates should be coated with the IgG fraction of an antiserum, this 
can be conveniently prepared usmg caprylic acid precipitation (see Chapter 10 and 
ref. 25). Where this is not possible, indirect capture may be used, such as antispecies 
antibody on the plate, or the streptavidm-biotm system. Any indirect capture sys- 
tem must be compatible with the final label, e.g , labeled antigen or different spe- 
cies antrsera with no crossreaction with the Indirect coating antibody 

11. Safety data (from ref. 16) 
a Lummol (commercial-grade): Irritating to eyes, respiratory system, and skin, 

No specific mformation is avatlable for pure luminol or for the sodium salt. 
b. Hydrogen peroxide: Contact with combustible matertals may cause fire 

Causes burns. Keep in a cool place. After contact with skin, wash immedi- 
ately with plenty of water. 

c. DMSO: Irritant to eyes, skin, and respiratory system Harmful by mhalation, 
skm contact, and if swallowed. May cause sensitization by inhalation or 
skm contact. 

d p-Iodophenol* Irritant to eyes, skin, and respiratory system 
e p-Hydroxycinnamic acid: Irritant to eyes, skin, and respiratory system. 
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Nonradioactive Methods 
for Visualization of Protein Blots 

Michael Finney 

1. Introduction 
The abihty to detect specific protems that have been immobrlized on mtro- 

cellulose or polyvmyhdene drfluoride (PVDF) membranes has become an 
invaluable technique in all areas of the biological sciences. In the past, vrsual- 
ization of low-abundance proteins required the use of radroactrve markers, such 
as ‘2510dine, but with the advent of enhanced chemilummescent technology 
and amplified colorrmetric detection, this is no longer the case (l-3). This chap- 
ter details two of the more popular nonradroactrve methods for immobihzed 
protein detection, both of which rely on the mdnect labeling of specrfic pro- 
teins with enzyme-lmked anttbodies. The location and abundance of these enzyme 
markers are then realized in a reaction producing a colored end product or by 
the generation of light in a chemiluminescent reaction. These techniques can 
identify <20 pg of protein. 

Transfer of proteins onto nitrocellulose or PVDF membranes is usually per- 
formed after separation of complex protein mixtures by polyacrylamtde gel 
electrophoresis (PAGE). Proteins can be separated on the basis of their molec- 
ular weight or isoelectric pomt, under reducing or nonreducmg conditions, and 
it is therefore for the investigator to establish the most appropriate separation 
conditions for particular samples. Full details of PAGE can be found m refs. 4 
and 5, and the reader is encouraged to use these as sources of further details 

The transfer of proteins from the gel to the membrane is achieved by laying 
a sheet of nitrocellulose or PVDF on the side of the gel and applying an electri- 
cal current across the two surfaces (6). Proteins migrate toward the anode and 
move onto the membrane where they irreversibly bmd to its surface. The spa- 
tial separation achieved during electrophoresis is therefore retained in an immo- 
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bthzed and accessible form. The method of choice for this transfer uses a 
semidry blotter that allows rapid transfer with the use of only a small amount 
of buffer (7,8; see Note 1). Once transfer IS complete, the blot can be processed 
unmediately or can be dried and stored dry for up to 3 mo at 4°C before bemg 
analyzed (see Note 2). 

The visualizatron of specific protems on such blots typically mvolves four 
stages: 

1. Blocking any surplus binding capacity on the membrane 
2 Incubation with a specific prtmary antibody. 
3. Incubation with an enzyme-linked secondary antibody 
4. Treatment with a chemical substrate to reveal the location of the enzyme marker 

The first visualizatton procedure detailed here mdtrectly labels the nmnobt- 
lized protein with alkaline phosphatase. The location of this enzyme is then 
revealed by treatment with a chromogenic substrate contammg 5-bromo-4-chloro- 
3-indolylphosphate (BCIP) and nitroblue tetrazoltum (NBT), which produces a 
purple msoluble end product (3). The second uses horseradish peroxtdase (HRP) 
as the enzyme marker that is subsequently visualized by treating the membrane 
with a commercially available solution (Amersham’s ECLTM system [Amersham, 
Bucks, UK]) containing luminol, hydrogen peroxide, and phenol-based enhanc- 
ers, and results in the generation of light (2,9) The position and mtensrty of 
this light are then measured using photographic film. 

2. Materials 

2.1. Semidry Transfer 

1. Membranes: Two types of membrane can be used (see Note 3). 
a. Nitrocellulose. Nitrocellulose membranes have been tradttionally used in pro- 

tem blotting procedures but suffer from being brtttle and dtfficult to handle. A 
suitable alternattve IS supported mtrocellulose (such as HybondTMC-extra or 
Hybond C-super, Amersham Internattonal [Amersham]), which contains 
an inert matrix that makes the membrane more robust Many suppliers also 
provide nitrocellulose that has been optimtzed for use with chemiluminescent 
visualization procedures (such as Hybond-ECL, Amersham), this type tends 
not to be of this supported type Nttrocellulose membranes need to be soaked 
in buffer (transfer or TST, whtchever is appropriate) for 5 min to wet the 
surface before being used. 

b PVDF. PVDF (such as Immobilon TM-P, Milhpore [Bedford, MA]) is the 
maternal of choice for protein blottmg owing to Its strength and protem bmd- 
mg charactertstics. PVDF suffers from being extremely hydrophobic and, 
therefore, requires prewetting with 100% methanol for a few seconds before 
being washed in four changes of distilled water (20 s/wash). These water 
washes replace the methanol within the membrane and allow aqueous solu- 
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ttons access to the membrane surface. PVDF membranes must be treated 
in this way before protems are transferred to its surface, and it 1s recommended 
that the blot not be allowed to dry out before visualization is complete. If 
drying does occur (e.g., for storage after transfer; see Note 2) the membrane 
must be wet once more with 100% methanol for a few seconds, and the metha- 
nol then washed out with distilled water before proceeding with the visualiza- 
tion process (IO) 

2. Transfer buffer: 25 mM Tris, 150 mM glycine, 20% (v/v) methanol. The pH of 
this solution will be around 8.5 and does not need to be adjusted. Approx 200 mL 
of buffer are required for each transfer. The solution ts stable for 2-4 wk at room 
temperature in a sealed contamer. Alternatively, the buffer can be made up wtth- 
out methanol (i.e., as 3 1.2 mA4 Tris, 187.5 mM glycine) and the methanol added 
to 20% just before use. This solution is stable for 6 mo at room temperature. 

2.2. General Blotting Procedure 
1. Trts/salme/TweenTM (TST): 0.1 M NaCl, 10 mM Trts, pH 7 5, 0.05% Tween-20 

(polyoxyethylenesorbitan monolaurate). Dissolve NaCl and Tris in 4/5 of the final 
volume of dlstllled water and adjust pH to 7.5 with HCl Add Tween-20, mix, 
and make up to the final volume with distilled water. Approximately 1 L is 
requtred/blot. The solution is stable for 3 mo at room temperature 

2. Blocking buffer. 5% (w/v) freeze-dried nonfat milk (e.g., “Marvel,” Premier Bever- 
ages, Stafford, UK) in TST. Make up fresh as required. The quality of the drted milk 
is important, since some brands contain significant amounts of fat (see Note 4). 

3. Primary and secondary antibodies: The choice of primary antibody depends on 
what specific antisera are available for the protein of interest; both monoclonal 
anttbodies (MAbs) and polyclonal antibodies are suitable. Choice of secondary 
antibody is more important: this must be matched for the primary reagent m terms 
of species recognition. If, for example, the primary antibody is a mouse mono- 
clonal IgGl, the secondary antibody must be from another species (such as 
rabbit) and raised against murine IgGl . Secondary antibodies are usually avarl- 
able as a variety of conjugates, linked either to marker enzymes or to biotm. 
Btotinylated antibodies are subsequently visualized using enzyme-linked 
streptavidin Most commerctal suppliers of primary antibodies can provide sutt- 
able matched secondary antibodies (see Note 5). 

4 Addittonal equtpment rocking table, plastic bag sealer, and a number of plastic 
containers m which to perform the membrane washes (see Note 6). 

2.3. Calorimetric Visualization 
of Alkaline Phosphatase (AP) Labels 

1. AP staining buffer: O.lMNaCl, 0. lMTris, pH 9.5, 50 mM MgCl,. Dissolve Trts 
and NaCl in distilled water (4/5 final volume), adjust pH to 9.5 with HCl. Make 
up a small stock solution of 4M MgCl, m distilled water (e.g., 50 mL), and add 
the appropriate amount to the staining buffer (12.5 mL/L). Make up to the final 
volume with distilled water and store at room temperature. Stable for 6 mo. 
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2 NBT stock solution. 75 mg/mL m 70% dimethylformamide (DMF) Stable if 
stored at 4°C m a dark container 

3 BCIP stock solution. 50 mg/mL m 100% DMF Stable if stored at 4°C m a dark 
container. Solubility of BCIP m DMF IS mmimal, but a white slurry IS produced 

2.4. Chemiluminescen t Visualization 
of Horseradish Peroxidase (HRP) Labels 

1. A number of kits are available that provide the various reagents required for 
chemiluminescent visualization The most popular of these, the ECLTM kit from 
Amersham (cat No RPN 2109), is the one described here, but others, designed 
for use with AP labels, are also available (AuroraTM from ICN [Thame, UK] and 
Immun-1neTM from Bra-Rad [Hemel Hempstead, UK]) All of these come with 
comprehensrve mstructions 

2 Additional materials “Cling-film” (see Note 7), an autoradiography cassette and 
autoradiography film (see Note 8). Access to a darkroom is also required along 
with film-processing facilities (see Note 9) 

3. Methods 
The following procedures are summarized in Fig. 1. 

3.1. Semidry Transfer 
N.B. Always wear gloves when handling blotting membranes to prevent the 

transfer of protem from fingers onto the membrane surface. 

1. Remove the gel from the electrophoresis apparatus, and remove any stacking gel 
that may be present. Measure the size of the gel, and transfer rt to a container for 
incubation with transfer buffer for 15 mm. This incubation is to equilibrate the 
gel in the new buffer and to reduce the level of SDS, smce this reduces the bmd- 
ing of protein to the membrane Gels >l -mm thick will require a 30-min mcuba- 
non m transfer buffer for this equilibration to take place 

2 Cut SIX sheets of Whatman 3MM filter paper to the same dimensions as the gel, 
and soak them m transfer buffer 

3. Cut a sheet of nitrocellulose or PVDF membrane to the same dimensions as the 
gel and prewet the membrane (see Section 2.1 ). Equilibrate m transfer buffer 

4 Assemble the transfer sandwich as in Fig. 2. It is important to exclude any air 
bubbles from the various layers, since these can reduce transfer efficiency 

Place three soaked sheets of filter paper on the anode, one on top of the other 
The sheets should be saturated, but not dripping with excess buffer. Place the 
sheet of wet membrane on top of the filter paper stack and cover with the gel. 
Roll a glass rod (or similar) over the surface of the gel to push out any an bubbles, 
and to ensure good contact between the gel and the membrane. Finally, place the 
three remainmg sheets of soaked filter paper on top of the gel 

5 Rest the cathode plate on top of the sandwich, making sure it is sitting flat, and 
connect the assembly to the power supply. 
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2h at room temp on rockmg table 
(0 5-2pghl m blockmg buffer) 

AP labelled antlbodtes 

Fig. 1. Visualization of protein blots-flow diagram 

Set the supply to deliver 0.75-l .O mA/cm2 membrane constant current for 1 h, 
and turn the supply on. The voltage will start between 5 and 10 V but will gradu- 
ally rise throughout the course of the run. 

6. Turn off the power after 1 h, and remove the cathode plate. Remove the mem- 
brane from the sandwich. 

7. Rinse the membrane briefly in transfer buffer or distilled water. The membrane can 
be reversibly stamed with Ponceau S to confirm the transfer of protein (see Note 10). 

8. If the membrane is to be stored at this stage place it between 2 sheets of filter paper 
(Whatman 3MM) to dry and store at 4°C (see Note 2). If not stored, contmue 
straight on to the next stage (Section 3.2., step 2). Do not allow the blot to dry out. 
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CATHODE 

Buffer soaked filter paper (x3) -. 

Equdlbrated Gel 

pre-wet NC or PVDF membrane 

Buffer soaked filter paper (x3) 

ANODE 

Fig. 2. Semidry blotting assembly 

3.2. General Blotting Procedure 
1. If the membrane is dry, prewet it as appropriate (see Section 2.1 ). 
2. Place the blot in blockmg buffer (>l n&/cm2 membrane), and incubate on a rocking 

table for 1 h at room temperature or overnight at 4°C whichever is more convenient 
3 Dilute the primary antibody in blocking buffer to give a final concentratron between 

0.5 and 2 pg/mL (see Note 11). 
4. Incubate the blot m the primary antibody solution for 2 h at room temperature 

with contmuous agitation provided by a rockmg table 
5. Decant the primary antibody solution and wash the membrane for 30 min in four 

changes of TST (i.e., 4 x 7-g min washes; see Note 12) Do not economize on the 
volume of TST use&the membrane must be thoroughly washed 

6. Dilute the enzyme-conjugated secondary antibody in blocking buffer. Follow any 
recommendations that may be provided by the supplier regarding antibody dilu- 
tion (see Note 13). 

7 Incubate the blot m the secondary antibody solution for 2 h at room temperature 
with continuous agitation provided by a rocking table. 

8. Decant and discard the secondary antibody solution and wash the membrane for 
30 min in four changes of TST (i.e., 4 x 7-g min washes). Agam, washing must be 
thorough. The blot is then ready for visualization. Do not store the blot at this stage. 

3.3. Calorimetric Visualization 
of Alkaline Phosphatase (AP) Labels 

1. Vortex mix the NBT and BCIP stock solutions, and add 100 & of each to 50 mL 
AP staining buffer When pipeting BCIP, it is useful to snip off the end of the 
pipet tip to widen Its bore. 

2. Rinse the blot briefly in staining buffer (15 s) before submerging it in the staining 
solution. Cover the contamer in alummum foil to block out any light. AP reactions 
can develop quite slowly, and it may take an hour or more before an acceptable 
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level of staining is reached. If the staming solution turns from yellow to purple, 
replace it with some fresh staining solutton. 

3. Stop the reaction by pouring off and discarding the stammg solution, and rinse 
the membrane briefly m two changes of distilled water. The membrane can then 
be dried between filter paper and, once dry, can be photographed for a permanent 
record. The image will remam on the blot if it is stored in the dark, but otherwise 
will fade with time 

3.4. Chemiluminescent Visualization of HRP Labels 
1. Mix equal volumes of the two supphed solutions to give a final volume of at least 

0.125 mL/cm2 of membrane, and place the solution in a tray roughly the same 
size as the membrane. There must be sufficient detection reagent to cover the 
bottom of the container; add more reagent if necessary. 

N.B. Perform the followmg operations m a darkroom (lights can be on for the 
followmg three steps). 

2. Drain off any excess wash buffer from the membrane, and place it m the detec- 
tion reagent for 1 mm It is important that the membrane be completely covered 
by the reagent 

3 Lift the membrane out of the detection reagent, and drain off any excess Place 
protein face down on a flat piece of cling-film, and gently wrap over the edges of 
the cling-film sheet to enclose the membrane 

4. Turn the wrapped membrane over (protem side up), place in an autoradiography 
cassette, and gently smooth out any air bubbles that may be between the mem- 
brane and the cling-film. 

5. Turn off the lights (red safe lights can be on), and place a sheet of autoradiogra- 
phy film over the wrapped membrane for 10 s. 

6. Remove the film and process immediately as usual (see Note 9) 
7. Examme the resulting image and assess how long to expose a subsequent piece 

of film (see Note 14) 

4. Notes 

1. Semidry blotting has a number of advantages over the traditional tank blotting 
procedure. First, the length of time required to perform the transfer is greatly 
reduced (approx 1 h), and the electrical current required is much smaller (<I mA/ 
cm2 membrane) These currents can be supplied by a standard electrophoresis 
power supply, thus avoiding the requirement for a dedicated supply Also, because 
of this reduced current requirement, the temperature of transfer is low; there is no 
need to have special coolmg arrangements. A number of suppliers provide 
semidry blotting equipment (Sigma [Poole, UK], Millipore, Bio-Rad, Hoefer 
[Pharmacta, Milton Keynes, UK]), all of which come with full mstructions. 

If tank blotting equipment is the only option available, then perfectly accept- 
able results can be obtamed. Recommended conditions for tank blotting are 
overnight transfer (>8 h) at 0.2 A (50 V) with water cooling m Tris/glycme/ 
20% methanol transfer buffer (see Section 2.1 ). 
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2. The length of time that blots can be stored dry depends on the nature of the 
antigens of mterest Some proteins can degrade slowly even when stored at 
4”C, and thus is particularly evident with proteins losmg posttranslatronal 
modifications (such as phosphorylation), This may or may not be important 
depending on whether the modified mottf is wtthin the anttgemc site, but of 
course is crucial if probmg for phosphoproteins wrth an antiphospho-ammo 
acid antibody (such as antiphosphotyrosme). It is advisable to use fresh blots 
wherever possible 

3 Nylon membranes are not recommended for protein blotting, since they almost 
always suffer from high background staining. 

4 Membrane blockmg. This is an essential step to prevent the nonspecrfic bmdmg 
of antibodies to the membrane surface Other protems can be used as the basrs of 
this solutron, such as l-10% bovine serum albumin (BSA) in TST or O&-3% 
gelatin m TST if preferred, although the time, concentration, and temperature of 
the blockmg step would need to be optimized Increasmg the temperature of the 
blocking step to 37°C decreases the time required for effective blockmg 

5 Some suppliers provide enzyme-lurked primary antibodies that can be used m 
these protocols, thus avoidmg the necessity for a secondary antibody mcubatron. 
This does reduce the length of time required for the procedure, but does have 
some disadvantages with regard to sensmvity The treatment wrth a secondary 
antibody does provide a degree of amplification m the system that allows detec- 
tion of smaller amounts of protein Also, the choice of vrsuallzation procedure is 
limited to the enzyme type conJugated to the primary antibody 

6 Plastic sandwich boxes make good containers for blot washing, but often have a 
much larger base area than the size of the membrane. It is useful to have a few 
containers that have a base of srmilar drmensions to the membrane, so that mcu- 
bations can be carried out m as small a volume as possible. Incubations with 
antibody solutions can be performed m heat-sealed plastic bags (see Note 1 I), 
but this is not practical for other steps, partrcularly mcubatrons with visualrzation 
solutions Lids from pipet tip holders make suitable containers for small blots 
from mmigels 

7. Most brands of laboratory cling-film are satisfactory for use m the ECL proce- 
dure, although Amersham partrcularly recommends SaranWrapTM. Some brands 
can quench the light-generating reaction, so if a weak signal is consistently obtamed, 
it may be worth checking other brands of cling-film. 

8. Standard autoradrography film can be used to visualize ECL reactions, although 
Amersham does provide a number of products that have been optimized for use 
m this procedure. HyperfilmTM-ECL and HyperpaperTM-ECL are both recom- 
mended Please note that Hyperpaper-ECL has photographic emulsron on only 
one side, so the appropriate side must be exposed to the membrane (the emulsion 
side has a glossy appearance). 

Membranes can be labeled with phosphorescent tape (Sigma, cat no L5 149), 
which can be written on with a permanent black marker This produces a nega- 
tive Image of the writing on the film 



Nonradioactive Methods for Blots 215 

9 

10. 

11. 

12 

13 

Exposed film can be developed manually or using an automated processor With 
automated processors, tt IS advisable to transfer the exposed film to an empty 
autoradtography cassette for transport to the machme Manual processmg can 
be achieved with standard chemicals (e g., Kodak GBX developer and fixer for 
film, Kodak Dektol developer and fixer for paper; available from Sigma). 
Blots can be reversibly stained with Ponceau S to confirm transfer has taken 
place This must be done before the blockmg stage, since after this, the mem- 
brane 1s saturated with protem This is not a highly sensitive stain---only major 
bands are revealed 

Make up a stammg solution of 0 1% (w/v) Ponceau S (Sigma, cat no P3504) 
in 5% acetic acid and a destain solution of 0 1M NaOH 

After transfer is complete, wash the membrane tn the stain solution for 3-5 mm 
Pour off the stain (it can be reused until no longer effective), and wash the 
membrane in four to five changes of drsttlled water (2 mm/wash) The red back- 
ground will wash away leaving red-stained bands visible The posmon of any 
molecular weight markers can be noted (N B * Not all the markers may be revealed) 

To destain the blot, cover with 0. 1M NaOH As soon as the bands disappear 
(after turning purple), tip off the alkali and wash the membrane thoroughly m 
four changes of distilled water This treatment may result m a slight loss of pro- 
tein from the membrane but losses are not usually significant if the procedure 1s 
carried out rapidly 
The volume of antibody solution required depends on the size of the blot and the 
container m which the incubation will occur Incubatton in heat-sealed plastic 
bags can stgmficantly reduce the required volume, with a blot from a mmigel 
(8.5 x 5 5 cm) needing only 5 mL of primary antibody solution when incubated 
m this way If you are unsure of what volume is required, then seal the membrane 
(or one of the same size) in a plastic bag with a volume of TST, and check that 
there is enough fluid to cover the membrane 

For sealing membranes into bags it is easiest to cut two sheets of plastic and 
place one underneath and one on top of the membrane Heat seal around three 
sides to make a bag, add the mcubatton solution, remove any air bubbles and seal 
the fourth side 
The primary antibody solution can be saved and reused two to three times within 
the following 2 wk if stored at 4°C and no bacterial growth is evident. It 1s not 
advisable to use sodium aztde as an antimtcrobial agent, particularly when using 
HRP-labeled antibodies azide inhibits peroxidase reactions 
The appropriate dtlutton required for a particular secondary antibody needs to be 
established emptrtcally, but usually falls in the range of 1/200&1/20,000. Higher 
concentrations often lead to unacceptable background stammg. It IS advisable to 
run a gel of some control samples so that the appropriate dilution can be estab- 
lished Run a number of lanes of a control sample interspersed with prestamed 
molecular weight markers on a gel, and then transfer the protein to a membrane. 
The membrane can then be cut mto strips along the prestained marker lanes, 
and the strips blocked and treated with primary antibody. After washing, the strips 
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can be mcubated wtth different concentrations of secondary antibody (suggested 
dtlutions: l/1000, l/2500, l/5000, l/10000, l/20,000) and then visualized in the 
appropriate way Select the dilution that gives the maximum signal with the 
minimum background. Even higher dilutions may be optimal for HRP/ECL 
visualization. 

14. If the image is very faint (or absent), it may be necessary to expose another 
piece of film for up to an hour. If the image is overexposed, it may be necessary 
to wait for 5-10 min before exposing another piece of film to allow the light 
intensity to reduce. 

If the background is high, even with a short exposure, then it may be neces- 
sary to wash the membrane a few more times. Remove the membrane from its 
cling-film wrapper, and wash it m three changes of TST (3 x 5 min washes) 
Drain off excess wash buffer, and submerge the blot m the detection reagent for 
1 mm. Wrap m a fresh piece of cling-film, and expose another sheet of film 
Higher dilutions of secondary antibody may be required if the background is still 
high (see Note 13). 
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Colloidal Gold Staining and lmmunoprobing 
on the Same Western Blot 

Denise Egger and Kurt Bienz 

1. Introduction 
Proteins, blotted from polyacrylamrde gels onto mtrocellulose sheets (West- 

ern blots) can be stained nonspecifically with a variety of dyes, or they can be 
identified individually by probing with appropriate antibodies. These proce- 
dures may be performed on duplicate blots, staming the total protein pattern on 
one blot and using the second blot for the mxnune reaction (1,2) This chapter 
describes how to combme both methods on one blot, I.e., staining the blot first 
for total protein, followed by an indirect immune reaction (3). 

Possible applications of this method include: 

1. Viewing the blot for artifacts, resolution, and so on, before probing with a (pre- 
cious) antibody, 

2. Cutting out the desired region for immunoprobing (e.g., m screening monoclonal 
antibodies); 

3. Locating immunoreactrve proteins or protein A-contammg fusion proteins on the 
blot m relation to the total protein pattern of a given sample; 

4. Testing the degree of purity obtained during purification of a protem. Examples 
are shown in Fig. 1. 

The stmultaneous demonstration of the whole protein pattern and the indi- 
vidual immunoreactrve proteins on one single blot can be achieved in two dif- 
ferent ways: Either the nmnune reaction is performed first and the total protein 
stain is applied afterward. This method, usmg “AuroDye” (formerly obtain- 
able from Janssen, Belgium, now from Amersham, UK, or Aurion, 
Wageningen, Holland) as a protein stain, is described in detail in Methods in 
Molecular Biology, Volume 3, Chapter 34. Or, as presented here, the blot is 
first stained for total protein, using colloidal gold (referred to as “citrate gold” 

From Methods m Molecular Bology, Vol 80. lmmunochemrcal Protocols, 2nd ed 
Edlted by J D Pound Q Humana Press Inc , Totowa, NJ 
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i 
12 3 4 

Fig. 1. Examples of Western blots stained with colloidal gold for total protein fol- 
lowed by immunostaining of individual antigens-Lanes l-3: Proteins on a Western 
blot from a cytoplasmic extract of poliovirus-infected HEp-2 cells were stained with 
colloidal gold. The probing monoclonal antibodies, recognizing the viral proteins VP1 
and precursor, VP0 and VP2, and VP3, respectively, are detected by peroxidase- 
coupled rabbit-antimouse antibody (asterisks). Lane 4: Western blot of an E. coli 
lysate, containing a fusion protein composed of protein A and the poliovirus protein 
2B. The fusion protein (arrowhead) is detected on the gold-stained blot by peroxidase- 
coupled IgG that binds to the protein A moiety. 

because of the method of preparation) and then, after blocking free protein 
binding sites on the nitrocellulose as usual, the immune reaction is performed. 

In deciding which method to use, the following differences should be con- 
sidered: in contrast to the “AuroDye” method, in which only Tween-20 can be 
used to block free binding sites on the nitrocellulose, the citrate gold method 
allows for optimal blocking with one of a variety of proteins (gelatin, ovalbu- 
min, milk powder, and so on) or Tween-20. This often results in a much lower 
background and preserves the highest possible immunoreactivity. Even more 
important is that the two gold preparations differ at least 30-fold in their sensi- 
tivity for protein staining. This should be kept in mind when the relative amount 
of immunoreactive antigen in the protein mixture under study is small and, 
therefore, a large amount of total protein has to be loaded on the gel to obtain 
enough antigen on the blot for immunological detection. In this case, the lower 
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sensttivtty of the crtrate gold IS preferable over “AuroDye” in order not to 
overstain the blot and to obtain clear staining of the protein bands. The 
mnnunoreactivity of the blotted proteins after stammg with citrate gold IS quah- 
tatlvely and quantitatively the same as in unstained blots. Using peroxldase- 
labeled antibody for the immune reaction, a blue reaction product IS obtained 
that contrasts well wrth the red stained protein pattern, and allows an easy docu- 
mentation, even by black and white photography. 

2. Materials 

1. Colloidal gold* This can be prepared by the citrate method (“citrate gold”) (see 
also Chapter 29) using gold chlortde and sodium crtrate. H(AuC14). 2% stock 
solution m water, stable for l-2 yr at 4°C Dilute to 0 01% in water Just before 
use. Sodium citrate: 1% m water, freshly prepared All solutions are made up in 
double-distilled water of highest purrty. Glassware has to be extremely clean 
(see Note 1). 

2. Filters: To filter the workmg solutions from above, use 0 45-jnrr mtrocellulose 
filters (e g , Millex-HA, Mlllipore) 

3 Sihcomzed Erlemneyer flask* A 200 mL flask is sihcomzed by rmsmg rt wrth 
srhcone solutron (e.g , SERVA) and curmg the silicone film for 1 h at lOO-150°C. 

4 Nrtrocellulose for blotting Nrtrocellulose sheets with 0.45~pm pore size are avail- 
able from several suppliers 

5. Blotting buffer 25 mM Trrs, 192 mM glycme, pH 8.4, 20% methanol, and 
0.02% SDS 

6 Wash after blotting: 100 mA4 Tris-HCl, pH 7.4 or 100 mA4 Tris-HCl, pH 7.4 in 
150 mMNaC1 (see Table 1). 

7. Blockmg solutions. The following blocking solutions have been successfully used 
(see Table 1) 0.25% gelatin and 3% ovalbumin, 5% skimmed milk (commercial 
milk powder, dissolved m the appropriate buffer); 0.3% Tween-20 Other solu- 
tions may work equally well, depending on the nature of the protems under study. 

8. The primary antibody is diluted according to the blocking solutron employed (see 
Table 1) The dilution factor has to be found empirically We use hybridoma 
supernatant diluted to 1.10. 

9. The secondary, peroxrdase-coupled antispecies antibody is diluted 1.200-l .2000 
in the buffer indicated m Table 1 

10 Washmg solutions* After primary and secondary antibody stages, washes are 
done in the solutions given m Table 1. PBS 8 g of NaCI, 0 2 g of KCI, 1 44 g of 
Na,HPO, 9 2H20, 0 2 g of KH2P04, 1000 mL of distilled water, final pH 7.4. 

11 4-Chloro- 1 -naphthol* This substrate for the peroxidase is prepared as stock solu- 
tton of 0.3% in methanol Add 0 6 mL of the stock solution and 2 & of H202 
(30%) to 9.4 mL of drstilled waterjust before use 

12. Kodak TP-Film (Technical Pan). 
13. Yellow or orange filter (e.g , OGl barrier filter from I.F.-microscope) 
14 Kodak Dl9-developer 
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3. Methods 
3.1. Preparation of Colloidal Gold (see Note 1) 

1. Filter the 0.01% gold chloride and the 1% sodium citrate solutions through 
0.45~pm nitrocellulose filters. 

2. Bring 100 mL of the gold chloride solution to a vigorous boil m a sihcomzed 
200 mL Erlenmeyer flask. 

3. Add 4 mL of the sodium citrate solution at once while shaking the ff ask Keep the 
mixture borlmg constantly. Don’t worry if some of the fluid evaporates; reflux 
cooling is not necessary. The solution will stay colorless for 2-3 mm, then turn 
purple for 9 min, and change to bright red thereafter Keep boiling for a total of 
12-15 mm until the bright red color is obtained Let it cool This is the final 
staining solution. It consists of 20 nm gold grains with an ODtils of l-l 1 and a 
pH of 6 If kept at 4°C the shelf-life is at least 1 yr 

3.2. Blotting 

1 Prepare SDS-polyacrylamide gels or 2D-gels (see Methods w Molecular Biol- 
ogy, Volume 1, Chapter 6 and Volume 3, Chapters 16 and 17). 

2. Blot the gels onto nitrocellulose by standard procedures (see Chapter 20) An addi- 
tional nitrocellulose sheet on the cathodic side of the gel might be helpful to absorb 
impurities. We blot routinely at 48 V with coolmg during l-l .5 h. 

3. Wash the blots briefly with 100 mM Tris-HCl pH 7 4, for 5 min. 
4. Air-dry the blots and store at 4°C or process for gold staining. 

3.3. Gold Staining of Protein Bands (see Note 2) 

1 Wash the blot in double-distilled water before gold staining 
2. Stain the blots with the gold solution at room temperature on a shaker for 

10-45 min until the protein bands are visible. Use sufficient gold solution to 
cover the blot easily 

3. After staining, rinse the blot in double-distilled water 

3.4. Blocking and Immune Reaction 

1. To block free bmdmg sites on the mtrocellulose, use the blocking solution that 
gives the most intense immunostaining of the antigen and the lowest back- 
ground for the other proteins. This has to be found emprrtcally; Table 1 may be 
used as a guide. 

2. After blocking, incubate the blots m a surtable drlution of antibody (Table 1) 
overnight in an airtight container at room temperature on a shaker 

3. Wash and incubate the blots in peroxidase-labeled antispecies antibody at room 
temperature, as indicated m Table 1. 

4. Wash again, rmse in distilled water, and incubate m freshly prepared substrate for 
5-30 min until the immunoreactive bands are clearly visible. 

5 Rinse with distilled water and air-dry. 
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3.5. Photography (see Note 3) 

1 Take black-and-white photographs of the blots on Technical Pan film (Kodak), 
setting 125/22’ If an OGI filter 1s used to enhance contrast further, the setting 
1s 75119” 

2. Develop for 3-4 mm m undiluted (or m a 1 2 dilution) of D19 developer. This 
developer yields especially high contrast 

4. Notes 
1. Colloidal gold: For preparation of the citrate gold, highly purified water and clean- 

liness of the glassware is essential. Adjusting the pH of the citrate gold m the 
range between 3 7 and 8 0 does not change its stammg properties for the blots, but 
may impair its stability It is best to use It without any addition or pH adJustment 

2 Gold staining of blot Blots that are to be stained with colloidal gold have to be 
handled with extreme care, since they are very sensitive to mechanical damage 
(scratches, impression marks) and dirt, such as grease from the seal of the glass 
plates in the gel apparatus or impurities from the blotting buffer Handle the blots 
at the edge only with clean forceps 

As outlined above, the gold stain should be matched m sensitivity to the 
amount of protein loaded on the gel This can be estimated as follows if a strip of 
the gel from which the blot 1s to be made can be adequately stained with 
Coomassle blue, citrate gold will yield a good stain of the blot, whereas 
“AuroDye” will heavily overstam it. If the gel contains so little protein that it has 
to be detected by silver staining, “AuroDye” and the correspondmg method (see 
Methods zn Molecular Bzology, Volume 3, Chapter 34) should be used. 

3 Photography On black and white photographs, the contrast can be enhanced by 
using an orange or yellow filter, i.e., a filter similar in color to the gold stain and 
complementary to the (blue) lmmunoreactlve bands This renders the immune 
reaction bands on the final print intensely black and the red gold-stained proteins 
contrastingly gray 

Faint nnmunoreactlve bands tend to fade during drying They are easier to 
recognize and photograph on wet blots laid on a clean glass plate 

References 
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Erasure of Western Blots After Autoradiographic 
or Chemiluminescent Detection 

Scott H. Kaufmann and Udo Kellner 

1. Introduction 
Western blotting (revtewed m refs. Z-3) refers to formation and detection 

of an antibody-antigen complex between an antibody and a polypeptlde that 
is immobilized on derlvatized paper. Most commonly, polypeptides m a com- 
plex mixture are separated by electrophoresis through polyacrylamide gels m 
the presence of sodium dodecyl sulfate (SDS), electrophoretically transferred 
to thm sheets of mtrocellulose or nylon, and reacted sequentially with one or 
more antibody-containing solutions This sequence of mampulattons can be 
utilized to determine whether a polypeptide recognized by a specific antise- 
rum 1s present m a particular biological sample (cell type, subcellular frac- 
tion, or biological fluid), to follow the purification of the polypeptide, or to 
assess the location of epttopes within the polypeptlde after chemical or enzy- 
matic degradation. If suitable antibodies are available, this same approach 
can be utilized to search for proteins that bear a particular physiological or 
pathological posttranslational modification (e.g., refs. 4-6). Alternatively, 
the same procedure can be utilized to determine whether antibodies that rec- 
ognize a particular polypeptide are detectable m a sample of biological fluid. 
Because Western blotting takes advantage of the power of electrophoresis 
for separating complex mixtures of polypeptides, it is possible to derive large 
amounts of mformation from this technique without necessarily purifying 
the antigen being studied. 

There are certain circumstances in which it is convenient to be able to 
dissociate the antibodies from a Western blot after detection of antibody- 
antigen complexes. If, for example, the experiment gives an unexpected 

From Methods m Molecular Biology, Vol 80 lmmunochemrcal Protocols, 2nd ed 
Edlted by J II Pound 0 Humana Press Inc , Totowa, NJ 
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result regarding the subcellular distribution of a polypeptide, it is convenient 
to be able to reprobe the blot with an antibody that recogmzes a second 
polypeptide m order to confirm that the samples have been properly pre- 
pared, loaded, and transferred. Likewise, if the polypeptrdes being analyzed 
are derived from a precious source (e.g., biological fluid, tissue, or organism 
that is not readily available), it is convenient to dissociate the antibody-anti- 
gen complexes and reutilize the blots. 

Several methods for removing antibodies from Western blots have been pre- 
viously described. In early experiments, proteins were covalently bound to dia- 
zotized paper. Antibodies that were subsequently (noncovalently) bound to the 
paper were removed by treating the paper at 60°C with 1 OM urea (7) or 2% (w/v) 
SDS (81 under reducing conditions. Because of several undesirable properties 
(reviewed in refs. J-3), diazotized paper has been largely replaced by nitrocel- 
lulose or polyvinylidene fluoride (PVDF), solid supports to which proteins are 
presumably noncovalently bound. It has been reported that treatment of mtro- 
cellulose blots with glycme at pH 2.2 (‘9) or with 8M urea at 60°C (10) will 
remove antibodies and permit reuse of blots. Although these techniques are 
effective at disrupting low-affimty mteractions between antigens and antibodies, 
they appear to be ineffective at disruptmg interactions between immobilized 
antigens and high-affinity antibodies (9,11). 

Two subsequent observations have allowed the development of a more 
widely applicable technique for the removal of antibodies from Western blots. 
First, it was observed that treatment of mtrocellulose with acidic solutions of 
methanol would “fix” transferred polypeptides to the nitrocellulose (reviewed 
in ref. 3; see also refs. 12 and 13). Polypeptides treated m this fashion remained 
bound to the nitrocellulose even during treatment with SDS at 70-l OOOC under 
reducing conditions (II, 12) Second, it was observed that removal of antibod- 
ies from nitrocellulose after Western blotting could be facilitated by 
reincubation of the blot with a large excess of irrelevant protein mnnediately 
prior to drying and autoradiography (II). Based on these observations, a tech- 
nique that allows the reutilization of Western blots after reaction with a wide 
variety of antibodies or with lectins was developed. In brief, polypeptides 
immobilized on mtrocellulose are stained with dye dissolved in an acidic solu- 
tion of methanol. After unoccupied binding sites have been saturated with 
irrelevant protein, the nitrocellulose is treated sequentially wtth unlabeled pri- 
mary antibodies and radiolabeled secondary antibodies. Prior to drying, the 
blot 1s briefly incubated m a protein-containing buffer. After subsequent dry- 
ing and autoradiography, the antibodies are removed by treating the nitrocellu- 
lose with SDS at 70°C under reducing conditions. A similar erasure procedure 
removes peroxidase-coupled antibodies after detection of antigens by enhanced 
chemiluminescence. 
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2. Materials 
1. Apparatus for transferring polypeptides from gel to solid support (design prin- 

ciples are reviewed m refs. 2 and 3). 
a. TE52 reservoir-type electrophoretic transfer apparatus (Hoefer Scientific, San 

Francisco, CA) or equivalent. 
b. Polyblot semidry blotter (Pharmacra, Prscataway, NJ) or equivalent. 

2. Paper support for binding transferred polypeptides 
a. Nitrocellulose. 
b. Nylon (e.g., Genescreen from New England Nuclear, Boston, MA, or Nytran 

from Schleicher and Schuell, Keene, NH). 
c. PVDF (e.g., Immobilon from Mrlhpore, Bedford, MA). 

3, Fast green FCF for staining polypeptides after transfer to solid support. 
4. 10,000 U/mL Penicillin and 10 mg/mL streptomycin. 
5. Reagents for electrophoresis (acrylamide, bis-acrylamide, 2-mercaptoethanol, 

SDS) should be electrophoresis grade 
6. All other reagents (Trts, glycme, urea, methanol) are reagent grade. 
7 Transfer buffer 0 02% (w/v) SDS, 20% (v/v) methanol, 192 mM glycme-HCl, 

and 25 mM Tris base Prepare enough buffer to fill the chamber of the transfer 
apparatus and a container for assembling cassette. 

8. TS buffer: 150 nuW NaCl, 10 mM Tris-HCl, pH 7 4 This can be conveniently 
prepared as a 10X stock (l.SMNaCl, 100 mMTrrs-HCl, pH 7.4) The 10X stock 
can be stored mdefrnitely at 4°C and then used to prepare 1X TS buffer, TSM 
buffer, and the other buffers described below. 

9 TSM buffer: TS buffer containing 5% (w/v) powdered milk, 100 U/mL pemcil- 
lin, 100 ug/mL streptomycin, and 1 mM sodium aztde This buffer can be stored 
for several days at 4°C Note that sodium azrde is poisonous and can form explo- 
sive copper salts m dram pipes if not handled properly 

10. TS buffer containing 2M urea and 0.05% (w/v) Nonidet P-40. Prepare 300 mL/ 
blot by combming 0.15 g of Nomdet P-40,30 mL of 1 OX TS buffer, 75 mL of 8M 
urea (freshly deionized over Bio-Rad AGlX-8 mixed-bed resin to remove traces 
of cyanate), and 195 mL of water. 

11. TS buffer containing 0.05% (w/v) Nonidet P-40. Prepare 300 ml/blot. 
12. Fast green stain: 0.1% (w/v) Fast green FCF in 20% (v/v) methanol-5% (v/v) 

acetic acid. This stain is reusable. Prepare 50-100 ml/blot. 
13. Fast green destain: 20% (v/v) Methanol in 5% (v/v) acetic acid. 
14. Blot erasure buffer: 2% (w/v) SDS, 62.5 mA4Tris-HCl, pH 6.8, and 100 mM 

2-mercaptoethanol. The SDSiTrts-HCl solution is stable indefinitely at 4°C. Imme- 
diately prior to use, 2-mercaptoethanol is added to a final concentration of 6 pL/mL 

15. Primary antibody. 
16. 1251-labeled secondary antibody. Secondary antibodies can be labeled as previ- 

ously described (11) or purchased commercially. Radiolabeled antibodies should 
only be used by personnel trained to properly handle radioisotopes properly 

17. In lieu of radolabeled secondary antibody, reagents for detection by chemrlumines- 
cence: This approach requires enzyme-coupled secondary antibody and a substrate 
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that becomes chemilummescent as a consequence of enzymatic modification, e g., 
peroxldase-coupled secondary antibody and lummol (Amersham [Arlington 
Heights, IL]) ECL enhanced chemlluminescence kit or equivalent (see Chapter 20) 

3. Methods 
3.1. Transfer of Polypeptides to Nitrocellulose 

The followmg descrlptlon 1s appropriate for transfer m a transfer reservoir. 
If a semidry transfer apparatus 1s to be used, follow the manufacturer’s instruc- 
tions (see Note 1). 

1 Perform SDS-polyacrylamide gel electrophoresls (SDS-PAGE) using standard 
techniques (see ref. 14 for description of this method) 

2 Wear disposable gloves while handling the gel and nitrocellulose at all steps 
This avoids cytokeratm-contaimng fingerprints 

3 Cut mtrocellulose sheets to a stze slightly larger than the polyacrylamide gel (see 
Note 2) 

4. F111 the transfer apparatus with transfer buffer (see Note 3) 
5 F111 a container large enough to accommodate the transfer cassettes with transfer 

buffer. Assemble the cassette under the buffer in the followmg order 
a. Back of the cassette 
b Two layers of filter paper. 
c The gel 
d One piece of mtrocellulose-gently work bubbles out from between the mtro- 

cellulose and gel by rubbing a gloved finger or glass stirring rod over the 
surface of the mtrocellulose 

e Two layers of filter paper-again, gently remove bubbles 
f Sponge or flextble absorbent pad 
g Front of the cassette. 

6. Place the cassette m the transfer apparatus so that the front IS oriented toward the 
positive pole 

7. Transfer at 4°C m a cold room with the transfer apparatus partially immersed m 
an ice-water bath. Power settings 90 V for 5-6 h or 60 V overnight 

8. Place the Fast green stain m a container with a surface area slightly larger than 
one piece of mtrocellulose (see Note 4) After the transfer IS complete, place all 
the pieces of nitrocellulose in the stain, and incubate for 2-3 min with gentle 
agitation. Decant the stain solution, which can be reused (see Note 5). 

9. Destain the nitrocellulose by rmsing it for 3-5 min in Fast green de&am solution 
with gentle agitation. Decant the destam, which can also be reused. Rinse the 
mtrocellulose four times (5 mm each) with TS buffer (200 ml/rinse) 

10. Mark the locations of lanes, standards, and any other ldentlfymg features by writ- 
mg on the blot with a standard ballpoint pen. 

11. Coat the remaining protein binding sites on the mtrocellulose by incubatmg the 
blot m TSM buffer (50-100 ml/blot) for 6-12 h at room temperature (see Note 
6). Remove the blot from the TSM buffer Wash the blot four times m quick 
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succession with TS buffer (25-50 ml/wash), and dry the blot on fresh paper 
towels Either before or after coating of the unoccupied protein bmdmg sites, 
blots can be dried, and stored indefinitely in an appropriate container, e g., 
Ziplock disposable food storage bags (l-2 blots/bag) 

3.2. Detection of Antibody-Antigen Complexes 
Using Radiolabeled Secondary Antibody 

1. Place the tutrocellulose blot in an appropriate container for reactton with the anti- 
body. A 15- or 20-lane sheet can be reacted with 15-20 mL of antibody solution 
in a Ztplock bag. A l- or 2-lane strip can be reacted with 2-5 mL of antibody 
solution in a disposable 15-mL conical test tube. 

2. If the nitrocellulose has been dried, rehydrate it by incubation for a few minutes 
in an appropriate volume of TSM buffer (see previous step) 

3. Ad& an appropriate dilution of antibody to the TSM buffer, and incubate over- 
night (10-15 h) at room temperature with gentle agitation (see Notes 7 and 8). 

4 Remove the antibody solution and save for reuse (see Note 9). 
5. Wash the nitrocellulose (100 ml/wash for each large blot or 15-50 ml/wash for 

each individual strip) with TS buffer containing 2M urea and 0 05% NP-40 (three 
washes for 15 mm each) followed by TS buffer (one wash for 5 min) (see Note 10). 

6 Add fresh TSM buffer to the nitrocellulose sheets or strips. For mtrocellulose 
sheets (or pooled strips) m Ziplock bags, it is convenient to use 50 mL of TSM 
buffer Add 5-10 pCi 1251-labeled secondary antibody (see Note 11) Incubate for 
90 mm at room temperature with gentle agitation 

7 Remove the radiolabeled antibody and discard appropriately 
8. Wash the sheets (100 ml/wash for each large blot or each group of pooled strips) 

with TS buffer containing 0 05% NP-40 (three or more washes for 15 mm each) 
followed by TS buffer (one wash for 5 min). 

9. Before drying blots, incubate them for 5 mm with TSM buffer. This mcubation 
step facilitates subsequent removal of antibody and reuse of the blot (see Note 12 
and Fig. 1). 

10 After incubating the blot with TSM buffer, immediately dry it between several 
layers of paper towels After 5 min, move the blot to fresh paper towels to pre- 
vent the nitrocellulose from sticking to the paper towels. Allow the blot to dry 
thoroughly. 

11. Mount the dried blot on heavy paper, cover it with clear plastic wrap, and subject 
it to autoradiography (see ref. 17 for details). 

3.3. Dissociation of Antibodies from Western B/oh 

1. After the blot has been subjected to autoradiography for the desired length of 
time, remove it from its mounting, and place it in a Ziplock bag. 

2. Add 50 mL of erasure buffer, seal the bag, and incubate m a water bath at 70°C 
for 30 min with gentle agitation every 5-10 min (see Notes 13 and 14) 

3. Decant and discard the erasure buffer Wash the blot twice (5 min each) with 50- 
100 mL of TS buffer to remove SDS. 



228 Kaufmann and Kellner 

PVDF 

Fig. 1. Conditions for dissociating radiolabeled antibodies from Western blots after 
immobilization of polypeptides on various solid supports. Replicate samples contain- 
ing 2 x lo6 rat liver nuclei were subjected to PAGE in the presence of SDS as previ- 
ously described (15). The separated polypeptides were transferred to nitrocellulose 
paper (A,B), Nytran nylon sheets (C,D), or lmmobilon PVDF paper (E-G) (see Note 
2). Unoccupied binding sites were blocked by incubation with milk-containing buffer 
(Section 3.1.) step 11). Blots were incubated with chicken polyclonal antiserum, which 
reacts with the nuclear envelope polypeptide lamin B (IS) followed by 12Y-labeled 
rabbit antichicken IgG (Section 3.2., steps l-8). Half of each blot (B,D,F,G) was coated 
with milk-containing buffer for 5 min prior to drying (Section 3.2., step 9); the other 
half of each blot was dried without being recoated with protein (A,C,E). Autoradiog- 
raphy (not shown) confirmed that the signal in all lanes of a given panel was identical 
prior to subsequent manipulation. (A-F) To investigate the efficacy of various condi- 
tions for dissociating antibodies, samples were incubated at 70°C for 30 min with SDS 
erasure buffer (lane 2) with 6Mguanidine hydrochloride in 50 mMTris-HCl (pH 6.8) 
containing 100 mM 2-mercaptoethanol (lane 4), or with 8M urea in 50 mM Tris-HCl 
(pH 6.8) containing 100 r&42-mercaptoethanol (lane 5). Alternatively, samples were 
incubated at 2 1 ‘C for 30 min with SDS erasure buffer (lane 3). Strips were then washed 
twice with TS buffer and dried for autoradiography. Untreated strips (lane 1) served as 
controls. In each pair of panels, nonadjacent wells from a single autoradiograph have 
been juxtaposed to compose the figure. It is important to note that coating with milk 
prior to drying (Section 3.2., step 9) does not affect the amount of radiolabeled anti- 
body initially bound to the blots (cf. lane 1 in A and B, C and D, E and F). The efficacy 
of various treatments in removing antibodies varies depending on the solid support, 
For nitrocellulose or PVDF, coating of the blots with protein prior to drying (B,F) 
greatly facilitates the dissociation of antibodies. In both cases, SDS-containing buffer 
(lanes 2 and 3) is more effective than guanidine hydrochloride (lane 4), or urea (lane 
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4. To ensure that nonspecific binding sites on the blot are well coated, incubate with 
TSM buffer for 6-8 h at room temperature with gentle agitation. 

5. The blot is ready to be stored (Section 3.1.) step 11) or to be incubated with a new 
antibody as described m the previous section 

4. Notes 
4.1. Transfer of Polypepticies to Nitrocellulose 

1. The method described 1s for transferring polypeptides after electrophoresls in 
SDS-containing polyacrylamide gels Alternative methods have been described 
for transferrmg polypeptides after acid-urea gels and after isoelectrrc focusing 
(reviewed in refs. 2 and 3) 

2. Choice of solid support for polypeptides Figure 1 shows the results obtained when 
various solid supports (nitrocellulose, nylon, PVDF) are used for Western blotting, 
stripped of antibodies, and reused. Nitrocellulose (Fig. lA,B) has the advantage of 
ease of use It is compatible with a wide variety of staining procedures With mul- 
tiple cycles of blottmg and erasing, however, nrtrocellulose becomes brittle 
Derivatrzed nylon (Fig. lC,D) has the advantage of greater protein binding capac- 
ity and greater durability, but avidly binds many nonspecific protein stains 
(reviewed m refs. 1-3) The higher bmdmg capacity of nylon IS said to contrIbute 
to higher background binding despite the use of blocking solutions contammg large 
amounts of protein (revrewed m ref. 3). Antibodies can be more easrly dissociated 
from nylon than from nitrocellulose (cf. Fig. lC,A). PVDF membranes (Fig. 
1 E-G) are durable, are compatible with a variety of nonspecific protein stains, and 
are capable of being stripped of antibody (Fig. 1F) and reutilized (Fig 1G). 

5) at dissociating the antibodies. For nylon, SDS-containing buffer is again more 
effective at dissociating the antibodies (cf. lanes 2-5 m C). When SDS-containing 
erasure buffer is used, tt is not necessary to recoat nylon with protein prior to drying 
for autoradtography (cf. lanes 2 or 3 m C and D). On the other hand, when guamdme 
hydrochloride-containing buffer is used to dissociate antibodies, it is necessary to 
recoat the nylon (cf. lane 4 m C and D). (G) Reutilization of blots after dissociation of 
antibodies. Nuclear polypeptides were immobihzed on PVDF, reacted with antrbod- 
ies, and treated with milk-containmg buffer (Section 3 2 , step 9) prior to drying. 
Autoradiography (not shown) confirmed that all three lanes mitlally had indistmguish- 
able signals for the 66-kDa lamin B polypeptide After lane 2 was treated with SDS 
erasure buffer and recoated with milk (Section 3.3., steps 2-5), lanes 2 and 3 (a lane 
that was not erased) were reacted sequentially with chicken antiserum that recognizes 
the 38-kDa nucleolar polypeptide B23 (16) and 1251-labeled rabbit antichicken IgG. 
The signal for B23 (lower arrow) was readily detectable on the strip that had prevt- 
ously been erased (lane 2) as well as the strip that had not been erased (lane 3), indicat- 
ing that treatment with SDS erasure buffer did not remove the nuclear polypeptrdes 
from the PVDF paper or substantially alter their reactivity with polyclonal antibodies. 
The absence of a signal for lamin B after erasure (upper arrow, lane 2) indicates that 
the erasure buffer efficiently dissociated the antilamm B primary antibodies as well as 
the radiolabeled secondary antibodies from the PVDF-immobilized polypeptides. 
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3 Various composttions of transfer buffer have been described (reviewed in refs 
1-3) Methanol 1s said to facilitate the binding of polypepttdes to mtrocellulose, 
but to retard the electrophorettc migration of polypepttdes out of the gel In the 
absence of SDS, polypeptides with molecular weights above 116 kDa do not 
transfer efficiently. Low concentrattons of SDS (0.01-Q 1%) factlitate the trans- 
fer of larger polypeptides, but stmultaneously increase the current generated dur- 
mg electrophoretic transfer, necessitating the use of vtgorous cooling to prevent 
damage to the transfer apparatus 

4. Alternative stammg procedures (reviewed in refs. 1-3) uttlize Coomassie blue, 
Ponceau S, Amido black, India drawing ink, colloidal gold, or silver. A highly 
sensitive technique utilizing eosm Y has also been described (18) 

5. A washing step m acidified alcohol 1s probably essential to tmmobillze the 
polypeptides on the mtrocellulose (3,12,13) The Fast green staining procedure 
sattsties this requirement Polypeptldes are observed to elute from mtrocellu- 
lose under mild conditions tf a wash in acidified alcohol 1s omitted (13,19) 

6. Various proteins have been utihzed to block unoccupied binding sites on mtro- 
cellulose (reviewed in refs. 2 and 3) These include 5% (w/v) powdered dry milk, 
3% bovine serum albumm, 1% hemoglobin, and 0.1% gelatin Although the 
choice of protein can affect antibody binding (e.g , Fig. 3D), blots of polypep- 
tides munobilized on mtrocellulose have been successfully stripped of anttbody 
and reutilized after coating of unoccupted binding sites wtth any of these protein 
solutions (11) tf the blot 1s recoated with the protein solution immedtately prior 
drying (Section 3.2 , step 9) 

4.2. Formation of Antigen-Antibody Complexes 
7. No guidelines can be provided regarding the appropriate dtlution of antibody to 

use Some antisera are useful for blotting at a dilutton of >1*20,000 Other 
antisera are useful at a dilution of 1 *S or 1 10. When attempting to blot with an 
antiserum for the first time, it 1s reasonable to try one or more arbitrary concen- 
trations in the range of 1 10-I 500 If a strong signal is obtained at 1:500, further 
ddutions can be performed in subsequent experiments 

8 Different mvestigators incubate blots with primary antibodies for different 
lengths of time (reviewed m ref. 3) Preliminary studies with some of our antl- 
bodies have revealed that the signal intensity on Western blots 1s greater when 
blots are incubated with antibody overnight rather than l-2 h at room tempera- 
ture (G. Humphrey and S H. K , unpublished observattons) 

9. Diluted antibody solutions can be reused multiple times They should be stored at 
4°C after addtttonal ahquots of penicillm!streptomycm and sodium aztde have 
been added Some workers believe that the amount of nonspecific (background) 
stammg on Western blots diminishes as antibody soluttons are reutilized Anti- 
body solutions are discarded or supplemented with additional antibody when the 
intensity of the specific signal begins to diminish 

10. Choice of wash buffer after incubation with primary antibody: 2Murea 1s included 
m the suggested wash buffer to diminish nonspecific bmdmg. Alternatively, some 
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investigators Include a mixture of SDS and noniomc detergent (e.g , 0 1% [w/v] 
SDS and 1% [w/v] Tnton X-100) m the wash buffers For antibodies with low 
avidity (especially monoclonal antibodies and antipeptide antibodies), the inclu- 
sion of 2Murea or SDS might diminish the signal intensity These agents are, there- 
fore, optional depending on the properties of the primary antibody used for blotting. 

11 1251-labeled protein A can be substituted for radiolabeled secondary antibody 
Protein A, however, can bind to the immunoglobulins present m milk, causing a 
high background on the blot Therefore, when ‘251-labeled protein A 1s to be used, 
milk should not be utilized to block unoccupied binding sites (Section 3 1,) step 
1 l), nor as a diluent for antibodies (Section 3 2 , steps 2,3, and 6) Instead, bovine 
serum albumin, hemoglobin, or gelatin should be considered (see Note 6). 

4.3. Dissociation of Antibodies After Autoradiography 
12. Reincubation of blots with protein-containing buffer prior to drying has been 

found to be essential for efficient dissociation of antlbodles from mtrocellulose 
(cf. Fig lA,B) or PVDF paper (cf Fig. lE,F) Recoatmg the blots 1s not required 
m order to dissociate antibodies from Western blots performed on certain types 
of nylon (Fig 1C). 

13 Choice of erasure buffer. Preliminary experiments have shown that the SDSR- 
mercaptoethanol erasure buffer 1s more effective than urea, guanidme hydrochlo- 
ride, or acidic glycine at dissociating polyclonal antibodies from Western blots 
on mtrocellulose (ref. 11, see also Fig. 1B) or PVDF (Fig 1F). On the other 
hand, 6Mguamdme hydrochloride is effective under certain conditions at remov- 
mg antibodies from nylon (ref II and Fig 1D) 

14. Incubation. 
a. Temperature of incubation: When blotting 1s performed after unmobllrzatlon 

of polypeptldes on mtrocellulose, complete removal of antibodies requires 
heating of erasure buffer to 25O’C for 30 min (ref I I, see also Fig lB, lanes 
2 and 3). On the other hand, after immoblhzation of polypeptldes on nylon, 
antibodies are efficiently dissociated by erasure buffer at room temperature 
(lane 3 m Fig. lC,D). 

b. Length of incubation: When blotting 1s performed on mtrocellulose, complete 
dlssoclation of antibodies at 70°C requires a mmlmum of 20 mm of mcuba- 
tlon with erasure buffer (11). Incubation times for removal of antibodies from 
nylon and PVDF have not been investigated. 

4.4. Removal of Antibodies After Chemiluminescent Detection 
15. The technique described above 1s not useful for removing colored peroxidase 

reaction products (e.g., diaminobenzidme oxidation products) from blots Thus, 
we avoid detection methods based on these reactions. On the other hand, peroxl- 
dase-based luminescent assays (20) do not deposit a chemical reaction product 
on the blot and are compatible with this erasure method (21). An example of the 
use of this erasure method (Section 3 3 , steps 1-5) after chemllummescent detec- 
tion 1s shown m Fig 2. 



Fig. 2. Removal of antibodies after antigen detection by enhanced chemiltines- 
cence. Replicate gel lanes containing protein from 3 x 10s HL-60 human leukemia cells 
were stained with Coomassie blue (lane 1) or transferred to nitrocellulose. After unoccu- 
pied binding sites on the nitrocellulose were blocked by incubation with milk-containing 
buffer (Section 3. l., step 1 l), multiple identical strips (lanes 2-6) were reacted with 
antiserum directed against both isofonns of the nuclear enzyme topoisomerase II (ref. 
22), and washed with TS buffer containing 2it4 urea and 0.05% (w/v) NP-40 (Section 
3.2., steps l-5). The strips were then incubated for 60 min with peroxidasecoupled goat 
antirabbit IgG, washed with phosphate-buffered saline containing 0.05% (w/v) 
Tween-20, incubated with luminol, and covered with plastic wrap as described in 
ref. 21. After detection of the chemiltinescence (lane 2), nitrocellulose strips were 
stored overnight. The blots were treated as described in Section 3.3., steps 1-5 to disso- 
ciate the antibodies and recoat any unoccupied binding sites. The strips were then incu- 
bated in TSM buffer without primary antibody (lane 3), or with rabbit antisera raised 
against the 170kDa isoform of topoisomerase II (lane 4), the c-myc protein (lane 5, 
kindly provided by Chi Dang, Johns Hopkins University School of Medicine), or human 
topoisomerase I (lane 6, kindly provided by Leroy F. Liu, Robert Wood Johnson School 
of Medicine). Washing and chemiluminescent detection were performed as described 
above. The absence of a signal at 180 kDa in lanes 3-6 confirms that the primary anti- 
body used in the first detection step (lane 2) has been successfully removed. 

In the case of blots subjected to chemiltmrinescent detection, the antibody removal 
technique is successful even though the strips were not recoated with protein-containing 
solution immediately prior to the detection step (Section 3.2., step 9). The need for 
recoating the blots (Section 3.2., step 9 and Note 12) is apparently obviated by covering 
the strips with plastic wrap and preventing drying during the detection and storage steps. 
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Fig. 3. Effect of various treatments on antigen recognition during Western blotting. 
(A) Replicate aliquots containing polypeptides from 2 x lo5 K562 human leukemia 
cells were separated by SDS-PAGE, transferred to nitrocellulose, and stained with 
Fast green FCF (Section 3.1.) steps 1-9). Strip 2 was then treated as described in Sec- 
tion 3.3., steps l-5 to simulate an erasure procedure. Strips were blocked with 10% 
(w/v) milk in TS buffer and blotted with the earliest released version of a mouse mono- 
clonal IgG recognizing the CPP32 cysteine protease (Transduction Laboratories, Lex- 
ington, KY). The epitope recognized by this antibody is destroyed by erasure (lane 2). 
(B,C) Replicate gel lanes containing identical amounts of protein from a single batch 
of HL-60 lysate were transferred to nitrocellulose 1 wk (strips 1 and 2) or 3 yr (strip 3) 
prior to blotting. Strip 2 was treated as described in Section 3.3., steps l-5 to simulate 
an erasure procedure. After unoccupied binding sites were blocked by incubation with 
TS buffer containing 10% (w/v) milk, the strips were incubated with MAb C-21 rec- 
ognizing DNA topoisomerase I (B) (kindly provided by Y-C. Cheng, Yale University 
Cancer Center) or MAE, Ki-S 1 to DNA topoisomerase IIcl (C). Washing and chemilu- 
minescent detection were performed as described in the legend to Fig. 2. In B, the 
absence of a signal in lane 3 and presence in lane 2 indicate that the epitope recognized 
by antibody C-21 has been damaged by prolonged storage (lane 3) but not by the 
erasure procedure (lane 2). In contrast, the epitope recognized by antibody Ki-Sl (C) 
is resistant to the erasure procedure (lane 2) and to storage of blots (lane 3). (D) 
Effect of blocking solution on reactivity. Replicate gel lanes containing protein from 
3 x lo5 HL-60 cells were blocked with TS buffer containing 10% milk (strip l), or 
3% albumin (strip 2), and then reacted with antibody K&S 1 diluted 1: 1000 in the cor- 
responding protein solution. After reaction with peroxidase-coupled antimouse IgG 
diluted in the corresponding protein solution, the strips were treated with luminol and 
exposed to Kodak XAR-5 film for 20 s (lanes 1 and 2) or 60 min (lanes 3 and 4). 
The signal was much stronger when albumin was used as a blocking reagent (cf. lanes 
1 and 2), but the background was much cleaner using milk as a blocking reagent 
(cf. lanes 2 and 3). 
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4.5. General Notes 

16 The techniques described above can be applied to the detection of glycoprotems 
by radrolabeled lectms. For this applicatron, blots would be coated with albumm 
or gelatin, reacted with radiolabeled lectm (Section 3 2 , steps 6-8), and recoated 
wtth albumin or gelatin (Section 3 2., steps 9 and 10) prior to drying After auto- 
radiography, the radrolabeled lectm would be solubrhzed m warm SDS under 
reducing condmons (Section 3.3 , steps l-5). 

17. Although most epitopes are resistant to the erasure procedure (Figs 1 and 2; see 
also refs IO and II), epitopes recognized by an occasional MAb are destroyed 
by erasure (Fig 3A [prevzouspage], lane 2). Observatrons from our laboratory 
also indicate that certain epitopes are lost on prolonged storage of blots (Fig 3B, 
lane 3). There does not appear to be any relationship between the loss of eprtopes 
on blot storage and the damage of epitopes during the erasure procedure 
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Colloidal Gold Staining and lmmunodetection 
in 2D Protein Mapping 

Anthony H. V. Schapira 

1. Introduction 
This chapter extends the use of the technique described in Chapter 21 to 

two-dimensional (2D) protein gels, as well as contammg some alternatives and 
modifications to the method. 

Two-dimensional sodmm dodecyl sulfate-polyacrylamide gel electrophore- 
sis (SDS-PAGE) provides a rapid and reproducible method for the separation 
and analysis of complex mixtures of proteins. Protems may be separated m the 
first dimension either by isoelectric focusing (IEF) (I) or nonequilibrmm pH 
gradient electrophoresis (NEPHGE) (2), and by SDS-PAGE in the second 
dimension. Such gels have the capacity to resolve over 1000 mdividual 
polypeptides. The identification and characterization of individual polypep- 
tides separated by these techniques is the natural extension of the study of 
proteins by electrophoresis. A protein may be identified directly from the gel 
by cutting out the specific gel segment in which it is contained, and then elut- 
ing and sequencing the protein. Alternatively, a protein may be identified by 
specific antibody binding and detected with enzyme-linked or radiolabeled 
second antibodies. Detection by these methods is generally performed after the 
proteins in the gel have been transferred to a solid matrix, such as nitrocellu- 
lose. The mapping of individual proteins is then dependent on the identification 
of the protein(s) of interest within the whole protein map. This chapter describes 
a colloidal gold method of staining all proteins transferred to rntrocellulose 
followed by antibody binding, which allows the precise mapping of an mdi- 
vidual protein within the whole 2D gel picture. 

From Methods in Molecular Biology, Vol 80 /mmlmoch8mrca/ Protocols, 2nd ed 
Ed&d by J D Pound 0 Humana Press Inc , Totowa, NJ 
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2. Materials 
1 Tube gel and slab gel electrophoresls equipment 
2 Electroblotting equipment 
3 Nitrocellulose (see Note 1) 
4. 1% Milk powder or 1% bovine serum albumm (BSA) m phosphate-buffered 

salme (PBS), pH 7 4 
5. 1% (w/v) Analar grade gold chloride This can be made up in a solution of 

100 mL and stored at 4°C in a dark bottle 
6. 20% (v/v) Tween-20 in distilled water. 
7 Stannous chloride solution Dissolve 250 mg of stannous chloride m 1 25 mL of 

1M HCl and make up to 25 mL with distilled water. Prepare fresh. 
8. Cltrlc acid solutlon* Dissolve 2 42 g of anhydrous cltrlc acid m 250 mL 

of distilled water 
9 Photographic facilities for high resolution photography 

10 Specific primary antibodies for mdlvldual polypeptldes 
11. Appropriate antlspecies second antibodies linked to horseradlsh peroxidase (see 

Note 2). 
12. 4-Chloro- 1 -naphthol (see Note 2). 
13. PBS, pH 7 4. 

3. Method 
The techniques of 1 D and 2D SDS-PAGE (see Methods zn Molecular Bzology, 

Volumes 1 and 3), electroblotting (see Methods in Molecular Bzology, Volume 
3), and mxnunoblottmg (see Chapter 20) are described elsewhere. 

First dimension gels may be run either by IEF or NEPHGE. Followmg the 
electrophoretic separation of proteins, the gel may be equlhbrated for 1 O-l 5 
mm in Tris-glycme-methanol before electroblotting to nitrocellulose. This 
reduces any distortion from swelling or contraction of the gel relative to 
mtrocellulose sheet. Prolonged equllibratlon beyond this time-period may lead 
to loss of protein from the gel. Electroblotting 1s now most convemently per- 
formed by the semidry method. This reduces transfer time considerably, utl- 
lazes very small amounts of buffer, and the uniform field strength produces 
consistent transfer of protein over the whole gel. 

For consistent results, the gold stain should be prepared fresh for each batch 
of nitrocellulose filters. The gold stain 1s prepared essentially as described by 
Rlghettl et al. (3), with some modifications (4) (see also, Chapter 29). 

1. To a clean 2-L glass flask or beaker, add 750 mL of distilled water. Place on a 
magnetic stirrer and begin stlrrmg-thls ~111 be continued throughout (see Note 3) 

2. Add dropwise 10 mL of the 1% gold chloride solution Leave to stir for 5 mm. 
3 Slowly add 100 mL of 20% (v/v) Tween-20 (see Note 4) Leave to stir for 15 mm 
4. Add dropwlse 4 mL of freshly prepared stannous chloride solution to the gold/ 

Tween mixture (see Note 5) The color of the solution will change from gold to 
burgundy Leave to stir for 5 mm 
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Fig. 1. Gold stain of 2D separation of proteins from beef heart mitochondria. Arrow 
indicates the 49-kDa protein of NADH CoQ reductase (see Figs. 2 and 3). 

5. Slowly add 250 mL of citric acid solution to the gold solution. Leave to stir for 
20-30 min. The color of the solution should develop into red (see Note 6). 

6. Following transfer of proteins from the gel, quickly rinse the nitrocellulose in 
two changes of distilled water. Pour Ml-200 mL of the gold stain into a clean 
glass or plastic container and lay the nitrocellulose face up on top of the gold 
stain. Shake gently, allowing the stain to cover the filter. Proteins will begin to 
stain within 15 min, often appearing as a “ghost” before fully developing. A good 
fresh gold stain will give a pink color to the proteins. 

7. Filters should be photographed before blocking overnight with a solution of 1% 
milk powder or 1% BSA in PBS. Immunoblotting may then be performed as 
described in Chapter 2 1 (see Notes 7 and 8). 

3.1. Example of Technique 
Figure 1 shows the gold stain of a section of a 2D gel of beef heart mito- 

chondria proteins separated by isoelectric focusing and then by SDS-PAGE, 
and transferred to nitrocellulose. The filter was then probed with antibody 
specific to the 49-kDa iron sulfur protein of NADH CoQ reductase. The blot 
was photographed with (Fig. 2) and without (Fig. 3) a red filter following 
development with 4-chloro- 1 -naphthol. The position of the 49-kDa protein can 
then be determined by back reference to Fig. 1 (see arrow). 

4. Notes 
1. The nitrocellulose should always be handled with gloves. Otherwise, the gold 

stain will bring out fingerprints. 
2. It is best to use horseradish peroxidase-linked compounds and to develop with 4- 

chloro-1 naphthol, as this blue-black stain provides a good contrast to the pink of 
the gold stain. 
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Fig. 2. Immunoblotting with antibody to the 49-kDa protein demonstrates its posi- 
tion on the 2D separation. Photographed with red filter. 

Fig. 3. As for Fig. 2, but photographed without a filter. 

3. 

4. 

5. 

6. 

The volumes of solutions used can be adjusted to the number of filters to be 
stained. The method described provides sufficient stain for six filters of 14 x 14-cm 
nitrocellulose. 
The addition of the Tween-20 before the stannous chloride enhances the stability 
of the gold colloid and leads to more reproducible results. 
The slow, dropwise addition of the stannous chloride is also important in estab- 
lishing a stable stain. The Tween-20 and citric acid solutions can be added at a 
slow pour. Constant stirring is mandatory. 
The color of the final solution after 20-30 min of stirring is a good guide to stain 
quality: A burgundy color is good; a darker purple hue indicates an unstable gel. 
The longer the stain is left before use, the more purple the stained proteins will 
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be, and this will contrast less well with the 4-chloro-1-naphthol-developed 
immunoblot. 

7 For greatest sensmvity, the btotm-streptavidin system should be used m antt- 
body detectton, especially since protems separated m 2D are often more difficult 
to detect than when separated in 1D 

8. The best, most unequivocal results are obtained by mnnunoblotting a 2D separa- 
tion with an antibody to a single protem. This can then be developed and photo- 
graphed Further antibodies can then be used m sequence on the same filter, with 
developmg and photography recording the position of each protein as the respec- 
tive antibody IS used There is no need to requench filters between each blot. 
Washing for 30 mm m three changes of PBS-O 1% Tween-20 is suffictent to clean 
the filter before the next overlay. 
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Enzyme-Antienzyme Method 
for lmmunohistochemistry 

Michael G. Ormerod, Elizabeth Philp, and Susanne F. lmrie 

1. Introduction 
Immunohistochemical stains use antibodies to identify specific constituents 

in tissue sections. In order to detect the site of reaction, the antibody 1s labeled 
with an enzyme that can be reacted with a suitable substrate to give a colored 
product. The alternative 1s to use a fluorescent label. The advantage of an enzyme 
label is that the nuclei can be counter stained thereby revealing the tissue archi- 
tecture, and that the stain fades slowly, if at all, allowing the slides to be stored. 

In the original method, the section was incubated with the primary antibody 
followed by a secondary antibody to which a suitable enzyme had been attached. 
For example, if the primary antibody was a mouse monoclonal, the secondary 
antibody could be a goat antimouse immunoglobulin. It was later found that 
the number of enzyme molecules/molecule of primary antibody could be increased 
by using an enzyme-antienzyme method, thereby mcreasing the sensltlvlty of 
the method. 

The basic enzyme-antlenzyme method is outlined m Fig. 1. The primary antl- 
body is bound to the antigen of interest, followed by incubation with an appro- 
priate anti-immunoglobulm antibody, and finally with a complex of enzyme- 
antienzyme antibodies. The primary antibody and the antienzyme antibodies 
are raised in the same species, so that the anti-immunoglobulin will lmk the 
two together. The enzyme used is usually either horseradlsh peroxldase, in 
which case the method is called peroxidase-antiperoxidase (PAP), or alkaline 
phosphatase, where the method is referred to as APAAP. These enzymes are 
chosen because they have a high turnover number (giving a high yield of prod- 
uct) and have substrates that can give an insoluble, colored product. 

From Methods m Molecular Biology, Vol 80 lmmunochemrcal Protocols, 2nd ed 
Edlted by J D Pound 0 Humana Press Inc , Totowa, NJ 
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Fig. 1. The enzyme-antienzyme method. The primary antibody and the antienzyme 
antibody must have been raised in the same species. Because there are several epitopes 
on the enzyme and the immunoglobulins are divalent, a large complex of enzyme- 
antienzyme molecules builds up. This increases the number of enzyme molecules 
linked to each primary antibody molecule. This effect is not shown in the figure, because it 
would make the diagram too complicated. 

For further general reading about immunohistochemistry, see refs. 1-3. For 
a more detailed discussion of the methods involved in immunohistochemistry, 
see ref. 4. 

2. Materials 
1. Xylene or Histoclear (BDH, Atherstone, UK). 
2. Ethanol. 
3. Phosphate-buffered saline (PBS): 8.5 g of sodium chloride, 1.07 g of disodium 

hydrogen ortho-phosphate (or 2.7 g of Na2HP0,*12H20), 0.39 g of sodium 
dihydrogen o&o-phosphate (or 0.5 1 g of NaH,P04.2H,0). Make up to 1 L with 
distilled water. 

4. Bovine serum albumin (BSA). 
5. Detergent-BRIJ or Tween-80. 
6. Primary antibody (see Notes 3 and 4). 
7. Anti-immunoglobulin (linking) antibody raised against the species used to pro- 

duce the primary antibody (see Section 1. and Note 4). 
8. Enzyme-antienzyme complexes: The antienzyme antibody must have been raised 

in the species used to produce the primary antibody (see Section 1. and Note 4). 
9. Diaminobenzidine (DAB) solution: Dissolve 9 mg of DAB in 9 mL of O.lMTris 

buffer, pH 7.2. Add 9 mL of distilled water containing 6 pL of 30% H202. 
10. Mayer’s hemalum: 1 g of hematoxylin, 50 g of aluminum potassium sulfate, 0.2 g 

of sodium iodate, 1 g of citric acid, 50 g of chloral hydrate, and 1 L distilled 
water. Dissolve the hematoxylin in distilled water using gentle heat, if necessary. 
Add the aluminum potassium sulfate, heat if necessary. Add the sodium iodate, 
mix well, and leave overnight. Then add citric acid, mix well, and add the chloral 
hydrate. 

1 I. Hanker Yates Reagent (HYR): Dissolve 7.5 mg of HYR in 5 mL of O.lM Tris- 
HCl buffer, pH 7.6, and add 6 pL of 30% H202. (HYR containspara-phenylene- 
diamine plus pyrocatechol.) 
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12. Carbazole: Dissolve 2 mg of 3-ammo, g-ethyl carbazole m 0.5 mL of dimethyl 
formamide (DMF) m a glass tube. Add 9.5 mL of 0.2Macetate buffer, pH 5 Just 
before use, add 5 pL of 30% H202. 

13 DPX-mountant for cover slips (as supplied by manufacturer) 
14. Glycerin jelly (alternative mountant): 10 g of gelatin, 70 mL of glycerm, 0 25 g 

of phenol, and 60 mL of distilled water. Dissolve the gelatin in distilled water 
using gentle heat Add glycerin and phenol, and mix well Aliquot mto 10 mL 
batches and store m the refrigerator For use, melt m a water bath at 60”C-avoid 
shaking smce this creates air bubbles. 

15 Chloronaphthol* Dissolve 20 mg of 4 chloro- 1 -naphthol in 40 mL of 20% metha- 
nol in 0.05MTris saline, pH 7.6 (0.6 g of Trizma base plus 3 g of NaCl m 100 mL 
of distilled water, adJust the pH to 7.6 with HCl). Add 13.5 pL of 30% H,O, and 
heat gently to 50°C before use. 

16. Tetramethyl benzidme: Dissolve 5 mg of tetramethyl benzidme in 2 mL of 
DMSO Add to 50 mL of 0.02Macetate buffer, pH 3.3, containing 20 pL of 30% 
H,O, immediately before use. 

17. Methyl green. 
18. Verona1 acetate buffer: 0.97 g of sodmm acetate (trihydrate), 1.47 g of sodium 

barbnone, 250 mL of fresh distilled water (CO, free), and 2 5 mL of 0 IMhydro- 
chloric acid, pH 9.2 

19. Fast red salt: Dissolve 5 mg of naphthol AS BI phosphoric acid sodium salt m 1 drop 
of DMF m a glass tube. Dissolve 5 mg of Fast red TR salt in 10 mL of Verona1 acetate 
buffer, pH 9 2 MIX the two solutions together and filter 

20. Fast blue salt. Dissolve 5 mg of naphthol AS BI m DMF m a glass tube, and add 
to 5 mg of Fast blue BB salt in 10 mL of 0 1M Tris-HCl buffer, pH 9.0 

21. New Fuchsin: Mix 250 pL of a 4% solution of New Fuchsm in 2M HCl with 
250 & of 4% sodium mtrite Leave the mixture to stand in the cold for 5 mm, 
and then add it to 40 mL of 0 2M Tris-HCl buffer, pH 9 0, and add 10 mg of 
naphthol AS TR phosphoric acid dissolved in 0 2 mL of DMF in a glass tube 

22. Periodic acid. 
23 Potassium borohydride. 
24. Acetic acid: a 20% solution m distilled water 
25. Pronase solution: 50 pg of pronase/mL of PBS. 
26. 3-Amino propyl triethoxysilane (APTS) 
27. Citrate buffer (pH 6.0): Dissolve 21.0 g citric acid in 10 L distilled water; add 

265 mL 1MNaOH. AdJust pH. 
28. A domestic microwave oven fitted with a temperature probe. 
29. Levamisole 

3. Methods 
3.1. The Basic Method 

1. If the section has been cut from a paraffin block, take it through xylene (or 
Histoclear) and ethanol to water (see Note 2). 
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2 Block endogenous enzyme as approprtate (see Section 3 3 ) Wash the section 
in water 

3 Use treatment with a proteolytic enzyme or m a mtcrowave oven rf appropriate 
(see Section 3.4 ) Wash the section m water. 

4. Rinse the section in PBS, and then wipe any excess from the slide, so that the 
antiserum 1s not diluted too much on the slide 

5 Incubate for 1 h at room temperature m a moist chamber with 100 pL of primary 
anttbody appropriately diluted in either PBS, 0 5% BSA, or (preferably) PBS, 
5% serum, the serum being obtained from the species m which the second antt- 
body was raised (see Notes 3-6) 

6. Wash the section with PBS, 0 5% BSA followed twice by PBS contammg 0 01% 
detergent (BRIJ or Tween-80) 

7 Repeat step 4 
8. Incubate for 1 h at room temperature m a moist chamber with 100 pL of second, 

anti-imrnunoglobulm, antibody appropriately diluted (see Note 4). 
9 Repeat steps 6 and 7 

10 Incubate for 1 h at room temperature m a moist chamber with 100 pL of the 
enzym+anttenzyme complex approprtately diluted 

11 Repeat steps 6 and 7 Wash m distilled water 
12. Develop the color and counterstam, and mount as appropriate (see Notes 7 and 8 

and Section 3 2 ) 

3.2. Developing the Colored Product 
These procedures relate to step 12 m Section 3.1 For all the methods listed 

below, the substrate solutions should be prepared fresh and the sections should 
be at room temperature. 

3 2.1 Peroxdase Substrates (see Note 9) 
1 DAB* Cover the section with this substrate, and incubate the slide for 5 mm The 

product 1s brown, and IS stable in alcohols and m xylene. Counterstain with 
Mayer’s hemalum for 5 mm Wash m tap water. Dip the slide m saturated ltthmm 
carbonate for a few seconds; this makes the nuclear stain blue. Wash m tap water 
Dehydrate through ethanol and xylene (or Histoclear), and mount m a permanent 
mountant, e.g , DPX 

2. HYR: Incubate the slides for 15 mm. The product IS blackish-brown, and 1s stable 
m xylene and alcohols Counterstain with hemalum, and mount m DPX 

3 Carbazole: Incubate the slides for 15 mm. The product is red and msoluble in 
water, but dissolves in organic solvents. Counterstam with hemalum, and mount 
in a water-based mountant, e.g , glycerin Jelly. 

4. Chloronaphthol. Incubate the slides for 8 mm The product IS blue and soluble m 
xylene We do not know a suitable counterstain, hemalum being blue 1s unsmt- 
able, and methyl green is water-soluble. Mount in glycerin Jelly 

5. Tetramethyl benztdine. Incubate for 15 mm. The product 1s blue, and stable m 
xylene and alcohols. Counterstain with methyl green, and mount in DPX. 
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3.2.2. Alkaline Phosphatase Substrates 

1. Fast red salt. Cover the section wtth thts substrate, and incubate for 45-60 mm. 
The product is red and is soluble in organic solvents Counterstam wtth hemalum, 
and mount m glycerin Jelly. 

2. Fast blue salt: Use two or three 5-mm mcubattons each m fresh substrate. The 
product is blue and soluble m organic solvents There IS no satisfactory counter- 
stain. Mount m glycerin Jelly. 

3 New Fuchsme Incubate the slides for 10 mm The product is red, and stable m 
xylene and alcohols Counterstam with hemalum, and mount m DPX 

3.3. Blocking Endogenous Enzymes 
The tissue under study may contain endogenous enzyme, which is the same 

as that used in the enzyme--antienzyme stain. It is desirable that this should be 
destroyed. Otherwise, mterpretation of the stained shde is difficult 

1. For peroxidase, mcubate the section in one of the followmg solutions for the time 
indicated, and then wash m tap water before starting the method m Section 3.1. 
a. 2.3% Periodic acid m distilled water for 5 mm, 
b. 0 03% Potassium borohydnde m dtstilled water (freshly prepared) for 2 mm; or 
c. 0 1% Phenylhydrazme m PBS for 5 mm 
The last treatment is the most gentle and should be used for labile antigens 

2 For alkaline phosphatase, incubate the section m 20% acetic acid for 5 mm, and 
then wash tt in tap water, This treatment may destroy the antigen. An alternative 
for tissues other than the mtestme 1s to make the substrate solutton (Section 3.2.2.) 
m 1 mM levamisole (increase to 2 mM for tissues rich in alkaline phosphatase, 
e.g , kidney or placenta) (see Note 10) 

3.4. Revealing “Hidden” Antigens 
In fixed tissue, some antigens can be revealed by treatment with a proteolytic 

enzyme or by heating the section in a microwave oven (5). 

3.4.1. Treatment wrth a Proteolytlc Enzyme 

This protocol uses pronase. 

1 Dewax the section m xylene or Htstoclear, and take tt through ethanol to water. 
2 Incubate the section m PBS at 37’C for 5 min, and then in pronase solution at 

37°C for 20 mm. 
3. Wash the section m runnmg tap water for 5 mm, and then wash twice m PBS. 

After enzyme treatment the sections are very fragile and must be handled 
with care. 

3.4.2 Treatment in a Microwave Oven 
1 Cut 5-pm sections from a paraffin block, and mount them on slides coated with 

APTS 
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2. Dewax sections, take them down to water, and place the sections in a plastic 
holder. 

3 Put 500 mL citrate buffer m a plastic container with a lid that has a hole cut to 
take the temperature probe in the microwave oven (see Note 11) Heat the buffer 
to 90°C 

4 Place slides m the citrate buffer, and heat in the microwave oven at 90°C for 10 mm. 
5 Remove slides from oven, and leave to cool in the citrate buffer for 15 mm. 
6. Wash sections m running tap water. Block endogenous phosphatase by treatment 

of choice (see Section 3.3., step 2) Wash in PBS 
7. Continue as for the basic method 

4. Notes 
1 DAB is a suspected carcinogen and must be treated with care. Use m a fi.tme hood. 
2 For routine htstopathology, tissues are usually fixed m formalm and embedded 

in paraffin wax. Sections cut from this material must be dewaxed m xylene and 
taken through ethanol to water. This gives sections of high quality but, unfortu- 
nately, many antigens are destroyed by this process. Some will survive fixation 
m ethanol based fixatives, such as Methacarn (60% methanol, 30% chloroform, 
10% glacial acettc acid). Some antigens can be revealed by treating either with 
a proteolytic enzyme or by brief heating in a microwave oven (see Section 
3.4.). Others will not survive embedding in paraffin and must be studted in 
sections cut from unfixed, frozen tissue. These sections are often briefly fixed 
before use The correct fixative has to be determined empn-tcally for each anti- 
gen under study 

3 The primary antibody can be m the form of a polyclonal antiserum or a mono- 
clonal antibody produced either in a culture supernatant or in an ascetic fluid The 
concentration of the antibody in an ascitic fluid will be an order of magnitude 
greater than that m the culture supernatant, but the latter will be free of other 
unmunoglobulins. 

4. The appropriate concentration of the primary antibody must be determined by 
using serial dilutions on a set of sections cut from a tissue known to carry the 
antigen of interest The lmkmg antibody and the enzyme-antienzyme complex 
are best used at the concentration recommended by the manufacturer If desired, 
this can be checked using serial diluttons 

5. For incubations m antibody, the slides are usually placed m a suitable box m 
which they can be kept horizontally in a humid atmosphere This is important 
because the solutions must not be allowed to dry out during incubation. 

6. In the methods described, mcubation at room temperature is recommended How- 
ever, room temperature can vary considerably and if the final product is to be 
quantified (for example, by image cytometry), the temperature of incubatron 
should be carefully controlled 

7. The substrate chosen for color development depends on the enzyme used and the 
final color required by the investigator. For routine work, DAB is normally used 
with peroxidase, and Fast red with alkaline phosphatase. 
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8. The choice of mountant depends on the solubility characteristics of the colored 
product. Permanent mountants, such as DPX, are based on organic solvents. If 
the colored product is soluble m such solvents, then a water-based mountant must 
be used. Guidance is given for each substrate described. 

9. When using peroxidase and DAB, it is sometimes necessary to bleach the brown 
pigment found in fixed tissue sections, e.g., in form01 saline fixed red blood cells, 
Bleach with 7.5% hydrogen peroxide in distilled water for 5 min. Wash well in 
tap water. 

10. Different trssues contain different isoenzymes of alkaline phosphatase, and the 
intestinal isoenzyme IS not inhibited by levamisole The enzyme used m immu- 
nohistochemistry is extracted from calf intestine, so that levamisole can be used 
as an inhibitor without affecting the desired reaction. For labile antigens in the 
intestine, it is better to switch to the peroxidase method. 

11. It is important that the sections be immersed in a large volume of buffer to ensure 
an even distribution of heat. 

12. Control sections should be included with each set of stained shdes. A positive 
control from a tissue known to contam the antigen should be mcluded for each 
primary antibody used. The negative control is normally a section stained with 
the omission of the primary antibody. 

13. The negative control should be quite clean. If a reaction is observed, check 
for the presence of endogenous enzyme or pigment. In their absence, try to 
reduce the background by more careful washing and increasing the protein m 
the washing solution. Finally, try fresh secondary reagents purchased from a 
different source. 

14. If no staining is observed in the positive control, check whether a reagent has 
been inadvertently omitted or whether the wrong reagent has been used (for exam- 
ple, antimouse Ig on a rat monoclonal). This is easy to do if several different 
antibodies from different species are bemg used. 

15. If staining is weak, one of the reagents may have deteriorated. For example, stock 
solutions of H202 should be renewed regularly, 
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lmmunohistochemical Detection 
of Bromodeoxyuridine-Labeled Nuclei 
for In Vivo Cell Kinetic Studies 

Jonathan A. Green, Richard E. Edwards, and Margaret M. Manson 

1. Introduction 
The classical techmque for tdenttfymg cells engaged in DNA synthesis is by 

their uptake of [3H]-thymtdme, detected using autoradtography. However, this 
method can be inconvenient, as specialized darkroom and radiotsotope facih- 
ties are required, with the potential health hazard that handling isotopes 
entails. Bromodeoxyuridme (BrdU), the halogenated 5substttuted derivative 
of deoxyuridine, is a thymtdme analog spectfically incorporated mto the DNA 
of proliferating cells during S phase. This 1s now a well-established alternative 
to [3H] thymidine, since it has been shown that labeling indices for the two 
molecules are the same (2,2) The development of a monoclonal antibody (3) 
that recogmzes BrdU incorporated into single-stranded DNA has resulted m 
several techniques using immunocytochemical staining to detect incorporated 
BrdU in frozen, paraffin- and plastic-embedded sections of tissue by light 
microscopy. It has also proved extremely valuable for studies m conjunction 
with flow cytometry and even, for in vivo studies of human tumor cell kinetics 
(see Chapter 26). We describe here a method to detect DNA synthesis by in 
vivo labeling of nuclei with BrdU, followed by mdnect tmmunological 
detection m paraffin-embedded tissue (4) 

2. Materials 
1. Bromodeoxyuridine 50 pg/g body weight dissolved m 1 n-L of sterile 0 9% saline 

Prepare fresh 
2. Carnoys fixative 60% absolute alcohol, 30% chloroform, and 10% glacial ace- 

tic acid 

From Methods m Molecular Biology, Vol 80 Immunochem~cal Protocols, 2nd ed 
Edlted by J D Pound 0 Humana Press Inc , Totowa, NJ 

251 



252 Green, Edwards, and Manson 

3 Glass microscope slides that have been coated urlth 3-ammo-propyltriethoxysilane 
(APES) (see Note 1) 

4 Xylene. 
5. 100,90, and 70% ethanol series. 
6. Phosphate-buffered saline (PBS), pH 7.4: 8 g ofNaCLO.2 g of KH2P04,2 8 g of 

Na2HP04 12H20,0.2 g of KC1 dissolved and made up to 1 L in distilled water 
7. 0.3% H202 m drsttlled water. 
8. 1MHCl. 
9. Monoclonal antibody to BrdU: A rat monoclonal obtamed from Sera-Lab (Crawley 

Down, Sussex, UK) 
10. Rabbit antirat peroxidase-conjugated secondary antibody 
11. Substrate solution: A stock solution of diaminoazobenztdme (DAB) is made up 

at 5 mg/mL m PBS, aliquoted into 0.5 mL amounts, and stored frozen For use, 
add 4.5 mL of PBS to 0.5 mL of DAB stock and add 50 pL of freshly prepared 
1% Hz02 immediately before use 

12 Hematoxylin 
13 Mountant: DPX 

3. Method 

3.1. Preparation of Tissue Sections 
1. Dissolve the required amount of BrdU in 1 mL of sterile saline nnmediately prior 

to use and protect the solution from light to prevent photo-decomposition. 
2. Inject the solutron tp and sacrifice the animal 1 h later (see Notes 2 and 3). 
3. Dissect out the liver and gently wipe excess blood from the outside of the organ 

(see Note 4) 
4. Using a single edge razor blade, cut thin (2-3 mm) slices of liver and place them 

immediately into Carnoys fixative. 
5. Leave the tissues m the fixative for a minimum of 2 h to a maximum of 18 h and 

then transfer them to 95% ethanol (see Note 5) 
6. Embed the tissues in paraffin wax by routine histological procedures as soon as 

possible to avoid excessive hardenmg. 
7. Cut sections 5-pm thick and mount on coated glass slides. Dewax the slides m 

xylene for 3 x 20 mm and then rehydrate in 100% ethanol (2 x 2 min), then 95% 
and 70% ethanol and water for 2 min each 

3.2. lmmunohistochemistry 

1. Wash the sections in PBS for 2 min. It is convenient to place the slides on a rack 
over the smk to carry out all washing steps 

2. Inhibit endogenous peroxidase activity m the tissue sections by mcubatmg m 
0.3% H202 for 20 mm 

3. Wash the sections m running tap water for 10 min, then rinse in distilled water at 60°C. 
4. Incubate the sections in lMHC1 at 60°C for exactly 8 mm (see Notes 6 and 7). This 

step denatures the DNA just sufficiently to allow access of the anti-BrdU antibody. 
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5. Wash briefly m tap water, then distrlled water, and finally, PBS. 
6. Dry around the section with a tissue (see Note 8) and Incubate m monoclonal 

antibody against BrdU, diluted 1: 100 in PBS, for 30 min at room temperature m 
a humid box to prevent the sections from drying out. One hundred microliters of 
solution should be enough to cover the tissue. 

7. Wash 3 x 5 min in PBS. 
8. Dry around the sections agam and apply rabbit antirat IgG peroxtdase conjugate 

diluted 1: 100 m PBS and incubate as in step 6. 
9. Wash 3 x 5 mm in PBS. 

10. Incubate the sections m freshly prepared DAB substrate solution for 10 mm (see 
Note 9). A brown product will be depostted at the sate of BrdU incorporation. 

11. Wash the secttons in PBS. 
12. Counterstain lightly with hematoxylin. 
13 Dehydrate the sections m increasing concentrations of ethanol (70, 90, lOO%), 

clear with xylene, and mount in DPX (see also Chapter 24). 

4. Notes 

1. Clean the slides m 5% DECON 90 or an equivalent detergent overnight. Rinse m 
hot water for 30 min, then twice in deionized water. Dry at 60°C. Dip the slides in 
a 4% solution of APES in acetone for 2 mm, then rinse twice in acetone Dry the 
slides in an oven at 60°C. They can then be stored at room temperature 
indefinitely. 

2. It is vital that the BrdU is injected into the peritoneal cavity and not the gut. 
Injection of BrdU into the gut is the most common reason for failure to see any 
stained nuclei. 

3. After mjection of the BrdU, the time before sacrifice may be extended to give a 
higher degree of incorporation into the dividing nuclei. However, a single injec- 
tion of BrdU will be undetectable after three cell divisions 

4. This method can be apphed to other tissues in the animal where active DNA 
synthesis is occurring, for instance, the small intestine. In fact, it is good practice 
to prepare a composite block containing the tissue of interest and a piece of small 
Intestine as a positive control (see Fig. 1) 

5. We have also used this method on acetone-fixed paraffin-embedded maternal with 
equal success. Slices of fresh hver are fixed in ice-cold acetone for at least 4 h. 
Material can then be transferred to a -20°C freezer prior to routme embedding 
and sectioning. In this case, uncoated glass slides were used. 

6. This is the most important step in the procedure. The exact time (usually between 
2 and 10 min) must be determined emprrtcally, if other fixatives such as acetone 
are used. 

7. Some workers neutralize the HCI wtth O.lM borax buffer, pH 8.5 for 5 min. 
8. A pen for drawing a hydrophobic ring around the tissue section is marketed by 

Dako It obviates the need to wipe around the sections after each step and reduces 
the amounts of antibody solutton required. 
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Fig. 1. Nuclei in liver (left), and small intestine (right) that have incorporated BrdU 
during DNA synthesis are stained more darkly. 

9. The rabbit antirat antibody may alternatively be conjugated with alkaline phos- 
phatase and detected with naphthol AS-B1 and fast red. In this case, incorpora- 
tion will be indicated by a red color. See also Chapter 24 for alternative conjugates 
and substrates. 
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Cell Kinetic Studies Using a Monoclonal Antibody 
to Bromodeoxyuridine 

George D. Wilson 

1. Introduction 
Cell kinetics is defined as the measurement of time parameters m brological 

systems. Traditionally, this has involved the use of radioactive precursors of 
DNA, such as tritiated thymidine (3HTdR), and autoradtography to detect their 
mcorporatton into DNA. Thrs technique has provided detailed knowledge of 
cell kinetics in both m vitro and in vivo experimental systems. The technique, 
however, is time consummg and arduous and is not readily applicable to human 
tumor research because of ethical problems involved m mcorporatton of a 
radioisotope mto DNA. 

The development of monoclonal antibodies which recognize halogenated 
pyrimidines such as 5-bromo-2-deoxyuridine (BrdU) incorporated mto DNA 
(1) and of flow cytometric (FCM) techniques to stmultaneously measure BrdU 
uptake and total DNA content (2) have led to a renaissance in cell kinetic stud- 
ies. The speed and quantitative power of the flow cytometer, m conJunction 
with the specificity and sensitivity of monoclonal antibody techniques, pro- 
vide the basis for the adoption and success of the BrdU technique in experr- 
mental and clinical investigations. 

The BrdU/FCM technique offers several advantages over 3HTdR/autorad- 
rography method in many cell kinetic studies. 

1, The simultaneous measurement of BrdU mcorporation and DNA content confers 
sensitivity and versatility in detection of cell cycle perturbatrons in response drugs 
or radiation and tracing the lineage of a cell wrthin the cell cycle. The use of 
computer-generated windows facilitates the analysis of any population of cells 
within any phase of the cell cycle and 1s not restricted to the “mitotlc window,” as 
is the case with 3HTdR/autoradrography. 

From Methods m Molecular Blotogy. Vol 80 ImmunochemN Protocols, 2nd ed 
Edlted by J D Pound 0 Humana Press Inc , Totowa, NJ 
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2 The results from a cell kinetic study can be obtained, hterally, within 1 d using 
BrdU/FCM, whereas sHTdR/autoradiography may take several weeks to obtain 
an answer. 

3 It is now possible to study routinely human tumor cell kinetic studies in VIVO, 
because BrdU does not have to be a radioisotope as it is detected by a mono- 
clonal antibody. BrdU shows no toxtctty m the doses required for cell kinetic 
studies in humans. 

BrdU/DNA flow cytometry offers flexibility and diversity in the study of 
cell kinetics from cells in culture to human tumors m vivo. The essence of the 
procedure is to pulse label with BrdU by a short-term incubation in vitro or by 
a single injection m vtvo; samples are then taken at ttme intervals thereafter 
and stained after fixation m ethanol. The cells are then stained with a mono- 
clonal antibody against BrdU that can be either directly conjugated to a fluoro- 
chrome (usually fluorescem isothiocyanate [FITC]) or, alternattvely, bound to 
a second antibody conjugated with FITC. The cells are then counterstamed 
with propidium iodide (PI) to measure the DNA content and analyzed on the 
flow cytometer. The results are displayed as linear-red fluorescence on the 
x-axis vs linear or log-green fluorescence on the y-axis. 

2. Materials 
1. BrdU This can be obtained from Sigma (Poole, UK) for experimental pur- 

poses. A preparation suitable for human use can be obtained from the Investiga- 
tional Drugs Branch of the National Cancer Institute (Bethesda, MD). Alternatively 
individual Hospital Pharmacies can formulate their own preparation. 

2 70% Ethanol for fixation. 
3 2M Hydrochloric acid. 
4. Phosphate-buffered saline (PBS), pH 7.4. 
5. 0.4 mg/mL Pepsin m 0. 1M HCl, pH 1.5 or 0.2 mg/mL pepsin m 2M HCl. The 

pepsm is dissolved m a small volume of PBS or water before addition of HCl 
6. Antibody incubation buffer. 0 5% normal goat serum (NGS) and 0.5% Tween-20 

m PBS. 
7 Monoclonal antibody against BrdU: Many are available from various manufac- 

turers. Some have differmg spectticmes for different halogenated pyrtmldines 
(see later). The antibodies used routinely by our group are a rat IgGza (BUI/75 
ICR) available from Sera-Lab (Crawley Down, Sussex, UK) and a mouse IgG 
(BU20a) from Dako (High Wycombe, Bucks, UK). 

8. Goat antirat or antimouse IgG (whole molecule) FITC (Sigma). 
9. 35-w Pore nylon filter. 

10. 12-mL Conical bottom tube. 
11. Swmnex holders. 
12. 10 mL Syringe 
13 Propidmm iodide (PI) (Sigma) 
14 A flow cytometer. 
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3. Methods 
A prerequisite for FCM is a single cell or nuclei suspenston. In VIVO studies 

in solid tumors and tissues require disaggregation of the material into smgle 
cells or nuclei. The staining method described here includes a method for 
obtaining nuclei from solid tumors. However, it is not appropriate to describe 
detailed methods for obtaining cell suspenstons from solid tumors in this chap- 
ter. Readers are directed to ref. 3 for a review on methods for obtarnmg single 
cell suspensions for FCM studtes. 

3.1. BrdU Incorporation 
1. To incorporate BrdU m vitro mto monolayers or cell suspensions, the cells are 

incubated with lo-20 pA4 BrdU for lo-20 min Concentrations as small as 
1 pA4 can be detected, whereas concentrations >50 lJ4 may cause cell cycle 
perturbations. The BrdU is thoroughly washed out by two washes in PBS or 
medium. It is important to keep everything at 37°C for cell kinetic studies to 
avoid any perturbations caused by lowering the temperature. 

2. To mcorporate BrdU m vitro into l-2 mm3 solid pieces of tissue m explant cul- 
ture, use concentrations of 50 pJ4 or greater in the culture medium for 1 h under 
high pressure oxygen to ensure maximum diffusion of the DNA precursor into 
the core of the tissue (4) 

3 For m vivo incorporation of BrdU in experimental animals, inject 10-100 mg/kg 
of BrdU in 0.9% saline by the tp route. A concentratton of 10 mg/mL is routmely 
used. The animal is sacrificed after 1 h for labelmg mdex studies or at l-2 hourly 
time intervals for cell cycle progression studies In vivo mcorporatton of BrdU 
into humans at Mount Vernon Hospital involves iv injection of 200 mg of BrdU 
m 20 mL of normal salme as a single bolus over 3-5 min 

3.2. Fixation 
Prior to the staining procedures, fix cells in 70% ethanol. Best results are 

obtained by resuspendmg the cell pellet m 1 mL of PBS and adding 9 mL of 
ice-cold 70% ethanol while vortexing to prevent agglutination. Solid pieces of 
ttssue can be fixed as 5 mm3 pieces directly in ice-cold 70% ethanol. Cells and 
tissues are usually left at least 1 h prior to staining. Fixed cells or tissues should 
be stored at 4°C and, tn the author’s experience, will remain suitable for BrdU 
staining studies for at least 3 yr. 

3.3, Staining Procedure 
1. Cut solid tumors or tissues, removed from the fixative, into l-2 mm3 pieces and 

incubate m 5-10 mL of O.lMHCI containing 0.4 mg/mL pepsin, pH 1.5, for 30- 
60 mm at 37°C with constant agitation. The period of mcubation varies from one 
tumor or normal tissue to another (see Notes 1 and 2). 

2. When the tissue starts to break up, ensure complete dissoctation into mdtvtdual 
nuclei by pipetmg using a 5-mL automatic pipet 
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3. Filter the suspension of nuclei mto a 12-n& conical-bottomed tube through 3%@4 
pore nylon filter, m a Swmnex holder and 10 mL syringe, to remove large debris 
and dumped nuclei. 

4. Centrifuge the suspenston at 2000 rpm for 5 mm. 
5. If cell suspensions are used as starting material, then omit steps l-4. Centrifuge 

the suspension from cultures or dissoctated from solid tissues at 1000 rpm for 
5 min and decant the fixative 

6. The pellets from nuclei obtained from solid tumors are resuspended m 2 mL of 
2MHCl and mcubated for 10-15 mm at room temperature. Thts can also be done 
with the whole cell suspension, although 20-30 mm m 2MHCl is required In the 
author’s experience, optimal stammg of cell suspensions is achieved resuspend- 
mg the pellet in 2.5 mL of 0.2 mg/mL pepsin m 2MHCl for 20 mm (see Note 3) 
All of these variations are carried out at room temperature with occasional mix- 
mg (see Note 3). The step achieves partial unwinding of the DNA into single 
strands to allow monoclonal antibody access to the binding sites. 

7 Add 5 mL of PBS to the HCl and centrifuge the tubes at 2000 rpm for nuclei, or 
1000 for cells, for 5 mm 

8 Add 5 mL of PBS to the pellets and repeat the centrtfugation. The washes with 
PBS are sufficient to remove all the acid (see Note 4). 

9. Resuspend the pellet m 0.5 mL of antibody mcubatlon buffer and 25 pL of mono- 
clonal antibody. The ddution of monoclonal antibody will vary according to the 
preparation (see Notes 5 and 6) The monoclonal antibody used in the author’s stud- 
ies is derived directly from the supematant from the antibody producing cell lme 
Incubate the tubes for 1 h at room temperature with occasional mixing (see Note 7) 

10. Add 5 mL of PBS and centrifuge the tubes at 2000 rpm for nuclei, or 1000 rpm 
for cells, for 5 mm 

11. Resuspend the pellets in 0.5 mL of antibody mcubation buffer containing 25 pL 
of goat antnat or anttrat IgG (whole molecule) FITC conjugate Allow bmdmg of 
the second antibody to proceed for 30-60 min at room temperature with occa- 
sional mixing. 

12. Repeat step 10 (see Note 8). 
13. Resuspend the resulting pellet m l-3 mL of PBS containing 10 pg/mL PI. 
14. Analyze on a flow cytometer (see Notes 9 and 10). This type of staining can be 

analyzed on any of the modem flow cytometers with the proviso that the machme 
1s equipped with a pulse processmg facthty to enable the discrimmation of cell 
doublets. The most commonly used flow cytometer is the Becton Dlckmson 
FACScan. In this machme, PI should be collected mto FL3 rather than FL2 to 
overcome any crossover of the FITC mto the FL2 channel The FL3 detector 
should be routinely set around 400, whereas FL1 is usually set at around 500 m 
linear amplification Controls, without either BrdU or the monoclonal antibody, 
should be included whenever possible to determine the lower limits of detection 
of the DNA precursor. At least 10,000 events should be analyzed, but more might 
be required m the case of slowly proliferating (low BrdU incorporation) tissues 
or tumors. 
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3.4. Examples of Data and Data Analysis 
Cell kinetic data can be generated from a wide range of experimental condi- 

tions using BrdU/FCM. Figure 1 shows bivariate distributions obtained from a 
“pulse chase” experiment of V79 cells cultivated in vitro. The basic cell popu- 
lations can be separated from each other by considermg both their BrdU uptake 
and DNA content. Two populations show little BrdU uptake, those at channel 
270 are Gl cells and those at channel 550 are G2 + M cells. The S-phase cells 
lie between these two populations in terms of DNA content, but are separated 
from them by virtue of their BrdU uptake. Early S-phase cells can be seen 
arising from the Gl populations, as can mid- and late-S-phase cells, owmg to 
their increasing DNA content. The progression of cells through the cell cycle 
can be easily detected in the subsequent profiles at hourly intervals BrdU- 
labeled cells increase their DNA as they move through S-phase. They spend a 
short time m G2 before dividing and entering Gl. Thus, at 3 h, the original 
BrdU-labeled population is clearly separated into two subpopulattons. One 
cohort of BrdU-labeled cells is progressing through mid- and late-S-phase and 
G2, whereas the other comprises cells that have divided (indicated by an arrow 
in Fig. 1) and now reside m Gl With time, this latter compartment increases as 
more of the original S-phase cells divide, whereas the former diminishes as 
the early S-phase cells reach late S and G2. At 7 h, vtrtually all the origmal 
S-phase cells have either divided or are in G2. In addition, some of these cells 
(those that were in late S-phase at time zero) have progressed through Gl and 
entered early and mid-S-phase. By 9 h, the population has almost regained the 
1 h profile as the cell cycle is almost complete. The unlabeled cells can also be 
tracked around their cell cycle. The arrow in the 4-h profile shows the move- 
ment of Gl cells mto early S-phase. 

Analysis of this type of data is handled by the computer facilities of the 
flow cytometer. Basically, regions of interest or wmdows can be set m any 
phase of the cell cycle looking at both BrdU and non-BrdU-labeled cells. 
Figure 2 shows an example of analysis regions set on the 4-h profile from 
Fig. 1. The left-hand panel shows the bivariate distribution m which a region 
(Rl) has been set to discriminate the BrdU-labeled cells. Two single param- 
eter histograms have been generated; the middle panel displays the DNA 
profile (PI-FL3) of all cells and the right-hand panel displays the DNA pro- 
file of BrdU-labeled cells gated from Rl. Within each of these DNA profiles, 
three regions have been set. R2 describes the cells resident in G 1, R3 delin- 
eates the cells m G2, and R4 analyses a narrow window in mid-S. These 
basic regions can give information on all cell cycle parameters and m most 
experimental conditions 

Region 4 in the gated and ungated DNA profile can generate a curve analo- 
gous to a “pulse-labeled mitosis” analysis from 3HTdR/autoradiography. A plot 
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Fig. 2. FCM profiles of V79 cells 4 h after pulse labeling with BrdU. The left-hand 
panel shows the bivariate distribution, the middle panel shows the DNA profile of the 
total cell population, while the right-hand panel consists of the DNA profile of BrdU- 
labeled cells only (gated on Rl). 

of time vs the ratio of cells in the mid-S window of the BrdU-labeled DNA 
profile as a fraction of the total number of cells in this window from the ungated 
DNA profile produces the curve seen in Fig. 3. From this analysis, the mid-S 
ratio should stay at its maximum (theoretically 1 .O) for a time equal to half Ts 
(duration of S-phase). The ratio then falls to a value which should approach 
zero and remain low for a period equal to the cell cycle time (rC) minus Ts; this 
can be read off from the midpoint of the maximum and minimum mid-S ratio 
values. The ratio will then rise again and the T, can be read off from the mid- 
point of the second peak. The duration of G2 + M ( TG2 + ,,,,) can be estimated by 
plotting the entry of BrdU-labeled cells into G 1; this can be generated by plot- 
ting the number of cells in R2 of the gated DNA profile (right panel) as a 
function of time. Extrapolation of the data, over the first 4-6 h, back to 0 
equates to T,, + M. 

In human tumors, both the labeling index (LI) and Ts can be calculated from 
a single observation (5). These two parameters can be used to calculate the 
potential doubling time (T,,,,), which describes the shortest possible time a cell 
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Fig. 3. Cell cycle analysrs of BrdU/DNA profiles. The curve IS generated from 
narrow regions set m mid-S phase. One region 1s set around the BrdU-labeled cells 
and the other encompasses all cells in mid-S The y-axis is calculated from the ratio 
of cells m the BrdU-labeled compartment divided by that m the total mid-S region 
(R4 m the gated and ungated DNA profiles m Fig 2). 

population can double its number in the absence of cell loss. This procedure IS 
based on the measurement of the mean DNA content of the BrdU-labeled 
cohort of cells. 

Immediately after labeling, as m the 1 -h profile from Fig. 1, the mean DNA 
of the BrdU-labeled cells will be halfway between that of Gl and G2 cells, 
because there is a uniform distribution throughout S-phase. If this were 
expressed as a function of the difference in DNA content between Gl and G2 
cells (i.e., by subtracting the Gl mean DNA content from the mean S DNA 
content, and dividing by the Gl subtracted from the G2), then the starting value 
would be 0.5. As the BrdU-labeled cells progress through S-phase, then this 
value will increase (ignoring the cells that divide) until the only cells which are 
BrdU-labeled, and have not divided, are m G2. The value or relative move- 
ment will be 1 .O. Assuming linearity of Ts then, the progression of 0.5-l .O will 
describe the movement of early S-phase cells to G2 (i.e., Ts). Thus, by taking a 
biopsy several hours after an injection of BrdU, Ts can be calculated. 

An example of a human tumor analyzed by this method is shown m Fig. 4. 
This was an adenocarcinoma of the colon removed 6 h after Injection. The 
profile shows the complex nature of many human tumors that possess abnor- 
mal DNA content. The first major peak, in the DNA profile, is dlplold Gl cells, 
followed by a peak of aneuploid G 1 cells that have 1.5 times more DNA than 
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Fig. 4. BrdU/DNA profile of a human colonic adenocarcinoma. Bivariate BrdU/DNA 
distribution (right) and DNA profile (left) of a human colonic adenocarcinoma. These 
profiles were obtained 6 h after injection of 200 mg of BrdU. 

the diploid cells. The bivariate distribution clearly shows the redistribution of 
BrdU-labeled cells through the cell cycle after 6 h. One population has divided 
and resides in G 1, whereas the other is still progressing through mid- and late-S 
and G2 + M. It is also clear from this profile that virtually all proliferation is 
associated with the cells with aneuploid DNA content. From the profile, the Ts 
was calculated to 14.5 h and the LI of the aneuploid cells was 13.8%. The LI 
has to be corrected for those cells that have divided and shared their BrdU 
between the two daughter cells. This is simply done by measuring the number 
of Gl cells with BrdU uptake, halving that number and recalculating a cor- 
rected LI by subtracting it from the total BrdU-labeled and total cell number. 
These values of LI and Ts compute a Tp,, of 3.5 d. This technique has permitted 
routine analysis of proliferative characteristics of human solid tumors on a 
time scale useful for prognostic or diagnostic purposes (6). 

4. Notes 
1. The concentration of cells or nuclei is important. The procedure outlined in this 

chapter is designed for a starting density of 2-3 million cells. The volume of HCl 
should be increased and the antibody dilution decreased if more cells are used. 
A cell or nuclei count is usually performed prior to step 6 in Section 3.3. 

2. The procedure described in this chapter has been kept simple, with as few 
steps as possible. However, many variations exist that may have benefit in 
certain systems. For cell suspensions, digestion into nuclei prior to staining, 
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with 0.4 mg/mL pepsin m 0 1MHCl for up to 30 mm at room temperature, may 
improve results (7). This step may be particularly useful if cells have a tendency 
to clump or have a large cytoplasmnucleus ratio that may cause problems with 
nonspecific staining The mcubatron time of cells or tissues m pepsin varies from 
one cell type to another Solid tissues should be monitored throughout the incu- 
bation and the digestion stopped when the large pieces disappear Thirty-minutes 
digestion IS usually the optimum mcubation period, but thts can be as long as 1 h. 

3 The denaturation step is perhaps the most crucial of the assay. Enough unwmd- 
mg of DNA is required to ensure sufficient antibody bmdmg, but not enough to 
disrupt the stoichiometry of PI binding, which requires double-stranded DNA 
The denaturing agent, HCl, has proved the most reliable method, with little loss 
of material. The incubation time m HCl varies accordmg to the material being 
stained. Normal tissues require much less denaturation than tumors (10 mm vs 
15-20 mm). Cells require much longer denaturation than nuclei (20-30 mm vs 
1 O-l 5 mm). The optimum denaturatton pertod should be charactertzed for each 
particular experimental system. The use of HCl, however, is relatively mild and 
does not result in extensive denaturation of DNA. If increased sensmvrty of 
BrdU detection is required, an alternattve method mvolvmg mcubatron of cells 
m O.lM HCl containing 0 7% Triton X- 100 at 0°C for 10 min, followed by boil- 
mg m 2 mL of distilled water for 10 mm (8), will increase sensitivity by a factor 
of 20-30. This procedure, and several like it, suffer the drawback that cell loss is 
a major problem, m the case of hematopoietic cells, up to 90% of the stammg 
material may be lost during the process Procedures have been developed to 
combme denaturatron with dtgestton (9) using 0.2 mg/mL pepsin m 2M HCl for 
30 min at room temperature. This technique has proved partrcularly useful for 
eprdermal cells and the author has adapted this to his own staining procedure 
One other potentially useful method for denaturmg DNA is the use of restriction 
endonucleases and exonuclease III (I 0) In these procedures, nuclear protein 
is extracted with 0 lMHC1, DdeI, EcoRI or HindIII, followed by digestion wrth 
exonuclease III. This procedure may achieve the sensmvity of heat denaturation 
without severe cell loss, morphology change, or protein loss 

4. Many procedures employ O.lMsodtum tetraborate, pH 8.5, to neutralize after the 
acid denaturation. This does not appear to be necessary when large volumes of 
PBS are used as a washing medium. 

5. Many monoclonal antibodies are commercially available to detect halogenated 
pyrimidmes. Most antibodies will detect both BrdU and iododeoxyurrdme. How- 
ever, Br3 shows extremely high specificity for BrdU (II), whereas IU4 (both 
avarlable from Caltag) shows much higher specificity for IUdR (12). These antl- 
bodies have opened the pathway for double labeling experiments on the FCM 
The dilution of the monoclonal ~111 depend on its specrficny and whether it is a 
purified, ascetic or supernatant preparation; for instance, we routmely use IU4 at 
a dilution of I:2000 compared to 1.20 for the Sera-Lab antibody 

6 Some workers prefer to carry out the antibody mcubatrons at 4°C because some 
monoclonal preparations were found to have DNase activity from mycoplasma 
contammants. This should not be a problem with commercial preparations. 
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7. There is no need to perform the assay m dark conditions BrdU is photosensitive, 
but there is no advantage when incubations are carried out m the dark. 

8. It has been reported that incubation of cells m 0.1% sodium borohydride in 1 mL 
PBS for 30 mm at room temperature, after the antibody mcubations, reduces 
autofluorescence and nonspecific staining This has not proved to be advanta- 
geous m the author’s hands 

9. The author found that stained preparations can be kept for up to at least 1 mo at 
4°C with little loss of fluorescence. 

10. If the stammg procedure fails to detect BrdU incorporation, it is always worth 
repeating the antibody incubations. One of the most common reasons for failure 
is an excess of cellular or nuclear material 
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lmmunohistochemical Detection of Cells 
in the Division Cycle Using Antibodies 
to Proliferating Cell Nuclear Antigen (PCNA) 

Richard E. Edwards and Jerry Styles 

1. Introduction 
The detection and quantification of cells undergoing prohferation have cen- 

tered on methods that identify specrtic stages of the cell cycle. Thus, the repli- 
cation of DNA or S-phase (the labeling index) is detected by the use of 
[3H]-thymidine and autoradiography, or by bromodeoxyuridine and immuno- 
histochemical labeling. The other stage of the cell cycle that is frequently 
examined is mitosis, or M-phase (the mitotic index), via the use of spindle 
inhibitors, such as colchlcme These techniques detect only phases of the cell 
cycle and require that the animal or cell culture be dosed with C3H]-thymidme 
or bromodeoxyurrdine, or with colchrcine. These parts of the cell cycle are of 
differing durations and do not give a direct measure of the growth fractron. 
Proliferating cell nuclear antigen (PCNA) is an endogenous nuclear protein 
that functions as an accessory protein to DNA polymerase (pol) 6 (I). Since 
PCNA is present in all cycling cells, the entire proportion of dividing cells 
present at any instant in a population can be detected (2,3). 

This chapter describes a simple immunoperoxidase method for detection of 
PCNA in tissue sections. A flow cytometric method for demonstrating PCNA 
m single cells is given m Chapter 36. 

2. Materials 
1. Caruoy’s fixative: 60% absolute ethanol, 30% chloroform, and 10% glacral ace- 

tic acid. 
2. Glass mrcroscope slides that have been coated wtth 3-aminopropyl-triethoxy- 

srlane (APES) (see Note 1) 
3. Xylene 
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4. 100, 90, and 70% Ethanols. 
5. Dulbecco A phosphate-buffered saline (PBS) tablets made up to the appropriate 

volume. 
6. 0.3% (v/v) Hydrogen peroxide in disttlled water: Dilute lust before use. 
7. Monoclonal antibody (MAb) to PCNA. A suitable mouse MAb (cat. no NCL- 

PCNA; IgG2a isotype) can be obtained from Euro-Path Ltd (Stratton, Bude, UK) 
(see Note 2 for alternatives). 

8. Rabbit antimouse IgG2a antibody peroxidase-conlugated second antibody (e.g., 
from Serotec, Krdlmgton, Oxford, UK). 

9. Substrate solutton: A stock solution of diammobenzidme tetrachloride (DAB) 
(Sigma, St Louis, MO) is made up at 5 mg/mL in PBS, ahquoted mto 0 5-n& 
amounts, and stored at -20°C. For use, add 4.5 mL of PBS to 0.5 mL DAB stock, 
and add 50 pL of freshly prepared 1% hydrogen peroxide immedtately before use 

10. Hematoxylm solutton (G111 No 2) 
11. Mtcroscope slide cover glasses. 
12. Mounting medium: distrene, tricresyl phosphate, xylene (DPX) 

3. Method 
3.1. Preparation of Tissue Sections (see Note 3) 

1. From a freshly killed ammal, dissect out the organs of Interest and gently wipe 
excess blood from the outside 

2. Using a sharp scalpel or razor blade, cut thm (2-3 mm) shces of the organ, and 
place them immediately m Carnoy’s fixative (see Note 4). 

3 Leave the tissues m the fixative for up to 48 h, and then transfer them to 95% 
ethanol to prevent excessive hardening 

4. Process the tissue as soon as posstble usmg a routme paraftin wax processmg 
schedule. 

5. Cut sections 5-pm thick and mount on coated microscope slides. The drying tem- 
perature must not exceed 37’C, as higher temperatures cause denaturatton of the 
antigen (see Note 5). 

3.2. lmmunohistochemistry 
1. Dewax the sections m xylene for 3 x 20 min, and rehydrate m 100% ethanol 

(2 x 3 mm) and then 95 and 70% ethanol and water for 3 mm each. 
2 Inhibit endogenous peroxidase activity m the tissue section by mcubation m 0.3% 

hydrogen peroxide m distilled water for 10 min. 
3. Wash the sections in running tap water for 10 min, then rinse in distilled water. 
4. Dry around the section with a soft tissue and incubate m the freshly prepared 

primary antibody (diluted l/25 with PBS) at room temperature m a moist cham- 
ber. Allow 100 pL of antibody for each section (see Notes 6 and 7) 

5. Wash 3 x 5 mm m PBS. 
6. Dry around the section, and apply the freshly prepared rabbit antimouse IgG2a 

peroxidase-conjugate at a dilution of l/50 in PBS. Incubate as in step 4. 
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7. Incubate the sections in freshly prepared DAB substrate solution for 10 min at 
room temperature. A brown reaction product will be deposited m the areas where 
the PCNA antigen IS present. 

8. Counterstam lightly with hematoxylin 
9. Dehydrate the sections in rncreasmg concentrations of ethanol (70, 90, lOO%), 

finally clear with xylene, and mount in DPX. 

4. Notes 
1. Coat slides with APES as follows 

a Soak in 5% Decon 90 or equtvalent detergent overnight m staining racks 
b. Rinse in hot water for 30 mm and then twice in deionized water. Then dry 

at 60°C 
c Dip the slides m a 2% solution of APES m acetone, and rmse twice m ace- 

tone This step should be carried out m a fume cupboard 
d. Dry the slides at 60°C 

The coated slides can be stored at room temperature mdetimtely. 
2. Other sources of mouse MAb anti-PCNA antibodies are given below 

Supplier Clone Isotype 

Serotec 19A2 IgM 
Serotec Ki67 IgGl 
Dako PC10 IgG2a 
Sigma PC10 IgG2a 

3 We have also used this method successfully on formalin-fixed paraffin-embed- 
ded material. For the technique to work under these condmons, the sections are 
microwaved in O.OlMcitric acid, pH 6.0, for approx 14 mm on full power (700 W) 
The exact time of mcubatton required varies dependmg on the tissue and must be 
determined by experimentation. 

4. It 1s important that the fresh tissue, when placed in the Car-troy’s fixative, is not 
allowed to drop to the bottom of the container and adhere to it, since this may 
result m uneven and unreliable tixatron The contamer should be inverted gently 
several times durmg the fixation period. 

5. It is of vital importance that the sections, once cut and mounted on slides, are 
not exposed to temperatures in excess of 37°C either on the drying hot plate 
or subsequently m the oven, since higher temperatures cause denaturation of 
the antigen, 

6. As a gmde, we have found that the followmg conditions give optimal results: 

Primary antibody Secondary antibody 

Tissue Dilution Incubation time, h Dilution Incubation time, h 

Rat l/25 2 l/50 1 
Mouse l/20 3 1 I50 15 

Antibodies were diluted with PBS just before use 
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7. A pen for drawing a hydrophobic ring around the tissue section is marketed by a 
number of companies, mcludmg Sigma and Dako (High Wycombe, UK) It obvi- 
ates the necessity of wiping around the section after each washing step and 
reduces the amount of antibody solution required 
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Double Label lmmunohistochemistry 
on Tissue Sections Using Alkaline 
Phosphatase and Peroxidase Conjugates 

Jonathan A. Green and Margaret M. Manson 

1. Introduction 
One of the most common methods in immunohlstochemistry mvolves the 

use of an antibody to the antigen of interest detected indirectly with an enzyme- 
labeled antispecies secondary antibody. The enzyme catalyzes the formation 
of a colored insoluble reaction product at the antigen site. It is possible, with 
careful choice of reagents, to label two antigens simultaneously, resulting in 
two different colored reaction products (1). Cells or tissue sections can also be 
double labeled with two antispecies secondary antibodies carrying different 
fluorochromes (see Chapter 34), or by using suitable antibodies conjugated to 
different sizes of colloidal gold (see Chapter 32). 

Described here is an indirect method for detecting two different cellular anti- 
gens in acetone-fixed tissue, using a rabbit polyclonal antibody, and a murme 
monoclonal antibody on the same section. One secondary antispecies antibody 
is conjugated with alkaline phosphatase, the other with peroxidase, thus result- 
ing in two differently colored products showing the localization of the two 
antigens (Fig. 1). 

2. Materials 
1. Acetone-fixed, paraffin-embedded tissue sectrons (see Notes 1 and 2). 
2 Xylene. 
3. 70 and 100% Ethanol. 
4. 15% Glacial acetic acid m water. 
5. 0.3% Hydrogen peroxide in water 
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Fig. 1. Double label immunohistochemistry on rat liver. An acetone-fixed 
rat liver section was incubated with a polyclonal antiserum raised in rabbit to a hepa- 
tocyte cell surface protein (courtesy of Dr. S. Stamatoglou) and a mouse monoclonal 
antibody against a bile duct specific cytokeratin (courtesy of Dr. E. B. Lane). The 
hepatocyte protein was localized by use of a secondary peroxidase-conjugated anti- 
body resulting in a red/brown product (thin arrow). The bile duct cytokeratin was 
identified by using an alkaline phosphatase-conjugated secondary antibody giving a 
blue color (thick arrow). 

6. Phosphate-buffered saline (PBS), pH 7.4: 8 g of NaCl, 0.2 g of KH2PO4, 2.8 g of 
Na2HP04 * 12H20, and 0.2 g of KC1 dissolved and made up to 1 L in distilled water. 

7. PBS-BSA: PBS containing 1% bovine serum albumin. 
8. PBS-Tween: PBS containing 0.05% (v/v) Tween-80. 
9. Tris buffer: 0. MTris-HCl, pH 8.2. 

10. Acetate buffer: 0.2M Sodium acetate, pH 5.0. 
11. Primary antibody raised in rabbit against antigen 1 (see Note 3). 
12. Peroxidase-conjugated antirabbit IgG raised in sheep (see Note 3). 
13. Primary mouse monoclonal antibody against antigen 2. 
14. Alkaline phosphatase-conjugated antimouse IgG raised in goat. 
15. BCIP/NBT substrate: Dissolve 5-bromo-4-chloro-3-indolyl phosphate at 50 mg/mL 

in dimethyl formamide. Dissolve nitroblue tetrazolium at 75 mg/mL in 70% (v/v) 
dimethyl formamide. Add 30 pL of BCIP and 45 pL of NBT to 10 mL of Tris 
buffer, pH 8.2 immediately before use. 

16. AEC substrate: Dissolve 2 mg of 3-amino, 9-ethyl carbazole, in 500 pL of dim- 
ethyl formamide. Add 9.5 mL of acetate buffer and 10 pL of 30% H202. Use 
immediately. 

17. Aqueous mountant: Apathy’s mountant. 
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3. Method 
1. Place the sections (see Notes 2 and 3) in a slide rack, dewax m xylene for 20 min, 

followed by transfer to a fresh xylene bath for a further few minutes Then rehy- 
drate through an ethanol series, 2 x lOO%, 1 x 70%, 1 x distilled water (see Note 4) 

2. Rinse the sections in PBS-Tween. This helps to prevent nonspecific binding, and 
also makes subsequent solutions easier to apply to the slide 

3. Place the sections m the acetic acid solution for 15 min to block endogenous 
alkaline phosphatase activity (see Chapter 24). 

4. Rinse as in step 2 
5. Place the sections in 0 3% hydrogen peroxide for 15 mm to block endogenous 

peroxidase activity. 
6. Rinse as m step 2 
7. Place the slides horizontally in a moist chamber and incubate for 30 mm with 

100 clr, of PBS-BSA to block nonspecific binding sites. 
8. Remove the solution from the slide and wipe the excess from around the section 

so that the antiserum is not diluted 
9. Incubate with both primary antibodies, suitably diluted in 100 pL of PBS-BSA 

(see Note 5), for 2 h m the moist chamber 
10. Rinse the slides three times with PBS-Tween, 2 min for each rinse. 
Il. Wipe around the sections as before and apply 100 p.L of liquid containing both 

secondary antibodies diluted 1: 100 in PBS-BSA and incubate m the humid cham- 
ber for 1 h. 

12. Rinse the sections as in step 10. 
13. Flood the sections with AEC substrate solutron and incubate for 15 mm (see Note 6) 
14. Rinse the sections as m step 2. 
15. Flood the sections with BCIP/NBT substrate solution and incubate for 15 min. 
16. Wash as m step 2. 
17. Dry around the sections and mount m Apathy’s mountant (see Note 7) 

Sites of positive reaction product are seen as a red/brown granular deposit 
where the peroxidase conjugated second antibody is bound, and a purple/blue 
deposit where the alkaline phosphatase-conjugated antibody is bound 

4. Notes 
1. To prepare tissue, 2-3 mm shces are removed as quickly as possible mto ice-cold 

acetone and left on ice for 4-6 h. (Less than 4 h can result m mcomplete penetra- 
tion of fixative and subsequent formation of ice crystals.) Samples are then stored 
m a -20°C freezer until they can be processed using routine paraffin embedding 
techniques. 

2. Care should be taken not to allow the temperature of the paraffin bath to exceed 
60°C since most laboratories use embedding media containmg plastrcs. Above 
62°C these will begin to form polymers, which are very difficult to remove, and 
may give rise to background stainmg. This will show up as a pale ring of stammg 
extending beyond the tissue section. 



274 Green and Manson 

3. One of the most likely reasons for failure with this technique is the wrong choice 
of antibodies. It 1s important that the two primary antibodies have been raised m 
dtfferent species and that the two secondary antibodies have been ratsed m spe- 
cies distinct from either of the primary antibody species 

4 Xylene should be changed frequently. Ideally, not more than 100 slides should be 
dewaxed per 400 mL. This helps to reduce background by removing the wax 
more efficiently Xylene IS toxic and should ideally be handled in a fume hood 
Hlstoclear is a commercially available, safer alternative to xylene 

5 The dilution of the antibodies has to be determined empmcally Polyclonal anti- 
bodies can usually be diluted between 1.50 and 1.250 Monoclonal antibodies m 
tissue culture supematant may need to be concentrated by centrifuging a frozen 
sample m a mlcrofuge for 10 mm and discarding the top third of the solutton. 
This solution (100 pL) can then have the other primary antibody diluted mto it m 
place of PBS-BSA Monoclonal antibodies produced as ascites can usually be 
diluted between 1.200 and 1 * 1000. 

6. It is important to carry out the reaction for peroxtdase first smce the Hz02 con- 
tained in this reaction mixture might bleach any color that was already deposited 
on the sectton 

7 No satisfactory counterstain is known. The blue of hematoxylm 1s too close to 
that of the alkaline phosphatase product to allow good photography. 
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Preparation of Colloidal Gold Probes 

David A. Hughes and Julian E. Beesley 

1. Introduction 
As long ago as 1857 (I), Mtchael Faraday m an address to the Royal Society 

recognized the reactive properties of colloidal metal particles (m particular 
gold) with ltght. Since 1933 (2), a range of methods have been devised for 
producing gold ~01s. It was not until 197 1, however, that Faulk and Taylor (3) 
published a method for bmdmg proteins to gold particles for use m immunocy- 
tochemistry at the electron mtcroscope level. Nowadays, colloidal gold is mcor- 
porated into probes that are widely used in the biological sciences both for 
light and electron microscopy. 

A gold probe is an electron-dense sphere of gold coated with an immuno- 
logically active protein. Making such a probe mvolves two major steps: pro- 
duction of the gold sol and bmdmg of the gold to the probe molecule. 

1.1. Production of Gold Sol 

A suspension of gold spheres is produced by the chemical reduction of yel- 
low gold chloride (chloroauric actd) m solution, This happens in a sequence of 
stages (4). Initially, the reduction of Au3+ produces a supersaturated molecular 
Au solution. Nucleation is mttiated when the concentration of Au increases, 
and the gold atoms cluster and form nuclei. Parttcle growth proceeds with the 
deposition of molecular gold on the nuclei, The theoretical size of the gold is 
inversely proportional to the cube root of the number of nuclei formed if tt is 
assumed that the conversion of Au3+ to Au is complete and that the concentra- 
tion of gold remams constant (5). 

The use of different reducing agents allows us to produce particles of a 
prechosen size range. The speed of reduction of the gold chloride determines 
how many gold nuclei are formed. In a closed system, this will determine the 
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final size of the gold. The aim has always been to work toward monodisperse 
suspensions, avoiding particle aggregates, and to encourage as little variance 
as possible in the mean particle diameter of samples. Experience has shown 
that the desired routine sizes are 5, 10, and 15 nm. All these are useful for 
transmission electron microscope studies and the 5 nm gold are recommended 
for light microscopy. Gold spheres of 30 run are occastonally used for scan- 
ning electron microscope immunocytochemistry. A 1 -nm probe is now readily 
commercially available and is proving useful as a more efficient nucleus for 
srlver-enhancement. 

The following procedures have been described in the literature as being use- 
ful for colloidal gold production: 

1. White phosphorus reduction. White phosphorus, and indeed sodmm or potas- 
slum thiocyanate, are fast reducers. Chloroauric acid is boiled under reflux with 
white phosphorus (6) dissolved in diethylether. Boiling is continued until the 
solution turns from a brownish shade to red-this usually takes about 5 mm. This 
method produces gold particles m the smaller size range (2-12 nm) Accurate 
production of the particle size range is not easy, and, since the procedure is poten- 
tially htghly dangerous, it 1s not commonly used 

2. Ascorbate reduction: This method (7) entails the fairly rapid addition of sodium 
ascorbate to chloroauric acid while stirring. If the reaction is carried out on ice, 
the gold particle size range ts between 6 and 8 nm. Htgher temperatures tend to 
increase the particle size The method 1s also really of academic interest nowa- 
days, since it is not easy to control the final sphere diameter. 

3. Citrate reduction. Chloroauric acid is boned under reflux with sodium citrate (5) 
until the solution turns red. Particle sizes achieved are m the range of 15-I 50 nm, 
and a particular dtameter is chosen for a batch by adjusting the amount of citrate 
added to the boiling flask. This method has been used, therefore, for producing 
probes in the larger particle size range. 

4. Combined tannrc acid-citrate reduction: In 1985, Slot and Geuze (4) described a 
method of using two reducing agents, tannic acid and sodmm citrate, m combina- 
tion to control accurately the dtameter of gold particles yielded. Adjusting the 
amount of tannic acid in the mixture will control the sphere drameter very pre- 
cisely at the point within the size range of 3-17 nm. The method produces sols 
with very little variance in mean particle diameter Centrifugation to purify the 
end product is not usually needed, since gold particle aggregates are mfre- 
quently found. 

1.2. Making Gold-Protein Complexes 

To be of use as immunocytochemical markers, the gold spheres in the sol 
have to be bound to specific ligands, such as proteins (e.g., immunoglobulins) 
and lectins. The binding IS by straightforward electrostatrc absorption relying 
on the negattve charge of the gold interacting with the positive charge of the 
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protein, and the complex obtained is hrghly stable. Moreover, the molecules 
bound to the gold retain then biological properties, an indispensable feature 
for immunocytochemrstry. Unbound gold sol is unstable and changes color 
from red to blue m the presence of salts (e.g., sodium chloride). This can be 
used as a test for finding the amount of protein required to saturate (i.e., stabil- 
ize) a given quantity of gold sol. The protein-gold complex is isolated from 
excess protein and gold particle aggregates by density centrifugation. The com- 
plexes thus retrieved are stable for at least a year when refrigerated. Samples 
may be stored for even longer perrods in 50% glycerol at -20°C. 

2. Materials 
1 Gold chloride crystals 
2. 1% Aqueous trisodium citrate dihydrate. 
3. 25 mA4 and 0.2M Potassium carbonate 
4. O.lM Hydrochlorrc acid. 
5. 10% Aqueous sodmm chloride. 
6. 1% Aqueous tannic acid 
7 Protein to be complexed with gold. It 1s essential that the tsoelectrtc point of the 

protein is known. 
8. Ultracentrtfuge and 1 0-mL ultracentrtfuge tubes. 
9. Distilled water, double-distilled and filtered through a 0 45pm Milhpore filter. 

10. All glassware should be thoroughly cleaned and siliconrzed (see Note 1). 
11 Electron microscope facrlittes with FormvatYcarbon-coated grids (see Note 2) 
12. 1% Aqueous polyethylene glycol ([PEG], “Carbowax 20,” Union Carbide). 
13. Phosphate-buffered saline (PBS): 0. lMphosphate, 0 15Msodium chloride, pH 7.4. 
14 PBS containing 0 2 mg/mL of PEG. 
15. Sodmm azrde (caution: highly toxic) 

3. Methods 
There are three stages in the productron of gold probes: 

I. Production of gold spheres. 
2. Estimation of the amount of protein to be added to the gold. 
3. Making the required amount of probe. 

3.1. Production of the Gold Spheres (ref. 4) 
1. Freshly prepare a gold solutton from an ampule of gold chloride crystals by add- 

ing 1 mL of a 1% aqueous gold chloride solution to 79 mL of drstrlled water. 
2. Prepare the reducing mixture with 4 mL of 1% trisodmm citrate dehydrate, 2 mL 

of 1% tanmc acid, 2 mL of 25 mM potassium carbonate, and distilled water to 
make 20 mL. 

3. Warm the solutions to 60°C and quickly add the reducmg mtxture to the gold 
solutton while stirrmg. The temperature IS critical at this stage. Evidence of sol 
formation IS the red color of the mixture. 
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Fig. 1. Formvar grid coated with a colloidal suspension of 14-mn gold particles 
prepared using the method of Slot and Geuze (4). Most gold particles are spherical 
singlets, duplets, or triplets (g). Occasionally, the particles are tetrahedral (t) or in 
clusters (c). Electron micrograph x125,000. 

4. After the sol has formed, heat the mixture to boiling, and then cool. According to 
Slot and Geuze (4), the quantities stated here should produce 4-nm (+l 1.7%) 
particles. For 6-rmr (f7.3%) particles, add 0.5 mL of potassium carbonate to the 
sodium citrate. The potassium carbonate counteracts the pH effect of the tannic 
acid. Below 0.5 mL, the tannic acid has no effect on the pH and may be omitted. 
Therefore, for 8.2-mn (+6.9%) particles, add 0.125 mL tannic acid to the sodium 
citrate, and for 11.5-nm (&6.3%) particles, add 0.03 mL tannic acid. The sol forms 
within seconds if a high amount of tannic acid has been added or will take up to 
60 min if the tannic acid has been omitted. A calibration curve can be constructed 
to enable a rapid identification of the amounts of reducing agent required to pro- 
duce a given gold particle size. The electron micrograph in Fig. 1 shows a 
Formvar grid preparation of 14-nm gold particles routinely prepared in the 
author’s laboratory using the method of Slot and Geuze (4). 

5. Dry a small aliquot of the gold onto a Formvar/carboncoated 400-mesh copper grid. 
6. Wash away any salts in the preparation by floating the grid, specimen side down, 

on distilled water. 
7. View the grid at ~125,000 with the transmission electron microscope. Electro- 

nmicrographs should be taken and scanned into either a monochrome or full- 
color image analyzer for morphometric analysis. It is also possible to attach 
the image analysis system directly to the electron microscope and so eliminate 
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the intermediary time-consuming photographic stage Even the simplest of 
image analysts programs available now wrll be able to give a rapid evaluatron of 
the gold particle size and shape distribution, and the level of aggregation. In a 
good preparation, at least 80--U% of gold particles should be unclustered sm- 
glets If the size distribution is unacceptably high, the preparation can be purified 
by centrifugation over a contmuous sucrose or glycerol density gradient (4). 

3.2. Titration to Determine the Minimum Amount 
of Protein to Stabilize the Gold Sol (ref. 7) 

1 Adjust the pH of the gold sol to 0.5 pH units above the isoelectric point of the 
protein to be complexed. Care should be taken when adjustmg the pH, since 
nonstabilized colloidal gold will plug the pore of the pH electrode Take an ah- 
quot of a few millrl~ters of the gold and add five drops of 1% aqueous polyethyl- 
ene glycol, before measuring the pH. Make the necessary adjustments to the pH, 
and repeat until the required pH is obtained. Do not return these ahquots to the 
remaining colloidal gold sol Add 0. 1M HCl to lower the pH or add 0 2M potas- 
sium carbonate to raise the pH, each of these bemg carrred out with vortexing 

2 Measure five aliquots of 0.5 mL of gold sol 
3 Prepare five ahquots of serially diluted protein m distilled water, and add one of 

these, while shaking, to each of the 0.5-mL gold sol ahquots 
4. After 1 mm, add 0.1 mL of 10% aqueous sodium chloride to each tube Where 

there is excess protein m the tubes, the sol will not change color, but m those 
tubes where there is msufficient protein to stabilize the gold, flocculation will 
have occurred and the hquid will be blue The correct concentration of protein is 
the mmlmal amount that will inhibit flocculation. Horisberger (8) suggested that 
for accurate determination of color change, a spectrophotometric assay should 
be used. 

3.3. Production of the Colloidal Gold Probe 

Once the minimal amount of protein necessary to stabilize a given quantity 
of gold is known, any quantity of gold probe can be produced. 

1. Dissolve the required amount of protein in 0.1-0.2 mL of distilled water in a 
centrifuge tube, and add 10 mL of the gold sol. 

2. After 2 min, add 1 mL of 1% aqueous polyethylene glycol solution to stabilize 
the gold probe (7) 

3. Centrifuge the mixture at a speed depending on the size of the gold complex. 
15 nm at 60,OOOg for 1 h at 4°C (7), 12 nm at 50,OOOg for 45 mm at 4°C (#), 
5-12 nm at 105,OOOg for 1 5 h at 4°C (7), 5 nm at 125,OOOg for 45 min at 4°C 
(4), and 2-3 nm at 105,OOOg for 1.5 h at 4“C (7). The pellet formed consists 
of two phases (7). There is a large loose part, which is the protem-gold com- 
plex. In addition, there is a tight, dense pellet on the side of the tube, which 
contains aggregated gold particles and gold particles that have not been fully 
stabilized 
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4. Resuspend the loose part of the pellet m 1 5 mL of PBS contammg 0.2 mg/mL of 
polyethylene glycol This can be stored for up to 1 yr at 4°C. If necessary, 0.5 
mg/mL of sodmm azide may be added to prevent mrcroorgamsms from growing 
in the probe. It should then be suitably diluted before use. The technique described 
above is the basis for the preparation of colloidal gold probes, and the principles 
of probe production are identical for each type of probe Those who are inter- 
ested should refer to Slot and Geuze (4), for preparation of protein A-gold probes, 
Roth (7) for production of antibody-gold complexes, Tolsen et al. (9) for produc- 
tion of the avidm-gold complex, Horrsberger (8) for production of the lectm- 
gold complex, and Bendayan (IO) for production of the enzyme--gold complex. 

4. Notes 

1 If these precautions are not taken, the gold spheres will adhere to the side vessel 

5. 

walls which is evidenced by a red coloration of the glass 
For complete quality control, access to a monochrome image analyzer is also 
required, 
There are many ways of testing a gold probe, but the most convmcmg is by usmg 
a known positive sample Therefore, this could be a histological section, an elec- 
tron microscope spectmen, or a dot-blot. Estimation of the concentration of the 
probe by opttcal density measurements is a good method to standardize the con- 
centration of probes from one batch to another, but m addition, it is always pref- 
erable to test the performance of the probes on known positive samples. 
It is reasonably easy to make good-quality probes in the laboratory, but the inves- 
tigator has to consider nonscientific factors, such as time and cost. Many gold 
conjugates are available commercially, m particular the commonly used second- 
ary antibodies used m indirect immunocytochemistry. A good compromise is to 
purchase the reagents that will be m constant demand and make the required 
quantity of those that are not readily available. When purchasmg probes, it is 
important to seek mformation on the properties of the probe. Commercial gold 
probes are usually sold with certain variables closely controlled The degree of 
particle aggregation is stated, and the optical density of the solution given as a 
guidelme to the concentration of the probe. Particle size variance will have been 
calculated by one of two methods. A laser-diffraction particle sizer (Malvern 
Instruments, Malvem, Worcestershire, UK) might have been used or, altema- 
tively, electron micrographs may have been made from Formvar grid prepara- 
tions of the gold sol, particle sizes being measured by Image analysis of the 
micrograph. In addition, especially when usmg double or triple labeling m trans- 
mission electron microscopy, the distribution of gold parttcle sizes and the vari- 
ance should be noted-a 5-mn probe may comprise a particle size range of 336 
nm, of which a large number of particles may potentially overlap with those from 
l- or IO-nm samples with wade drstributions. 
Immunogold labelmg IS a well-established procedure in both transmission and 
scanning electron microscopy. The ability to bind a range of proteins to gold 
probes of different, but well-defined size offers great scope for single, double, or 
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even triple labeling at the electron microscope level (see Chapter 3 1). The differ- 
ent applications for gold probes in electron microscopy have been reviewed m 
detail (I 1). 

6. Using larger (e.g., 30-nm) gold labels, it is sometimes possible to build up enough 
gold label in frozen or paraffin sections to enable antigen localization at the light 
microscope level (see Chapter 30). This technique is no more sensittve, however, 
than immunoenzyme methods Gold particles as small as 1 nm may be located by 
nanometer particle video microscopy (Nanovid) (22) but the ideal way to increase 
the sensitivity of immunogold labeling is by silver-enhancement (immunogold- 
silver staining or IGSS) (Z3). 

7. Because of the light-reflecting properties of gold (14) and silver (15) particles, it 
is possible to use either dark-ground or eptpolarization microscopy (16,I7) for 
the enhanced visuahzation of both types of labeling at the light microscope level. 
The technique is especially useful when used in conjunction with transmitted 
ordinary light, since other tissue structures may be examined at the same time. 
Epipolarization bright-field double illumination may also be used for image 
analysis of multilabelmg nnmunocytochemistry (18). More recently, nnmuno- 
gold visualization in highly sensitive capping experiments with leukocyte sur- 
face proteins has been demonstrated using confocal scanning microscopy (I 9). 
Such methodology is starting to bridge the gap between light and electron micro- 
scopical studies. 

8. It has been reported that some commerctal preparations of colloidal gold-anti- 
body complexes may contain free active antibody. Such free antibody will com- 
pete with antibody-colloidal gold particles for antigen binding sites and may 
reduce labeling intensity. The presence of free protein may be identified using a 
simple test procedure (20) 

9. The use of probes prepared by a covalent attachment procedure of gold particles 
and proteins has been recently described as offering a number of advantages over 
conventional gold probes, including better resolution, stability, uniformity, sen- 
sitivity, and complete absence of aggregation (21). 
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lmmunogold Probes in Light Microscopy 

David A. Hughes and Julian E. Beesley 

1. Introduction 
All immunocytochemical techniques are based on the same prmciple of mcu- 

bating the target antigen with an appropriate antibody solution, but they may 
mcorporate one from a range of different microscoptcally dense markers for 
visualizing, the sites of binding. Light microscope immunocytochemistry was 
initiated by the classical work of Coons and coworkers m 1950, who devel- 
oped the mnnunofluorescence technique for antigen localization (1,2). This 
was followed some time later in 1966 with the introduction by Nakane and 
Pierce of the immunoperoxidase procedure (3), after which there have been 
various attempts to increase the sensitivity of techniques for localizing tissue 
antigens, including peroxidase antiperoxidase (PAP) (4), avidin-biotm com- 
plex (5), and alkaline phosphatase antialkaline phosphatase (APAAP) (6). 
These techniques are all still routmely used for mnnunocytochemistry. 

During the past decade, it has become possible to use colloidal gold probes 
for immunolabelmg at the light microscope level. Gold spheres, usually between 
1 and 15 nm m diameter and in colloidal suspension, are coated with an mrmu- 
nological protem. As in the immunoenzyme techniques, the unmunological 
protein could be one of a wide range of protems. It could be a primary anti- 
body, for use in a one-step system, or a secondary or ternary antibody, for 
indirect labeling. It could be protein A, protein G, or if an avidm-biotm system 
is used, streptavidin or an antibiotm monoclonal antibody (MAb) could be 
coupled to the gold. Immunolabelmg is carried out by incubating the antigen 
with the primary antibody-gold complex m the direct technique, or primary 
antibody followed by the gold conjugate in the indirect technique. Strong 
immunogold labeling may sometimes be observed as its natural red/pink color 
under the light microscope, but frequently the labeling is too weak to detect 
unless a further enhancement stage is used. 

From Methods in Molecular Biology, Vol 80 /mmunochema?/ Protocols, 2nd ed 
Edtted by J D Pound 0 Humana Press Inc , Totowa, NJ 
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Fig. 1. Schematic representation of the indirect IGSS procedure as applied to the 
demonstration of insulin m human pancreatic islets of Langerhans 

Table 1 
Historical Development of IGSS 

Author References Development 

Faraday (1857) 9 First mention of gold-protein complexmg 
and interaction with hght 

Faulk and Taylor (197 1) 10 EM gold probes established 
Danscher (1981) 7 Sliver probe for gold detection m tissue 

sections 
Holgate et al (1983) 8 Adaptation of the Danscher procedure for 

IGSS 

Immunogold-silver staining (IGSS) is a technique that 1s applied in essen- 
tially the same manner as lmmunoenzyme staining but mvolves the use of col- 
loidal gold-labeled antisera that are strongly visualized for light mlcroscopy by 
silver-enhancement (Fig. 1). This method makes use of the Danscher physical 
developing solution (7) to create a layer of black, metallic silver over the gold- 
labeled binding sites. Table 1 describes the historical progression of the IGSS 
method. Danscher’s reagent is a mixture of silver lactate (the silver ion source), 
hydroquinone (the silver reducer), and gum acacia (a colloid that prevents 
rapid, autoreductlon of the silver lactate, which would lead to high background 
levels by a process known as “autonucleation”). A range of easy-to-use, com- 
mercial alternatlves to this mixture are also now available. 
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2. Materials 
1 An antibody of known specificity and species. It does not matter whether the 

antibody 1s monoclonal or polyclonal. 
2. A gold probe, preferably 5-nm diameter or less, coated with an mnnunological 

protein specific to the primary antrbody. In prmctple, small gold partrcles pro- 
duce a higher labeling intensity of the target antigen owing to reduced steric 
hindrance. If the prtmary antibody 1s from a rabbit, gold coated wrth protein A or 
antirabbtt antiserum may be used. If the primary antibody is from mouse, gold 
coated with protem G or an antibody raised against the correct rsotype of IgG 1s 
used If the antibody is biotinylated, gold complexed to either streptavidm or a 
MAb to biotm IS used These will be referred to as the gold probe In the context 
of the final result, it does not matter which probe is used as long as it reacts with 
the primary antibody 

3. Lugol’s iodine. 
4 5% Sodium thiosulfate 
5. Phosphate-buffered saline ([PBS]. O.OlM phosphate, 0 15M NaCl, pH 7.2, as 

suggested by Slot and Geuze [111]). 
6. Heat-inactivated serum from the second antibody species (not for use with the 

protein A-gold techmque) 
7 1% Bovine serum albumin (BSA) in PBS (BSA-PBS) 
8 Commercial silver-enhancement kit. 
9. Double-distilled water 

10 Gill’s hematoxylm. 
11. Industrial methylated spirit (IMS) 
12 Xylene. 
13. Gum acacia (500 g/L m distilled water) 
14. Trrsodium citrate dihydrate. 
15. Citric acid. 
16. Hydroqumone: 0.85 g/l5 mL distilled water, freshly prepared. 
17 Silver lactate. 0 11 g/15 mL distilled water, freshly prepared 
18 Trts-buffered saline (TBS). 0 05M Tris m isotonic (0.9%) NaCl, pH 7 6 
19. Trypsin. 0 1% in TBS 
20 Calcmm chloride. 
2 1. Neutral buffered formalm 
22. 1% Glutaraldehyde. 
23 1% Eosin m distilled water 

3. Methods 

3.1. Paraffin Sections (Fig. 1) 

1. Fix the specimen m neutral buffered formalin and embed in wax Cut 3-5 pm 
secttons. 

2 Dewax the sections in xylene (two changes, 5 min each), and rehydrate through 
three changes of IMS to tap water. 
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3. Lugol’s iodmelhypo sequence (m the author’s experience, this is only required 
when using Danscher’s reagent, and not if a commerctal silver-enhancement kit 
1s used). Immerse m Lugol’s todine (5 mm), and remove the iodine by rinsing 
thoroughly m 5% sodmm thtosulfate, followed by washmg m PBS 

4. Wipe excess liquid from the area around the sections, and apply sufficient 5% 
heat-inactivated normal serum from the second antibody species to cover each 
entire section (15 min). If protein A-gold probes are used, flood the secttons with 
BSA-PBS rather than normal serum. It is important to keep the sections covered 
and in a humid envtronment throughout all mcubations, preferably using a pur- 
pose-made humidity chamber. Depending on the size of the sectton, about 50- 
200 pL of reagent is sufficient to cover each preparation 

5 Tip the slides, wipe away the normal serum from around the section, and replace, 
wtthout rinsing, with specific primary antibody for 1 h. The appropriate dilution 
of the primary antibody should be decided previously either by followmg the 
manufacturer’s recommendattons or by titration assay-carrymg out a series of 
dilutions and determinmg which gives the best signal-to-noise ratio 

6 Rinse the slides in BSA-PBS, three changes of 2 mm each. 
7 Cover the secttons with gold probe, again suitably diluted m BSA-PBS followmg 

either the manufacturer’s recommendations or by titration assay. 
8. Rinse the slides in BSA-PBS, three changes of 2 mm each 
9 If weak antibody-anttgen binding IS suspected, the bmding may be stabthzed by 

fixation m 1% glutaraldehyde m PBS for 10 mm 
10. Rinse sections in high-quality distilled water to remove all traces of chloride ions 

and other impurities that might contaminate the silver-enhancing solution. Some 
commercial enhancement soluttons are reported to be resistant to contammation, 
the user should evaluate this carefully, especially tf high levels of nonspecific 
background are encountered 

11. If a commercial silver-enhancement kit is used, make up enhancer immedtately 
before use accordmg to the manufacturer’s mstructions, especially with respect 
to times, temperatures, and bghtmg condittons. Every 2 min, examine the 
progress of the enhancement using a bench mtcroscope, but be aware that some 
of the more senstttve enhancers, in particular Danscher’s reagent, may undergo 
spontaneous reduction when exposed to strong light It may be useful to place a 
control slide contmuously on the microscope stage, the lamp may then be turned 
on when required to examme the progress of enhancement 

12. When the reaction has developed suffictently, according to the mvesttgator’s pref- 
erence, wash the slides first in distilled water and then m runnmg tap water. 

13. To prevent the silver intensification from fading, fix the reaction product with 
5% sodium thiosulfate for 5 min and wash with tap water 

14. Counterstain as required; either 1 mm m Gill’s hematoxylm alone, 1% eosm 
alone, or hematoxylm followed by eosin will give good contrast with the black 
silver deposition. 

15. Wash well in tap water, dehydrate in IMS, clear in xylene, and mount m DPX 
16 Sites of antibody-antigen localization will appear black when viewed with trans- 

mitted white light (Fig 2) 
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Fig. 2. Photomicrograph of p-cells in a pancreatic islet of Langerhans-IGSS label- 
ing of insulin (magnification x400). 

3.2. Frozen Sections and Cytocentrifuge Preparations 

Cryostat sections and cytocentrifuge preparations should be air-dried for at 
least 1 h, but preferably overnight before immunostaining. Before immuno- 
labeling, cryostat sections should be fixed in cold acetone for 10 min and cyto- 
spin slides should be fixed for 90 s in a 1: 1 mixture of acetone and methanol at 
room temperature. After fixation, follow the IGSS method for paraffin sec- 
tions from step 3 in Section 3.1. Cytospin preparations are usually adequately 
covered by standard 25-6 aliquots of reagent. If immunolabeling is weak, the 
sections may be permeabilized for 5 min in 0.1% trypsin in TBS containing 
0.1% calcium chloride at 37OC (12). 

3.3. Cell Suspensions 

De Waele et al. (23) recommended immunolabeling isolated cells while in 
suspension. Following the final antibody incubation, cells are washed and 
cytocentrifuged, and then silver-enhanced and counterstained on the slide as 
usual. Although labeling may be stronger than in previously cytocentrifuged 
cells, the procedure involves centrifugation and resuspension of cell pellets after 
the labeling and washing stages, which may result in cell damage and depletion. 

3.4. Preparation of Silver-Enhancement Solution 
The silver solution for enhancing the gold probes is prepared by mixing the 

following reagents in the order given and using immediately. All solutions are 
made in distilled water. 
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1 7 5 mL of gum acacta (500 g/L) prepared by stirring overmght and filtering 
through gauze. Stock soluttons may be kept m frozen ahquots 

2 10 mL of citrate buffer at pH 3 0 This consists of 23 5g trtsodmm cttrate dthy- 
drate and 2 5 g citric acid monohydrate dissolved in 100 mL distilled water. 

3. 15 mL Freshly prepared hydroqumone. 
4 15 mL Freshly prepared silver lactate. 

Keep the silver lactate and the final mixture containing the silver lactate 
dark by wrapping the containers within foil, and use in a darkroom. At the acid 
pH, silver lactate provides the source of silver ions necessary for depositton on 
the gold particles. 

4. Notes 
1 General notes* IGSS 1s stall a fatrly recent innovation m the fields of research and 

diagnostic htstopathology, but the method is now makmg advances m some mter- 
esting apphcations, which are reviewed in ref 14 There have been reports 
describing labeling of leukocytes m hematology (15), and also m transplantatton 
pathology (16) and cytology (17), the latter making use of Romanowsky counter- 
staining so that cells can be identified both morphologtcally and phenotypically 
at the same time. The IGSS method has been used m the MAb dtagnosts of B-cell 
lymphomas using paraffin-embedded maternal (18), and it has been suggested 
that cell-surface antigens can be better demonstrated with pertodate-lysme- 
paraformaldhyde-dichromate (PLPD) fixed material (19) IGSS has been found 
to give superior results with a whole range of antisera used m routme paraffin 
histopathology, mcludmg regulatory peptides, intermediate filaments, and S 100 
(20). Using the procedures outlmed m this chapter, it can be shown that IGSS 
offers a number of dtstmct advantages over other tmmunolabelmg methods 
a. Gold sols are easy and cheap to produce 
b Gold parttcle size can be closely regulated; smaller-stze probes make a better 

nucleus for silver-enhancement 
c Anttbody/gold conjugation 1s relatively straightforward, and the resulting 

probes remam stable for a long time if refrigerated 
d. The method is economtcal, since greater sensmvtty permits mcubatton with 

more highly diluted antisera 
e IGSS preparations are permanent and can be re-examined at later dates 
f Gold conjugates are nonhazardous, and the procedure does not mvolve the 

use of carcmogemc chromagens No precautions are required for handlmg or 
disposal of materials 

2 Problems with labeling Problems with mununolabelmg have been discussed m 
detail elsewhere (21,22) and are usually either 
a. Operator error 
b No anttgen The antigen may have been damaged during processmg, or there 

may be no antigen m the sample 
c. No antibody: The antibody may have been destroyed during preparation, or 

there may be no specific antibody m the serum 
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Problems with IGSS labeling usually fall mto two categories Either there is 
no unmunolabeling, or the labelmg 1s so high that the accompanymg background 
obscures the specrfic labeled sttes. These problems are at first sight daunting, but 
usually the remedy 1s quite sample. When there is no tmmunolabelmg, it is 
always advisable to run a postttve control with each experiment to confirm that 
the reagents are functioning properly. If there is no tmmunolabeling on the exper- 
imental sections, the concentratton of the antibody may be too low or Indeed too 
htgh. In the latter case, there is no room for the anttbody to bind, therefore reduc- 
mg the signal (2Z). It 1s posstble that the anttgen may be masked by the thickness 
of the section, Cut thinner sections or permeabihze the sections with a detergent, 
such as Triton X-100, or carry out proteolysis to unmask the antigen (22). A 
common problem 1s the fixation regime If the fixatton IS too harsh, the anttgenic- 
tty of the specimen will be lost, whereas tf the tixatton regimen 1s too light, antt- 
gens and other maternal may leach from the ttssue. Too much labeling 1s often 
accompanied by an unacceptably high background, and thts may be caused by a 
very poor antibody. It is always wise to ascertain the titer and specificity of an 
antibody before immunolabelmg and estimate the expected results. If a suitable 
antibody has been chosen, the concentration of tmmunologmal reagents may 
be too high, or there may be a nonspectfic attachment of reagents to the tissue. 
The former IS remedted by carrying out a series of dilutions of the reagents and 
silver development times and selecting concentrations that produce htgh signal- 
to-low noise. High background caused by the nonspecific attachment of reagents 
to the specimen ts reduced by mcluding 0 5% Triton X-100 m the buffers used 
for dtlutmg the reagents. A premcubation of the specimen wtth 1% BSA and 1% 
gelatin m PBS (22) will block some of these nonspectfic sites and wtll also, if 
necessary, block reactive electrostattc sites on the gold probes (23) Beltz and 
Burd (21) recommend that the addition of up to 0 05 A4 sodium chlortde should 
reduce nonspecific labehng by preventmg tonic mteractions between the sera 
and the tissue. They warn also that high salt concentration can interfere wtth low- 
affinity anttgen-anttbody binding, and this techmque should be used with care 
Beltz and Burd (21) also recommend that tf there IS trouble with background 
immunolabeling, the antiserum can be absorbed with fresh tissue from the same 
host that does not contain the antigen m question. If these fail, they suggest the 
selectton of another antibody against the same antigen. Although tmmunocy- 
tochemtstry 1s now a routme techmque, care must still be taken to obtain opti- 
mum results. Pay particular attention to freshness of reagents, especially buffers, 
which will become contaminated with bacterta that may interfere wtth 
mnnunolabelmg. During incubations, care should be taken to prevent the spect- 
mens from drying, since evaporatton will concentrate the antibody soluttons lead- 
ing to increased background deposition. 

3. Problems wtth nonspectfic background silver deposttton. Background silver 
deposttion may be owmg to the use of poor-quality antibodies, incorrectly dtluted 
antibodies, old silver-enhancmg soluttons, poor-quahty distilled water, or mcor- 
rect silver-enhancement times The silver-enhancement procedure is tempera- 
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Fig. 3. Temperature-time curve for standardizing silver-enhancement Stlver- 
enhancement time m IGSS increases wtth lower operating temperature The use of a 
cahbratton curve assists in opttmizmg the enhancement procedure 

ture-dependent, and where laboratory temperatures vary widely, especially at dtf- 
ferent times of the year, it 1s useful to construct a standardtzed temperature- 
enhancement time graph and keep it readily available at the bench (Fig. 3) As an 
example, adequate silver-enhancement may take only 5 min at 25°C whereas the 
same result may take up to 15 mm to obtain at 15°C. Enhancement times may be 
controlled more precisely by storing the enhancer components m the refrtgerator 
at 4°C. Although autonucleation should not be a problem when using modem 
commercial enhancement kits, silver deposmon may be avoided by performing 
the reaction m a darkroom with a Safelight 5902 or F904 

4. Epipolarization mtcroscopy: An Interesting extension of the IGSS techniques 
lies with some of the opttcal properttes of stlver grams. Sites of silver deposttton 
are strikingly demonstrated under dark ground tlluminatton, although it 1s not 
possible to see the surrounding tissue morphology at the same time Most fluo- 
rescence microscopes may now be adapted to permtt the study of IGSS under 
epipolartzation, a procedure that has evolved from reflectton contrast micros- 
copy (see Table 2) Powerful episcoptc illummation from a mercury vapor light 
source passes through interchangeable filters, an adjustable diaphragm, and into 
the special epipolartzation block. This block contams a UV protectton filter, a 
dichrotc half-mirror, and an analyzer. The only light strong enough to pass 
through the polarizer and return from the sample in a correct plane to be passed 
by the analyzer is the intense, back-scattered light from silver labeling. The 
epipolarized light appears as a bright turquoise signal. The image is usually strong 
enough to allow ordinary diascoptc light to be used at the same ttme for vrsualiz- 
mg other ttssue structures. Eptpolarizatron 1s especially useful when stlver- 
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Table 2 
Historical Development of Epipolarization Microscopy 

Author References Development 

Jenkms and White (1950) 
Ploem (1975) 

De Mey (1983) 
De Waele (1986) 
Ellis et al (1989) 

24 
2.5 

26 
27 
28 

Reff ection contrast microscopy 
Viewing of living cells attached to 

shdes 
Eptpolartzation of immunogold alone 

Epipolarizatton of IGSS 

enhancement is faint, m automated image analysis where the most clear, precise 
labeling is desirable, and also when a heavy counterstam has been used and the 
silver deposit is unclear. The use of water or 011 medium-power objective lenses 
is recommended, smce problems with glare may be encountered at low-power 
magnification when a dry obJective is used. Also, since epipolarizatton mrcro- 
scopy greatly increases the sensitivity of IGSS detection, any background silver 
deposition will also be illummated more sharply. Eptpolarization will often still 
give a clear result with IGSS preparations that have erther faded or turned brown 
following incomplete stabthzation with sodium thiosulfate. 

5. Image analysis and IGSS: Two aspects of IGSS make the technique highly suitable 
for subsequent study using image analysis. First, the intense, sharp, black reaction 
product IS easily discnmmated by either monochrome or Ml-color image analysis 
systems. Second, epipolartzation may be used to provide even more drscrimmatron 
between the IGSS signal and the background, whrch is particularly useful when a 
heavy counterstain has been employed for identifying other features of the prepara- 
tion. A procedure has been described (28) whereby leukocyte subpopulations 
labeled with IGSS may be enumerated by examining the total, hematoxylm-coun- 
terstamed leukocyte population under diascoprc white light, and then changing to 
eprpolarizing &rrnination to count the proportion of IGSS-labeled cells that are 
present (Fig. 4) Occasronally, caution is required with the mterpretatton of 
computer-analyzed IGSS data, for example, when other black tissue components 
are present, such as carbon particles within lung sectrons (30). 

6. Counterstaining IGSS preparations: Whereas most mrmunohistochemrcal proce- 
dures may only successfully employ a delicate nuclear counterstain, a wide vari- 
ety of counterstains may be used following IGSS labeling, including trrchromes 
and more selective techniques, such as those used m the rdentlfication of micro- 
organisms. The Romanowsky procedure has been used as a counterstain for the 
morphologrcal examination of leukocyte populations previously labeled with 
IGSS incorporating leukocyte subset markers (17,27) Only silver impregnation 
procedures and techniques grvmg a black or near-black coloratton should be 
avoided; epipolarsiatron may be helpful m the latter srtuatron, but silver impreg- 
nation preparations behave variably under epipolartzed light. 
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Fig. 4. Flow diagram illustrating the application of image analysis to IGSS using a 
conventional drascopic white light/episcoptc polarized light double-dlummatton light 
microscope system. Adapted from ref. 28 with permtssion. 

7. Color development of the IGSS signal: The color development of silver grams m 
IGSS has been used to convert the black silver signal to either red, yellow, or 
blue-green (31). The method is a histochemical application of the chemical reac- 
tions more traditionally used in color photography. 

8. Double labeling with IGSS and other inmurnocytochemical methods: The com- 
bination of IGSS with a variety of different nnmunoenzyme and immunofluores- 
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cence procedures has been evaluated (32), and the apphcation of IGSS followed 
by immunoalkalme phosphatase seems to provide the most successful results. 

9 IGSS and zn sztu hybrtdization IGSS is now being used for locating DNA probes 
with zn situ hybrtdization, especially mcorporatmg the new 1-nm gold labels (33) 

10 Microwave stimulatton: Recent work has shown that IGSS labeling procedures 
can be performed more rapidly using microwave stimulation (34) 

11 IGSS may also be performed on cryostat sections, which may then be plastic 
embedded for semi-thin sectioning (35) 

12 Although the IGSS technique was origmally introduced for use m light micro- 
scopy, the procedure has also found application In combmed light microscope and 
electron mtcroscope studies (36) as well as m the electron microscope field alone 
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lmmunogold Probes in Electron Microscopy 

David J. P. Ferguson, David A. Hughes, and Julian E. Beesley 

1. Introduction 
Electron microscopy permits the detailed study of cell relationships within 

tissues and organelles within cells. Two ultrastructural techniques in which 
gold probes have proven invaluable are immunocytochemistry and in situ 
hybridization, and these will be described here. Until 1980, peroxidase was the 
marker of choice, but now colloidal gold is almost umversally used. The advan- 
tages of colloidal gold are that: 

1. It is particulate and very dense, therefore easily identified on biological sections; 
2. It 1s small and ~111 not obscure fine structural details, 
3. It can be prepared in several different sizes for use in multiple labeling experi- 

ments and quantltation, and 
4 It is easily conjugated to immunoglobulins or proteins A or G. 

It is these features that make it the ideal label for the localization of antigens 
in immunocytochemtstry and nucleic acid sequences by in situ hybridization. 

1.1. lmmunocytochemistry (see Note 1) 

Immunoelectron microscopy is the use of immunocytochemical techmques 
to study subcellular location of antigens on and within cells. Unfortunately, 
immunoelectron microscopy involves two incompatible techniques in that the 
fixation required for good morphology damages the antigenic epitopes recog- 
nized by specific antibodies. Therefore, cell preparation for electron micro- 
scopy is a compromise between retaining sufficient antigenicity and preserving 
the cell ultrastructure. 

In the basic techmque, the specimen is prepared to expose antigens at the 
surface of the sample, and these samples are successively incubated with pri- 
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Fig. 1. Preembedding technique. A plasma cell from human bone marrow 
immunostained using a monoclonal antibody (E29) to epithelial membrane antigen 
prior to fixation and embedding showing the antigen is located along the plasmale- 
mma (arrows). N, nucleus; M, mitochondrion; er, rough endoplasmic reticulum. Insert: 
Detail of the cell surface showing the numerous gold particles (arrowheads). Visual- 
ized using goat antimouse Ig conjugated to 20-nm gold. Bars are 1 and 0.2 pm, respec- 
tively (micrograph supplied by K. Zimmer, K. Gatter and D. Y. Mason). 

mar-y antibody, a wash, and a secondary antibody that is complexed with an 
electron dense marker. Blocking steps are included to reduce nonspecific 
attachment of the reagents to either the sample or the background. 

Some experiments require that antigenic information be obtained from the 
surface of the cell; others are interested in intramembrane antigens or intracellu- 
lar antigens, or indeed the relationship of one antigen-bearing cell to another. 
The specimen can be prepared by one of several different methods to expose 
antigens and, thus, obtain the desired antigenic information from the sample (2). 

1. The preembedding technique allows external antigens to be localized. The 
sample, usually whole cells, is incubated with the immunological reagents before 
fixation, dehydration, embedding, and sectioning (Fig. 1). 

2. In contrast, for the postembedding technique, the sample is embedded and 
sectioned before immunolabeling. This permits the localization of internal anti- 
gens (Fig. 2). 



lmmunogold Probes 299 

Fig. 2. Postembedding technique. Section through part of a tissue cyst of the proto- 
zoan parasite Toxoplasma gondii immunostained with a rat monoclonal antibody 
(CC2) which recognizes a molecule located in the cyst wall (CW) and in dense gran- 
ules within the parasite (for details, see ref. 2). N, nucleus; PG, polysaccharide gran- 
ules. Three-step protocol: rat monoclonal followed by rabbit antirat Ig and visualized 
with goat antirabbit Ig conjugated to lo-nm gold. Bar is 0.5 pm. 

3. The immunonegative stain technique is used for the localization of external anti- 
gens on viruses, bacterial pili, and any small objects that may be dried onto an 
electron microscope grid and immunolabeled in situ (Fig. 3). 

4. When relationships between cells expressing particular surface antigens are of 
interest, specimens are immunolabeled before preparation for scanning electron 
microscopy. This allows the three-dimensional evaluation of immunolabeling on 
the surface of the cells. 

5. The immunoreplica technique is a high-resolution technique for the localization 
of antigens on the plasma membrane of cultured cells. After immunolabeling, the 
cells are replicated with carbon and platinum to reveal immunolabeling on the 
cell surface. 

6. The freeze-fracture immunolabeling technique can be used in two ways. In the 
first, the cells are immunolabeled and freeze-fractured. This shows immuno- 
labeling of the outer surface of the cell membrane superimposed on a high-reso- 
lution replica of the inner surface of the membrane. In the second, the cells are 
fractured before immunolabeling. This permits immunolabeling to be correlated 
with large areas of the fractured faces. 
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Fig. 3. Negative stain technique. Micrograph shows a bundle of pili from the bacte- 
rium Neisseria meningitidis immunostained with an antipilus rabbit polyclonal anti- 
body visualized using Protein A conjugated to .5-nm gold followed by negative staining 
with 1% methyl tungstate. Bar is 0. I w. 

The process of immunolabeling for each of these different methods is simi- 
lar. The difference between the techniques is in preparation of the antigen and 
the contrasting method (see Note 3). 

7.2. In Situ Hybridization 

In situ hybridization has become a widely used method for the localiza- 
tion of nucleic acid sequences in chromosomes, single cells, and tissue sec- 
tions at the light microscope level (3). More recently, with the development 
of nonisotopic probe labeling techniques and immunogold detection meth- 
ods, it has been possible to localize nucleic acid sequences at the ultra- 
structural level (4,.5). The technique has been applied to subcellular 
localization of RNA transcripts, analyses of intracellular viral life cycles 
(Fig. 4), and identification of the species of origin in xenograft tissue. The 
initial stage involves hybridization of the probe to the nucleic acid target, 
followed by localization of the probe using immunocytochemistry as 
described in Section 1.1. 

The technical problems of maintaining morphology while exposing the tar- 
get to the detection systems are similar to those described for immunoelectron 
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Fig. 4. In situ hybridization technique, Part of an erythroid precursor cell infected 
with the human parvovirus B19 and probed for viral DNA. The B19 nucleic acid is 
located within the central electron lucent area of the nucleus (N) and also at nuclear 
pores (arrowheads). Ch, chromatin; M, mitochondrion. A three-step detection proto- 
col was used (see ref. 5 for details). Sheep antidigoxigenin followea by rabbit antisheep 
Ig and then goat antirabbit Ig conjugated to lo-nm gold. Bar is 0.5 pm. 

microscopy (6). As such, the three techniques that have been devised are simi- 
lar to those described for immunoelectron microscopy (see Note 3). 

1. Preembedding hybridization where permeabilized cells or vibratome sections are 
hybridized, and then postfixed and embedded as described in Section 3.1.2. 

2. Hybridization to ultrathin cryosections. 
3. Postembedding hybridization in which material is processed as described in Sec- 

tion 3.1.1.) and the hybridization is carried out on thin sections. 

7.3. Combined lmmunocytochemistry and In Situ Hybridization 

Using the techniques described in Sections 1.1. and 1.2., it is possible to 
label both nucleic acids sequences and proteins on the same section. This 
has been used to colocalize viral nucleic acids and proteins (Fig. 5) (6,7). 

The method is a combination of the techniques described in Sections 3.1. 
and 3.2. The in situ hybridization is carried out as described in Sections 
3.2, steps 1-9, directly followed by immunolabeling as in Section 3.1.1.2., 
steps 4-l 0. 
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t 

Fig. 5. Combined in situ hybridization and immunocytochemistry. Part of the nucleus 
of an erythroid precursor cell infected with parvovirus B 19. There is colabeling of the 
viral DNA (1 0-nm gold) using in situ hybridization and the B 19 capside protein (5-run 
gold) by immunocytochemistry over an intranuclear crystalline array (Cr) of viral par- 
ticles (see ref. 7 for details). Nu, nucleus; Ch, heterochromatin. Bar is 0.1 urn. 

2. Materials 
2.7. lmmunocytochemistry 

1. Antibody of known specificity. 
2. Colloidal gold probe of the required size (1 0-nm diameter for routine use), which 

will react with the primary antibody (see Notes 2 and 5). 
3. Phosphate-buffered saline (PBS): O.OlMphosphate, O.lSMNaCl, pH 7.2, as rec- 

ommended by Slot and Geuze (8). 
4. 1% Gelatin in PBS. 
5. 0.02M Glycine in PBS. 
6. 1% Bovine serum albumin in PBS (BSA-PBS). 
7. 1% Glutaraldehyde in PBS. 
8. Distilled water. 
9. Materials for embedding the samples in the pre- and postembedding techniques. 

10. Contrasting reagents for samples (see individual techniques). 
11. 4% Formaldehyde freshly prepared from paraformaldehyde powder, in 0. ljUcacody- 

late buffer, pH 7.2, or 2% paraformaldehyde + 0.1% glutaraldehyde in 0. IMcacody- 
late buffer, pH 7.2. 
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12 Graded series of ethanol (70, 90, 100%). 
13. 2.3M Sucrose 
14 200-Mesh formvadcarbon-coated grads 
15. 1% Osmium tetroxtde. 
16 2% Aqueous uranyl acetate 
17. 1% Uranyl acetate made up m 70% methanol. 
18. Neutral uranyl acetate: To prepare neutral 2% uranyl acetate, mix equal quanti- 

ties of 4% aqueous uranyl acetate and 0.3Moxahc acid, and adjust the pH to 7 2- 
7.4 with 10% ammomum hydroxide (9). 

19 Reynold’s lead citrate stain (IO) 
20. 1% Methyl tungstate 
21 Freon 22. 
22 Liquid nitrogen. 
23 Sodium hypochlortte 
24. 40% Chromic acid. 
25. Parafilm or similar. 

2.2. In Situ Hybridization 

In addition to the materials listed m Section 2.1.) the followmg are required: 

1 Probes (oligonucleotides, cDNAs, or RNAs) labeled with brotm or dlgoxigenin. 
2. SET buffer, 300 mMNaCl,4 mA4EDTA, 50 mMTrts, pH 7 0. 
3 Hybridizatton buffer: 50% deionized formamide, 10% dextran sulfate, 250 ,ug/mL 

sheared herring sperm DNA, 0.01% polyvmyl pyrrolidone and 0.1% sodium dode- 
cyl sulfate m 2X SET buffer 

4 0.5MNaOH 
5 Tris-buffered saline/Trrton. 50 mMTris, 150 mA4NaC1, pH 7 2, containing 0 5% 

Triton. 
6 TBS/TrrtonBSA. as m step 5, with 1% BSA added. 
7 Antibodies to biotm or digoxtgemn 

3. Methods 
3.7. /mmunocytochemistry 

Some techniques require the specimen to be fixed. Fixation for electron 
microscopy depends very much on the antibody being used. If the antibody 1s 
a monoclonal, fixation is in 4% cacodylate-buffered formaldehyde. Keep the 
specimen m this fixative until further processing. The nature of polyclonal 
antibodies is such that the antigens may be able to withstand greater fixation, 
although very few can wtthstand routme glutaraldehyde fixatton. There- 
fore, a reasonable compromise is 2% paraformaldehyde + 0.1% glutaralde- 
hyde in cacodylate buffer. This preserves more ultrastructure than 
formaldehyde alone. The sample should be transferred to cacodylate buffer 
until further processmg. 
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3.1.1 The Postembedding Technique (see Note 7) 

This technique is the most popular of the mmmnolabelmg techniques. All 
rmmunolabeling steps are carried out at room temperature, and the various 
reagents are placed dropwise on a piece of Parafilm in a Petri dish. If requtred, the 
chamber can be kept moist by inclusion of several pieces of damp filter paper. 

3 1 .I .I SPECIMEN PREPARATION 

1 Ascertain which primary antibody is to be used, and fix the specimen with either 
freshly prepared 4% formaldehyde or with 2% paraformaldehyde + 0 1% glut- 
araldehyde 

2 Dehydrate the specimen m a graded series of ethanol and embed m the resin of 
choice. This could be LR White (1) If a more sensitive system is required, embed- 
dmg in LR Gold or Lowicryl, at -20°C (I I), may retain antigemcity. For extremely 
sensitive antigens, cryoprotect the specimen m 2.3M sucrose for 1 h before freez- 
mg in liquid nitrogen, and cut ultrathin frozen sections that are collected and 
thawed on a droplet of 2.3h4 sucrose before mounting on 200-mesh formvar/ 
carbon-coated grids and nnmunolabeling (12,13) 

3 1 .1.2. IM~v~UN~LABELING 

1. Float the grids, section side down, on 1% gelatin m PBS for 10 mm. The gelatm 
adsorbs nonspecifically to nonnnmunological sticky sites on the surface of the sec- 
tion. This prevents antibody attachment, thereby reducing nonspecific background. 

2. Float the grid on 0.02Mglycme m PBS for 3 mm. This will block any free alde- 
hyde groups m the tissue and prevent the antibodies from being fixed 
nonnnmunologically on the tissue. 

3. Rinse the sections with BSA-PBS for 2 mm. 
4. Incubate the sections with an appropriate dilution of specific antibody diluted with 

BSA-PBS for 1 h The concentration of antibody is found by mununolabelmg at 
different concentrations until a sattsfactory signalnoise ratio is achieved Suitable 
starting dilutions for monoclonal antibodies are 1:5, 1 10, and 1.20 For polyclonal 
antibodies, 1.10, 1:50, and 1’ 100 are recommended. 

5 Rinse excess reagents from the section by floating the grid for 4 x 1 mm washes 
on BSA-PBS. 

6 Incubate the sections with a suitable dilution of colloidal gold probe, diluted with 
BSA-PBS This dilution is found empirically by testing a number of dilutions A 
good starting dilution is 1.20 for a 10 nm gold probe 

7 Wash excess reagents off the sections by floating the grid, 4 x 1 mm, on PBS 
(no BSA). 

8. Fix the reagents by floating the grid for 1 mm on 2 5% glutaraldehyde m PBS 
(only necessary with frozen sections) 

9 Wash the sections thoroughly with water, 4 x 1 mm. 
10. Stain resin sections with 1% methanolic uranyl acetate and lead citrate according 

to routine electron microscopy procedures. If ultrathin frozen sections are being 
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used, stam with 2% aqueous uranyl acetate, neutral uranyl acetate, and embed m 
methyl cellulose before exammation (13). 

3.1.2. The Preembedding Technique 
The preembedding technique is used to localize antigens on the surface of 

isolated cells, either prokaryotes or eukaryotes. If it is necessary to store the 
cells before immunolabeling, they must be fixed as m Section 3.1.1.1. If a very 
sensitive method is required, fixation may be omitted before immunolabelmg. 

1. Centrtfuge the cells hghtly mto a pellet and resuspend this m the reagents, follow- 
ing the schedule from step 3 in Section 3.1.1.2. It is important to resuspend the cell 
suspensions thoroughly in each reagent. Otherwise, the cells m the center of the 
clump will not be immunolabeled because of poor penetration of reagents (I). 

2. After glutaraldehyde fixation (Section 3.1 1 2., step 8), fix the cells further with 
1% osmium tetroxide, saturated uranyl acetate, dehydrate in an ascending series 
of ethanol (70, 90, lOO%), and embed in epoxy resin. Ultrathin sections of the 
block, stamed with 1% methanolic uranyl acetate and lead citrate, will reveal 
immunolabeling on the outer surface of the cells 

3.1.3. The lmmunonegative Stain Technique 
Carbon/formvar-coated grids are floated on suspensions of virus, bacteria, 

or even isolated cell organelles in buffer or distilled water, and immunolabeled 
as described in Section 3.1.1.2., steps 3-7. After immunolabeling (Section 
3.1.1.2., step 7), the specimen is contrasted with a negative stam, such as 1% 
methyl tungstate. If a fixative is included (Section 3.1.1.2., step S), the spect- 
mens are difficult to stain. For very small specimens, it is advisable to use the 
5nm gold probes. Care should be taken with highly pathogenic samples. If 
necessary, they should be killed with glutaraldehyde or formaldehyde, and 
tested for viability before immunolabeling. 

3.7.4. The lmmunoreplica Technique 
The immunoreplica technique (14) is used when it is necessary to detect 

antigenic sites on the plasma membrane of cultured cells. The cells are cul- 
tured on coverslips, and are fixed as described above depending on the anti- 
body in question, and immunolabeled in situ as described in Section 3.1.1.2., 
steps 3-9. After mnnunolabeling (Section 3.1.1.2., step 9), they are further 
fixed with 1% osmmm tetroxide and are dehydrated in a graded series of etha- 
nol (70,90, loo%), critically point-dried, and replicated with a layer of carbon 
and platinum. The replicas are cleaned with sodmm hypochlorite and chronic 
acid before examination with the transmission electron microscope. Large areas 
of the replicated plasma membrane remain intact for observatton. Colloidal 
gold probes are probably the only probes of sufficient density that can be 
detected on these surfaces. 
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3. I .5. The lmmunoscanning Electron Microscope Technique 

Colloidal gold immunolabeling is suitable for scanning electron microscopy 
(25). This yields a further useful dimension to the technique for observing 
external antigens. Specimens excised from the animal or cells grown in culture 
are suitably fixed m either 4% cacodylate buffered formaldehyde or 2% para- 
formaldehyde + 1% cacodylate-buffered glutaraldehyde, and immunolabeled 
as in Section 3.1.1.2., steps 3-8. After additional fixation with 2 5% glutaral- 
dehyde. The samples are further fixed with 1% osmium tetroxide and prepared 
for scanning electron microscope observation by any of the routme techniques, 
such as the osmium tetroxide/thiocarbohydrazide technique (16). Recent tech- 
nical advances in the SEM (field emission guns and backscatter electron detec- 
tors) have increased the resolution and usefulness of this technique by allowmg 
the direct visualization of lo-nm gold particles using the atomtc number 
contrast of the gold. Thus, the three-dimensional distribution of antigens on the 
surface of cells can be identified. 

3.1.6. The Immunofreeze- Fracture Techniques 

These techniques were developed and have been pioneered by Pinto da Silva 
et al (17). 

3 1.6.1. THE LABEL-FRACTURE TECHNIQUE (18) 

Isolated cells, usually unfixed, may be immunolabeled with antibody and 
gold probe as m Section 3.1.1.2., steps 3-9, and freeze-fractured by routme 
techniques (19). Briefly, the tissue is cryoprotected with a suitable agent, such 
as 30% glycerol, and rapidly frozen in Freon 22 cooled with liquid nitrogen. 
The specimen is fractured in a freeze-fracture plant, and the surfaces reph- 
cated. These replicas are thawed, and biological debris removed by cleanmg 
with sodium hypochlorite and 40% chromic acid, followed by thorough wash- 
ing m distilled water. After mounting on uncoated electron microscope grads, 
the replicated fracture faces can be observed simultaneously with immuno- 
labeling on the outer surfaces of the cells. 

3.1.6.2 THE FRACTURE-LABEL TECHNIQUE 

Alternatively, the specimen may be fractured before immunolabeling (17) 
The sample is fixed dependmg on which antibody is being used, cryoprotected, 
frozen rapidly, and ground mto small pteces under hquid nitrogen m a homog- 
enizer. The small pieces are thawed m glycerol and immunolabeled as in Sec- 
tion 3.1.1.2., steps 3-8. At this stage, they may be processed to resin for 
ultrathin sectioning to observe immunolabeling on the fractured faces (the thm 
section fracture-label technique), or they may be dehydrated, crttical point- 
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dried and replicated, before examination (the critical point-drying fracture-label 
technique) for observation of replicas of the labeled surface of fractured ttssue. 

3.2. In Situ Hybridization 
Using the postembedding technique, sections prepared as described in Sec- 

tion 3.1.1.1. were floated face down on drops of the appropriate solution placed 
on fresh Parafilm starting at step 4. 

Probe preparation. 

1 Dissolve labeled probes in hybridization mixture at a final concentration of 1 pg/mL 
2 Denature probe mixture at 95°C for 15 mm in Eppendorf tube. 
3. Store probes on ice until used. 

Section staining: 

4. Denature sections on drops of 0.5M NaOH at room temperature for 5 min (if 
target is double-stranded DNA). 

5. Wash sections m double-distilled water (dH,O), 3 x 5 mm, and then air-dry 
6 Incubate the sections on 15-& drops of denatured probe mixture at 37’C m moist 

chamber for 4 h. 
7. Wash m Tris/Triton/BSA, 3 x 5 min at 37°C. 
8. Block nonspectfic bmding with Trts/Triton/BSA for 15 mm at room temperature 
9 Incubate sections on antibodtes to either brotin or digoxigenin conjugated to col- 

loidal gold diluted 1:25 nr Trrs/Triton/BSA for 1 h 
10 Wash m Tris/Triton, 2 x 5 min. 
11. Wash in dH*O, 2 x 5 mm. 
12. Stain with 2% uranyl acetate. 

Pretreatment of the grids prior to hybridization (step 4) with protease may 
improve the signal by further exposure of the nucleic acids. Also, pretreat- 
ments with RNase or DNase will allow differentiation between srgnals from 
DNA or RNA targets. 

Owing to the low number of hybridization sites, better results may be obtained 
by amplifying the signal using a two- or three-step immunogold detection 
protocol (5). 

The major limiting factor in the technique is that there are usually few cop- 
ies of the target, and since only those at the surface of the section can be hybrid- 
ized, there is usually a low signal. Therefore, although the technique IS very 
specific, it is relatively insensitive and is only useful where there IS a large 
amount of target sequences present, as m vnally infected cells (see Note 4). 

4. Notes 
1. Colloidal gold probes are the most popular of all the immunolabelmg techniques 

for ultrastructural immunocytochemistry and in situ hybridrzation Since i;,di- 
vidual gold probes can be easrly Identified wrth the electron microscope, there 1s 
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increased interest m multiple immunolabeling and quantitative studies. Unfortu- 
nately, there is no universally applicable technique, resultmg in the development 
of a multitude of variations, The methods given m this chapter are very basic, but 
have proven to be satisfactory in this laboratory for certain antigens. 

2. The choice of the size of gold to be used is often questioned. Small 5-nm gold 
particles are surrounded by fewer protein molecules than the 15-nm particles 
Therefore, for a given number of closely spaced antigens, it can be assumed that 
there will be more 5-nm gold particles than 15-nm particles, since each 15-run 
gold probe is able to saturate more antibodies than the 5-nm probe There will 
also be less steric hindrance when using the 5-nm gold compared with the 15-nm 
probe. Therefore, tt is advisable to use the smallest probe consistent with the 
magnification required to detect the structures of interest. For thm section studies 
(Sections 3.1.1., 3.1 2., and 3 1.5.), a gold probe of 10 nm is a useful size. When 
immunolabeling small virus particles, such as poho (Section 3.1 3.), the size of 
the probe could be reduced to 5 nm. For general work, the 15-nm probe is slightly 
large, and the level of immunolabeling is low. 

3. Where there is a low signal in either immunocytochemistry or in situ hybridiza- 
tion, it is possible to amplify it by either using additional immunological steps m 
the visuahzatton protocol or by using the small l- or 5-nm gold followed by 
silver enhancement, where silver is deposited around the gold particle to increase 
its size. Both of these techniques increase the number of particles associated with 
the target. 

4. It is possible to carry out double labeling using the In situ hybridization tech- 
nique by attaching biotm to one probe and dtgoxtgenin to another, which can 
then be visualized with antibiotin or digoxigenin antibodies Care has to be taken 
with biotm, because many cells contain endogenous btotin, which can give false- 
positives results. 

5. For multiple immunolabelmg experiments, it is important that there be no over- 
lap of sizes of the gold probe. It is advisable to use the 5-nm gold m conlunction 
with the 15-nm probe There is no difficulty in differentiating these two-sized 
probes. The 5- and the lo-, or the lo- and the 15-nm probes could be used, if the 
size range of the probes were sufficiently small, but m trtple immunolabeling 
with the 5-, IO-, and 15-nm probes, it is sometimes difficult to separate the 
5- from the lo- and the IO- from the 15-nm probes. Care has to be taken to pre- 
vent crossreactions of the different probes, especially if multiple unmunological 
amplification steps are used. 

6. The postembeddmg technique (Section 3 1.1.) is the most popular of all the 
mununolabelmg techniques. The preembeddmg technique (Section 3.1.2.), the 
immunonegative stain technique (Section 3 1.3 ), and the unmunoscannmg elec- 
tron microscope technique (Section 3.1.5.) are also reasonably popular. The 
remaining techniques are specialized, and although the mformation they provide 
is extremely useful, they are not widely used. 

7. There is a continumg debate about which method of specimen preparation is 
optimum for the postembedding technique (Section 3.1.1.). There are reports 
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of the technique working with routinely fixed and embedded tissue, although 
these are exceptional Methacrylate and LR Whrte have been used for ambi- 
ent temperature embeddmg, but there is now a great interest m the low-tem- 
perature techniques using LR gold and Lowmryl K4M Advantages of these 
techniques are that at the low temperature, there IS very little leachmg of cell 
components, smce, during dehydration at temperatures down to -40°C proteins 
precipitate and are effectively stabtlized within the tissue (PLT techmque) (20) 
There is also interest m techniques m which the unfixed sample 1s frozen before 
bemg dried and embedded in a resin (21). Freeze (cryo) substitution is an alterna- 
tive technique for formalin-fixed cryoprotected tissue The sample 1s rapidly fro- 
zen with hquid mtrogen and the water substituted at -90°C wtth either acetone or 
methanol follow by embeddmg in Lowmryl HM20 at -45°C (22,23). Another 
avenue is to freeze the sample and cut frozen sections, which are thawed at room 
temperature before unmunolabeling (12) The deciding factors m which tech- 
nique to use are the abundance of the antigen, its dtstribution m the trssue, and its 
sensitivity to fixation If the anttgen IS abundant and withstands fixation, sensi- 
tivity IS not usually a problem. 

8. Any of the gold probes may be convemently used for immunolabeling provided 
they lmk with the primary antibody. Slight differences are seen between 
nnmunolabelmg with the protein A-gold probes and the anttbody-gold com- 
plexes If the antibody-gold complex 1s used, up to 10 conjugated gold probes 
may attach to a smgle Fc component of the primary antibody, thereby producing 
labelmg m clusters Protein A possesses one binding site for the Fc region, and 
therefore, clumps of Protein A-gold probes are not observed Protein A-gold may 
therefore be of more use in quantitative studies (although many other factors, 
such as steric hmdrance and binding several antrbodtes with one probe, must be 
considered) Care is also required because the affinity of protein A to unmuno- 
globulms of different species varies. 

9 Immunolabel~ng for electron microscopy is theorettcally identical to mrmunolabehng 
for light microscopy. The problems discussed m Chapter 30 describing light micro- 
scope mnnunolabelmg are entirely relevant to electron immunocytochemistry. 

10. Image analysis may be applied to gold labeling in electron mtcroscopy in order to 
achieve improved localization and facihtate quantitative analysis of the gold par- 
ticles (24). 

11. Gold chloride may be used to enhance the size of small gold particles where cell- 
surface and intraorganelle localization of particles is ambiguous (25) Silver 
enhancement has also been used for improvmg the localization of antigens 
labeled using small gold particles (2629) 
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Electron Microscopic-Silver Enhancement 
for Double Labeling with Antibodies 
Raised in the Same Species 

Kurt Benz and Denise Egger 

1. Introduction 
In imrnunoelectron nucroscopy (IEM), simultaneous labeling of two or more 

antigens on the same section IS desirable for many applications. If the antibodies 
(Ab) to be used are raised in the same species, as is usually the case with mono- 
clonal antibodies (MAb), the difficulty arises that the labeled secondary, 
antispecies Ab used in the first labeling step traps the primary Ab directed against 
the second antigen, thus leading to a nonspecific signal for the second antigen. 

We describe here a method (electron microscopic [EM]-silver enhancement, 
ref. I) to overcome this problem. This procedure mcreases the size of the gold 
marker by a predetermined amount, thereby inactivating the antispecies Ab 
present on the gold gram, but fully retammg the immunoreactivity of the sec- 
tion. For IEM double labeling, therefore, the EM-silver enhancement (B m 
Fig. 1) has to be performed after the first labeling step (Fig. 1A) to render the 
section ready for a second immunocytochemical reaction (Fig. 1C) with pri- 
mary Ab from the same species and with the same (small) gold marker as in the 
first labeling step. 

The physical development employed in the silver enhancement procedure 
was originally used in photographic work, including EM autoradiography (2,3), 
and is widely applied today m intensifying imrnunogold stains m light micro- 
scopic preparations or on Western blot (immunogold-silver stain, IGSS; refs. 
4,5). In essence, the method employs a photographic developer and dissolved 
silver ions. The photographic development reduces the silver ions to silver 
atoms on the surface of the gold particles in the irnmunocytochemtcal prepara- 

From Methods m Molecular &ology, Vol 80 lmmunochemrcal Protocols, 2nd ed 
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Fig. 1. Schematic representation and EM aspect of the IEM double-labeling method. 
(A) The first antigen is labeled with the primary Ab (white) and a secondary antispecies 
Ab (hatched), tagged with a small (e.g., 5-10 mn) gold grain (black). The EM picture 
above shows a viral replication complex in a poliovirus-infected HEp-2 cell, labeled 
(arrows) with a mouse MAb directed against the viral protein 2C and a goat-antimouse 
(GAM) Ab tagged with 10 nm gold (Amersham Auroprobe EM-grade, GAM IgG GlO). 
Bar: 500 nm. (B) The EM-silver enhancement inactivates the antispecies Ab and enlarges 
the gold grain by the deposition of a silver layer (shaded area) on its surface. EM-pic- 
ture: same as (A), gold grains (arrows) enlarged approximately threefold by the silver 
enhancement. Bar: 500 nm. (C) After the silver enhancement, a second antigen in the 
same section can be labeled by an Ab (dark hatched) raised in the same species as was 
the Ab (white) against first antigen. The gold labeled antispecies Ab is the same as used 
in the first labeling step. EM picture: double-labeled poliovirus-infected cell. First label 
was with anti-2C Ab, gold grains enlarged by the silver enhancement (arrows) as in (B). 
Second label (small grains, arrowheads) was with MAb against the viral protein VP1 
and the same gold marker GAM GlO as in (A). Bar: 500 mn. 

tion. Thus, it leads to an autocatalytic increase in size of the gold label during 
the developing process. 

The EM-silver enhancement procedure may not only be used for IEM double 
labeling, but also for double in situ hybridization (ISH), or a combination of 
IEM and ISH (6). In addition, the EM-silver enhancementper se is also useful 
when IEM preparations are to be photographed at low magnifications. The 
immunocytochemical labeling can be done with 5- or lo-run gold grains, which 
provide good labeling efficiency, and the size of the marker can afterward be 
reproducibly adjusted at will. Ultrasmall (l-mn) gold grains, however, cannot 
be reproducibly enlarged (‘6). 
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2. Materials 
1. IEM specimens: use secttons of material, fixed and embedded (e.g., m Lowtcryl 

K4M, LR White or LR Gold) m order to retam anttgenicity (see Note 1) It is 
essential to use gold grids, since the chemicals involved m the procedures react 
with copper or nickel. The use of negatively stained, unfixed material (subcellu- 
lar fractions, vrruses, and so on) IS not recommended, since the EM-silver 
enhancement affects the structure of such specimens 

2 Antibodies: the type of primary Ab is determined by the antigens to be detected 
The secondary antispecies Ab should ideally be labeled with 5- or lo-nm gold, 
and good-quality Ab can be obtained commercially from several suppliers (see 
Note 2). 

3. TBS-bovine serum albumin (BSA) buffer (washing buffer). 0.9% NaCl and 0 1% 
BSA in 20 mMTrts, adjusted with HCl to pH 8 2 

4. Blocking buffer: normal serum of the species in which the secondary Ab was 
raised, 1s used diluted to 5% in TBS-BSA to block nonspecific binding sites 

5. To dilute the primary Ab, blocking buffer is used that contains only 1% serum 
6. The developer for EM-silver enhancement (“Agfa-Gevaert-developer,” ref 2) 1s 

freshly made up by drssolvmg 0 075 g of Metol(4[methylammo]-phenolsulfate, 
Fluka, Buchs, Switzerland), 0.05 g of sodmm sulfite (anhydrous), and 0.02 g of 
potassium thtocyanate m 10 mL of distilled water. The final pH is 6 3. 

7. Silver tons: Ilford L4 nuclear research emulsion, gel form. 
8. Safehght illumination Ilford filter S902 
9 Glutaraldehyde (2%) m phosphate-buffered saline IS used to fix the sections. Sec- 

tions are stained with a 4% aqueous solution of uranyl acetate. 

3. Methods 

3.1. lmmunocytochemical Labeling of First Antigen 

All steps are performed at room temperature. 

1. Float the grids with the sectioned cells for 10 min on distilled water 
2. Then block nonspecific bmdmg sites by floating for 20 mm on blocking buffer. 
3. Follow thts by incubation on the primary Ab (e.g., hybrtdoma culture superna- 

tant, diluted appropriately m blocking buffer contammg 1% serum) for 1 h 
4 Wash the grids by floating them on TBS-BSA m a watch glass on a gyrotary 

shaker for 2 x 5 mm 
5. Then incubate them for 1 h on the gold-labeled secondary Ab, diluted m TBS- 

BSA according to the manufacturer’s instructtons. 
6. Rinse again twice on TBS-BSA as above, and “jet-wash” with drstilled water. 

3.2. EM-Silver Enhancement 

Perform all steps in the darkroom with safelight illumination turned on* 

1. To prepare the developing solutton (physical developer), weigh 100 mg of L4 
emulsion (silver donor) mto a watch glass, and add 2 5 mL of the freshly pre- 
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pared “Agfa-Gevaert” developer. Alternatively, put an estimated amount of L4 
emulsion into a light tight container in the darkroom, and weigh outside the dark- 
room before adding the amount of developer required to obtain the proportion of 
40 mg of emulsion/ml of developer. 

2 Stir the freshly prepared physical developer with a small magnetic stirring bar for 
5 mm Only part of the emulsion will dissolve; for reproducible results, keep the 
stirring time constant, and record the temperature of the developer (preferably 
20-21V). 

3. Place the gold-labeled sections, moistened with dlstllled water on the surface of 
the developer, and stir contmuously for 4-6 mm. 

4 To stop the actlon of the developer, wash the grids by quickly dippmg them several 
tnnes m distilled water. The final size of the silver-coated gold grain depends on the 
amount of emulsion used, the stirring time dunng which some of the emulston is 
dissolved, the temperature of the developer, and the developing time (see Note 3) 

3.3. lmmunocytochemical Labeling of the Second Antigen 
The grid IS now ready for repeating the immunocytochemical labeling using 

a primary Ab directed against another antigen. The procedure is performed 
exactly as described in Section 3.1. 

3.4. Staining of Sections 
1. To avoid loss of gold-labeled Ab during staining with the acidic uranium acetate, 

fix the sections with glutaraldehyde for 15 mm. 
2 Then rinse them with distilled water, and stain with uranium acetate for 30 mm at 

37°C for Low~cryl and 15 mm at room temperature for LR White and LR Gold. 
They may then be stained further with a conventional lead stain (see Note 4). 

4. Notes 
1. The IEM double-labeling method described was performed with cells fixed m 

2% paraformaldehyde and 0 04% glutaraldehyde, and embedded in Lowicryl 
K4M, LR White, or LR Gold. Other fixation and embedding procedures should 
work equally well, provided that the spectmen resists the chemicals used m the 
silver enhancement. 

Some embedding media, such as Lowlcryl, evaporate to a certain extent under 
the electron beam. Thus, when the section is monitored after the first labeling step, 
extensive lrradtatlon should be avoided Otherwise, evaporated methactylate might 
become deposited m the vlcmity of the irradiated area In such regions of the sec- 
tion, the gold grams are no longer accessible to the photographic developer 

If the sections have been dried during the procedure, e.g , for viewing in the 
EM, they must be rehydrated with water before proceeding to the next step to 
avoid increased background 

2. When labeling the first and second antigen, the same gold-coupled, secondary 
Ab can be employed. Owing to enlargement of the first label, first and second 
labels can easily be distinguished. It is, however, necessary that the colloidal 
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gold used to label the secondary Ab, be very uniform m diameter, so that after 
enhancement no overlappmg m size between the two labels occurs. Although we 
did not test it, the method should also work for gold-labeled protein A instead of 
an antrspecres secondary Ab. 

3. To allow a clear-cut distmctron between the two labeled antigens after silver 
enhancement, the final size of the developed stlver grams should be rather homo- 
geneous and accurately predictable. The following parameters influence size, 
variation in size, and shape of the final gram* 
a. Developer: Metol, a slow-working tine-gram developer produces silver grams 

of uniform size and of round or shghtly oval form. Hydrochmone, a coarse 
gram developer, which IS used widely in light microscopic rmmunocytochem- 
tstry, leads m the EM to silver grams of n-regular size and outlmes. The same 
holds true for the IntenSE M-procedure (Amersham, Little Chalfont, Amer- 
sham, UK). 

b Source of silver ions: Different silver ions were tested, but it was found that 
only pieces of Ilford L4 emulsion as silver ion donor, in combmatron with the 
Metol developer as described in Section 3 2. above, lead to compact silver 
grains of predetermmable, uniform size (coeffictent of variation ~10%). We 
do not know why the L4 emulsion is superior to all other silver donors tested, 
smce its exact composition 1s not known to us. 

c The useful concentration of emulsion is in the range of 20-50 mg of emulsron/mL 
of developer. It should be noted, however, that the number of emulsion pieces 
mfluences the developing speed, because the silver halide in the emulsion IS 
only slowly soluble in the sodium sulfite incorporated m the developer, and 
the larger surfaces of several small emulsion pieces accelerate the drssolutron 
of the srlver halide. Srmtlarly, the time of stu-ring the developer, before the 
section 1s put on, influences the concentration of silver ions and, thus, the 
developing speed. 

d. If the gold grams need only to be enlarged to be more easily visible m low- 
magnification work, silver bromide (1 O-20 mg/mL) can be substituted for L4 
emulsion, or the commercral IntenSE M-procedure can be performed. As men- 
troned above, both methods yield very heterogeneously sized grams, so that 
they cannot be used for double labelmg experiments 

e. Developmg time and temperature: the gram size increases linearly wrth the 
developing time, doubling its drameter at 20-21°C in approx 4 min (I) For 
double labeling, it 1s convenient to obtain a two- to threefold increase m 
size of the gold grain. Smaller grams may be hard to distmguish from the 
unenlarged grams of the second labeling step, and larger grams obscure 
underlying details Changes m temperature mfluence the developmg speed 
considerably. Note m thus respect that magnetic stirrers may give off heat. 

4. For sufficient contrast, most specimens will require lead staining after the uran- 
ium acetate stam. Although all conventional lead stains can be used, we found 
staining with Millomg’s lead hydroxide for 2 min under N2 best for Lowrcryl and 
LR Gold embedded maternal. 
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Flow Cytometric Analysis 
of Cell Surface Antigen Density 

FL Adrian Robins 

1. Introduction 
Analysis of cell surface antigen density and, thus, the distribution of cell 

surface molecules among individual members of complex cell populations can 
be achieved rapidly and accurately by flow cytometry. This approach has been 
revolutionized over the last 20 yr by the codevelopment of monoclonal antt- 
bodies (MAb) to an ever-wider selection of cell-associated molecules, novel 
fluorochromes, and flow cytometrtc technology backed by increasingly pow- 
erful computers. This combmation of technologies allows the simultaneous 
measurement of independent fluorochrome markers as well as light scatter 
parameters of individual cells as they pass through an intense focused ltght 
source. The multiple analysis of individual cells enabled by flow cytometry 
has facilitated the definition of functional subpopulations of many cell types, 
and some aspects of this approach are discussed in Chapter 34. In this article, 
the potential of flow cytometric analysis for quantitative purposes is consid- 
ered, exemplified by discussion of factors important for the measurement of 
antigen density by quantitation of antibody binding. 

7.7. Theoretical Considerations 

Antibodies interact noncovalently with their target epitope, and the 
“strength” of this interaction is characterized by the kmetics of association and 
dissociation of the antibody. Antibody-antigen interactions are in princtple 
reversible, and appropriate conditions must therefore be selected for a given 
antibody to bmd with reproducible stoichiometry to its target antigen. Linkage 
of the antibody to an appropriate fluorochrome will mean that the number of 
antibody molecules bound will be reflected by the fluorescence mtensity/cell. 

From Methods m Molecular Biology, Vol 80 lmmunochemrcal Protocols, 2nd ed 
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Appropriate apphcation of flow cytometric methods allows cellular fluores- 
cence to be measured and calibrated accurately. In this way, flow cytometric 
analysts of target antigen density can be undertaken. 

7.1.1. Antibody Association and Dissociation 

The amount of antibody mitially bound to antigen will be determmed by the 
association rate and incubation time, and of course by the level of antigen 
expression. The association rate is influenced by the association rate constant, 
antibody concentration, and temperature. Other factors, such as salt concentra- 
tion and pH, are also important, but these are usually controlled within physi- 
ological limits. Further processes before analysis (washing, fixation, storage) 
may result in loss of some of the antibody initially bound; the amount lost will 
depend on the dissociation rate and valency, and will also be influenced by 
temperature. 

7.1.2. Stoichiometry of Antigen-Antibody Interactions 

Determmation of antigen density from the numbers of antibody molecules 
bound clearly requires knowledge of the stoichiometry of the antibody-anti- 
gen interaction. The first requirement is for the antibody to be in excess, so that 
antigen sites are saturated However, at “saturation” the stoichiometry between 
antigen and antibody may be controlled by characteristics of the antibody (e.g., 
valency) and the antigen (e.g., valency, density, and mobility). For example, a 
low-density immobile antigen may only be available for monovalent binding, 
because epitopes are too widely separated to be bridged by a divalent antibody. 
This will result in a 1: 1 stoichiometry between antigen and antibody. Simi- 
larly, procedures that change mobihty of antigens, such as prefixing to stabi- 
lize antigen expression (I), may affect valency of binding by preventing antigen 
movement in the cell membrane that might be necessary for divalent binding. 
Conversely, higher-density antigens may give rise to predominantly divalent 
binding, with a stoichiometry of 2: 1 for antigen:divalent IgG antibody. The stoi- 
chiometric ratio may effectively be higher in cases with closely spaced antigen, 
where stenc obstruction of antigen by antibody bound to adjacent sites can occur. 
Counting the number of antibodies bound as a measure of antigen would in these 
circumstances lead to a marked underestimation of antigen expression. 

It should also be noted that the valency of binding at equilibrium may also 
be influenced by antibody concentration (2). Thus, high divalent antibody con- 
centrations drive binding to a predominantly monovalent state, whereas at 
lower concentrations, the binding may be predominantly divalent; this obvi- 
ously varies the antigen-antibody stoichiometry from near 2.1 to approaching 
1:l. The best compromise when this effect is in operation may be to use an 
antibody concentration on the mitral plateau of a saturation curve. Increases m 
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binding above this plateau probably reflect valency change, and the predomi- 
nantly monovalent binding observed at high antibody concentrations is more 
difficult to measure because of the increased dissociation rate with this form of 
binding (2). For critical determination of antigen density, however, the mode 
of binding may need to be determined. 

Unless all these factors are taken into account, it is usually more appropriate 
to refer to the results of a flow cytometric analysis in terms of “anttbodies 
bound per cell” rather than “antigens per cell.” Storchiometry will be even less 
certain with multivalent IgM antibodies; the usually low monovalent affinity 
and strong role of avidity m the binding of IgM antibodies make them of lim- 
ited value for antigen quantitation. Theoretically, the most precise alternative 
would be the use of directly labeled monovalent antibody fragments, which 
would avoid problems of variable stoichiometry. However, in addition to the 
inconvenience of producing suitable labeled monovalent antibody fragments, 
the increased “off rate” of monovalently bound antibody may make analysis 
more difficult. 

1.1.3. Fluorochrome Selection 

Choice of fluorochrome for antigen quantitation is influenced by sensitivity 
of detection required, availability of reagents, accuracy of calibration desired, 
and strategy for cell rdentification envisaged. 

1 .1.3.1. SENSITIVITY 

The quantum efficiency of a given fluorochrome ultimately determines the 
sensitivity attainable. Thus protein fluorochromes derived from marine algae, 
such as phycoerythrin, have very high quantum efficiency in comparison 
to small chemical fluorochromes, such as fluorescein. For analysis of low anti- 
gen densities, phycoerythrin is to be preferred. 

1 .1.3.2. AVAILABILITY 

If the antibody you intend to use is not available as a directly labeled conju- 
gate, then the choice is between indirect fluorescence or synthesis of conju- 
gate. The small chemical fluorochromes are advantageous here, because 
coupling methods are simple and reproducible (2) (see Section 2.2.2.). 

1 1.3.3. CALIBRATION 

Small chemical fluorochromes, such as fluorescein, have an advantage in this 
case because of the stability and predictability of their conjugates. Although 
methods for calibration of phycoerythrin-labeled antibodies are now available, a 
wider range of options is available for fluorescein (see Section 3.3.5.). 
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1.1.3.4. CELL IDENTIFICATION 

The analysis of a complex population of cells may call for the identifica- 
tion of the cells of interest with one MAb, and quantttation of antigen expres- 
sion on these cells with a second anttbody. The choice of fluorochrome for 
each purpose may be influenced by relative levels of expression of the mark- 
ers mvolved, as well as the factors referred to above. There is a degree of 
spectral overlap between fluorochromes, and this may make sensitive quan- 
titation of a low level antigen difficult in the presence of high level labeling 
of the first antibody used for cell identification. This can be mitigated to 
some extent by selection of the more sensitive fluorochrome (e.g., phyco- 
erythrin) for the low level quantitation. In any event, quantitative analysis 
requires careful adjustment of spectral overlap; an adjustment procedure for 
multiple fluorochromes appears m Chapter 34, and quantitative adjustment 
of compensation is illustrated m Section 3.4. 

1.7.4. Now Cytometry 
1 1.4.1. AMPLIFICATION OF FLUORESCENCE 

The signal derived from the fluorescence of each individual cell is amplified 
before being transformed to a numerical scale by analog to digital conversion. 
This conversion essentially divides the whole range of possible signals mto a 
series of categories (channels), each of which corresponds to a (more or less) 
narrow range of signal intensities. In this way, the intensity of fluorescence of 
each cell can be reduced to a number, and since computers work with binary 
numbers, this number will be 8 digits (bits) long to give a decimal channel 
number between 0 and 255. Some mstruments use a number 10 bits long to 
give a scale between 0 and 1023. This seemingly obscure information is 
important because it emphasizes that when the fluorescence signal is converted 
to a number, precision is lost. The amplification method used (logarithmic or 
linear) affects the way in which this loss of precision occurs. The properties 
and advantages of logarithmic and linear scales therefore need to be consid- 
ered to make an appropriate choice for the application intended. Logarithmic 
scales accommodate a wide dynamic range, but the scale is compressed as 
signal mtenstty increases, Linear scales are not compressed m this way, and 
are therefore good for comparing high levels of antibody binding, but have a 
narrower range of measurement. This 1s illustrated m Fig. 1, m which the loga- 
rithmic and linear amplified analyzes are superimposed for a set of 5 fluores- 
cent beads of differing intensity. The logarithmic amplified peaks (open) are 
marked with upper-case letters, and the corresponding linear amplified peaks 
(filled) are marked with the same letters in lower-case. The top two peaks (D 
and E) are separated by only 19 channels on a logarithmic scale, but the corre- 
sponding linear peaks (d and e) are separated by over half the scale. 
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A B C D E 
ab c d e 

Fig. 1. Analysis of fluospheres (Dako Ltd.) using logarithmic (open peaks) and 
linear (tilled peaks) amplification. Logarithmically amplified peaks are identified by 
upper-case letters, and the corresponding bead peak amplified on a linear scale by 
lower-case letters. The linear scale discriminates between bright signals (for example, 
d and e) better than the log scale (D and E), but the range of fluorescence covered by 
the log scale is much greater than the linear scale. 

A second consideration with logarithmic amplifiers is that because of the 
complex way in which they operate (3), quantitative data often require recon- 
version to a linear scale before further calculations can be done. This process 
requires information about the exact number of channels/decade, and any 
deviation from true logarithmic behavior (4). Such deviations are sometimes 
found, particularly in the lowest decade. 

1 .1.4.2. STANDARDIZATION 

Reproducible measurement over a period of time clearly requires that the 
flow cytometer is maintained to a high standard, and that the sensitivity of the 
instrument is checked on a daily basis. To ensure reproducibility, a stable stan- 
dard for each scatter and fluorescence parameter must be established. 

1 .1.4.3. CALIBRATION 

Refining the standardized measurement referred to above to provide a cali- 
brated scale is a more difficult task, although calibration beads of various types 
now available facilitate the process. Beads with manufacturer’s reported 
equivalent fluorescein content have been available for some time (Flow 
Cytometry Standards Corporation, San Juan, Puerto Rico), and these are useful 
for calibration of measurements using fluorescein-labeled antibodies, although 
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knowledge of the fluorescein:protein ratio of the antibody conjugates used is 
required to calculate the number of antibody molecules bound. For commer- 
cial fluorescein conjugates, information concerning the fluorochrome:antibody 
ratio can usually be obtained from the supplier on request. Note that it is usu- 
ally not possible to determine the ratio by optical density measurements (as in 
Sectlon 2.2.2.), because carrier protein 1s often added to the labeled antibody 
for stability. External verification of calibrated standards may be required if 
batch variation occurs (5), but this 1s not a simple matter. In our own studies, 
an antibody double labeled with radioactive iodine and fluorescein has been 
used for this purpose (2,6), but this is a somewhat lengthy procedure. 

A more versatile standard 1s a set of beads with calibrated numbers of antl- 
mouse immunoglobulm binding sites (e.g., Simply Cellular Beads, Flow 
Cytometry Standards Inc, available through Sigma, Poole, UK), referred to m 
Section 3.2. The mixture of beads provided can be taken through any standard 
staining protocol (direct or indirect) involving a mouse MAb “first layer.” The 
mean fluorescence of each bead population in the mixture can then be used to 
construct a calibration curve, from which the mean number of “first layer” 
antibody molecules correspondmg to any measured level of fluorescence can 
be extrapolated. As indicated above, this approach 1s particularly useful for 
calibration of indirect techniques, especially those involving phycoerythrin- 
labeled antibodies. For example, this methodology has been used to measure 
estrogen receptor expression on breast cancer cells (7). 

The methods outlined below include protocols for direct and indirect immu- 
nofluorescence staining, that can be adapted easily for the cell type of mterest 
as mdlcated in the relevant notes. The principal approaches to flow cytometric 
analysis, standardization and calibration are then given, followed by two more 
detailed protocols illustrating quantltation using direct immunofluorescence, 
and a competitive binding assay, which demonstrates the application of linear 
amplification of fluorescence. 

2. Materials 

2.1. Solutions 

1 Dulbecco’s phosphate-buffered saline (PBS), made by dissolvmg buffer tablets 
(Oxold Ltd., Basmgstoke, UK) m distilled water 

2. Nutrient culture medium, such as RPM1 1640. 
3 Bovine serum albumin ([BSA], 10% stock solution m distilled water) may be 

added to wash media to give a final concentration of 0.1% (w/v). 
4. Fetal bovine serum may be added to wash media to give a final concentration of 

2% (w/v). 
5. Stock solution of propldmm lodlde (PI) at 50 pg/mL: Thrs is stable if stored 

refrigerated m the dark (see Note 1). 
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6. Sodmm aztde (10% stock solution in distilled water) may be added to media at a 
final concentration of 0 1% to reduce capping and mternalization of surface- 
bound antibodies; it also inhibits microbial growth Store at 4°C (see Note 1) 

7. 2% Formaldehyde fixative solution, made by diluting 40% stock formaldehyde 
m PBS (see Note 1). 

8. Carbonate buffer, pH 9.5, containing 150 mA4 sodium chloride, 30 mA4 sodmm 
carbonate, and 50 mA4 sodium bicarbonate. 

2.2. Antibodies 

2.2.1. Commercial Antibodies 

1. A very wide range of antibodies, unconjugated or conmgated to a variety of fluoro- 
chromes, is now available These reagents are generally of high quality, and are 
usually supplied at a concentration suitable for labelmg lo6 cells with 10-20 pL of 
antibody 

2. Isotype-matched unconjugated or fluorochrome-labeled anttbodies unreactive 
with mammalian cells are available as control reagents from many suppliers. 

3. Fluorochrome-labeled anti-immunoglobulin antibody: labeled F(ab’), fragments 
should be selected for target cells that express Fc receptors 

2.2.2. Preparation of Labeled Antibodies 

1. Dissolve fluorescem tsothiocyanate (FITC) in acetone at 1 mg/mL, add 100 pL to 
a glass vial, and dry to leave a film of FITC. 

2. Dialyze 1 mg of antibody at 1 mg/mL against carbonate buffer, pH 9 0. 
3. Add antibody solution to a vial containing FITC, and roll gently for 1 h at room 

temperature m the dark. 
4 Separate labeled antibody unconjugated FITC using a small column of Sephadex 

G25 equilibrated with PBS Prepacked columns (PDlO, Pharmacia, Milton 
Keynes, UK) may be used according to the manufacturer’s mstructtons 

5. Determine the concentration and fluorescein*protem ratio of the labeled antibody 
by optical density measurements at 495 and 280 nm, respectively (2) 

6 Check the immunoreactivity of the labeled antibody by bmding to target cells 
known to express the relevant antigen (see Note 2). An accurate assessment of 
the relative binding activity of the antibody before and after labelmg can be made 
by competition experiments (d), illustrated m Section 3 5 

2.3. Standards and Calibrators 

1. Standard beads with broad-spectrum emission (e.g , FluoroSpheres, Dako Ltd., 
High Wycombe, UK) 

2. Calibrator beads with known fluorescence intensity defined in terms of equiva- 
lent molecules of soluble fluorochrome (e.g., Quantum Beads, Flow Cytometry 
Standards Corporation). 

3. Calibrator beads with known binding activity for mouse mnnunoglobulm (e.g., 
Simply Cellular Beads available through Sigma) 
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3. Methods 
3.1. Direct lmmunofluorescence 

1 Dispense 100 ,uL of fluorochrome-labeled antibody solution (10 pg/mL) mto 
tubes (see Note 3) Control fluorochrome-labeled antibody of the same isotype 
should be used m control tubes at the same concentration 

2 Add 100 pL of target cell suspension contammg IO6 cells/ml, mix carefully 
3. Incubate for 45 mm at 4°C (see Note 4). 
4. Add 1 mL of wash medium (see Note 5), centrifuge at 400g for 5 mm; remove 

supematant, resuspend cells by gently tappmg tube 
5 Repeat wash procedure m step 4 twice more (see Note 6) 
6 Resuspend cells m wash medium for immediate flow cytometrtc analysts or m 

formaldehyde fixative for storage before analysis (see Note 7) Keep tubes at 4°C 
and m the dark 

3.2. Indirect lmmunofluorescence (see Note 8) 

1. Dispense 100 pL of unlabeled primary antibody solution (10 pg/mL) mto tubes 
(see Note 9). Unlabeled control antibody of the same isotype as the primary antt- 
body should be used m control tubes at the same concentration 

2 Add 100 pL of target cell suspension containing lo6 cells/ml, mix carefully 
3 Incubate for 45 min at 4T (see Note 4). 
4. Add 1 mL of wash medium (see Note 5); centrifuge at 4008 for 5 mm; remove 

supematant; resuspend cells by gently tapping tube 
5 Repeat wash procedure m step 4 twice more (see Note 10) 
6 Add 100 pL of fluorochrome-labeled anti-immunoglobulm reagent, diluted m 

wash medmm (see Note 11). 
7 Incubate for 45 mm at 4T 
8. Wash cells as m steps 4 and 5 
9 Resuspend cells m wash medium for immediate flow cytometric analysis, or m form- 

aldehyde fixative for storage before analysis. Keep tubes at 4°C and m the dark 

3.3. Flow Cytometric Analysis 

Having considered conditrons for the binding of fluorochrome-labeled anti- 
body to reflect antigen density, the most approprrate flow cytometrrc analysrs 
method can then be selected. Some of these constderations will be spectfic to 
partrcular manufacturers’ flow cytometers and cannot be addressed m detatl 
here; there are, however, common approaches, that are generally apphcable, 
and appreciation of the principles involved will at least allow some of the more 
obvrous pttfalls to be avoided. 

3.3.1. Scatter Gating 

1. Pass a sample of cells through the flow cytometer, dtsplaymg on a “dot plot” 
measurement of light scattered from cells at a narrow angle (forward scatter 
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Fig. 2. Scatter gating of colorectal cancer cells from cell culture. The FSC and SSC 
gates are set to eliminate a small amount of debris on the left of the gate, and cell 
clumps above and to the right of the gate. Many of the clumps accumulate at the top of 
the SSC scale. 

[FSC]), strongly related to cell size) against light scattered at a wide angle (side 
scatter [SSC], which is influenced by cell structure and granularity). 

2. Adjusting the gain on each of the scatter channels to ensure that single cells of 
interest are on scale. 

3. Define a “gate” on the FSC vs SSC dot plot to identify single cells (Fig. 2), 
eliminating both cell clumps and debris from the analysis (see Note 12). 

3.3.2. Viable Cell Ga ting 
1. Add 5 ).L of PI stock solution to each tube after immunofluorescence staining. 
2. Pass a sample of cells through the flow cytometer, recording red fluorescence in 

addition to FSC and SSC. 
3. Construct a gate to exclude cells with high red fluorescence from the analysis 

(see Note 13). 

3.3.3. Amplification of Fluorescence Signal 
3.3.3.1. LOGARITHMIC AMPLIFICATION 

1. Analyze antigen-negative control cells using the scatter gates set above, display- 
ing the logarithmic fluorescence measurement as a dot plot against FSC. 

2. Adjust the photomultiplier tube (PMT) voltage to ensure that the cells of interest 
are in the lowest quarter of the scale. 

3. Analyze a sample of the most strongly stained cells in the experiment. 
4. Ensure that the signals from these cells is on scale; reduce the PMT voltage if 

necessary. 
5. Analyze all the experimental tubes with these settings. 
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3.3.3.2. LINEAR AMPLIFICATION 

1. Analyze antigen-negative control cells using appropriate scatter gates, chsplay- 
mg the linear fluorescence signal against FSC. 

2 Adjust the lmear “multiplier” gain to maximum (e.g., 9 99 on FacScan, Becton 
Dlckmson, Cowley, UK). 

3 Adjust PMT voltage to ensure that cells of interest are on scale They should 
form a tight group at the bottom of the scale. 

4 Analyze a sample of the most strongly stained cells m the experiment. 
5. Reduce the “multtplier” gain to ensure that the cells are on scale If the lowest 

gain available leaves more than 5% of the cells m the highest channel, reduce the 
PMT voltage accordmgly. 

6. Analyze all the experimental tubes without further adjustment of the PMT volt- 
age setting For each tube, adjust the “multiplier” gam to the highest setting that 
keeps at least 95% of the cells on scale 

7. By taking account of the “multipher” gam used, normalize measurements to a 
constant gain, to provide an extended linear scale (.5), see also Section 3.5. 

3.3.4. Standardization 

1. Ensure flow cytometer 1s set up for intended analysis (appropriate scatter and 
fluorescence amplifier settings). 

2. Run sample of broad-spectrum mlcrobeads. 
3. Set FSC and SSC gates to confine the analysis to single beads. 
4. Adjust the photomultlplter high-voltage setting to ensure that the bead signal(s) 

appears m standardized channels. Figure 1 illustrates the distribution of 
FluoSpheres (Dako) m the green fluorescence channel (FLl, FacScan, Becton 
Dickinson). 

3.3.5. Calibration 

1 Subject an aliquot of “Simply Cellular” beads to the staining procedure to be 
standardized 

2. Run the stained bead preparation on the flow cytometer m parallel with the cell 
samples stained in the same experiment (see Note 14). 

3 Set FSC and SSC gates for the bead sample to confine the analysis to single beads. 
4. Plot a histogram of the fluorescence distribution of the gated beads. 
5. Determine the mean peak position for each of the bead populations m the mix- 

ture, by setting a narrow window around each peak m turn 
6 Plot the peak positions against the manufacturer’s specified antibody binding 

capacity for each bead in the mixture to create a standard curve. Figure 3 lllus- 
trates curves for Simply Cellular beads stained with a PE-labeled antibody m a 
direct assay (A), and m an indirect assay with a PE-labeled antimouse IgG (B). 
The increased sensitivity of the indirect assay is evident from the rightward shift 
of the curve. 

7. Interpolate fluorescence intensity of experimental samples from the standard curve. 
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Fig. 3. Calibration of phycoerythrm (PE) staining using Simply Cellular Beads. 
Bead antibody binding capacity was plotted against the corresponding bead’s channel 
position, after (A) direct staining with PE-antireceptor mouse MAb, and (B) after stain- 
ing with mouse MAb and PE-antimouse IgG. The higher sensitivity of the indirect 
method is reflected in the rightward shift of the calrbration curve. 

3.4. Quantitation Using Direct lmmunofluorescence 

Thus method illustrates quantrtation of a receptor using a PE-labeled anti- 
body in a mrxed cell population, using a FITC-labeled antibody to identify the 
cell population. As indicated in Section 1.1.3.4., one of the critical issues here 
is adjustment of compensation for fluorescence overlap between the FITC 
marker antibody and the PE measuring antibody. 

3.4.7. Adjustment of Fluorescence Compensation 
1. Prepare cell suspension from epithelial tissue by collagenase digestion; resus- 

pend cells in RPM1 + 2% fetal calf serum at IO6 cells/ml. Use this medium 
throughout 

2. Prepare duplicate tubes with (a) control PE-labeled antibody + antiepithelial cell 
antibody (BerEP4-FITC, Dako Ltd.) and (b) control PE-labeled antibody alone. 

3. Add 100 pL of cell suspension to each tube. 
4. Incubate at 4°C for 30 mm 
5. Add 1 mL of ice-cold medium, mix, and centrifuge at 200g for 5 min; decant 

supernatant and resuspend cells. 
6. Repeat wash step 5 twice. 
7. Add 1 mL of formaldehyde fixative, 
8. Run tubes through the flow cytometer, recordmg FSC, SSC, fluorescence 1 (FITC 

and fluorescence 2 [PE]). Fluorescence channels should be set to log amplifica- 
tion; m this experiment, the flow cytometer was set to conditrons routinely used 
for analysis of lymphocytes. 
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Table 1 
Effect of Changing Fluorescence Compensation 

Compensation 

FL1 3 FL2 

Mean channel number 
Control FL1 antibody BerEP- FITC antibody 

FL1 FL2 FL1 FL2 

25.2 124 124 176 103 
22.5 125 125 177 118 
21.5 124 125 174 122 
20.0 125 126 176 126 
17.5 124 126 177 133 

9 Compare fluorescence 2 mean channel value m tubes a and b If the value in a is 
>b, FITC fluorescence in a is not compensated fully, and the FL1 -+ FL2 com- 
pensation should be increased. Conversely, a lower value m b mdlcates overcom- 
pensation, and the compensatton should be reduced Table 1 illustrates the effect 
of dtfferent compensation settings; the standard lymphocyte setting (25 2) over- 
compensated when analyzing eplthebal cells 

10 Repeat steps 8 and 9 until values for FL2 mean fluorescence are the same m a and 
b, a value of 20 0 was selected for this experiment (Table 1) 

3.4.2. Estimation of Antibody Molecules Bound 

1 Stain epithelial cell containing suspension as described m Section 3 4.1 , 
mcludmg tubes containing PE-antireceptor antibody m combmatlon with FITC- 
BerEP Also stain Simply Cellular Beads with PE-antireceptor antibody m 
parallel 

2 Run the tubes through the flow cytometer with optimized fluorescence compen- 
sation as described above 

3 Set gates to restrict the analysis to FITC positive (epithelial) cells. 
4 Determine mean fluorescence channel number in PE channel 
5. Analyze the tube contammg Simply Cellular Beads, setting FSC and SSC gates 

to restrtct the analysis to smgle beads. 
6 Determine mean fluorescence of each bead population, and plot a standard curve 

as described in Section 3 3.5 

The resultmg determmation of the numbers of antireceptor antibody mol- 
ecules bound/epithehal cell are shown m Table 2. The value for the control 
antibody represents the autofluorescence of the target cells m terms of the 
equivalent number of fluorescent-labeled antibody molecules, rather than bind- 
mg of the control antibody. Thus, a similar value was obtained for target cells 
with and without control antibody (not shown). 
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Table 2 
Determination of Numbers 
of Antireceptor Antibody Molecules Bound to Epithelial Cells 

Mean fluorescence 2 Mean antlbodleskell 

Control PE antlbody 48 538 
Antireceptor PE antibody 111 4939 

Table 3 
Competition Between Fluorescein-Conjugated Antibody 
and Unlabeled Antibody Analyzed by Flow Cytometry 

Fluorescence analysis 

Mean Mean 
Antibody added, &tube channel, channel, 

Unlabeled duplicate adjusted 
FITC-791T/36 791T/36 Gain tubes for gain 

0 0 10 272 2 
1 0 25 112,110 444 
1 0.5 2.5 70,70 280 
1 1 5 110,114 224 
1 2 5 83,81 164 
1 4 10 114,110 112 

% Maxnnum 
fluorescence 

0 
100 
63 3 
50 6 
37.1 
25.3 

3.5. Competitive Binding Between a Fluorescein-Labeled 
Antibody and Unlabeled Antibody (see Section 2.2.2.) 

This method illustrates well the precision with which antibody bmdmg can 
be measured by flow cytometry, and the use of linear amplification of the fluo- 
rescence signal. 

1. Harvest tumor cells (791T) from culture, and suspend at lo6 cells/ml in 
RPMI+2% fetal calf serum, used as a dlluent throughout 

2. Dilute fluorescem-labeled antibody (791T/36), which binds to 791T cells, to 
10 pg/mL. 

3. Dilute unlabeled 791 T/36 antibody to 40,20, 10, and 5 Ccg/mL 
4 Prepare mixtures of 100 $ of labeled and unlabeled antibodies m duplicate, 

together with controls with labeled antibody + dlluent and dlluent alone. 
5 Add 100 $ of target cell suspension to each tube, mix, and incubate for 1 h at 4’C 
6 Analyze cells using a flow cytometer, using forward and side scatter gatmg to 

restrict the analysis to single cells In this example, the fluorescence 1 detector was 
used at 600 V with lmear amphficatlon on a 256-channel scale to measure fluores- 
cein-labeled antibody binding The resulting mean channel numbers and the gam 
setting used to extend the linear scale (see Sectlon 3 3 3.2 ) are shown in Table 3, 
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together with the values calculated from them Note that under these experimental 
conditions, washing of the cells was not required. 

The concentration of labeled antibody used is saturating, so that in mixtures 
of labeled and unlabeled antibody, there IS competition for available antigenlc 
sites. The reduction m fluorescence/cell observed (for example, about 50% 
maximum fluorescence with 1 B of labeled and 1 ~18 of unlabeled antibody) IS 
that expected if the labeled and unlabeled antibody molecules are binding 
equally well to antigen. 

4. Notes 
1. Propldmm Iodide and ethldmm monoazide are suspected mutagens and should 

be handled accordmgly. Sodium azide and fixatives are toxic, and should be 
handled with particular care. 

2 Loss of binding activity after labeling can sometimes be avoided by modification 
of the couplmg condltlons, but the bmdmg activity of some antibodies 1s very 
sensitive to standard labeling reagents, presumably because an easily substituted 
ammo group 1s present in the bindmg site of the antibody If this 1s the case, 
alternative labeling strategies might be considered, such as labeling carbohydrate 
moieties of the antibody (9). 

3 The association rate constant 1s characteristic of mdivldual antibody-antigen 
interactlons, but with typical association rate constants, antibody concentrations 
of 10-100 nA4 (about l-10 pg/mL) are usually sufficient to drive bmdmg to an 
adequate level of saturation in 30 min at 4°C. Unless high cell concentrations 
(>106 cells/ml) or high levels of antigen expression (>106 antigens/cell) are 
involved, antibody will be m excess under these conditions. 

4 Incubation time together with antlbody concentration should be chosen to achieve 
saturation binding, and incubation times may need to be long (possibly several 
hours) to allow equilibrium to be reached. If the nature of the system precludes 
extended incubation times (for example, antigen expression 1s not stable), anti- 
body concentrations should be titrated carefully, and a sufficiently high concen- 
tration chosen to ensure that it IS not the “on rate” of the antibody, rather than the 
level of antigen, which 1s hmitmg the amount of antibody bound 

5 When conditions are being established for analysis of a cell type not previously 
tested, it is useful to analyze the scatter characteristics (Section 3.3 1.) of freshly 
prepared cells, which have not been subjected to antibody labeling, washing, or 
fixation. This analysis can then be used as the benchmark to ensure that the cells 
are not being damaged (for example, undergoing apoptosis) during the staining 
procedure Appropriate medium and supplements (Section 2.1 ), and other exper- 
imental conditions, such as length and temperature of incubations, can then be 
selected to ensure that the cells are recovered m their original condltlon and high 
yield at the end of the labeling procedure. 

6 Unbound fluorochrome-labeled antibody may need to be removed to allow the 
analysis of cell-bound labeled antibody. However, it should be noted that with 
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some systems, it is possible to analyze cells without washmg, as described m the 
seminal paper of Sklar and Fmney, which provides a basis for many aspects of 
quantitative analysis of hgand binding by flow cytometry (10). The unbound anti- 
body in the supernatant may be sufficiently separated from the bound antibody 
on the cells as the cells are drawn down into a fine stream for flow cytometric 
analysis. Parallel analysis of antigen-negative cells incubated with fluorochrome- 
labeled antibody will allow the signal derived from supernatant antibody to be 
estimated. If this is sufficiently low, the washing step can be dispensed with, 
avoidmg the possibthty of antibody dissociation. 

If washing is essential, the extent of change in bound antibody between the 
binding stage and the analysts stage of the experiment depends on the dissocia- 
tion kinetics, valency of binding and temperature, as well as the washing proce- 
dure used. To minimize dissociatron, temperature should be kept as low as 
possible (holding cells on ice, using ice cooled wash medium, and refrigerated 
centrifuge), and cells analyzed as soon as practicable after washing. If dissocia- 
tion of a fluorochrome-labeled antibody 1s a significant problem (for example, 
the antibody used IS of low affinity or predominantly monovalently bound), one 
strategy is to stabilize binding immediately after washing by incubation with un- 
labeled antmnmunoglobulm antibody. 

The dissociation rate constant of an antibody-antigen interaction is character- 
istic of individual antibodies, but as discussed above, the rate at which antibody 
“falls off’ the cell also depends on the valency of binding. Monovalent dissocia- 
tion rates are faster than divalent dissociation rates, and the reassociation of a 
divalent mteraction (i.e., of an antibody already bound by one bmdmg site) IS 
favored in comparison with monovalent association from the fluid phase. This 
avidity effect means that divalently bound fluorochrome-labeled antibodies are 
shed more slowly when fluid-phase antibody is removed by washing. 

7. Fixatron of biological samples prior to analysis is good practice for safety rea- 
sons, and allows delayed flow cytometric analysis of samples, which is advanta- 
geous in a busy laboratory. Paraformaldehyde solutions used in the same way as 
formaldehyde are recommended for some cell types; the preparation of paraform- 
aldehyde solutions from solid requires good fume hood facilities. Other fixatives 
are not used frequently m flow cytometry, other than for specialized purposes. 
For example, glutaraldehyde is the most effective fixative for neutrophils for 
analysis of shape change by flow cytometry (11) However, use of glutaralde- 
hyde precludes concurrent analysis with fluorochrome markers because of non- 
specific broad-band fluorescence induced by this fixative 

8. Indirect fluorescence is usually taken to mean use of an unlabeled primary anti- 
body quantitated by binding of a fluorochrome-labeled antiglobulin reagent, 
although related methods, for example using biotin-labeled primary antibody 
quantitated by bmdmg of fluorochrome-labeled avidm, can also be used to esti- 
mate antigen expression. Both approaches require that reproducible binding and 
washing of the primary antibody IS obtained, and that conditions to give constant 
stoichiometry between the primary antibody and fluorochrome-labeled reagent 



are established. Use of multtple steps may mean that reproducibility may not be 
as good as with direct methods (12). Because the stoichiometry between the pri- 
mary antibody and fluorochrome-labeled reagent will depend on the precise 
reagents and conditions m use, estimates of absolute numbers of primary anti- 
bodies bound based on assumptions about primary antibody per secondary anti- 
body stoichiometry will be approximate However, this difficulty can be 
overcome by use of commercially available beads with known numbers of 
antimouse n-nmunoglobulm bmdmg sites per bead (see Section 3 3 5 ). This allows 
the relationship to be determmed between the number of primary antibodies 
bound and the resulting fluorescence signal. This methodology is applicable 
to both standard indirect immunofluorescence and to btotm-labeled prtmary ant]- 
bodies, it is also suitable for any fluorochrome 

9 Factors important for directly labeled anttbody bmdmg apply equally well to the 
“first layer” antibody in an mdrrect technique, the antibody should be titrated to 
ensure a reproducible level of saturation under the mcubation conditions selected. 

10 The approprtate washing conditions should be selected to preserve the bmdmg of 
the primary antibody as fully as possible. Some degree of washing IS usually 
required to prevent unbound primary antibody blocking the fluorochrome-labeled 
antibody m solution, reducing the efficiency of bmdmg to the cell-surface-associ- 
ated primary antibody If target cells are not stable m repeated washing (for exam- 
ple, platelets), compromise conditions m which the mnnmum amount of primary 
antibody is used can be employed, followed by an excess of the secondary anti- 
body (13) 

11. Considerations of association kmetics and choice of saturating concentrations 
also apply to the fluorochrome-labeled second antibody In this case, however, 
loss of bound antibody during washing IS not usually a problem, because the high 
affinity of these reagents and increased avidity resultmg from crosslmking make 
the cell bmdmg of the second antibody virtually n-reversible 

12. Changes m scatter signals can mdicate damage to target cells, which may require 
modification of the condmons used to prepare the cells for analysis. For example, 
apoptosis of some cell types is accompanied by an increase m side scatter and a 
decrease m forward scatter. Any changes m light scatter characteristics of target 
cells should be viewed with suspicion, and then causes identified 

13 It 1s important to exclude nonviable cells from the analysis as dead cells may 
have changed anttgemc characteristics, and may also take up fluorochrome- 
labeled antibodies nonspecifically Light scatter may be used to identify dam- 
aged cells as discussed above, but with some cell types, nonviable cells are not 
easily distinguishable by their scatter characteristics, and use of a viabrlity stain 
may be valuable PI IS frequently used for this purpose, since it IS excluded from 
live cells, but penetrates dead cells where it intercalates with DNA and fluoresces 
red PI fluorescence is usually detected above 600 nm, but significant spillover of 
fluorescence occurs m the 550-600 nm region used to detect phycoerythrm fluo- 
rescence, but since nonviable cells are usually excluded from the analysis, this 
does not necessartly preclude simultaneous use of a phycoerythrin marker A 
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practical hmitation IS that PI-stamed preparations are not stable to fixation and 
must be analyzed fresh. An alternative is a photoactivatable marker (ethidmm 
monoazide), which has similar stammg characteristics to PI, but the marker can 
be crosslmked to DNA m nonviable cells by light exposure, and the excess dye 
washed away before fixing and storage of the cells (14) 

14. A simrlar method IS used for beads with defined fluorochrome content (e g , Quan- 
tum beads, Flow Cytometry Standards Corporation), except that the beads are not 
subJected to the antibody-stammg procedure The number of fluorochrome mol- 
ecules per cell is deduced from the standard curve, and is converted to bound anti- 
body molecules from knowledge of the fluorochrome protein ratio of the coqugate. 
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Multiple lmmunofluorescence Analysis 
of Cells Using Flow Cytometry 

R. Adrian Robins 

1. Introduction 
As indicated in Chapter 33, flow cytometry has developed rapidly to pro- 

vide a powerful means of characterizing complex cell populations, both in 
terms of quantitative analysis of functional cell-associated molecules, and, as 
is considered here m more detail, the simultaneous analysis of combinations of 
markers that can be used to identify functional subpopulations of cells. Many 
of the considerations discussed in the previous chapter are relevant, but issues 
particularly pertinent to this type of analysis relate to the independence of the 
markers used, both at the level of the labeling process and at the level of 
cytometric analysis. 

1,7. Fluorochrome Selection 
The scope for multiparameter immunofluorescence analysis has been rncreased 

greatly in recent years by the development of fluorochromes that can be excited 
by a single wavelength of light, but which have sufficrently distinct fluores- 
cence emission spectra to allow each to be measured in the presence or absence 
of the other(s). Fluorescem isothiocyanate (FITC) remains a standard fluoro- 
chrome, excited effectively by the 488 nm (the strongest wavelength emitted by 
argon-ion lasers), with a green fluorescence emission centered on 5 15 nm. The 
first of a new generation of fluorochromes was phycoerythrm (PE), a member 
of the phycobilins, a family of fluorescent proteins derived from marme algae. 
These fluorochromes have very high quantum efficiency (they emit almost as 
much light as they absorb), which means that they can be detected with high 
sensitivity. PE has almost ideal characteristrcs for single laser flow cytometry 
with effective excitation by the 488 nm line of the argon laser, and a narrow band 
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of emisston centered on 575 nm. The combmation of FITC and PE has allowed 
two-color flow cytometric analysis to become routine in many laboratories, 

The addition of a third color is desirable for many mvestigations, but 
thts could previously only be achieved usmg a second wavelength for exci- 
tation. This entailed expensive flow cytometers equipped with a second 
laser, and complex setup and alignment procedures, restricting this 
approach to a few spectalized laboratories. The first generation of new fluo- 
rochromes attempting to overcome this hmrtatton were conIugates of PE 
and Texas red, m which the energy of the light absorbed by PE was trans- 
ferred to Texas red instead of being emitted directly Texas red emits fluo- 
rescence with a wavelength longer than 600 nm, allowing this fluorescence 
to be distinguished from that of PE. These conjugates have now been suc- 
ceeded by newer materials, such as Perrdmin-Chlorophyll Protein (PerCP, 
Becton Dickinson, Cowley, UK) or PE-Cy5 (Dako Ltd., High Wycombe, 
UK), which have superior stability and reduced overlap of fluorescence 
emission. The increasing availabiltty of reagents labeled with these fluoro- 
chromes means that three-color analysis is now routmely achievable with a 
single laser flow cytometer. 

The potential for multi-fluorochrome analysis has increased further with the 
availabihty of dyes excited by shorter wavelengths (such as Cascade blue) and 
longer wavelengths (such as Allophycocyanm and Texas red). With multiple 
laser flow cytometers, five cell-surface antigens (1) or more may be analyzed 
simultaneously. In principle, these methods are a natural extension of the meth- 
ods outlined here, but require more sophisticated flow cytometers, and much 
more powerful computer facilities to explore the exponentially more complex 
data sets arising from such multiparameter analyses. 

1.2. Staining Methods 

1.2. I. Direct Labeling 
Direct labeling methods are the simplest approach to multiple parameter 

fluorescence analysis. If suitable antibody conjugates are available for the com- 
bination of antigens of interest, a mixture of two or three antibodies can be 
incubated with the target cells. This approach is illustrated by a method for 
staining lymphocytes in whole blood (see Section 3.1) A suitable concentra- 
tion of each antibody has to be determined to ensure that each is saturating its 
respective antigen. A comprehensive set of control combmations of antibodies 
should be investigated to ensure that unexpected interactions between the 
labelmg of target antigens 1s not occurrmg. These should include substitution 
of each antibody in turn with an isotype/fluorochrome-matched control, and 
testmg each antibody alone The total percentage of cells stained by each antr- 
body should be the same in each combinatton m which rt is included. 
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1.2.2. Indirect 1 abeling 
When one or more of the desired antibodies is not available as a direct con- 

jugate and a conjugate cannot be synthesized, indirect methods have to be used. 
The simplest variation 1s to use a blotin-labeled antlbody as a “first layer,” and 
then after washing the cells, incubate with fluorochrome-labeled streptavidm, 
and additional directly labeled antibodies labeled with complementary fluoro- 
chromes. The additional streptavidin step does not usually cause difficulty 

Primary antibodies originating in different species may be coanalyzed using 
fluorochrome-labeled species-specific anti-immunoglobulm reagents There 1s 
however considerable potential for crossreactivlty m such systems, particu- 
larly if the anti-lmmunoglobulin reagents are themselves from different spe- 
cies. Controls to check for crossreactions should be carefully designed. For 
example, with rat and mouse primary monoclonal antibodies (MAbs) labeling 
human lymphocytes, antimouse Ig may crossreact with rat Ig, the antlrat Ig 
antibody, or human Ig on the target lymphocytes; similar reactivities could 
occur with the an&at Ig reagent. Good-quality commercial reagents are now 
available, with some suppliers affinity-purifying and absorbing antl-lmmuno- 
globulin reagents to eliminate specified mterspecies crossreactlvlties. Careful 
choice of reagents may therefore avoid the problem. If crossreactlvlty 1s observed, 
it may be possible to achieve specific staining by using normal serum of the 
appropriate species to block cross-species binding 

If an unlabeled mouse MAb 1s to be used in conJunction with a labeled mouse 
monoclonal, one posslblllty is to seek monoclonals of differing lsotype with 
the desired specificity. In this way, an lsotype-specific anti-lmmunoglobulm 
conjugate (for example, anti-IgG2a-PE) could be used to stain the unlabeled 
IgG2a MAb, and the mouse antibody of different lsotype (e.g., IgGl-FITC) 
coincubated without crossreactivity. Careful controls should be performed to 
ensure the specificity of the anti-IgG2a-PE reagent for the appropriate mouse 
lsotype and lack of reactivity with the species of origin of the target cells 

In some cases, the choice of antibodies is very limited, and only a combina- 
tion of labeled and unlabeled antibodies of the same species and lsotype 1s 
available. In this case, the indirect staining with unlabeled mouse antibody 
followed by fluorochrome-labeled antimouse IgG has to be completed, followed 
by free binding sites for mouse IgG on the labeled cells blocked by addition of 
unlabeled mouse immunoglobulin Normal mouse serum will serve this pur- 
pose. The directly labeled mouse MAE, can then be added, and the stammg 
procedure completed. A protocol illustrating this approach is given m Section 
3.2., in which a cell suspension containing lymphoid and nonlymphold cells 
was stained with an antireceptor antibody and PE-conjugated antimouse IgG; 
lymphoid cells were then identified using FITC-labeled anti-CD45 antibody. 
Receptor expression on lymphoid and nonlymphoid cells could then be compared. 
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7.3. Multiparameter Now Cytometry 

Many of the considerations relating to measurement of expression of one 
fluorochrome (Chapter 33) also apply to multiparameter analysis. For example, 
forward angle scatter (FSC) and side scatter (SSC) are almost invariably used 
to restrict the analysis to a particular component of a mixture of cells The 
emphasis in multiparameter analysis is usually on identifying discrete subpopu- 
lations of cells, each of which is characterized by a specific combination of 
surface markers. The level of expression of a marker may contribute to this 
phenotype, but absolute measurement of antigen expression is usually a sec- 
ondary objective. These priorities dictate the almost exclusive use of logarith- 
mic amplification of the fluorescence signals in multifluorescence analysis, 
because the wide dynamic range and compression of high levels of fluores- 
cence into a single scale allow easy visualization of stained populations. 

The complexity of the data generated by multiparameter flow cytometric 
analysis means that the scatter and fluorescence measurements from mdlvidual 
cells are stored on the computer in the form of a list (list mode data). This 
means that the relationships between measurements on individual cells is pre- 
served, and these relationships can be explored by effectively rerunning the 
analysis on the computer. 

1.4. Identification of Positive Cells 

Distinguishing positive from negative cells is unequivocal with clearly 
stained populations. Where there is overlap between positive and negative cells, 
the situation is less clear (2). The best option may be to apply a more sensitive 
staining method (3), although the computer programs available for some flow 
cytometry systems are designed to model overlapping populations. If none of 
these options are possible, a cutoff point can be established with an appropriate 
control sample, which is then applied to determine the number of positive cells. 

2. Materials 
2.1. Solutions 

1. Dulbecco’s phosphate-buffered saline (PBS), made by dissolving buffer tablets 
(Oxoid Ltd , Basmgstoke, UK) in distilled water 

2. Nutrient culture medium, such as RPM1 1640. 
3. Bovine serum albumin ([BSA], 10% stock solution in distilled water) may be 

added to antibody diluent/wash medium to give a final concentration of 0 1% (w/v) 
4. Fetal bovine serum may be added to diluent/wash medium to give a final concen- 

tration of 2% (v/v). 
5. Sodium azide (10% stock solution in distilled water) may be added to media at a 

final concentration of 0 1% to reduce capping and internalization of surface- 
bound antibodies; it also inhibits microbial growth. Store at 4°C (see Note I). 
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6. Red cell lysing solutton (e.g., FACS Lysing Solution, Becton Dtckinson) (see Note 1) 
7. 2% Formaldehyde fixative solution, made by diluting 40% stock formaldehyde 

m PBS (see Note 1). 
8. Normal mouse serum to block nonspecific binding. 
9 Fluorochrome-labeled streptavidin 

2.2. Antibodies 
1 A very wide range of anttbodtes is now available unconmgated, btotm-conjugated 

or conjugated to FITC, PE, or red-hght-emitting fluorochromes, such as PerCP or 
PE-Cy5. These reagents are generally of high quahty, and are usually supplied at a 
concentration smtable for labeling lo6 cells with 10-20 pL of antibody 

2 Isotype-matched unconjugated, btotin-conjugated, or fluorochrome-labeled antt- 
bodies unreactive with mammahan cells are available as control reagents from 
many suppliers 

3. Fluorochrome-labeled anti-immunoglobulin antibody: labeled F(ab’);, fragments 
should be selected when studying target cells that express Fc receptors. 

3. Methods 

3.1. Direct lmmunofluorescence 
1. Carefully dtspense mto 5 pL tubes of each labeled antibody to give the experi- 

mental combinattons to be used Include tubes with negative control conjugates 
and CD45-FITC/CD14-PE mixture as a gate control, and each of the antibodies 
to be used smgly. To aid mittal adjustment of the flow cytometer, cells stained 
singly with a highly expressed marker, such as CDS, are valuable 

2. Add 25 pL of whole blood to each tube, and mtx carefully 
3. Incubate for 30 mm at 4°C m the dark. 
4. Add 1 mL of red cell lysmg solution to each tube. 
5. Incubate for 10 mm at room temperature. 
6. Centrifuge at 200g for 5 mm; decant supernatant and resuspend cells 
7. Add 1 mL of PBS containing 0.1% aztde, and repeat step 6. 
8 Repeat wash of step 7 once more. 
9. Add 500 pL of fixative, and mix carefully. Store at 4°C in the dark until analyzed. 

3.2. Multiple-Labeling Indirect lmmunofluorescence 
1. Prepare target cell suspension and dilute to 1 O6 cells/ml m RPM1 contammg 2% 

fetal calf serum. Use this medium as diluent, and wash medium throughout. 
2 Dispense 5 pL of unlabeled antireceptor antibody mto tubes. A suitable dilution 

of antibody to achieve saturation was used. Control tubes contained 5 pL of con- 
trol antibody at the same concentration. 

3. Add 100 pL of cell suspenston/tube, and mtx carefully 
4 Incubate for 30 mm at room temperature. 
5 Add 1 mL of medium, and centrifuge at 200g for 5 min; decant supernatant and 

resuspend cells 
6. Repeat wash step 5 twtce more 
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Fig. 1. Analysis of lysed whole blood stained with FITC-anti-CD45 and PE-anti- 
CD14. (A) Scatter analysis, showing the position of a gate to restrict the analysis to 
lymphocytes. (B) Gated fluorescence analysis, showing that over 98% of the gated 
cells are in quadrant 4 (44). Monocytes would appear in quadrant 2 (Q2) and 
nonleukocytes in quadrant 3 (Q3). With suboptimal cell preparations, the position of 
the lymphocyte scatter gate can be determined by “back-gating”; that is, examining 
the scatter distribution of cells gated by quadrant 4. 

7. Add 50 & of diluted antimouse IgG-PE conjugate (F[ab’]), PE reagent [Dako 
Ltd, High Wycombe, UK] can be diluted l/40). 

8. Incubate for 30 min at room temperature. 
9. Wash cells according to step 5 three times. 

10. Add 10 ILL l/10 diluted normal mouse serum. 
11. Incubate for 10 min. 
12. Without washing, add 5 pL of anti-CD45FITC antibody. 
13. Incubate for 20 min at room temperature. 
14. Wash cells according to step 5 three times. 
15. Resuspend cells in 500 pL of formaldehyde fixative. Store at 4°C in the dark 

before analysis. 

3.3. Flow Cytometry 

Analysis of samples of whole blood stained with directly labeled antibodies 
(Section 3.1.) will be used to illustrate cytometric analysis of multiple fluoro- 
chromes. 

3.3.1. Scatter Ga ting 

1. Analyze the FSC and SSC signals of a sample stained with CD45-FITC/CD 14-PE. 
2. Identify the lymphocyte population (Fig. 1 A), and set a gate to identify these cells. 
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3. Analyze the FITC (FLl) and PE (FL2) signals using logarithmic amplification. 
Ensure that the majority of the gated cells are positive for FITC and negative for 
PE (Ftg 1B). 

4 When subsequently recording data from cells, use the scatter gate as a “ltve gate” 
if your flow cytometer has this facility This ensures that most of the list mode 
data recorded relates to lymphocytes. 

5. During subsequent data analysts, gate the cells positive for CD45 and negative 
for CD14 onto the FSC vs SSC dot plot to refine the optimal position for the 
lymphocyte scatter gate. This method is known as “back-gatmg ” 

3.3.2. Analysis of Individual Nuorochromes 

1 Analyze a control sample (FITCIPEIPE-Cy5 control antibody mcubation) using 
the scatter gate to restrict the analysis to lymphocytes 

2 Plot FL1 against FSC, and adJUSt photomultiplier voltage to ensure cells are in 
the first quarter of the FL 1 scale 

3 Analyze a sample stained singly with an FITC-labeled antibody, for example, 
anti-CD8. 

4 Ensure that the posrtive cells are on scale on the FSC vs FL 1 dot plot 
5 Repeat steps l-4 for the FL2 channel, using PE-CD8 antibody 
6 Repeat steps 1-4 for the FL3 channel, using PE-CyS-CD8 antibody. 

3.3.3. Fluorescence Compensation (see Note 2) 

1 Analyze an FITC single-stained tube, such as FITC-CD8, scatter gatmg to restrict 
analysis to lymphocytes 

2. On the FL1 vs FL2 dot plot, adjust the FL 1 + FL2 compensation so that the FL l- 
positive cells, which mitially spill mto the FL2 scale (Fig. 2A), run horizontally 
(Fig 2C); overcompensation results in the samples exhibiting lower FL2 signals 
as FL1 increases (Fig. 2B). 

3. Analyze a PE single-stained tube, such as PE-CD8, using scatter gating to restrict 
the analysis to lymphocytes 

4. On the FL1 vs FL2 dot plot, adjust the FL2 + FL1 compensation to bring the 
cells that initially spill mto FL1 (Fig 2D) to run vertically (Fig 2E) 

5. On the FL3 vs FL2 dot plot, adjust the FL2 -+ FL3 compensation so that FL2 
does not spill into FL3 (Fig 2F). 

6. Analyze a PE-Cy5 single-stained tube, again using scatter gating. 
7 On the FL2 vs FL3 plot, adjust the FL3 + FL2 compensation to move the 

PE-CyS-stained cells from spilling into the FL2 scale (Fig. 2G), to run parallel to 
the FL3 scale (Fig 2H) 

8. On the FL1 vs FL3 plot, note that there should be no spillover of FL3 mto FL1 
(Fig. 21), similarly, there should be no spillover of FL 1 -stained cells mto the FL3 
scale (not shown) 

Note that any change m the photomultiplier voltages of the fluorescence chan- 
nels requires the compensation to be readjusted using the above procedure. 
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Fig. 2. Adjustment of fluorescence compensation. Lymphocytes stained with FITC- 
anti-CD8 (A-C), PE-anti-CD8 (D-F) and PECyS-anti-CD8 (G-I) were analyzed, to 
compensate FLI, FL2 and FL3, respectively. The effects of under- (A) and over- (B) 
compensation are illustrated. The compensation network is adjusted systematically to 
adjust for FL1 fluorescence in FL2, FL2 spilling into FL1 and FL3, and FL3 spilling 
into FL2. 

3.4. Three-Color Analysis 
Analysis of the CD4-positive lymphocytes in whole blood for their expres- 

sion of the CD45 isoforms RA and RO may be achieved as follows: 
1. Stain whole blood according to Section 3.1.) using negative control, CD45KD14 

gate control, and CD45RA-FITC/CD45RO-PEICD4-PE-Cy5 antibodies. 
2. Record list mode data, using the flow cytometer set up as in Section 3.3. 
3. Analyze CD45/CD14 gate control data, setting the lymphocyte gate by “back- 

gating” the CD45-positive CDlI-negative cells (Section 3.3.1.). 
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Fig. 3. Three-color analysis of peripheral blood lymphocytes for CD45RA, 
CD45R0, and CD4. Lymphocytes were stained with antibodies directly labeled with 
FITC, PE, and PECy5, respectively. The distribution of control labeled cells is shown 
in A and B, and labeled cells in C-F. The relationship between CD45RA and CD45RO 
in CD4-positive cells is shown in (F), which is gated for PECyS-positive cells. 

4. Analyze data from control antibody tube; determine cutoff for quadrant analysis 
(Fig. 3A,B). 

5. Analyze data from CD45RA/RO/CD4&ained cells. The relationship between 
CD4 and CD45RA (Fig. 3D) and CD4 and CD45RO (Fig. 3E) can be examined 
in the FL3 vs FL1 and FL3 vs FL2 plots, respectively. By adding a gate on CD4- 
positive cells, the relationship between CD45RA and CD45RO among CD4-posi- 
tive cells can be visualized (Fig. 3F), and compared with ungated cells (Fig. 3C). 

4. Notes 
1. The notes to Chapter 33 apply to the similar techniques in this chapter. 
2. Fluorescence compensation for FITC/PE analysis of lymphocytes may also be 

performed using Autocomp beads (Becton Dickinson). Refinement of this adjust- 
ment will be necessary if target cells other than lymphocytes are analyzed. 
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Flow Cytometric Methods 
of Analyzing Apoptotic Cells 

Anne E. Milner, J. Michaela Levens, and Christopher D. Gregory 

1. Introduction 
Apoptosis IS a physiological, programmed mode of cell death, which is nec- 

essary for tissue modeling and organogenesis in embryomc development and 
m the control of homeostasts m a diversity of tissue types (I). The dtstmct 
morphological features of apoptosis clearly drstmgutsh tt from the passive 
mode of cell death, necrosis, which IS an unprogrammed response to toxic 
stimuli. The diagnosis of apoptosis relies on detection of these morphological 
changes, i.e., condensation and fragmentation of chromatm, cell shrinkage 
associated with cytoplasmlc condensation, and retention of cell membrane 
integrity. These changes may be accompanied by the fragmentation of the cell 
mto membrane-bound apoptotrc bodies containing cytoplasmrc organelles, 
nuclear components, or both (2). Classical methods of diagnosing apoptosis 
mclude light and electron microscopy m which the above morphologmal 
changes can be visualized, and internucleosomal DNA fragmentation assays m 
which the fragmentation of DNA can be seen after gel electrophorests as a 
ladder pattern representing the generation of multtple oligonucleosomal frag- 
ments. The widespread use of m vitro systems for studying cell death has led 
many researchers to turn to flow cytometry as an alternative to the classic meth- 
ods of analyzing apoptosis, since it offers the advantages of rapid analysis of 
individual cells, low cell number requirement, and the opportunity for slmulta- 
neous measurement of several cellular parameters. 

Four methods of quantitating apoptosts by flow cytometry are described m 
this chapter. The two-dimensional light scatter assay measures the reduction m 
cellular volume and increase in cell density that are observed during apoptosls 
and that are revealed by a decrease in forward light scatter and an increase in 
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90’ hght scatter (j-5) The subdiploid DNA peak assay and the multiparam- 
eter light scatter and DNA assay analyze the condensation and fragmentation 
of chromatin that occur during apoptosis by detecting changes in the fluores- 
cence emitted by the DNA binding fluorochrome, propidmm iodide. This is a 
widely used method that has been utilized to assess apoptosis in many different 
cell types (6-9) The in situ end-labeling assay is based on the visualization 
of the DNA strand breaks that accompany apoptosis. A variety of cell types 
stained with fluorescem isothiocyanate (FITC)-conjugated 2’-deoxyuridme- 
S-triphosphate (dUTP) display an increase in FITC-generated fluorescence 
after induction of apoptosis in a manner that correlates with the onset of 
apoptosis (IO, II). 

On a final note of caution, however, it should be stressed that no flow 
cytometric technique is yet able to diagnose apoptotic cells, and in all cases, if 
necrotic cells are present, they will cause inaccuracies in the results Therefore, 
prior to flow cytometric analysis of apoptosis, diagnosis should be confirmed 
by light microscopy. 

2. Materials 

1. Phosphate-buffered saline (PBS). pH 7.4, 100 mMNaC1, 20 mMNaH2P0,, 
X0 m&Y Na,HPO,. 

2. 1% Formaldehyde solution in PBS. Store at 4°C. 
3 1% Paraformaldehyde, 0.1% Triton-X 100 solution m PBS. Store at 4’C. 
4. Propidium iodide solution: Dissolve 10 mg of propidium iodide (Sigma, Aldrich, 

Dorset, UK) m 10 mL distilled water Store at 4’C in the dark. 
5 70% Ethanol: Store at -20°C 
6 Tris-buffered saline (TBS): 50 mMTris. Adjust pH to 7.6 with concentrated HCl, 

and then add 150 mMNaC1. Store at 4°C 
7. Standard salme citrate (SSC), 20X concentration. 263 mA4 trisodmm citrate, 

3 08MNaCl. 
8. Terminal deoxynucleotidyl transferase (TdT) buffer, 5X concentration: 500 mM 

sodium cacodylate, 10 Wcobalt chloride, 1 mA4dithlothrenol Add water to the 
Sodmm cacodylate, cool to 0°C on ice, add dithiothreitol, and then cobalt chlo- 
ride dropwise, stnrmg continuously. Store in aliquots at -20°C 

9. Reaction mixture. For each reaction make up 80 pL of water, 20 @., of 5X con- 
centration TdT buffer, 0 2 pL of 1 mM digoxigenm-1 l-dUTP (Boehrmger 
Mannhelm, Lewes, UK), and 10 U of TdT. Make up enough for all reactions then 
aliquot. Use immediately. 

10. Staining buffer (100 mL): 10% Triton-X 100 (1 mL), 20X concentration SCC 
(20 mL), water (79 mL). Store at 4°C 

11. Freeze-dried nonfat milk (e.g., “Marvel,” Premier Beverages, Stafford, UK). 
12. Labeling mixture: For each reaction, make up 250 pL stammg buffer, 0 1 pg 

antidigitoxin-FITC conjugated antibody (Boehrmger Mannhelm). Use immediately. 
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Fig. 1. Two-dimensional light scatter assay. Burkitt lymphoma cells induced 
into apoptosis by incubation with a MAb against IgM were assayed for forward 
light scatter (FSC) and 90” light scatter (SSC). Region 1, viable cells; Region 2, 
apoptotic cells. 

3. Methods 
3.1. Two-Dimensional Light Scatter Assay 

1. Aliquot 5 x lo5 cells in suspension into FACS tubes and centrifuge at 15Og for 5 
min. Discard the supernatant (see Note 1). 

2. Resuspend the cells in 300 pL of 1% formaldehyde in PBS, and store at 4OC until 
analysis (see Notes 2-4). 

3. Analyze with a flow cytometer set to any wavelength. Record the light scattered 
in a forward direction and at 90”. 

4. Display a two-dimensional dot plot of forward vs 90” scattered light and draw 
gates around the live cells (high forward scatter, low 90” scatter) and 
apoptotic population (low forward scatter, high 90” scatter) as in Fig. 1 (see 
Notes 5 and 6). 

3.2. Subdiploid DNA Peak Assay (see Notes 7 and 8) 

1. Aliquot 5 x lo5 cells in suspension into FACS tubes, and centrifuge at 15Og for 
5 min. Discard the supernatant (see Note 1). 

2. Resuspend cells in 0.5 mL of 1% paraformaldehyde, 0.1% T&on-X 100 in PBS, 
and store at 4°C until analysis (see Note 9). 

3. Add propidium iodide to a final concentration of 20 pg/mL. Mix well, and stand 
at 4°C for 30 min in order to allow the dye to equilibrate (see Note 10). 

4. Analyze with a flow cytometer with an argon-ion laser tuned to 488 nm. Record 
the light emitted into the red fluorescence photomultiplier tube (PMT) using a 
620~run long pass filter in front of the PMT. 

5. Display a histogram of red fluorescence and set a gate around the subdiploid 
peak (see Fig. 2). 
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Fig. 2. Subdiploid DNA peak assay. Burkitt lymphoma cells were analyzed for cell 
cycle 24 h after irradiation with 4 Gy. Control cells (A) show a cycling population with 
the Cl, S, and G2M phases clearly visible. Irradiated cells (B) have an additional peak 
with decreased fluorescence (the subdiploid peak [SD]) representing apoptotic cells. 

3.3. Multiparameter Light Scatter and DNA Assay 
1. Aliquot 5 x 1 O5 cells in suspension into FACS tubes, and centrifuge at 15Og for 

5 min. Discard the supernatant (see Note 1). 
2. Resuspend the cells in 0.5 mL of 1% paraformaldehyde, 0.1% Triton-X 100 in 

PBS, and store at 4°C until analysis (see Note 9). 
3. Add propidium iodide to a final concentration of 20 pg/mL. Mix well, and stand 

at 4°C for 30 min in order to allow the dye to equilibrate (see Note 10). 
4. Analyze with a flow cytometer with an argon-ion laser tuned to 488 nm. Record 

the light scattered in the forward direction and into the red fluorescence PMT 
(using a 620-nm long pass filter in front of the PMT). 

5. Display a two-dimensional dot plot of forward light scatter vs red fluorescence and 
set a gate around the apoptotic population (decreased red fluorescence) as in Fig. 3. 

3.4. In Situ End-Labeling Assay (see Note 17) 

1. Aliquot 1 x lo6 cells in suspension into FACS tubes and centrifuge at 13Og for 
5 min. Discard the supernatant, resuspend the cells in 100 pL ice-cold PBS, and 
mix in 1 mL of 1% formaldehyde in PBS (see Notes 1 and 12). 

2. Incubate on ice for 15 min. Centrifuge at 17Og for 5 min. Discard the supernatant, 
and resuspend in 1 mL ice-cold PBS. Centrifuge at 1708 for 5 min. Discard the 
supernatant. 

3. Resuspend the cells in 100 pL of ice-cold PBS, and mix in 1 mL 70% ethanol at 
-20°C. Either incubate on ice for 1 h or store at 4°C until needed. 

4. Centrifuge at 170g for 10 min. Discard the supernatant, and resuspend in 100 pL 
of TBS (see Note 13). Centrifuge at 17Og for 5 min. Discard the supernatant. 
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Fig. 3. Multiparameter light scatter and DNA assay. Burkitt lymphoma cells 
induced into apoptosis by irradiation with 4 Gy were analyzed for forward light scatter 
(FSC) and propidium iodide fluorescence (FL2). Region 1, viable cells; Region 2, 
apoptotic cells. 

5. Resuspend the cells in 100 pL of reaction mixture. Incubate at 37°C for 35 min. 
Remove and place on ice for 3 min. Centrifuge at 170g for 5 min. Discard the 
supernatant. 

6. Resuspend the cells in 500 pL staining buffer + 5% (w/v) Marvel. Centrifuge at 
17Og for 5 min. Discard the supernatant. 

7. Resuspend the cells in 250 pL labeling mixture. Incubate for 35 min at 37°C. 
Centrifuge at 17Og for 5 min. Discard the supernatant. 

8. Resuspend the cells in 0.5 mL of 1% formaldehyde in PBS. Store at 4°C until use. 
9. Analyze with a flow cytometer with an argon laser tuned to 488 nm. Record the 

light scattered in the forward direction and into the green fluorescence PMT (using 
a 520 nm band pass filter in front of the PMT). 

10. Display a two-dimensional dot plot of forward light scatter vs green fluorescence, 
and set a gate around the viable population (negative fluorescence) and apoptotic 
population (positive fluorescence) as shown in Fig. 4. 

4. Notes 
4.7. All Methods 

1. For all methods samples must be in a single cell suspension before analysis. Large 
clumps of cells or debris will block the nozzle of the flow cytometer and prevent 
analysis. Small clumps of cells will give inaccuracies in the results. 

4.2. Two-Dimensional Light Scatter Assay 
2. The two-dimensional light scatter assay can be equally well carried out on 

viable cells. 
3. Fixation of cells in 1% formaldehyde in PBS will change their light scatter char- 

acteristics slightly. Therefore, when comparing samples over a time-course, it is 
important that all samples should be fixed for at least 24 h before analysis. 
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Fig. 4. In situ end-labeling. Forward light scatter (FSC) vs FITC fluorescence (FLl) 
of (A) viable and (B) apoptotic Burkitt lymphoma cells. Cells were induced into apo- 
ptosis by incubation with the calcium ionophore, ionomycin. Region 1, viable cells; 
Region 2, apoptotic cells. 

4. Samples fixed in 1% formaldehyde in PBS can be kept for at least 2 wk at 4’C. 
5. We have observed in our cell systems, when comparing the two-dimensional 

light scatter assay with light microscopy of a&dine orange-stained cells, that at 
early time-points (~12 h), the flow cytometric method gives an underestimate of 
the percentage of apoptosis present. For time-points later than this, the light scat- 
ter assay is very accurate. 

6. To ensure that the changes in light scatter that occur in apoptotic cells are not 
masked by the light scatter profiles from a second cell type, the two-dimensional 
light scatter method tends to be limited to populations that, in their viable state, 
show little size variation and consist predominantly of a single cell type. 

4.3. Subdiploid DNA Peak Assay 
and Multiparameter Light Scatter and DNA Assay 

7. The main limitation of the subdiploid DNA peak assay is that it cannot be used 
accurately on a cycling population, since the fluorescence from apoptotic S and 
G2M cells overlays the fluorescence from viable G 1 cells. However, this limita- 
tion can be largely overcome by the use of the multiparameter light scatter and 
DNA assay. 

8. Another important limitation to be aware of is that the induction of apoptosis in a 
population of cells will not always result in a clearly distinct subdiploid peak 
(12). We have seen this particularly when apoptosis is induced in Burkitt lym- 
phoma cells by serum deprivation. After approx 2 wk, all cells are apoptotic as 
can be clearly seen by the two-dimensional light scatter assay and confirmed by 
microscopic analysis of acridine orange-stained cells, but the cell-cycle profile 
gives the appearance of a mainly viable population (Fig. 5). 
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Fig. 5. Comparison of two-dimensional light scatter assay with subdiploid DNA 
peak assay. Burkitt lymphoma cells were serum-deprived for 14 d and then assayed 
for (A) forward light scatter (FSC) versus 90” light scatter (SSC) or (B) cell cycle. 
Note that although all the cells are clearly apoptotic as shown by the light scatter 
assay, there is only a small subdiploid peak (SD) present in the cell-cycle analysis, 
demonstrating that in this case, cell-cycle analysis alone would grossly underestimate 
the extent of apoptosis present in the cell population. 

9. When making up the cell-cycle fixative, add 1% paraformaldehyde to the PBS 
first, and warm the solution to allow it to dissolve (this may take some time). 
Finally, add 0.1% Triton-X 100. 

10. The subdiploid DNA peak assay can be used in conjunction with staining for 
surface/cytoplasmic antigens with an FITC-labeled antibody, but when doing this, 
it is advisable to decrease the propidium iodide concentration from 20 to 5 pg/mL 
to minimize quenching of FITC by propidium iodide. 

4.4. In Situ End-Labeling Assay 
11. The nick translation method can be used in conjunction with cell-cycle analysis 

to determine which phases of the cell-cycle the apoptotic cells are in. To do this, 
add 5 pg/mL propidium iodide to the samples 30 min prior to analysis. 

12. Include one sample of viable cells to assay as a negative control. 
13. TBS is used instead of PBS, since phosphate chelates the cobalt in the TdT buffer. 
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Flow Cytometric Detection 
of Proliferation-Associated Antigens, 
PCNA and Ki-67 

George D. Wilson 

1. Introduction 
The rapid evolutron of monoclonal antibody (MAb) technology has resulted 

in an ever-growing repertoire of protems becoming accessible for study usmg 
tmmunohistochemtcal techniques. Nuclear antigens represent a class of pro- 
teins of increasing significance and diversity; they are intimately associated 
with important cellular functrons, such as cell-cycle regulation and DNA repli- 
cation and repair, The control of growth of any tissue is a complex series of 
coordinated mechanisms. Deregulation of this control 1s a fundamental feature 
of most common neoplasms. Knowledge of prohferattve activity m human 
tumors should give important information for evaluating both blologlcal 
behavior and potential treatment strategies. 

Many proliferation-associated antigens have been reported as clmically use- 
ful indicators of proliferative activity (I). Of these, the so-called proliferating 
cell nuclear antigen (PCNA) and Ki-67 have been identified as the most useful 
in both immunohistochemistry (see Chapter 27) and flow cytometry (FCM). 
PCNA IS an auxiliary protem to DNA polymerase 6 (2,3) and is intimately 
associated with DNA replicatton, but also DNA repair (4,5). KI-67 IS a large 
protein associated with nuclear nonhistone proteins (o,7), and IS expressed in 
all actively proliferating cells (8,9). Expression of these two proteins, in a cell 
populatron should equate to the growth fractton, i.e., the proportion of cells 
mvolved m an active cell cycle. However, there are apparent inconsistencies 
when these two proteins have been compared with one another (IO) and with 
other methods of assessing cell proliferation (II). 
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Although FCM offers the attractive posslbillty of simultaneously studying 
the cell-cycle distribution and coexpression of prollferatlon-associated anti- 
gens, the nuclear localizatton of these proteins represents a s1gnlficant chal- 
lenge for the cytometric technique, because unlike the detection of surface 
antigens, for which antibody access and saturation of binding sites can be 
achieved relatively easily, the cellular and nuclear membrane barriers to 
both antibodies and fluorochromes must be overcome in order to detect nuclear 
antigens. This must be achieved with minimum disruption of the antigen of 
interest and maximal sensitivity. Furthermore, these potential problems may 
be compounded by the existence of regions of hydrophobicity within the 
nucleus, alteration of the protein conformation by permeab1lization and the 
occurrence of some nuclear antigens as multiprotein complexes. 

Both K1-67 and PCNA show variability 1n their localization throughout the 
cell cycle. In the Gl phase, Ki-67 is predominantly localrzed to the pertnuclear 
region, whereas in later stages of the cell cycle, 1t 1s detected throughout the 
nuclear interior, but mainly 1n the nuclear matrix. During mitosis, K1-67 is 
present on all chromosomes, but undergoes rapid degradation during anaphase 
and telophase, suggesting that it has a biological half-life of <l h. Early studies 
of immunohistochemical detection of the protein were only successful on fro- 
zen sections, and it was suggested that the epitope for K1-67 may be fragile or 
labile. However, this was not found to be a problem for flow cytometric detec- 
t1on, which employed acetone or alcohol fixation. Study of the reactivity of 
antibodIes raised against recombinant Ki-67 (12) suggested that these earlier 
dlscrepancles were more associated with epitope access rather than fragility. In 
comparison to K1-67, PCNA has a long biological half-life (approx 30 h), how- 
ever, it is known to exist m at least two forms, one that is loosely bound in the 
nucleoplasm and one that is tightly bound at sites of DNA replication or repair. 
These latter characteristics are an important consideration in the choice of 
antigen-detection method and interpretation of the data obtained. 

A fundamental prerequisite for detection of intranuclear antigens by FCM is 
fixation and/or permeab111zat1on to facilitate access of antibodIes to their 
ep1topes. Since most studtes wtll be carried out in conJunct1on with DNA stain- 
ing, the preparation and staining procedures must meet the following criteria: 

1. Minimal cellular clumping and loss of morphology (for intact cells). 
2. High resolution of the DNA profile 
3. Accessibility and preservanon of the nuclear epitope to produce well-defined 

nnmunofluorescent stainmg patterns with minimal autofluorescence 
4. Relatively quick and simple preparanve procedures. 

As with all biological systems, there IS no universal method able to satisfy 
all these criteria for different proteins, antibodies, and source material. Fixa- 
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Fig. 1. Scheme showing the basic strategies available for the detection of nuclear 
antigens by flow cytometry. PF, paraformaldehyde; EtOH, ethanol; MeOH, methanol. 

tion can affect antigens through epitope destruction, loss or leaching, masking, 
and redistribution. Destruction may occur when the epitope depends on sec- 
ondary protein structure or as a result of the action of proteolytic enzymes or 
from formation of the Schiff base by interaction of aldehydes and peptidyl 
primary amine groups within the epitope. Loss can occur by extraction using 
alcoholic fixation or leaching by changing the chemical environment within 
the cell using permeabilizing agents. Epitope recognition can be affected by 
protein unfolding and loss of tertiary structure. 

The starting point for most studies will be the intact cell, either from cell 
cultures or dissociated by mechanical or enzymatic methods from experimen- 
tal or human tissues and tumors. Figure 1 summarizes some of the basic strat- 
egies that can be used to detect nuclear antigens. This chapter will describe 
three protocols for detection of PCNA and G-67: a simple method involving 
combined fixation and permeabilization by methanol, and two methods of 
detergent permeabilization that have been optimized for specific applications. 

2. Materials 
1. Methanol (high-purity): absolute and 70% (v/v). 
2. Phosphate-buffered saline (PBS) pH 7.5: 0.14M NaCl, 2.7 II-&I KCl, 1.5 mM 

KH2P04, 8.1 mM Na,HP04. 
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3. Lysmg solution 1: (0.25% [v/v] Nomdet P-40 (NP40), 0 33 mA4 CaCI, calcium 
chlorrde, 0 25M sucrose) Drssolve sucrose completely before adding calcmm 
chlorrde, and add NP40 last 

4 Lysmg solutron 2, PBS containing 0 5% (v/v) Trrton X-100, 0 5 pA4 drsodmm 
EDTA, and 1% (w/v) bovine serum albumin (BSA) 

5. Antibody stammg buffer PBS contammg 0 5% (v/v) Tween-20 and erther 1% 
(w/v) BSA (for drrect antibody conjugates), or 0 5% (v/v) normal goat serum 
when a second antibody IS used. 

6 Proprdmm iodide 
7 Rrbonuclease A 
8 MAb to PCNA and Kr-67 with the appropriate rsotypic antibody controls-sec- 

ondary antibodres rf a two step stammg IS required 

3. Methods 

3.7. Fixation with Organic Solvents 

Despite the harshness of these reagents (see Note l), the organic solvents 
are the simplest and most rapid method to fix and permeabllize cells. Methanol 
is preferable to ethanol m many cases. The basic fixation procedure outlined 
below 1s suitable for the detection of total PCNA wtthm the cell and for Ki-67 
in most cells. 

1. Resuspend a concentrated cell pellet ( lo6 cells) in 200 p.L of PBS. 
2 Frxatron is best achieved by adding 2 mL of 100% methanol, precooled to-20”C, 

dropwise while contmually vortexmg. Fixation IS allowed to proceed for 10 mm 
at -2O’C. 

3 For storage, prior to staining, the solutron IS diluted to 70% with distilled water, 
and stored at 4°C (see Note 2) 

3.2. Permeabilization with NP40 

Alcohol fixation does not permit detection of tightly bound PCNA. 
Permeabihzatlon, which results in enucleatlon, using detergents (see Note 3) IS 
required to achieve the best results. The method described below has been 
optimized for PCNA (13) 

1 Alrquot l-2 x lo6 cells mto a lo-mL polystyrene conical bottom tube 
2 Centrifuge at 200g for 5 min at 4°C 
3. Wash m 5 mL of me-cold PBS, and centrifuge agam at 200g for 5 min at 4°C. 
4 Resuspend pellet m 2 mL of me-cold lysmg solution 1, mix thoroughly, and leave 

for 10 mm on ice. 
5. Add 5 mL cold PBS, and centrifuge at 200g for 5 mm at 4°C 
6 Resuspend pellet m 200 pL of cold PBS (see Note 4), add 3.5 mL of 100% metha- 

nol (cooled to -2O”Q and fix for 10 mm at -20°C 
7 Add 1 3 mL of drstrlled water to give a final methanol concentratron of 70%, and 

store at 4°C (see Note 2) prior to staining 
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3.3. Permeabilization with Triton X-100. 

This procedure is suitable for both G-67 and tightly bound PCNA. This 
procedure can be used to stain PCNA, G-67, and DNA content simultaneously 
(see Note 5). 

1. Ahquot l-2 x lo6 cells mto a lo-mL polystyrene comcal bottom tube. 
2. Centrifuge at 200g for 5 mm at 4°C. 
3 Wash m 5 mL ice-cold PBS, and centrifuge at 200g for 5 mm at 4°C 
4 Add 2 mL of lysmg solutton 2, thoroughly mix, and leave to stand on ice for 15 mm. 
5. Add 5 mL PBS, and centrtfuge at 2008 for 5 mm. 
6. Resuspend pellet m 200 $ of PBS, and fix as in steps 6 and 7 of previous protocol 

(see Note 6). 

3.4. lmmunochemical Staining 

Directly conjugated MAbs can be used to detect PCNA and G-67, since 
these proteins are present m the nucleus at relatively high levels. 

1. Centrifuge cells or nuclei out of fixative at 400g for 5 mm 
2. Wash once with 5 mL of PBS, and centrifuge agam at 4008 for 5 mm 
3. Resuspend pellet m 90 pL of antibody staining buffer containing BSA (Section 

2 ), and add 10 pL (see Note 7) of MAb The recommended anttbodtes are PCIO- 
FITC (DAK0 F863) and Ki-67-FITC (DAK0 F788). The appropriate directly 
conjugated isotypic control antisera are also available from DAK0 The suspen- 
sions are Incubated for l-2 h at room temperature and protected from light 

4. Add 5 mL of PBS, and centrifuge at 400g for 5 mm 
5. Resuspend in 1 mL of PBS containmg 10 pg/mL of proprdmm iodide and 1 mg/mL 

of Rtbonuclease A Analyze on the flow cytometer after 15 mm 

3.5. Cytometric Analysis 

The procedure described below is based on the use of a FACScan (Becton 
Dtckinson) usmg LYSYS II software with doublet discrrmmation 

DNA fluorescence (propidmm iodide) IS collected mto FL3, doublets, and so 
forth, excluded by gatmg on the area vs width dot plot. As a guidelme, the FL3 
voltage should be -400 
The antibody signals are collected mto FL1 using either linear or log amplrfica- 
non, dependmg on the intensity of the srgnal. No compensation should be required 
if the DNA signal is collected into FL3. 
As with most FCM, 10,000 events should be recorded. 
Examples of typical stainmg patterns are shown in Fig 2 These profiles are ana- 
lyzed for posttivity by setting a lower limit of detection based on the tsotypic 
control sample In our laboratory, we would normally set a region on the control 
that includes ~1% of positive events and transpose this region to the MAb-stamed 
samples. 
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Fig. 2. Typical flow cytometry profiles obtained in HT29 cells for (A) total PCNA 
detection using methanol fixation, (B) IQ-67 expression using methanol fixation, (C) 
demonstration of tightly bound PCNA using NP-40 extraction, and (D) simultaneous 
staining of tightly bound PCNA and Ki-67 using Triton X- 100 extraction. In D, PCNA 
was detected using PClO-FITC, whereas Ki-67 was labeled using a phycoerythrin- 
conjugated second antibody. 

3.6. Cyfome tric Profiles 

Figure 2 shows a series of profiles obtained in HT29 human colon carci- 
noma cells using the described staining protocols. In panels A and B, Ki-67 
and total PCNA profiles are shown, respectively, after methanol fixation of 
intact cells. In panel A, Ki-67 expression shows a steady increase throughout 
S phase and is greatest in G2 + M. In Gl , there would appear to be a population 
with slightly higher Ki-67, which may represent recently divided cells; the 
Ki-67 level then decreases as cells progress through Gl in preparation for 
S-phase. In this cell line, there are no cells in GO: studies using solid tumors 
and stimulated peripheral blood lymphocytes show universal lack of Ki-67 in 
noncycling cells. In panel B, there is a similar but different expression of total 
PCNA throughout the cell cycle. There appears to be a much more uniform 
increase in expression as cells progress from Gl to mitosis without the varia- 
tion in Cl and G2 + M observed for Ki-67. Although PCNA is synthesized 
during late Gl and S-phase, it is present throughout the cell cycle owing to its 
long half-life. This characteristic might also result in apparent expression in 



PCNA and Ki-67 361 

cells that recently have left the cell cycle. There is also evidence of PCNA 
expression, m the absence of cell proliferation, in response to growth factors 
(Ill). These properties and the involvement of PCNA in other cellular pro- 
cesses make it a less robust marker of growth fraction than Ki-67. 

In panel C, the NP40 detergent extraction procedure has been used to dem- 
onstrate tightly bound PCNA. The profile resembles that obtained by pulse- 
labeling with a DNA precursor, such as bromodeoxyuridme, in which the 
S-phase cells have been highlighted by their expression of PCNA at replica- 
tion sites. This staining technique should provide better functional information 
concerning the S-phase fraction than single-parameter DNA staming. This 
method has been used to detect nucleotide excision repair (25). 

The combination of PCNA and Ki-67 staining using a Triton X- 100 detergent 
extraction 1s shown in panel D. This profile is similar to that which has been 
obtained using an autoantibody to PCNA and a monoclonal to Ki-67 as described 
in ref. 16. This double-staining technique has many advantages: The combma- 
tion of the two markers allows the investigator to exploit the ability of Ki-67 to 
discrimmate GO from Gl, early Gl from late Gl and G2 and mitosis, whereas 
PCNA provides the discrimination of S-phase cells. This technique has been 
used (2 7) to show that newly recruited cells into the cycle do not express Ki-67 
until the end of Gl and IS a potentially useful method to study recruitment and 
repopulatron of cells in response to DNA damaging agents. 

4. Notes 

1 Alcoholic fixatives, such as methanol, ethanol, and acetone, m the concentration 
range 50-l OO%, simultaneously fix and permeabrlize cells by dehydration, lipid 
extractton, and protein precipitation. Cells tend to shrmk, whrch can rmpan their 
light-scattering characteristics on the flow cytometer Two potential problems 
can occur. first, detection of many surface antigens may be impan-ed, and second, 
cells are prone to clumpmg. The latter can usually be overcome using the 
protocol described by keepmg the volume of resuspended cells small, adding 
fixatrve dropwrse with constant vortexmg, and keeping everything cold. Alcohols 
are usually inefficient below 50%. 

2. After tixatron, it is usually best to stain and run the samples as soon as possible, 
and certainly withm a few days, since there IS evrdence to suggest that some 
proteins are susceptible to degradation in longer-term storage. With the enucleated 
samples, there is a tendency for further clumping to occur in storage. 

3. The detergents NP-40 and Triton X-100 are nomomc, strong membrane sol- 
ubilizers. Cell membranes become highly permeable to protems, and this has 
the effect of reducing light scatter and refractive index In order to prevent 
extreme solubrlization of cellular membranes and the possibtlity of total cell lysls, 
the concentration of detergent is restricted to the range O.Ol-OS% (v/v) and usu- 
ally incubated for short times at low temperature. In some case, the addition of 
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mild membrane agents, such as saponm, Tween-20, lysoleclthin, or streptol- 
ysm 0 can aid the detection of nuclear proteins 

4 This step is partmularly prone to clumping, and syringmg may be requtred 
5. The protocol outlined m this section uses permeabtlrzatton followed by fixation. 

Several techmques have been developed for the staining of Kt-67 and PCNA A 
partrcularly useful method if cell numbers are hmttmg IS that described m ref. 18, 
where a washless, unfixed stammg can be achieved 

6. A precipitation sometimes forms at this stage owing to the presence of alcohol 
and BSA, but this does not affect subsequent staining. 

7 When using directly conmgated antibodies, the dtlutton should be as recom- 
mended by the supplier Overdtlutton will result in loss of signal and posttivtty. 
If nonconJugated MAbs are used, then the appropriate concentration should be 
optimized from a dtlutton curve In our experience, a dtlutton of 1:50 is suitable 
for both antrbodies. 
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Sorting of Human Peripheral Blood T-Cell Subsets 
Using lmmunomagnetic Beads 

Eddie C. Y. Wang 

1. Introduction 
Immunomagnetic beads are uniform, polymer particles coated with a poly- 

styrene shell that provides both a smooth, hydrophobic surface to facilitate 
absorption of molecules, such as antibodies, and surface hydroxyl groups that 
allow covalent chemical binding of other bioreactive molecules, such as 
streptavidm, lectins, and peptides. Iron (III) oxide (Fe203) deposited in the 
core gives the beads superparamagnetic properties that lead to consistent and 
reproducible reactions to a magnetic field without permanent magnetization of 
the particles. These are the two qualities on which immunomagnetic separation 
(IMS) depends. 

IMS is a fast, simple method for separating a range of targets, and princi- 
pally mvolves the removal of an indirectly magnetized target by a permanent 
magnet. “Magnetization” is achieved using beads coated with a target-specific, 
bioreactive molecule, and removal occurs by the application of a neodynium- 
iron boron or similar magnet. With respect to cell-sorting, “target-specific, 
bioreactive molecules” consist of monoclonal antibodies (MAbs) specific to 
certain cell subsets. Thus, OKT8 and OKT4 (used in this chapter) are mouse 
antihuman MAbs to the T-cell markers CD8 and CD4 that target the cyto- 
toxic/suppressor and helper T-cell subsets, respectively. 

Although this chapter will only discuss IMS in relation to cell-sorting, this 
approach has also been adapted for DNA sequencing (I), purifkatron of DYiA 
binding proteins (2), immobilization and isolation of nucleic acids (3), trssue- 
typing (43,) quantification of lymphocyte subsets directly from blood (6), bone 
marrow T-cell depletion (7), depletion of malignant neuroblastoma cells from 
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bone marrow (8,9), and the selective enrtchment of microorganisms (IO,1 I) 
and other cell types, such as Langerhans cells (121, antigen-specific B-cells 
(13), endothehal cells (14), villous trophoblast (15), reticulocytes (16), osteo- 
clasts (17), epithehal cells (18), megakaryocytes (19), or anterior pituitary cells 
(20). IMS IS, therefore, a highly versatile procedure. 

The advantages of this technique over other separation methods can be sum- 
marized as follows. 

1. The procedure IS very rapid 
2 Beads are easy to work with under sterile conditions. 
3 The procedure is cheaper than fluorescence-activated cell-sorting (FACS) 
4 The magnetic particles, once coated, may be stored for at least several months 

at 4°C. 
5 Both positive and negative selection of cells can be achteved 
6. Unlike FACS, cell vtablhty can be measured durmg the separatton procedure 

using ethtdium bromtde and acrtdme orange 
7 The method can be used m large-scale tsolations. 

There are two major disadvantages: first, isolation of subsets defined by 
more than one cell-surface marker is difficult to achieve with mnnunomagnetic 
beads and requires two positive selection steps. In these circumstances, although 
FACS is more expensive and is performed on a smaller scale, the ability to 
define markers with different fluorescent dyes allows a one-step procedure that 
gives rise to very high-purity isolations. Second, the full effects of having poly- 
mer beads m close association with cells is still unknown, and isolation still 
mvolves the use of MAb, which may trigger functional changes m target cells. 
IMS has enormous potential, but understanding of bead-cell interactions is 
currently limited. A related product that uses the same principles as IMS, but 
employs smaller beads and magnetic columns for separation, IS the magnetic 
cell-sorting (MACS) system from Miltenyi Biotec Inc. (Auburn, CA), details 
of which are given m Note 1. That method is not discussed here, but its use for 
posittve selection warrants serious consideration 

IMS consists of the following steps: 

1. Preparatton of beads. 
2. Preparation of cells for use with erther unmunomagnetrc beads preconjugated 

with MAbs or rmmunomagnetlc beads coated with antimouse IgG anttbodtes 
3 Irnmunomagnet~c separation. 

Ideal conditions for cell separation using immunomagnetic beads differ for 
the cell types and antibodies employed, and can only be identified by experi- 
mentation. This chapter gives sample protocols for isolatmg subsets of human 
peripheral blood T-cells and discusses techmcal points that may be of wader 
relevance to cell separation by this approach. 
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2. Materials 

1. 

2 

8. 
9 

10. 

Immunomagnetic beads: Dynabeads M-450 coated with sheep antimouse IgG, 
sheep or rat antimouse IgG subclass (Fc-specific), or preconlugated with 
MAbs specific for CD4 and CD8 (available from Dynal, Wirral, Merseystde, 
UK) A broad range of other precomugated beads are now supplted by Dynal 
and are summarized m Note 2. They will remain stable for up to 1 yr when 
stored at 2-8’C Thiomersal (0 01% [w/v]), or sodium aztde (0.02% [w/v]) 1s 
used as preservative. Hazard warning: Both sodium aztde and thtomersal 
are irritants to the skm and eyes, and are toxic if inhaled or ingested. Handle 
with care. 
Phosphate-buffered salme (PBS), pH 7.4. 8.0 g of NaCI, 0.2 g of KH2P04, 
2.9 g of NazHP04 12H20, 0.2 g of KCl, and 0.2 g of NaN, Make up to 1 L 
with sterile, distilled water. Alternatively, PBS tablets can be obtained from 
Sigma or Oxotd, Umpath Ltd , Basmgstoke, UK Each tablet IS dtssolved m a 
known volume (as recommended by suppliers) of sterile, distilled water. Store 
at room temperature. 
PBS/BSA* PBS containing 0.1% bovine serum albumin (BSA). Store at 4’C 
Hank’s Balanced Salt Solution (HBSS), pH 7.4 (Gibco, Paisley, Scotland). Store 
at 15-30°C 
Permanent magnet’ Dynal Magnetic Particle Concentrator (MPC- 1, MPC-2, MPC- 
6, or MPC-Q) (Dynal, UK), or equivalent magnet (e g., from Btolab, Belgium). 
0.05M Tris-HCl buffer, pH 9 5. Store at 4°C 
Specific monoclonal or polyclonal antibody to cell subsets OKT8 (Leu 2) recog- 
nizes the CD8 marker on cytotoxtc/suppressor T-cells OKT4 (Leu 3) recognizes 
the CD4 marker on helper T-cells Store at 4°C. 
Heparm: Make to 50 U/mL with PBS. Use 5 U/mL of blood Store at 4°C. 
Ftcoll-Hypaque: Ftcoll and sodium metrtzoate/diatrizoate solutton of density 
1.077 g/mL, supplied as Ficoll Paque (Pharmacia), Htstopaque (Sigma), or 
Lymphoprep (Nycomed AS, Pharma Diagnostic Divtston, Oslo, Norway), Store 
at 4°C protected from light. 
Ethrdmm bromide/acridme orange: stock solutions consist of 50 mg of ethtdium 
bromide and 15 mg of acridme orange, dissolved in 1 mL of 95% ethanol and 
made up to 50 mL with distilled water. Store at -20°C. 

For use in viability counts, stocks are diluted 1.100 with PBS. Stored at room 
temperature m the dark. The solutton has a shelf-life of at least 2 mo. Hazard 
warning: both ethidmm bromide and acrtdme orange have mutagenic properties, 
are combustible, toxtc, and n-rttants to the skin, eyes, and respn-atory system. 
Handle with care 

3. Methods 
3.1. Preparation of Beads 

The fcllowmg protocol should be used to remove preservatives, such as 
thlomersal or sodmm azlde, which may affect cell viability. 
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1 Suspend the unmunomagnettc beads using a prpet or shake lightly 
2 Take out an appropriate volume of beads For depletion, recommended 

beadtarget ratios range from 10: 140.1. For positive selectron, a bead-target cell 
ratio of 3: 1 is sufficient 

3. Make up to 10 mL with PBS/BSA. 
4. Collect beads usmg a strong permanent magnet (the magnets suggested in Sec- 

tion 2 are supplied with useful holding devices for test tubes/umversal bottles). 
This process takes approx 2 min 

5 Discard the supernatant whrle the tube is still held against the magnet 
6 Repeat three times, and resuspend m the origmal volume in PBYBSA. 

3.2. Preparation of Cells 
3.2.1. Preparation of Cells for Use with lmmunomagnetic Beads 
Preconjugated with MAb 

Prepare peripheral blood mononuclear cells (PBMC) from heparmtzed 
blood, by Frcoll-Hypaque density centrrfugation (21) as follows: 

1. Carefully layer anticoagulated blood onto Fmoll-Hypaque (in a 4:3 ratio of blood 
to Ficoll-Hypaque), such that there IS no mixing of blood and density separation 
medium. After centrifugation at 8008 for 15 min without brakmg, mononuclear 
cells form a distinct band at the interface between the sample layer and Ficoll- 
Hypaque, whereas erythrocytes aggregate and sedrment. Harvest mononuclear 
cells using a Pasteur pipet 

2. Wash PBMC three times with 10 mL of PBS by spinnmg down first at 8008 for 
10 mm, and then twice at 400g to remove excess Ficoll-Hypaque and platelets 
from the sample. Resuspend the cells at <107/mL in PBYBSA. 

3. Make viability counts by diluting a 50-pL sample of cells with an equal volume 
of ethidmm bromrde/acridine orange Under UV illummation, vrable cells appear 
green, and nonviable cells, red (22). 

The cells are now ready for use wrth nnmunomagnettc beads preconjugated 
with MAb. 

3.2.2. Preparation of Cells for Use with lmmunomagnetic Beads 
Precoated with Sheep Antimouse IgG 

In order to label antigen-posittve cells, treat PBMC prepared as in Section 
3.2.1. with OKT4 or OKT8 MAb of the appropriate specificity as follows: 

1. Resuspend PBMC at 4 x lo7 cells/ml in PBS m a umversal bottle. 
2 Add sufficrent MAb to saturate the antrgemc bmdmg sites on the cells (see Note 3). 
3. Incubate at 4°C for 25 mm. 
4. Wash with PBS by centrifuging at 400g for 5 min to pellet cells. Asprrate off 

supematant, and resuspend the cells m 5 mL of PBS, Repeat this twice to remove 
excess antibody. 

5. Resuspend the cells at 1107/mL in PBYBSA. 
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3.3. lmmunomagnetic Separation (see Note 4) 

1. Add an appropriate number of prepared beads (see Section 3 1.) to the cells pre- 
pared as described m Sections 3.2.1. or 3.2.2. For depletion, a beadstarget cell 
ratio of 10: l-40: 1 1s recommended (see Notes 5 and 6 for discussion on separa- 
tion efficiency). For positive selection, a bead:cell ratio of 3: 1 is sufficient. 

2. Incubate at 4-20°C for 30-60 min, with slow tilting and rotation (see Notes 1 and 2). 
3. Make up to 5 mL with HBSS. 
4. Remove beads by applying the magnet for 2 mm to the side of the tube and pour- 

ing off the supernatant To obtain higher yields, wash the beads twice by adding 
another 5 mL of HBSS and repeat the separation. 

5. Perform the separation procedure on the supernatant to remove as many carried 
over beads as possible. 

6. A small sample should be passed through a flow cytometer to assess the effi- 
ciency of depletion. 

3.4. Positive Selection Using lmmunomagnetic Beads 
(see Notes 7 and 8) 

Positively selected cells attached to the beads after incubation can be col- 
lected by overnight incubation at 37°C and then application of a magnet to 
remove the dlssoclated beads. 

An alternative approach for some human cell-surface markers (CD4, CD8, 
CD 19, and CD34) is the use of “Detachabead,” which IS an antl-Fab polyclonal 
antiserum that causes dlssoclation of bound MAbs preconjugated to Dynabeads 
(see Note 9). For protocols detailing use of Detachabead see refs. 23-33. 

4. Notes 
1. MACS (Miltenyi Blotec) uses considerably smaller beads (50-nm diameter) made 

of non oxide and polysaccharide (34). Beads can be supplied precoqugated with 
MAbs specific for CD3, CD4, CD8, CD1 lb (monocytes, granulocytes, and NK 
cells), CD14, CD15, CD16, CD19, CD33 (myelold Fells), CD34, CD45RA, 
CD45R0, and CD71. MACS has been used to isolate a broad range of human cell 
types (35-41) These smaller beads have the followmg advantages when com- 
pared to Dynabeads. 
a. Reduced carryover. 
b. Less physical disturbance to the cells during separation. 
c. According to the manufacturers, nontoxic and biodegradable. 

This alternative approach to IMS may therefore resolve some of the problems 
encountered using Dynabeads. 

2. Dynal supplies Dynabeads conjugated with MAbs to the followmg human mark- 
ers: CD2 (pan T-cell), CD3 (pan T-cell), CD19 (pan B-cell), CD4, CD& CD14 
(monocytes/macrophages), CD1 5 (myeloid cells), CD34 (hematopoletlc progem- 
tor cells), CD45 (pan leukocyte), CD71 (transferrm receptor), and antihuman 
MHC II. In addition, Dynal also supplies Dynabeads conjugated with polyclonal 
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Abs spectfic for mouse IgG, rat IgG, and rabbit IgG, and MA\, specific for mouse 
IgGl, IgG2a, IgG2b, IgG3, and IgM The majortty of MAb to human cell mark- 
ers are derived from mouse. Therefore, the range of Dynabeads conjugated with 
secondary antibodtes allows cell-sortmg of most human cell subsets. This has 
virtually ehmmated the need to adsorb MAbs physically onto uncoated or 
“tosylacttvated” Dynabeads (beads with a surface activated by tosyl chloride that 
triggers bonding via secondary-OH groups, thus allowmg chemical binding to 
protein hgands). However, detarled methods describing the use of tosylactrvated 
beads can be obtained directly from Dynal (42) The conlugation of MAbs to 
uncoated beads has been descrrbed (43), but rt should be noted when considering 
this method that only IgM, and not IgG, results in efficient antibody-antigen 
complex formation, probably because of the effects of steric hindrance on IgG 
antibody-antigen mteractrons 

3. This will depend on the affinity of the MAb and the density of the antigen on 
the cells, but a final concentratton of 5 pg/mL will be adequate for most commer- 
cially avatlable MAbs If necessary, the concentration can be determined emput- 
tally by using sertal diluttons of MAb and analyzmg uptake by flow cytometry 
(see Chapter 33) 

4. Sequential depletions may be more efficient Thus mvolves two or more separa- 
tion procedures using decreased bead.cell ratios and shorter mcubatton periods, 
e.g , a 3.1 bead:cell ratio repeated three times with 20-mm mcubatton periods at 
4-20°C. This gives around 95% or greater depletion and use of lower bead:cell 
ratios may decrease carryover effects. 

5. A major problem when usmg IMS to deplete cell subsets IS the loss of cells owing 
to nonspectfic bmdmg and entrapment with the beads during separation. This 
loss can be as high as 70% if incubations are performed at room temperature 
Nonspectflc bmdmg is reduced at lower temperatures, e g., 4”C, though incuba- 
tion periods have to be increased correspondingly to allow for the slower kmetrcs 
of interaction (see Ftgs. 1 and 2). However, high temperatures favor depletton of 
cells expressmg very low levels of the specific antigen of interest (e.g , CDS), 
these remam m suspension when using mcubatlons at 4”C, independently of the 
number of separations carried out. Incubations at 37’C lead to high levels of 
nonspectflc bmdmg. The optimal temperature for separatton IS dependent on the 
mdivtdual cell, antibody, and protocol used in addrtion to the goal of any particu- 
lar experiment 

Carriage of some cells with beads by entrapment 1s almost inevitable This 
can be kept to a minimum by diluting mtxtures before each separation proce- 
dure. Washing and appbcatton of the magnet on bead-cell mixtures several 
ttmes after initral separatton also help recapture as many carried cells as pos- 
sible. Even with these precautions, between 30 and 50% of the original number 
of cells 1s usually lost 

6. A small minor@ of beads are not captured by the magnet and remain in the 
supernatant; such residual may pose a problem if a cell populatton depleted by 
IMS is to be cultured Although the beads will be phagocytosed by any macroph- 
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28% .‘- No depletions 
11% .-- 20 min incubation 

5.2% - 30 min incubation 
1 .O% 0 Negative 

Log Green Fluorescence (CD8+cells) 

Fig. 1. Effect of incubation time on deletion of CD8+ cells. PBMC were prepared 
from anticoagulated peripheral blood and stained with OKT8 as in Section 3.2. Beads 
were added at a 20: 1 bead:target cell ratio. The mixture was left for varying incubation 
times (10,20, or 30 min) at room temperature, after which samples were made up to 
10 mL in HBSS and a magnet applied for 2 min to gather bead:CD8+ cell rosettes. The 
supernatant was collected, cells spun down, resuspended in 150 pL of PBS, and stained 
with antimouse Ig fluorescein isothiocyanate (FIT(Z)-conjugated secondary antibody. 
After 25 min of incubation at room temperature, samples were washed three times 
with PBS and passed through an EPICS-Profile flow cytometer (Coulter) to measure 
the CD8+ cells remaining. Negative controls included an unstained sample (negative) 
and a sample stained with the antimouse Ig FITC conjugate only (not shown). The 
positive control was a sample that had not been passed through a depletion cycle (no 
depletions). Results show the total depletion of cells expressing high levels of CD8 
independent of the incubation period, but increased depletion of cells expressing 
low levels of CD8 with the 30-min incubation (solid line) compared to 20 min 
(dashed line). However, a small percentage of low expressing CD8+ cells still remain. 

ages present, their numbers can be minimized by applying the separation proce- 
dure to the supernatant a number of times. The use of HBSS for these washes 
rather, than PBS has been reported tb give significantly better yields, though the 
reason for this is unclear. The use of lower bead:cell ratios (Fig. 2) with a greater 
number of separation procedures should also be considered (Fig. 3). Although 
this would increase total loss of cells by nonspecific binding and carriage with 
the beads, there would be fewer beads carried over with the supernatant, result- 
ing in “cleaner” cultures. 

7. Overnight incubation at 4°C causes beads to dissociate from positively selected 
cells. However, up to 50% of the selected cells can be lost when magnetic sepa- 
ration is performed, resulting in low yields of bead-free cells. Furthermore, cell 
viability can be reduced following close contact with the beads. In the author’s 
laboratory, it has been found that positively selected T-cells often do not survive 
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Fig. 2. Effect of temperature and beadcell ratio on negattve selectton. PBMC were 
prepared from anticoagulated peripheral blood as described m Section 3.2. Cells were 
erther unstained, incubated with excess OKT8, or excess antimouse Ig FITC-conju- 
gated secondary antibody (control for nonspecific binding of this Ab) Beads were 
added at varying bead:cell ratios (from 40-l .25: 1). Mixtures were left for 20 min with 
agitation every 5 mm at 4°C (open circle) or 37’C (filled circle). Samples were then 
made up to 10 mL m HBSS and a magnet applied for 2 mm to gather bead.CD8+ cell 
rosettes. The supernatant was collected, cells spun down, resuspended in 150 pL, and 
stained with antimouse Ig FITC-conjugated secondary antibody, using the same pro- 
cedure as wtth OKT8. Samples were washed three times with PBS and passed through 
an EPICS-Profile to measure the CD8+ cells remaining. Percentage negative selec- 
tion was calculated as follows. (%CDS+ cells in depleted samples -% + ve cells in 
antrmouse Ig FITC control)/(%CD8+ cells m undepleted samples -O/o + ve cells m 
antrmouse Ig FITC control) x 100. Results show a marked increase m depletion as the 
bead:cell ratio and the temperature increases. 

longer than 48 h in culture after shedding beads, although use of apparently the 
same protocol has also yielded T-cells capable of good, though possibly reduced, 
proliferative responses to stimulants, such as OKT3 and phytohemagglutimn 
(PHA). The responses of positively selected cells have not been thoroughly 
investrgated, but a number of groups have reported that cell function and viabil- 
ity are not adversely affected by posmve selection using IMS (e.g., ref. 44) 

8. The use of enzymes, such as papam, to cleave bead:cell rosettes has also been 
investigated: chymopapam, used at 200 U/r& of cells ( 107/mL m TC199 tissue- 
culture medmm) for 10 mm at 37’C, has been found to be most effective and least 
toxic to KGla human leukemia cells, giving 100% recovery of viable cells (4.5) 

9. Detachabead is available from Dynal for positive selection of CD4+, CD8+, CD 19+, 
and CD34+ cell subsets (23-30) This reagent has also been used to select posi- 
tively for CD45’ cells (31), HLA-DR+ Langerhans cells (321, and c-ktt+ human 
lung mast cells (33) However, its suitabtlity for dissociatton of beads coated with 
MAbs of other specificities should always be assessed by the user in a pilot study. 
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4.9% - Two depletions 
1.0% 0 Negative 

Log Green Fluorescence (CD8+cells) 

Fig. 3. Effect of number of cycles of depletion on deletion of CDV cells. PBMC 
were prepared from anticoagulated peripheral blood as described in Section 3.2. Cells 
were either unstained, incubated with excess OKT8, or excess antimouse Ig FITC- 
conjugated secondary antibody (control for nonspecific binding of this Ab). Beads 
were added at a 20: 1 bead:cell ratio. Samples were incubated for 20 min at 4°C with 
agitation every 5 min, and then made up to 10 mL in HBSS and a magnet applied for 2 
min to gather bead:CD8’ cell rosettes. The supernatant was collected, cells spun down, 
resuspended in 150 pL, and beads added to the two depletion samples for a second 20- 
min incubation period and washes (as above). Antimouse Ig FITC-conjugated second- 
ary antibody was then added, and incubated at room temperature for 25 min. Samples 
were washed three times with PBS and passed through an EPICS-Profile to measure 
the CD8+ cells remaining. Negative controls included an unstained sample (negative) 
and an antimouse Ig FITC-conjugated secondary antibody stain only (not shown). 
Positive control was an OKT8-stained undepleted sample (no depletion). Results show 
that two cycles of depletion (solid line) reduce the numbers of low-expressing CD8+ 
cells remaining compared with one cycle (dashed line). 
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Preparation and Use 
of Nonradioactive Hybridization Probes 

Victor T.-W. Chan 

1. Introduction 

1.1. Preparation of Nonradioactive Hybridization Probes 
Molecular hybrldizatton is a useful technique for identifying specific tar- 

get sequences even when they are present as a single copy m a complex popu- 
lation of highly heterogeneous gene sequences. It can be performed either on 
a solid matrix on which pure DNA (or RNA) is bound (blot hybridization) or 
on tissue section (zn situ hybridization). Until recently, the probes used in 
hybridlzatlon were usually labeled with radioisotopes. However, the short 
half-life, disposal, and safety problems of radioactive probes stimulated the 
development of nonradloactlve hybridization techniques. In these, the probes 
are labeled with nonradioactive reporter molecules, which can be haptens, 
proteins, digoxigenin, biotm, and so forth. These reporter molecules can then 
be detected by enzyme-labeled antibodies or streptavidin (in the case of 
biotinylated probes). Of these reporter molecules, biotin and digoxigenin 
have several advantages over the other because of their small size. There- 
fore, they minimally interfere with hybridization efficiency. In addition, the 
high affinity of the binding of biotm and streptavldin (Kd = 10-15M) is almost 
equivalent to covalent bonds. In fact, the biotin system was the first nonra- 
dioactive hybridization technique sensitive enough for routine use on blot 
hybridization (1) and in situ hybridization (2). 

In the original system, biotin is attached to the deoxy analog of rUTP via a 
spacer arm. Biotinylated dUTP is incorporated into DNA strands by a conven- 
tional labeling reaction, nick translation, which was also widely used to pre- 
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pare radtoactive probes (3) The presence of a spacer arm between biotin and 
dUTP separates these two molecules far apart, and thus, reduces the steric hm- 
drance caused between them. Therefore, the efficiency of labeling, hybridiza- 
tion, and detection is greatly increased. 

The principle of nick translation (3) is based on the ability of deoxyribonu- 
clease I (DNase I) to attack each strand of the DNA molecule independently in 
a random fashion, resultmg m single-stranded nicks at low enzyme concentra- 
tton m the presence of Mg *+ Escherichra coli DNA polymerase I (Pol I) synthe- . 
sizes DNA complementary to the Intact strand in a 5’-3’ direction using the 
3’-OH termmi of the nicks as primers. At the same time, the 5’-3’ exonuclease 
activity of Pol I removes nucleottdes m the same directron. The result of 
these two enzyme reactions is the replacement of the original nucleottdes wtth 
new nucleottdes, and the movement of the nicks m a 5’-3’ direction along the 
DNA strands whose nucleotide sequences remam unchanged. If one of the 
deoxyrrbonucleotide triphosphates included in the reaction is labeled, the origt- 
nal nucleottde wtll be replaced by labeled counterparts and the DNA is thus 
labeled. Since DNase I introduces nicks to both strands m a random fashion, 
theoretically, the probe is uniformly and almost completely labeled. Practi- 
cally, nick translation is, however, less reproducible simply because tt depends 
on the combmation of the reacttons of two enzymes that may be selectively 
inhibited by different contaminants m the DNA samples. Under optimal condt- 
tions, this method can be used to label all different forms of double-stranded 
DNA molecules with very high sensittvity. 

Btotmylated dUTP can also be used to label DNA probes by a different 
method, namely random-primed labeling (4). The principle of this method 1s 
based on the reannealmg of hexadeoxyrrbonucleottde primers, which have 
random specificity, to the single-stranded (denatured) DNA molecules. The 
DNA to be labeled has to be linearized and denatured before the strands 
are used as templates m the labeling reaction. The complementary strands 
are synthesized from the 3’OH termini of the reannealed hexanucleotides by 
the Klenow fragment of E. coli DNA polymerase I. The primers reanneal at 
random sites of the template strands, so that the synthesis of the complemen- 
tary strands is primed at random posittons. If one of the deoxyribonucleoside 
triphosphates present m the reactton mixture IS labeled, the newly synthe- 
sized strands will become labeled by the mcorporatton of the labeled nucle- 
ottdes. The end product of this reaction is a mixture of unlabeled (template) 
and labeled (synthesized) DNA strands. However, this method 1s more reii- 
able and reproducible than nick translation, because only the Klenow frag- 
ment of Pol I is used, which is rather resistant to the mhtbition caused by 
various contaminants m the DNA samples. This method can only be used to 
label linear DNA molecules. Supercoiled DNA has to be lmearized before 
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being labeled. In general, the sensitivity of probes labeled by this method can 
also be very high. 

Another development of the biotm system is the synthesis of biotinylated 
UTP that can be used to prepare single-stranded biotmylated RNA probes. 
The success of this technique is based on two important components: (1) the 
synthesis of a biotinylated derivative of rUTP, and (2) the fact that this 
derivative of rUTP is a good substrate for T3 and T7 RNA polymerase (but 
not SP6 RNA polymerase). The DNA to be transcribed is cloned into a vec- 
tor contaming phage transcription promoters (e.g., T3 and T7) that can mi- 
tiate the m vitro transcription of the DNA insert m the presence of the 
respective phage RNA polymerase. In some cases, two different phage tran- 
scription promoters are placed on either side of the polylmker cloning region 
of the vector in opposite orientation, so they can initiate the transcription of 
the coding and noncoding strands of the DNA insert, respectively In gen- 
eral, hybrids of target sequences and RNA probes have a higher melting tem- 
perature T,) than that of DNA probes. Furthermore, after hybridization, the 
nonspecifically bound RNA probes can be selectively removed by RNase 
treatment, All these turn out to be the advantages of this method, which 
enhance its sensitivtty and spectficity. 

Soon after the demonstration of the general utility of the btotm system in 
molecular hybridization, a photoactivatable biotin analog (photobiotm) was 
synthesized (5). A cationic spacer arm IS placed between a photoactivatable 
group and btotm to enhance the efficiency of labeling. The photoacttvatable 
group of this molecule is extremely reactive on exposure to hght and with a 
wide range of chemical groups. Therefore, it can be used to label various bio- 
molecules (e.g., DNA, RNA, and protein). 

In addition to btotin, a digoxigenylated derivative of dUTP was also syn- 
thesized. Thts derivative of dUTP can be mcorporated into DNA by Pol I 
(or the Klenow fragment of Pol I). Therefore, digoxigenin-labeled DNA 
probes can be prepared by nick translation or random primed-labeling meth- 
ods developed for the biotin system. It 1s almost certain that more nonra- 
dioactive alternatives to biotm and digoxigenin wtll be developed in the 
future. Chemilummescent methods for nonradioactive probe detection are 
now widely being used 

Chemically modified DNAs can also be used as hybridization probes, pro- 
vided that the modification does not interfere with the formation of hybrid 
DNA molecules. A psoralen blotin label has also been developed. Psoralen is a 
photoactivable agent that can intercalates mto single- or double-stranded 
nucleic acids. On n-radiation at 365 nm, it ~111 covalently bmd to the probes. 
This labeling reaction is simple and straightforward. However, the reagents for 
labeling and detection are only available m a kit format. 
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2. Materials 
2.1. Nick Translation 

1 Nucleottdes/buffer mixes: 
a. Nucleotides/buffer mix I (for dUTP analog): 0.2 mM dATP, 0 2 mM dCTP, 

0.2 mMdGTP in 500 mMTns-HCI, pH 7.5, containing 50 mMMgC12, 10 mM 
P-mercaptoethanol; or 

b Nucleotides/buffer mix II (for dATP analog) 0.2 mM dTTP, 0 2 mM dCTP, 
0.2 mA4dGTP m 500 mMTrts-HCl, pH 7.5, contaming 50 mMMgC12, 10 mA4 
P-mercaptoethanol 

2. Enzyme mix: 0.5 U of DNA polymerase I/& 50 pg of DNase I/pL m 100 mA4 
KHPO+ pH 6 5, contammg 1 mA4 dtthiothreitol (DTT), 500 pg of BSA/mL, and 
50% glycerol. 

3 Analogs: 
a. dUTP analog: 0.2 mA4 Btotin-dUTP, or 0 2 mMdtgoxigenm-dUTP m 50 mM 

Tris-HCl, pH 7.5; or 
b ATP analog. 0.2 mM Biotm-7-dATP in 50 mM Trts-HCl, pH 7 5 

4. Template DNA. 
5. TE Buffer 10 mMTris-HCl, 1 WEDTA, pH 8.0. 
6. Stop solution: 150 mA4 EDTA, pH 8.0. 
7 3M Sodmm acetate (NaOAc), pH 5 2 
8. Carrier DNA. Somcated salmon sperm DNA, 10 mg/mL m double-distilled water. 
9 100% Ethanol. 

2.2. Random-Primed Labeling 

1. Nucleotides/buffer mixes 
a Nucleotides/buffer mix I (for dUTP analog): 0.5 mM dATP, 0.5 rnA4 dCTP, 

0.5 mM dGTP, 50 U of pd(N)s (hexanucleottdes)/mL m 2M HEPES, pH 6.6 
containing 50 rnikf MgC&, 10 mkf l3-mercaptoethanol; or 

b. Nucleotides/buffer mix II (for dATP analog). 0.5 mM dTTP, 0 5 mM dCTP, 
0.5 mM dGTP, 50 U of pd(N& (hexanucleottdes)/mL m 2M HEPES, pH 6.6 
containing 50 m&f MgCl*, 10 m&f P-mercaptoethanol. 

2. Klenow fragment of Pol I: 0.5 U/pL m 100 mMKH2P04, pH 6.5, containing 1 mM 
DTT, 500 pg of BSA/mL, and 50% glycerol. 

3 Analogs: 
a dUTP analog: 0.5 mMBiotm-dUTP, or 0.5 tidigoxtgenin-1 I-dUTP in 50 mM 

Tris-HCl, pH 7.5, or 
b. dATP analog: 0.5 mMBiotin-7-dATP m 50 mMTris-HCl, pH 7.5. Materials 

in Sectron 2.1.) items 4-9 are also required for this protocol 

2.3. In Vitro Transcription 

1. Nucleotideskntffer mix: 4 mM rATP, 4 mM rGTP, 4 mMrCTP m 400 mM Tris- 
HCl, pH 8.0, containing 80 mM MgCl*, 20 mM spermtdine, and 500 mA4 NaCI. 

2. 0.75M DTT 
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3. Human placental ribonuclease inhibitors. 
4. T3 or T7 RNA polymerase: 10 U/pL in 20 mMKH,PO,, pH 7.7, contammg 100 mM 

NaCl, 0.1 mA4 EDTA, 1 mM DTT, 0.01% Triton X- 100, and 50% glycerol. 
5. rUTP Analog 4 mM Biotin-1 l-rUTP in 10 mMTris-HCl, pH 7 5 
6. DNase I (RNase-free). 10 U/pL in 10 mMTris-HCl, pH 7.6, containing 10 mA4 

CaCl,, 10 mM MgCl, and 50% glycerol. 
7. Phenol/chloroform (1: 1). 
8. Chloroform. 
9. DNA in a suitable vector Materials in Section 2.1., items 5-9 are also required 

for this protocol. 

2.4. Photobiotinylation 
1. Photobtotm: 1 mg/mL m water (it should be kept in dark all the time). 
2. 100 mA4Tris-HCl, pH 9.0. 
3. 2-Butanol. 
4. Sunlamp: For example, General Electric Model no. RSM, 275W. Also required 

are materials in Section 2.1.) items 4, 5,7-9 

3. Methods 
3.7. Nick Translation (see Notes 73) 

1 Transfer 1 pg of DNA (500 pg/mL in TE) to an Eppendorf tube. 
2. Add 5 pL of nucleotides/buffer mix I or II and 5 pL of the appropriate labeled 

nucleotide. Add sterile distilled water to give a final vol of 45 pL. 
3 Mix the sample thoroughly, and keep it on ice. 
4. Add 5 pL of enzyme mix, and mix the sample gently. 
5. Incubate at 14°C for l-2 h (see Note 3) 
6. Add 5 pL of stop solution and 5 pL of 3MNaOAc, pH 5.2. 
7. Add 2 pL of carrier DNA. 
8. Addb 140 pL of ethanol to precrpttate the DNA. 
9. Dissolve the DNA pellet in 20 pL of TE 

3.2. Random-Primed Labeling (see Notes 4-6) 
1. Transfer 0.05-l 0 pg of linearized DNA (2 pL) to an Eppendorf tube. 
2. Add water to 35 pL. 
3. Heat-denature the DNA sample at 100°C for 10 min. 
4. Incubate the sample on ice for 5 min, and then spin it brtefly in a microcentrifuge. 
5. Add 5 pL of nucleotrdes/buffer mrx. 
6. Add 5 pL of labeled nucleotide, and mix the sample thoroughly. 
7 Add 5 pL of Klenow fragment of Pol I, and mix the sample gently 
8. Incubate at room temperature for 6-16 h, or at 37°C for l-4 h (see Note 6) 
9. Add 5 pL of stop solution and 5 pL of 3MNaOAc, pH 5.2. 

10. Add 2 pL of carrrer DNA. 
11. Add 140 pL of ethanol to prectprtate the DNA. 
12. Dissolve the DNA pellet in 20 pL of TE. 
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3.3. In Vitro Transcription (see Notes 7-10) 
1 Transfer 1 pg of RNase-free digested DNA (100 pg/mL m TE) to an Eppendorf 

tube (see Note 7). 
2 Add 3 & of nucleotlde/buffer mix, and 3 pL of labeled nucleotlde. 
3. Add 1 & of 0.75M DTT and 25 U of RNase mhlbltor 
4 Add water to 29 pL, and mix the sample thoroughly 
5. Add 1 pL of RNA polymerase, and mix sample gently (see Note 8) Incubate at 

37OC for 30 mm 
6. Add 1 Fcs, of RNase-free DNase I and incubate the sample for another 15 min 

at 37°C 
7 Extract the sample with phenol/chloroform (1’ 1) once, then with chloroform once. 
8 Add 1.5 p.L of carrier DNA and 3 pL of 3M NaOAc, pH 5 2. 
9 Add 85 pL of ethanol to precipitate the labeled RNA 

10 Dissolve the RNA pellet in 20 p.L of TE contammg 25 U of RNase inhibitor (see 
Note 9) 

3.4. Photobiotinylation (see Notes 11 and 12) 
1 Transfer the DNA or RNA sample (1 mg/mL m water) to be labeled to an 

Eppendorf tube 
2 Add an equal volume of photoblotin stock solution 
3. Mix thoroughly, and keep the sample on ice 
4. Initiate the labeling reactlon by u-radiating the reaction mix 10 cm below the 

sunlamp for 15 mm 
5 Add 150 pL of 100 mMTris-HCl, pH 9 0, to the sample 
6 Extract the sample with equal volume of 2-butanol 
7 Discard the upper phase, and repeat the extraction twice. 
8 Add 3 pL of carrier DNA and l/10 vol of 3M NaOAc, pH 5 2 
9. Add 2 5x the volume of ethanol to precipitate labeled nucleic acids 

10 Dissolve the pellet m an appropriate amount of TE 

4. Notes 
4.1. Nick Translafion 

1 Nick translation 1s probably the most sensitive method to prepare nonradloactlve 
DNA probes In general, it IS simple, easy, and reasonably rehable. However, m 
order to achieve reproducible results, use of reagents and DNA samples of the 
highest quahty is strongly recommended 

2. The reaction can be either scaled up or scaled down proportionally. 
3 The mcubatlon time m Section 3 l., step 5 should be optimized experimentally 

for different DNA samples to give highest sensltlvlty 

4.2. Random-Primed Labeling 
4. The end product of the random-primed labeling reaction 1s a mixed population of 

unlabeled and labeled strands Even if the reactlon achieves completion, the labeled 
(synthesized) strands only account for 50% of the DNA strands This is probably 
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the reason why probes labeled by this method are not as sensitive as optimally 
mck-translated probes However, this method 1s more reliable and reproducible 
than nick translations. 

5. This method can only be used to label linear DNA molecules It is particularly 
useful for the DNA samples extracted from agarose gels, especially short DNA 
fragments, for which nick translation usually gives poor results 

6. The incubatron trme m Section 3.2., step 8 should be optimized experimen- 
tally for different amounts of DNA and different DNA samples to give high- 
est sensitivity 

4.3. In Vitro Transcription 

7. 

8 

9 

10 

The vector should be lmeartzed with a restriction enzyme before the transcriptton 
reaction m order to obtain transcripts of a defined length. Using intact plasmid 
DNA as template for transcription will result m heterogeneous transcripts of dif- 
ferent sizes 
Excessive amounts of RNA polymerase should not be used with the vector con- 
taining both T3 and T7 promoters. Otherwise, transcription may not be promoter- 
specific (strand-specific) Nonspecific initiation of RNA transcripts may also 
occur at the ends of the DNA template. This is most prevalent with a 3’-protrud- 
mg termmus Nonspecific mttiation may be reduced by mcreasmg the final NaCl 
concentration m the transcription buffer to 100 mA4. When possible, restriction 
enzymes that leave blunt or S-protrudmg ends should be used 
The addition of RNase Inhibitor IS to preserve the full-length single-stranded 
RNA transcripts 
Since SP6 polymerase cannot use bto-rUTP efficiently, It IS not suitable for pre- 
parmg biotmylated RNA probes. 

4.4. Photobiotinylation 

11. Photobiotmylation IS a simple and inexpensive method to prepare large quanti- 
ties of nonradioactive hybridization probes. The advantage of thus method IS that 
the same reagents can be used to label DNA as well as RNA molecules 

12 The sensitivity of probes labeled by this method is not as high as for those labeled 
by enzymatic methods. Furthermore, photobiotmylated probes usually give 
higher nonspecific background owing to the catiomc spacer arm of photobiotm, 
which nonspecifically binds to anionic molecules (e g., DNA and RNA). 
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Cellular Human and Viral DNA Detection 
by Nonisotopic /II Situ Hybridization 

C. S. Herrington 

1. Introduction 
In situ hybridization may be defined as the detection of nucleic acids in situ 

in cells, tissues, chromosomes, and isolated cell organelles. The technique was 
described in 1969 by two separate groups who demonstrated repetitive riboso- 
ma1 sequences in nuclei of Xenopus oocytes usmg radiolabeled probes (1,2). 
Refinements m recombinant DNA technology and the development of 
nonisotopic probe labeling and detection (3) obviate the need for radiation pro- 
tection and disposal facilities, and have converted nonisotoprc in situ hybrid- 
tzatton (NISH) from a purely research technique to one that can be used in 
routine laboratory testmg. 

Nomsotopic reporter molecules, such as biotm, digoxtgenin, mercury, and 
acetylaminofluorene (AAF), can be detected using either affinity or nnmuno- 
cytochemical techniques. The reporters can be detected by fluorochromes and 
enzyme/chromogen combinations, although the former require expensive 
equipment and are less suitable for routine analysis. The immunoenzymatic 
procedures, however, can be combined with routine tissue and cytological 
staining, enabling stmultaneous analysis of nucleic acid content within intact 
cells and tissues. By combining NISH and immunocytochemistry (ICC), indi- 
vidual cells can be genotyped and phenotyped (45). Similarly, more than one 
nucleic acid can be detected in individual cells within tissue secttons (6). These 
techniques and their combination can be applied to a variety of experimental 
and clinical situations (for reviews, see refs. 7 and 8). A more recent modifica- 
tion of conventional in situ hybridization techniques IS their combmatton with 
target DNA amplification using the polymerase chain reaction (PCR) (for 
review, see ref. 9). This involves either PCR amplificatron of target DNA 

From Methods m MolecularBfology, Vol 80 hmUflOchemfCa/PrOtoCOb, .L?ndeo' 
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followed by in srtu hybridtzatron (as described below), or the incorporation of 
labeled nucleotides mto the PCR reaction followed by direct detection. The 
former approach has generally gamed more favor, since rt excludes problems 
owing to nonspecific polymerase elongatron either of nicks present within cel- 
lular DNA or from mapproprtately annealed primers. The technical details are 
complex and beyond the scope of thts chapter: further details can be found m 
ref. 9 and references therein. 

NISH has four elements: 

1 Choice of probe/reporter and probe labeling The reporter molecule is determined 
by considerattons of sensitivity, speclficlty, safety, and practicabtbty Sensitivity 
is dependent not only on the reporter, but also on all other components of the 
NISH procedure, parttcularly nucletc acid unmaskmg and detection. Specificity 
can be enhanced by usmg reporters that are not normally present in cells For 
example, btotm (vttamm H)-labeled probes produce unacceptable background 
noise m tissues contammg htgh levels of endogenous biotm (e.g , liver). Btotm is 
the most widely used reporter m NISH and was originally chosen because of its 
high affinity for, and tetravalent bmdmg to, avtdin. Many alternatives have been 
formulated, mcludmg mercury, acetylaminofluorene, bromodeoxyuridme, sul- 
fones (for review, see ref 3), and dtgoxtgenm (7,lO) Many have intrinsic disad- 
vantages. For example, mercuric cyanide is toxic and acetylaminofluorene 
carcmogemc. However, drgoxrgenm, a derivative of the therapeutic cardiac gly- 
costde digoxin, is safe, produces low background, and can be mcorporated into 
nucleic acids m the same way as btotin These alternattves can be used in place 
of, or m addition to, btotin The choice depends on the experimental situation. 

Multiple m sztu nucleic acid detection can be achieved in two ways by sequen- 
tial hybridtzation with probes labeled wtth the same reporter and by stmulta- 
neous hybridization using probes labeled wtth different reporters. Any of the 
reporters listed above can be combined to allow dual nucleic acid detection, but 
we have found biotm and dtgoxtgenin to be the most generally useful, since they 
are safe and sensitive Probes labeled with these reporters can be combined m 
NISH and detected differentially accordmg to the scheme presented m Fig. 1 (6) 

2. Pretreatment of cells/tissues: Having chosen the reporter and mcorporated it mto a 
probe, the cell/ttssue to be analyzed IS prepared for hybrtdization The followmg 
requirements must be met to allow a successful hybridtzatlon reaction to take place. 
a. The cell/tissue and tts nucleic acid content must be fixed m such a way that cell/ 

tissue morphology is preserved and nucleic acids retamed durmg the reaction 
b. The cell/ttssue sample must be sufficiently permeable to allow the labeled 

probe to reach its target nuclerc acid 
The latter 1s dependent on mterplay between the degree of permeabthty of the 

cell/tissue and the size of the probe. In practice, probes with a median size of 
200-400 bp are suitable for cells/tissues fixed in aldehyde and subjected to vary- 
ing degrees of proteolysis (see Section 3.). I have found that fixation of cells m 
aldehyde followed by mild proteolysts produces the best results. 
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Target A B 

Probe/Target Hybrms A-Blo* B-D@ 

Detection PEROXIDASE ALKALINE PHOSPHATASE 

RED BLUE 

Fig. 1. Dual nucleic acid detection. The target DNAs (A and B) are denatured and 
hybridized with complementary DNA probes labeled with brotm (BIo*), or digoxigemn 
(Drg”). Brotm and digoxtgenm residues are detected, respecttvely, with avtdin peroxi- 
dase (red) and antibody to digoxigenin labeled wrth alkalme phosphatase (blue). 

3. Denaturation/hybridtzation: Hybridization of probe to target requrres that both 
probe and cellular target are denatured to form smgle stranded molecules Denatur- 
ation can be achreved by treatment with alkali or heat. The former IS mappropriate 
for probes labeled with many nonisotopic labels, since the ester linkage between 
reporter and nucleotide undergoes alkaline hydrolyses. Hybrtdtzatton occurs when 
the reaction temperature falls below the melting temperature (T,) of the duplex 
formed between probe and target. Stringency conditions, which determine the 
degree to whrch a probe crosshybndrzes with closely related sequences, can be 
varied according to indivtdual requirements (for full dtscusston, see refs. 1 l-13). 
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Fig. 2. Diagrammatic representatton of three-step dtgoxtgemn detection. The target 
nucleic acid (1) is labeled with digoxigenm (Dig.). Monoclonal anttdigoxtgenm (2) 1s 
linked via biotmylated (Bio) rabbit antimouse (3) to avtdin alkaline phosphatase (4) 

4 Detectton of signal: The prmctples employed in the detection of nonisotopic 
probe labels are similar to those used for ICC; the mam differences between NISH 
and ICC are the degree of unmasking required to render nucletc actds avatlable 
for hybrtdization and the hybrtdtzatton reaction itself. Affinity and immunohts- 
tochemical techniques are used for probe detection employing avtdm conjugates 
for the detection of btotm-labeled probes and antibody-based systems for the 
detection of digoxigenin Combining affinity and immunohistochemrcal systems 
produces hybrtd detection systems of high sensitivity. Thus, btotmylated linker 
antibodies are used as a bridge between monoclonal antibodies to the reporter 
molecule and an avidm conjugate (Fig. 2). Similarly, the alkaline phosphatase- 
anttalkaline phosphatase (APAAP) system can be applied to the detection of both 
btotm- and digoxigemn-labeled probes. The latter has the advantage that tt 1s 
btotm-independent 

In thus chapter, methods developed for the detection of human paprlloma- 
vu-uses and repetitive genomic DNA sequences (individually and in combma- 
tion) tn cultured cells and routinely processed surgical biopsies are described. 

2. Materials 
1. Ammopropyltrtethoxystlane (2% [v/v])* mix 12 mL of ammopropyltnethoxystlane 

with 588 mL of acetone immediately prior to use. 
2. Cask1 cells can be obtained from the American Type Culture Collectton (ATCC, 

Rockville, MD). 
3 Complete medium: 50 mL of fetal calf serum, 5 mL of glutamme (29.2 g/L), 5 mL 

of penicillin (10,000 U/mL), 5 mL of streptomycm (10 mg/mL) and 435 mL of 
RPM1 1640 medium. Store at 4°C 

4. Phosphate-buffered salme (PBS), pH 7.4: 8.0 g of NaCl, 0.2 g of KH,PO,, 2.9 g 
of Na2HP0,*12H20, 0 2 g of KC1 

5. PBWglycme. dissolve 0.2 g of glycme m 100 mL of PBS 
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6. Tns-buffered salme (TBS). 50 mM Tns-HCl, 100 n-J4 NaCI, pH 7 2. 
7. TBT: TBS contammg 3% (w/v) bovine serum albumin (BSA) (Fraction V) and 

0 05% (v/v) Triton X-100. 
8. Alkaline phosphatase substrate buffer: 50 mA4 Tns-HCl, 100 mA4 NaCI, 1 mM 

MgCl,, pH 9.5. 
9 Tris-EDTA buffer (TE), pH 8.0. 10 mMTris-HCl, 1 mM EDTA 

10. Paraformaldehyde (4% [w/v]): boil 100 mL of PBS containing 4 g of paraform- 
aldehyde m a fume cupboard. Cool on ice prior to use The final pH of this solu- 
tion should be 7 2-7 4 without adjustment 

11. Methanol/acetic acid (3: 1 [v/v]): add 25 mL of glacial acetic acid to 75 mL of 
methanol m a fume cupboard and mix by mverslon Store on ice for up to 4 h or 
at -20°C indefinitely 

12. Sodium azide/hydrogen peroxide solution* 0 1% (w/v) sodium azide in 0.3% (v/v) 
hydrogen peroxide Thts solution must be prepared m a fume cupboard and 
handled with care. 

13. Protemase Wpepsm. The source used is important the activity of these enzymes 
varies according to manufacturer and lot. I have found the protemase K supplied 
by Boehrlnger Mannhelm (Mannheim, Germany) the most consistent, and the 
details quoted in Section 3 refer to that source I find that pepsin obtained from 
Sigma (Poole, Dorset, UK) 1s superior to that from Boehringer and can be used at 
0 1% (w/v) compared with 0.4% (w/v) m PBS. 

14. Pepsin solution dissolve 0 1 g of pepsin m 96 mL of distilled water prewarmed 
to 37”C, and add 4 mL of 5MHCl slowly 

15. Standard saline citrate (1X SSC) 150 mMNaC1, 15 mM sodium citrate 
16 Hybridization mix (HM) 1s prepared by adding 1 mL of 50% (w/v) dextran sul- 

fate m distilled HI0 and 1 mL of 20X SSC to 5 mL of deionized formamlde. This 
mix is adjusted to pH 7 0 using 5M HCl, and stored at 4°C Under these condl- 
tions, it lasts up to 1 yr 

17. Four-spot multtwell slides: In my laboratory, these are used for most za SZ~U 
hybndlzatlons. These allow the analysis of four samples (under identical condi- 
tions) on the same slide and require a smaller volume of reagent per section than 
conventlonal microscope slides. Since the spot diameter 1s 12-mm, 14-mm cover 
shps are used to cover the section without adjacent ahquots of reagent runnmg 
together These can be obtained from Chance Ltd (Raymond Lamb, UK) 

18. Mlcrotiter or Terasakl plates (GlbcoiNunc, Paisley, UK). Proteolysls, denatur- 
atlon, and hybrldlzatlon are carried out m these plates They can be floated m a 
37°C water bath or incubated in a moist environment at 42 or 95°C Two slides 
can be accommodated m each plate. 

19 All antibody and conjugate dilutions are determmed by expenment usmg reagents 
from Dako (High Wycombe, UK) unless otherwise stated: monoclonal antiblotm; 
biotmylated rabbit antimouse (F[ab’], fragment) (this IS used to reduce background 
staining further); monoclonal antldlgoxm, Sigma; rabbit antimouse nnmunoglobulin, 
APAAP complex; streptavldm-peroxidase; avldm (or streptavldin) alkaline 
phosphatase; antldlgoxlgenm alkaline phosphatase (Boehrmger Mannheim). 
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20 Enzyme substrates. A variety of different substrates for both alkaline phosphatase 
and peroxidase are available. In thts chapter, only the alkalme phosphatase sub- 
strate nitroblue tetrazolmm/bromochloromdolylphosphatase (NBT/BCIP) and the 
peroxidase substrate 3-amino-9-ethyl carbazole (AEC) are described. Other sub- 
strates can be found m textbooks of histochemistry (see also Chapter 24) 
a NBT/BCIP 1s made m advance, and stored at -20°C. After eqmllbratton of 

30 mL of alkalme phosphatase substrate buffer at 37°C 10 mg of NBT are 
dissolved m 200 pL of dimethylformamide (DMF), and added to 1 mL of the 
prewarmed substrate buffer. The mtxture is added dropwtse to the remaining 
substrate buffer BCIP (5 mg), dissolved in 200 pL of DMF, 1s then added 
slowly, and the whole preparation stored m 4-mL ahquots at -20°C 

b AEC is prepared fresh daily by dtssolvmg 2 mg of AEC m 1 2 mL of dimethyl- 
sulfoxide m a glass tube. The mixture 1s added to 10 mL of 20 mM acetate 
buffer, pH 5 O-5.2. Immedtately prior to use, 1 pL of 30% (v/v) hydrogen 
peroxtde is added The final mix may require filtration prior to use 

2 1. Glycerol Jelly is used as an aqueous mountant (see Note 1) Ten grams of gelatm 
are dissolved m 60 mL of distilled water on a hot stirrer. Glycerol (70 mL) and 
phenol (0 25 g) are added, and the mountant 1s thoroughly mtxed. Glycerol/gels- 
tm can be stored at room temperature (solid), or at 42°C (liquid). 

3. Methods 
3.7. Preparation of Slides for Archival Material 

1. Place multiwell shdes m a slide rack, and immerse m 2% Decon 90 at 60°C for 
30 mm 

2. Rinse thoroughly m dtsttlled water, and then acetone, and air-dry (see Note 2) 
3 Immerse m 2% (v/v) ammopropyltrtethoxystlane m acetone for 30 mm. 
4. Rinse m acetone, wash m dtstilled water, and an-dry at 37°C. 
5 Slides prepared in this way can be stored indefinitely at room temperature. 
6. Cut 5-pm sections from routme paraffin embedded blocks onto shdes prepared as 

above 
7. Bake the sections either overnight at 6O”C, or for 45 mm at 75°C 
8. Store slides at room temperature 
9. Dewax the sections by heatmg to 75OC for 15 min (see Note 3). 

10 Then plunge them mto xylene and wash for 2 x 5 mm 
11 Remove xylene by washmg m 99% ethanol (industrial-grade) for 5 mm at room 

temperature 
12 Wash in dtstilled water. 

Unmasking of nucleic acids IS achieved by using either protemase K or pep- 
sin HCI (see Note 4). 

3.1.1. Proteinase K 
1. Dilute lyophtlized protemase K to 500 pg/mL m PBS, and spot onto the sbdes 

(I 00 pL/spot), put m Terasaki plates, and float in water bath at 37OC for 15 min 
2. Wash m dtstilled water, and an-dry at 75’C. 
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3.1.2. Pepsin HCI 

1. Incubate secttons m pepsin solution in a coplm jar for 15 mm at 37°C 
2 Wash in distilled water, and air-dry at 75°C 

3.2. Preparation of Slides Using CaSki 
(or Other Adherent Cultured) Cells 

1. Grow CaSki cells to midlog phase m complete medium 
2. Subculture onto four-spot multiwell slides, and grow almost to confluence. 
3 Fix in 4% paraformaldehyde (see Note 5) for 15 mm at room temperature 
4. Rmse m 0.2% (w/v) m PBS/glycme (5 min), PBS (5 min), and air-dry. 
5. Unmask nucleic acids using proteinase K. Dissolve 1 mg of protemase K m 1 mL 

of PBS. 
6 Add 100 pL to 100 mL PBS prewarmed to 37°C to give a final concentration of 

1 pg/mL 
7. Incubate slides m this solution m coplm jar for 15 mm at 37°C 

3.3. Preparation of Cervical Smears (14) 

This method applies to both stained and unstained routinely collected 
smears. If previously stained (e.g., wrth Papamcolau stam) and mounted, the 
cover slip and most of the stain can be removed by soaking the slides m xylene 
(this may take up to 48-72 h). Following this, the xylene should be removed 
using 99% (mdustrial-grade) ethanol, and the slides then soaked m distilled 
water and au-dried. 

1 Fix the slides m ice-cold methanol/acetic acid (3 1 [v/v]) for 10 mm at room 
temperature 

2. Transfer the slides directly to 4% paraformaldehyde (see Note 5), and fix for 
15 mm at room temperature 

3 Rinse m 0.2% (w/v) in PBS/glycme (5 min), PBS (5 min), and au-dry 
4 Incubate slides in sodium azide/hydrogen peroxide solution for 20 mm at room 

temperature (see Note 6). 
5. Wash m PBS for 5 mm. 
6 Proceed from step 5 of Section 3.2 

3.4. Probe Preparation/Hybridization 

This and the followmg methods sections apply to slides prepared by any of 
the three methods described above 

1 Add 1 pL (10-20 ng) of each of biotin and/or digoxigenm labeled probe to 7 pL 
of HM 

2. Excess carrier DNA may be added at this state (see Note 7) 
3. Add TE to a total volume of 10 mL. 
4 Spot 8 pL of the mixture onto each well (see Note 8) 
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5 Cover each spot with a 14-mm cover slip (see Note 9) 
6 Place slides m Terasakt plates (2 slides/plate) 
7 Denature in a convection hot air oven at 95°C for 15 mm. A hot plate IS also 

satisfactory 
8. Hybridize at 42°C m a hot air oven for 2 h. 

3.5. Stringency Washing and Blocking Procedure 
1. Wash slides m 4X SSC at room temperature for 2 x 5 min. 
2 Wash m the appropriate solutton for strmgency, e g ,50% formamtde/O. 1X SSC, 

if required for discrtmmatmg closely homologous sequences (see refs 1 i-1 3) 
Adjust all washmg solutions to pH 7.0 with 5M HCl The temperature of the 
solutton should be monitored directly using a mercury thermometer. Washing 
should be carried out for 30 min 

3 Wash m 4X SSC at room temperature for 5 min 
4. Incubate for 10-15 mm m blockmg solution (TBT) 

All incubations in antibody/avtdm/enzyme conjugates described below are 
carried out at room temperature for 30 min unless otherwise stated. The sub- 
strate reactions are carried out at room temperature, and signal development 
monitored by light microscopy. The substrate incubatton trmes are, therefore, 
determined empirically for each experiment. All slides are finally washed in 
distilled water, air-dried at 42OC, and mounted in glycerol Jelly. 

3.6. Detection of Biotinytated Probes 
3.6.1. Conventional Signal Defection 

1 Incubate the slides in avtdin alkaline phosphatase (or streptavidm alkaline phos- 
phatase) diluted 1: 100 in TBT. 

2. Remove unbound conjugate by washing twice m TBS for 5 mm 
3 Incubate m NBT/BCIP for 15-20 mm 
4. Terminate the reactton by washing m disttlled water for 5 min (see Note 10) 

3.6.2. Amplified Signal Detection 

1 Incubate the slides in monoclonal anttbiotm diluted 1.50 m TBT 
2 Wash twtce in TBS for 5 mm 
3 Incubate in btotinylated rabbit antimouse (F[ab$ fragment) diluted I:200 m TBT. 
4. Wash twice m TS for 5 mm. 
5. Incubate in avidm alkaline phosphatase diluted 1.50, or avidin peroxtdase diluted 

1.100 m TBT, contammg 5% (w/v) nonfat milk (e.g , Marvel) 
6. Wash in TBS, and develop the signal using etther NBT/BCIP or AEC/H,O,. 

3.6.3. APAAP Detection System 

1. Incubate the slides in monoclonal anttbiotin diluted 1:50 m TBT. 
2. Wash twice m TBS for 5 mm. 
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3. Incubate m rabbit antimouse immunoglobuiin diluted I:50 in TBT, and wash 
m TBS. 

4 Incubate in APAAP complex diluted 1:50 in TBT. 
5. Develop the signal using NBT/BCIP. 

3.7. Detection of Digoxigenin-Labeled Probes 

3.7.1. Conventional Detection 

1. Incubate the shdes m alkaline phosphatase-conjugated antidigoxigenm diluted 
1.600 in TBT. 

2. Wash m TBS, and develop the signal usmg NBT/BCIP as described for detection 
of biotmylated probes. 

3.7.2. Amplified Signal Detection 

1 Incubate the slides in monoclonal antidigoxin diluted 1: 10,000 m TBT 
2. Wash in TBS. 
3. Incubate in biotinylated rabbit antimouse (F[ab’]2 fragment) diluted l-200 

in TBT. 
4. Wash m TBS (5 min), and incubate in avidm alkahne phosphatase diluted 1:50 or 

avidm peroxrdase diluted 1: 100 in TBT containing 5% (w/v) nonfat milk 
5. Wash m TBS (5 min), and incubate in either alkaline phosphatase or peroxidase 

substrate. 

3.7.3. A PAA P Detection System 

1. Incubate in monoclonal antidigoxin diluted 1: 10,000 m TBT. 
2 Proceed as for APAAP detection of biotinylated probes from step 2 in Sec- 

tion 3.6 3. 

3.8. Double-Probe Detection 
1. Incubate the slides m a mixture of avidin-peroxidase conjugate diluted 1.100 and 

alkaline phosphatase-conjugated anttdigoxigenin diluted 1:600 m TBT, in prac- 
tice, 1 pL of antibody and 6 pL of avidin are added to 600 pL of TBT. 

2. Remove any unbound conjugate by washing twice m TBS for 5 mm. 
3 Incubate in AEC for 30 min at room temperature. 
4. Termmate the reaction by thorough washing in TBS. 
5. Wash m alkaline phosphatase substrate buffer for 5 mm at room temperature. 
6. Incubate in NBT/BCIP for 20-40 min. 
7. Terminate the reaction by washing m distilled water for 5 mm. 

4. Notes 
1 The NBT/BCIP and AEC reaction products are soluble, and/or crystallize out, in 

organic solvent-based mountants. 
2 It is important that the slides dry completely, since aminopropyl-triethoxysilane 

1s insoluble m water. 
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4 

5. 

6 

7. 

8 

9. 
10 

It IS important to preheat the sections prior to dewaxing this leads to more effec- 
tive dewaxmg of nucleic acids 
We have noted that the proteolysis step appears to be the most crittcal m the 
whole technique Variability in signal intensity IS virtually always caused by 
mcomplete or excessive proteolysis, the only remedy IS repetmon of the experi- 
ment! Stlane ts an effective adhesive for most cells and sections, although occa- 
sionally, high concentrattons of protemase K can cause repeated section 
dehiscence. Under these circumstances, reduction of the protemase K concentra- 
tion or, alternatively, the use of pepsin HCl may prove more effective; these, 
however, reduce the sensitivity of the method. 
The fixation of Cask1 cells m aldehyde has been shown to enhance the senstttvtty 
of the detection of human paptllomavn-us type 16 by rn sztu hybridization com- 
pared with fixation by actd/alcohol (9). 
Sodium aztdeihydrogen peroxide solutton blocks endogenous peroxtdase enzyme 
acttvity This IS important in cervical smears where large numbers of neutrophtl 
polymorphs and red blood cells are present. Although often not essential when 
analyzmg cultured cells or biopsies, mcubatton m this solution IS equally effec- 
tive with these sample types. 
Carrier DNA (e g., salmon sperm) can be added to the reaction mix m excess to 
reduce nonspecific probe binding. I have not found this necessary for the detec- 
tion of human paptllomavn-uses m archival surgical biopsies, but it 1s often nec- 
essary for cultured cells and cervical smears (Z4). 
The volume of probe mixture required to cover the section without adJacent 
ahquots runnmg together varies mversely with the size of the section Thus, large 
sections requtre as httle as 6 pL of mixture and small ones up to 8 5 p.L. 
I have found that sealing the cover slips with rubber cement is not necessary 
The NBT/BCIP reaction can be termmated chemically by lowering the pH (e g , by 
rinsing in TBS, pH 7 2), adding phosphate tons (e g., PBS), or by chelating Mg ions 
using EDTA However, I find that thorough rmsing in distilled water 1s as effective 
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Biotinylated Probes in Colony Hybridization 

Michael J. Haas 

1. Introduction 
Colony hybridization is a procedure that allows the detection of cells con- 

taming nucleic acid sequences of interest (1). In this method, microbial colo- 
nies grown on, or transferred to, a supporting membrane are lysed and their 
nucleic acids denatured to single strands and fixed m place on the membrane. 
The membrane is then exposed to a similarly denatured “probe” sequence, which 
is identical or homologous to all or part of the target sequence, under condi- 
tions favoring reannealmg. Probe sequences hybridize to complementary 
sequences on the membrane. Positive hybridization events are then detected by 
determimng the presence and location of probe sequences on the membrane 

The original colony hybridization method described the use of radio- 
labeled probes and the detection of positive hybridization events by autora- 
diography (2). However, because of the high waste disposal costs, short 
half-lives, long autoradiographic exposures, and potential health hazards 
associated with radioisotopes, there is mterest in alternative methods to detect 
positive hybridizations. 

Nonradioactive technology mvolves the attachment to the nucleic acid probe 
of a ligand that can subsequently be detected by chemical or enzymatic meth- 
ods. The vitamin biotin is one such ligand. Biotm can be covalently 
incorporated into nucleic acids in a manner that does not interfere with their 
ability to hybridize with homologous sequences. This is accomplished by replac- 
mg a nucleoside triphosphate with its biotinylated analog m an m vitro DNA 
replication or transcription reaction, generating a biotmylated probe sequence 
(2,3). Hybridization of such a probe to a homologous sequence immobilized on a 
membrane results m the retention of biotin at that site. Positive hybridization 
events can then be detected by assaying for biotin. 

From Methods m Molecular Biology, Vol 80 lmmunochemrcal Protocols, 2nd ed 
E&ted by J D Pound 0 Humana Press Inc , Totowa, NJ 
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Enzymatic reaction schemes that generate msoluble colored products at sites 
where biotm is bound to the filters have been developed for the purpose of 
biotm detection in these applications. These detection reactions employ either 
avidm or streptavidin, two functionally identical proteins that bind to biotin 
with very high affimties and specificities. These protems are retained at sites 
where biotmylated probes have hybridized to homologous sequences. Avidm 
and streptavidin have multiple biotin bmdmg sites per molecule They there- 
fore retam biotin binding capabihty even after bmdmg to probe sequences on 
the membranes. Incubation with a biotmylated form of an enzyme (e.g., alkalme 
phosphatase) for which there exists an assay that generates an insoluble, col- 
ored product results in the retention of signal enzyme at sites of positive hybrid- 
ization. These sites are detected by applying the histochemical assay for the 
signal enzyme. 

To facilitate our work on plasmids with no known phenotype, we have devel- 
oped a method for the use and detection of biotmylated probes in colony hybridiz- 
ation. It is suitable both for the detection of rare positive hybridization events 
over a background of nonreactive colonies and for the detection of nonhy- 
bridizing colonies in a population containing sequences homologous to the probe. 
The latter capabihty could be useful m such applications as the detection of cured 
(i.e., plasmid-free) cells m a bacterial population containing plasmids. 

2. Materials 

1 Nitrocellulose filters (82-mm diameter, BA 85) are obtained from Schleicher & 
Schuell (Keene, NH) (Products from other suppliers may be acceptable.) 

2. Formamide deionized by sttrrmg for 30 mm with 10% (w/v) of a mtxed-bed ion 
exchange resin (e.g , Bio-Rad AG 501-X8,20-50 mesh, Bio-Rad, Hercules, CA), 
filtering twice through Whatman (Clifton, NJ) no 1 paper and storing single-use 
ahquots at -80°C 

3. Bovine serum albumin ([BSA], Fraction V, Sigma, St. Louis, MO) is used as 
obtained. Fatty acid-free albumin gives poor results 

4 Denatured herring sperm DNA IS prepared by dissolvmg m water (10 mg/mL) 
with stu-rmg at room temperature, shearing by 10 passages through an 18-gage 
needle, and immersing in boilmg water for 10 mm. Ahquots are stored at -20°C 
Just prior to use, these are incubated for 10 min in a boilmg water bath and chilled 
in ice water 

5 20X SSC buffer 3M sodmm chloride, 0 3M sodium citrate, pH adJusted to 7.0 with 
sodium hydroxide. Sterilize by autoclaving, store at room temperature 

6. Protemase K is obtained from Beckman (Somerset, NJ). Other sources may be 
acceptable In using alternate sources, the occurrence of blue backgrounds between 
colonies, and oversize, blurry signals at colony sites after the final color develop- 
ment step indicates insufficient proteolyttc activity. Prepare a solution of 
200 pg/mL m 1X SSC 
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7. 50X Denhardt’s solutton: 1% (w/v) Ficoll, 1% (w/v) polyvmyl pyrrohdone, 1% 
(w/v) BSA Filter-sterilize Store aliquots at -20°C. Do not flame the pipets used 
to transfer this solution. Denaturatron and precipitation of the protein result from 
the use of hot pipets at this stage 

8 Template DNA for the production of hybridization probes must be pure Stan- 
dard methods, such as dye-buoyant density ultracentrrfugatron, generate accept- 
able products. Ethidmm bromrde and cesmm chloride are removed prior to use of 
the DNA (4) 

9. Biotm-l l-deoxyurrdme-5’-triphosphate (BrodUTP) and reagents for its mcorpo- 
ration mto DNA by nick translation are obtained commercially The products 
from Bethesda Research Laboratories (BRL, Gaithersburg, MD) are acceptable. 
BRL now provides a prepackaged krt (BioNrck) containing necessary supplies 
and employmg brotm-1CdATP as the source of biotm. The concentration of the 
resulting brotmylated DNA IS determmed by the histochemical method for biotm 
(below). Adequate mstructions are provided with these kits 

10 Prehybndrzatton solution 50% formamtde, 5X SSC, 5X Denhardt’s solution, 25 mM 
sodium phosphate, pH 6.5,300 &mL freshly denatured sheared herring sperm DNA 
Filter through Whatman no 1 paper on a Buchner funnel, then through a sterile 
0 45-pm filter Store IO-mL aliquots in glass at -20°C Use only once 

11. Hybridization solutron: 45% Formamtde, 5X SSC, 5X Denhardt’s solution, 20 rnA4 
sodmm phosphate, pH 6 5,300 &mL freshly denatured, sheared, herring sperm 
DNA, 200 ng of biotmylated DNA/mL. Before its addition, the biotmylated probe 
DNA is denatured by incubating for 10 min in a borlmg water bath and qurck- 
chilling m an ice bath. Shearing to reduce size is unnecessary, smce the products 
generated by mck translation are sufficiently small Filter and store the hybrid- 
ization solution as was done for the prehybrrdization solution. Hybridization 
solution can be recovered after use and stored at -20°C. The solution can be 
reused at least 10 times over a time-span of at least 5 mo, without noticeable reduc- 
tton in performance The solution is heat-denatured as described for the herrmg 
sperm DNA preparation immediately before each use 

12. Reagents for the detection of filter-bound biotin are obtamed from BRL 
(BlueGene Nonradioactive Nucleic Acid Detection System) Comparable mate- 
rials are available from Bio-Rad Laboratories 

13. Special equipment required for this protocol are a vacuum oven, a slab gel dryer, 
a device for the heat sealing of plastic bags (e.g , Seal-A-Meal, Sears Seal-and- 
Save), thin rubber sheet (such as dental sheet, A H. Thomas, Philadelphia, PA), 
and a filtration device designed for the washing of mtrocellulose filters The lat- 
ter was originally described by Grunstem and Hogness (I) and is available from 
Schleicher and Schuell as the “Screen-It” colony filter hybridization device 

14. 90% (w/w) Ethanol 
15. Chloroform. Reagent grade. 
16. Solutions for the posthybridization washing of filters. 

a 0.1% (w/v) Sodium dodecylsulfate (SDS) m 2X SSC. 
b 0.1% (w/v) SDS m 0 2X SSC 
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c. 0.1% (w/v) SDS m 0.16X SSC. 
d 2X SSC 

3. Methods 
3.1. Filter Preparation and Cell Growth 

Haas 

1. 

2. 

3 
4 

5 

6 

Use a soft lead pencil to label mtrocellulose filters wtth a hash mark and letter or 
number on one edge to allow subsequent identification and orientation (see Note 1) 
Place the labeled filters between sheets of filter paper, wrap m alummum foil, 
and autoclave for 10 mm. 
Seal the packets of sterile filters in an air-tight bag and store at 4°C 
To inoculate, place a filter on top of solidified media m a Petrt dish and spread an 
appropriately diluted bacterial culture over the surface. 
Incubate the plates until the cells are approx l-3 mm m diameter (see Note 2) 
Cell densities of approx 800/82 mm diameter filter are compatible with single 
colony discrimmation after hybridizatton and color assay If one is attempting to 
locate positively hybrtdizmg sequences in a generally nonreacting population, 
and single colony resolution is not required m the first detection step, as many as 
1 O5 cells can be applied to each filter 
Invert the filter and gently lay it onto fresh media Just prior to lysis to create a 
replica of the colony pattern of the filter. (Mark the plate to mdtcate the orienta- 
tion of the filter on it ) After an appropriate incubation, this becomes a master 
plate from which viable analogues of desirable colonies, as identrfied on the fil- 
ter after hybridization and processing, can be recovered 

3.2. Ceil Lysis 
All operations are conducted at room temperature unless otherwise noted. 

After steps 1-3, gentle suction is applied to the filters (see Note 3). Steps 2-4 
are conducted m glass Petri dishes, one filter per dish. It has not been deter- 
mined rf these steps can be done batchwise. It is difficult to process more than 
12 filters at a time. 

To achieve lysis, incubate the filters m the following fashion (see Note 4): 

1. Incubate 7 mm, colony-stde up, on filter paper sheets stacked to a thickness of 
4 mm and saturated with fresh 0.5MNaOH. 

2 Incubate 5 mm m 1.5h4 sodium chloride, 0 5M Tns-HCl, pH 7.4, 30 ml/filter. 
3 Incubate 1 h m prewarmed proteinase K in 1X SSC, 30 ml/filter, 37°C. 
4. Incubate 2 x 2 mm m 90% (w/w) ethanol, 30 ml/filter (see Note 5). 
5. Au-dry, 20 mm 
6. Wash each filter wtth 100 mL of chloroform using the Screen-It colony hybrid- 

izatton device A single sheet of filter paper is used as an underfilter 
7 Au-dry (approx 15 mm). 
8. Sandwich the filters mdividually between filter paper, wrap loosely in aluminum 

foil, and bake at 80°C in vacua for 2 h. 
9 Store the filters m a vacuum desiccator at room temperature 
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3.3. Prehybridization, Hybridization, and Detection of Hybridization 
1. For prehybridizatton, place pairs of filters containing lysed, fixed colonies back 

to back in sealable plastic bags. Add 20 mL of prehybridrzation solution, seal the 
bag, seal it within a second bag, and incubate at 42’C for 2 h. Maintain the proper 
temperature by submersron in a water bath. 

2. After prehybridization, replace the liquid with 20 mL of hybridrzation solution, 
exclude air bubbles, reseal the bags, and immerse m the water bath. Brief incubations 
(1 h) are sufficient for the detection of relatively abundant sequences, such as 
unamplified plasnnd pBR322 m E. co&. More extensive incubations (45 h) may be 
necessary to detect less abundant sequences. 

3. Following hybridization, wash the filters sequentially* 
a. Twice in 250 mL of 0.1% (w/v) SDS in 2X SSC, 3 min per wash, room 

temperature; 
b Twice in 250 mL of 0.1% (w/v) SDS, 0.2X SSC, 3 min per wash, room 

temperature; 
c Twice in 250 mL of 0.1% (w/v) SDS, 0.16X SSC, 15 min per wash, 50°C; and 
d. Briefly in 2X SSC at room temperature. 

4. Detection of the sites of hybrrdrzation-dependent binding of biotmylated probe 
to the filters is most readily conducted with commercially available krts. Favor- 
able results have been obtained with the BluGene Nonradioactive Nucleic Acid 
Detectron System from BRL. Follow the manufacturer’s instructrons when car- 
rymg out the followmg steps. After washing, sequentially expose the filters to 
streptavidin and biotmylated alkaline phosphatase (or to a conJugate of these two 
proteins) This causes the immobilization of alkaline phosphatase at sttes of posi- 
tive hybridization 

5. Incubate the filters with 5-bromo-4-chloro-3-mdolylphosphate (BCIP) and 
nitroblue tetrazolium (NBT). Indoxyl generated from BCIP by the action of alka- 
lme phosphatase condenses to form indigo (blue). Indigo then reacts with NBT to 
form insoluble drformazan (purple). 

6. Terminate the reaction when reacting colonies are intensely purple (see Note 6) 
by replacing the dye solutton with 20 mM Tris-HCl, 5 mMEDTA, pH 7.5. Non- 
reactive colonies should be hght blue on a white background. 

7. Store the moist filters in sealed bags. The elapsed time from the end of hybridrza- 
non to the termination of color development 1s approx 3 h. Figure 1 illustrates 
typrcal results obtained with this method. 

4. Notes 

1. Cellulose filters give unacceptably diffuse colony patterns after lysis and should 
not be used. Nylon filters should be acceptable, although we have not examined 
their suitabthty. 

2. The lysis of colonies larger than specified above is generally acceptable. How- 
ever, wtth relatively mucoid strains, such as Xanthomonas, the lysis of oversize 
colomes results m smeared colony patterns The researcher should investigate 
the performance of younger cells if such behavior 1s experienced. 
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Fig. 1. Specific identification of E. coli containing plasmid pBR322. Approximately 
225 colonies, consisting of a 1O:l mixture of plasmid-free and plasmid-containing 
cells, was grown on a nitrocellulose filter. The filter was subjected to the lysis protocol 
described here, followed by a hybridization with biotinylated pBR322. Sites of posi- 
tive hybridization were detected by means of streptavidin and alkaline phosphatase. 
The dark sites correspond to colonies harboring pBR322. Plasmid-free cells give the 
faint signals present at numerous sites on the filter. 

3. The application of gentle suction to the filters following steps l-3 of the lysis 
protocol reduces the dispersion of cells from their sites, promoting tighter pat- 
terns and stronger signals, and reducing the interference of signals from adjacent 
colonies with one another. Suction is applied by means of a slab gel dryer and a 
gentle vacuum source. A single sheet of filter paper serves as an underfilter. On 
this sheet is placed a template made by cutting into a sheet of flexible rubber 
holes slightly smaller than the nitrocellulose filters. The filters are placed over 
these holes and vacuum is applied. A brief suction suffices to remove excess 
moisture from the filters and to pull lysed colonies down onto them. Six filters 
can be treated at a time with a standard commercially available gel dryer with an 
18 x 34 cm suction surface. 

4. In our initial studies, the filters were swirled in the lysis solutions in an attempt to 
ensure lysis. After hybridization and application of the color assay, it was found 
that positively reacting colonies had “tails” extending away from them in a circular 
pattern across the filters. These tails obscured the signals of adjacent colonies. Tail- 
ing was eliminated by omitting the swirling action during lysis. This omission did 
not noticeably reduce the efficiency or sensitivity of the detection reaction. 
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5. The ethanol concentration in step 4 of the lysis protocol is a w/w concentration 
Ethanol solutions made up v/v, or otherwise m excess of 90% w/w, exceed the 
ethanol tolerance limits of some batches of nitrocellulose. Falters washed in such 
solutions may become brittle and be reduced nearly to powder by the end of the 
hybridization-color assay procedure. The appropriate solution can be made from 
100% ethanol. 

6 The final color development step must be conducted under dim light (1.e , mcu- 
bated m a drawer) since the reagents are light sensitive. Examme the filters at 
frequent intervals (10 mm) during this incubation. Stop the reaction when the 
color of positively reacting colonies is deep purple. Further mcubatton past this 
point allows the color of nonreacting colonies to darken to such a degree that 
they are mistaken for positives. Overdevelopment is the greatest single factor 
contributing to the appearance of false-positive signals. 

7 The minimal probe concentration necessary for efficient detection of target 
sequences has not been determined. It has been noted, however, that probe con- 
centrations of IO-20 ng/mL, when coupled with overmght hybridizations, are too 
low to give strong signals for nonreiterated target DNAs 3 MDa or larger m size. 
Maas (5) reported a simple modification of the Grunstem-Hogness protocol (I), 
which 1s reported to increase the sensitivity of the colony hybridization method by 
loo-fold. This could mcrease the ability to detect single copy sequences. 

8. Nucleic acids can also be biotmylated by nonenzymatic methods with 
photobiotm, a photoactivatable biotin analog (6), which can be commercially 
obtained from BRL, Sigma, and other commercial sources I have not compared 
the suitability of this method of biotin incorporation with that reported here, but 
expect that the method would be fully acceptable FMC (Rockland, ME) markets 
an alternate nonradtoactive sequence detection kit known as Chemiprobe. The 
basis of this system 1s a chemical moditicatron of cytosme residues m the probe 
DNA. After hybridization, the probe is detected by means of a monoclonal antr- 
body that specttically recognizes the sulfonated DNA. Detection of the bound 
monoclonal antibody is achieved by means of an alkaline phosphatase-conju- 
gated second antibody. 
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Nonisotopic /n Situ Hybridization 

Gene Mapping and Cytogenetics 

Bhupendra Bhatt, Tulin Sahinoglu, and Cliff Stevens 

1. Introduction 
With the advent of nonradioactive probes during the past decade, 1~1 satu 

hybridization has become an immensely valuable tool m the hands of: 

1. Developmental biologists and cell biologrsts for the detection of mRNA m cells 
and tissue sections (l-7), 

2. Vwologists for detection of viral DNA and RNA (8), and 
3 Molecular cytogeneticists in detecting chromosome aberrattons m interphase 

cells (Interphase Cytogenetlcs, especially Cancer Genetrcs, 9--l]), sex deter- 
mination (12,13), and gene mapping by nomsotopic in sztu hybrtdlzation 
(NISH, 14,15). 

In NISH, the probe labeled with a nonradioactive reporter, such as biotm, 
digoxigenin, or fluorescein, is hybridized to chromosome spreads, and the label 
is detected by indirect immunocytochermstry. Nonfluorescent reporters are either 
detected by an enzymatic conversion of a substrate into a colored precipitate or 
by fluorescence (14,15). In fluorescent zn situ hybridization (FISH), the probe 
may be directly labeled with either a fluorescent nucleotide (fluorescem 1 l- 
dUTP) or with nonfluorescent nucleotides, such as btotm- 1 l-dUTP or digoxi- 
genin- 11 -dUTP. When a nonfluorescent label is used, the signal is detected by 
reporter-specific antibodtes or, m the case of biotm, by avidinktreptavidm con- 
jugated to a fluorescent dye. FISH offers greater sensitivity over nonfluorescent 
immunocytochemlcal detection methods, Apart from conventional smgle-copy 
gene mapping and interphase cytogenetics, FISH has been used in high-resolu- 
tion mapping of several genes simultaneously (26). It has also been used m 
resolvmg the order of sequences within the human muscular dystrophy gene 

From Methods In Molecular Biology, Vol 80 Immunochemfcal Protocols, 2nd ed 
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(17) The maJor disadvantage of FISH is that the fluorescent signal is only 
analyzable on photographs. However, when confocal laser microscopy and 
digital densrtometric analysis of the signal are avatlable, FISH affords a level 
of sensitivity where rt is possible to resolve the order of sequences within a 
gene (e.g., the human muscular dystrophy gene; 17,18), or to clone specific 
chromosomal regions by mtcrodissection (19). Another recent addition to the 
list of methods for gene mapping is popularly referred to as primed zn sztu 
labeling (PRINS). It involves hybridization of unlabeled synthetic ohgonucle- 
otide primers to chromosome spreads and subsequent amplification of the 
specific chromosomal regions with Tag DNA polymerase. The label 1s incor- 
porated during amplification. This method is a combination of in sztu 
hybridization and polymerase chain reaction (PCR), which IS covered by US 
patents owned by Hoffman La Roche [Nutley, NJ], 20-22). Both FISH and 
PRINS methods are described here. In addition, detection by fluorescence, as 
well as by the DAB/gold/silver method is described. Although the methods 
described in this chapter refer to blotrn-11 dUTP for labeling the probe, with 
appropriate modifications, other labels, such as digoxigenin, and fluorescem, 
will work equally well. 

There are several steps involved m mapping genes on chromosomes by either 
of the methods. The followmg are common to both methods: 

1. Preparation of metaphase spreads from whole blood cultures. 
2. Fixation of shdes. 
3 Immunocytochemical detection of signal 
4 Chromosome banding 

2. Materials 

2.7. Tissue Culture and Slide Preparation 

1 Complete medium (CM) 76 mL of RPM1 1640,20 mL of fetal bovine serum, 2 mL 
of phytohemagglutnnn (M form), 1 mL of antibiotic/antimycotic solution 
(100X = 10,000 U penicillin, 10,000 U streptomycm and 25 pg fungizone), and 
1 mL of 100X L-glutamme (100X = 30 mg/mL) (Gibco, Paisely, UK). 

2. S-Bromo-2-deoxyuridine (BUdR): Dissolve 10 mg/mL in distilled water. Steril- 
ize by filtration with a 0 2-pm filter. Store m aliquots at -20°C 

3. Thymidme Dissolve to a concentration of 250 pg/mL in distilled water. Fllter- 
sterilize, and store m aliquots at -20°C. 

4 Colcemid: Dissolve 5 pg/mL of distilled water. Filter-stertlize, and store in ah- 
quots at -20°C. 

5. Hypotonic solution: Dissolve 560 mg of potassmm chloride (El) in 100 mL 
distilled water. Prepare fresh, and keep at 37OC 

6. Fixative: Mix three parts methanol with one part glacial acetic acid. Prepare fresh, 
and keep on ice 
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2.2. Labeling of the Probe for FISH 
1 DNase I* 1 pg/pL m DNase buffer (50% glycerol, 150 mM NaCl, 10 mM 

NaH2P04, pH 7 2,0 1% [w/v] bovine serum albumin [BSA], 1.0 mMdrthrothrer- 
tol) Store m alrquots at -20°C. 

2 DNA polymerase I: store at -20°C. 
3 10X Nrck translatron buffer. 500 mM Trrs-HCl, pH 7 5, 50 mM MgC12, 10 mM 

j3-mercaptoethanol, Store at 4°C. 
4 Cot-l DNA. 
5 Glycogen. mussel glycogen at 20 mg/mL m sterile distilled water. 
6. 1 mM Btotin- 1 I-dUTP. 
7. dNTP mixture. 10 mM of each of dATP, dCTP, and dGTP 
8 10 mJ4 dithiothreitol (dTT) 
9. 0.2M EDTA. Dissolve 7.4 g ethylenedrammetetracetrc acid (disodium salt) in 

100 mL distrlled water Raise the pH to 8 0, and autoclave. 
10. TE buffer: Dissolve 10 mM Tris-HCI and 1 mM EDTA (pH 8.0) m sterile dts- 

tilled water Do not autoclave. 

2.3. Evaluation of Labeling by Gel Electrophoresis 
1. NBT/BCIP 

a Dissolve 10 mg mtroblue tetrazolmm (NBT) in 200 pL of drmethyl forma- 
mrde (DMF), and add to 1 mL substrate buffer (O.lM NaCl, O.lM Tns-HCl, 
pH 9 6,O.OlM MgCl,). Add the mixture to 29 mL of substrate buffer 

b. Dissolve 5 mg of bromochloro indolylphosphatase (BCIP) in 200 pL DMF, 
and add to (a). 

2. TBE buffer: 10 8 g Trts, 5 5 g boric acid, and 0.93 g EDTA dtssolved in 1 L of 
dtstrlled water 

3. Agarose. Dissolve agarose 1.6% (w/v) in TBE buffer by botlmg m micro- 
wave oven 

4. Ethidium bromide (EtBr): Dissolve 10 mg of EtBr m sterile distilled water, Dilute 
to 0 5 pg/mL of drstrlled water for staining the gel EtBr is a suspected carcino- 
gen Handle with care m a fumehood. 

5. 6X Loadmg buffer Dtssolve 4 g sucrose and 2.5 mg bromophenol blue in 6.0 mL 
of TE buffer. Store at 4°C 

6 lOO-bp and 1 0-kb DNA ladders: these are used as size markers for the labeled 
probes. Altquot and store at -20°C. 

2.4. Hybridization for FISH 
1 10X SSC buffer: 3 OM sodmm chloride, 0.3M sodmm citrate. Adjust pH to 7 4, 

and autoclave 
2. Deionized formamide, Mix 5.0 g mixed-bed ion-exchange resin (Bio-Rad [Her- 

cules, CA] AG50 1 -x8,20-50 mesh) with 50 mL formamide. Stir for 45 mm, and 
filter with Whatman’s filter paper. Store m aliquots at -20°C 

3. 100X Denhardt’s solutron. 0.2 g BSA, 0 2 g ticoll, 2 g glycme, 0.2 g polyvinyl 
pyrrohdone, sterile distilled water to 10 mL. Store m alrquots at -2O’C 
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4. Dextran sulfate* 50% (w/v) in sterile distilled water 
5. Hybridization buffer (HB): 600 p.L deionized formamide, 100 pL 100X 

Denhardt’s solution, 200 $50% dextran sulfate, 100 pL 20X SSC. Store at 4°C 
6. Human placental DNA. 10 mg/mL in sterile distilled water. Stir for l-2 h, shear 

by passing through 1 g-gage needle, or somcate Place m boilmg water bath for 
10 mm Store m aliquot at -2O’C 

7. Gene FramerTM (Advanced Blotechnologies, Surrey, UK): This IS an adhesrve 
frame that forms a seal around the section or chromosomal spread, and prevents 
loss of solutrons as well as forming a boundary around the area of interest 

2.5. Immunocytochemical Defection and Chromosome Staining 

1. Wash buffer, 4X SSC containing 0.5% (v/v) Tween-20 
2 Blocking buffer. 5% skimmed milk powder (e.g , Marvel) in wash buffer 
3. Avidm-FITC 
4. Peroxidase-conjugated mouse monoclonal antifluorescem antibody 
5. Streptavidm-gold conjugate. streptavidin conjugated to 1 .O-nm gold particles 

Store m aliquots at -20°C 
6 Peroxldase substrate (DAB). 2 5 mg of 3,3’-diaminobenzrdine tetrahydrochloride 

dissolved m 5 mL phosphate-buffered salme (PBS). Add 2 pL of 30% hydrogen 
peroxide (H202). DAB powder should be handled only in a fume cupboard. 

7 Sodium chloroaurate (gold-sodium-chloride, BDH Chemicals Ltd. [Poole, UK]) 
make a 10% solutron m distilled water, and store at 4°C. For the working solu- 
tion, dilute 1.100. 

8 Sodium sulfide (Na2S). dissolve 100 mg m 10 mL distilled water. Add 560 p.L 
1M HCI Handle m fume cupboard. 

9 Silver solution* follow manufacturer’s instructions 
10. Tris-buffered salme (TBS), pH 7 2: 0 1M Tris-HCl, 0 1M NaCl 
11 TBST. TBS containing 0 05% Tween-20 (or Triton X-100) 
12. Hoechst 33258, prepare 100X stock solution by dissolving 5 mg m 10 mL of 

methanol and store m dark at 4°C Working solution. dilute the stock I.100 m 
2x ssc 

13. Giemsa stain. make a 5% (v/v) solution m PBS at pH 6.8. 

2.6. Primed In Situ Labeling (PRINS) 

1 Tag polymerase supplied at 5 U/pL. Store alrquots at -20°C. Dilute to 
l-2.5 I-I/l& in sterile distilled water for working concentration. In the author’s 
laboratory, Red Hot PolymeraseTM (Advanced Biotechnologies) works best at 
0.2 U/pL. 

2 10X Taq Polymerase buffer, 500 mM KCl, 100 mM Tris-HCl, pH 9.0, 1 0% Tri- 
ton X- 100. Store at -20°C. 

3 25 mMMgC1. 
4. dNTP Mixture (see Section 2.2.) (7). 
5. dTTP Mixture (see Section 2.2.) (8) 
6. 1 mA4 Fluorescein- 11 -dUTP Store at -20°C. 
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3. Methods 
3.1. Preparafion of Metaphase Chromosomes 

1. Add 0.8 mL of heparmrzed human venous blood to each culture bottle containing 
10 mL of CM. Incubate at 37’C for 72 h. 

2 Add 100 pL BUdR to each culture and incubate for another 16-17 h at 37°C. 
3. Centrifuge the cultures at 700g for 10 min. Discard supernatant, and resuspend 

the pellet in 10 mL RPM1 1640 or PBS 
4. Repeat step 3. 
5. Resuspend pellet m CM contaming 2.5 pg thymidine Incubate at 37°C for 

another 6 h. 
6. Add 100 pL colcemid solution to each culture, and Incubate at 37°C for another 20 min. 
7. Centrifuge the cultures at 6OOg, and resuspend the pellet in hypotomc solution. 

Incubate at 37°C for 7 min 
8. Centrifuge, and discard supernatant. Resuspend the pellet in 1 mL fresh, chilled 

fixative. Bring the volume to 10 mL with fixative. Keep on ice for at least 20 mm. 
9. Wash the pellet several times in fresh fixative by repeated centrifugation and 

resuspension of pellet in fresh chrlled fixative. 
10. Cells may be left m the fixative mdefimtely at -20°C. 
1 I. Centrtfuge, resuspend the pellet in 0.5-l .O mL of fresh chilled fixative, and keep 

on ice 
12. Soak precleaned mtcroscope shdes in distilled water. 
13. Place the wet slides on a hotplate mamtamed at 60°C and immediately drop 1 O-20 pL 

of the cell suspension on the slide from a distance of 15-20 cm. Allow to dry 
14. Slides may be exammed under phase contrast to select areas of well-spread 

metaphase or prometaphase chromosomes. 

3.2. Labeling the Probe for FISH 
Label 1 .O pg of probe with biotin-1 1 -dUTP by the nick translation reactlon 

accordmg to the following protocol. 

1. Make serial dilutions of DNase I in sterile distilled water to 10 ng, 1 ng, 100 pg, 
and 10 pg DNase/p.L 

2. Aliquot 1 0 & of probe DNA in each of four Eppendorf tubes. 
3. Add 1 p.L 10X nick translation buffer. 
4. Add 1 pL of DNase I (10 ng in the first tube, 1 ng in the second, and so on). 
5. Add sterile distilled water to 10 pL 
6. Incubate at 37’C for 16 h or overnight. 
7. Add the following reagent volumes to each of the tubes. 

Nick translation buffer 4.0 ,uL 
dNTPs 5.0 clr, 
Biotin-II-dUTP 2.5 j.L 
dTTP 4.5 pL 
DNA polymerase 11.0 /.lL 
Hz0 23.0 pL 
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8. Incubate at 14°C for 3 h. 
9. Add 5 pL of 0.2M EDTA, and incubate at 70°C for 5 mm to macttvate the 

enzymes. 

3.3. Size Fractionation and Evaluation of the Probe 
3.3.1. Gel Electrophoresis 

1 Add the following reagents to Eppendorf tubes 
Labeled probe 3.0 p.L 
TE buffer lo& 
0.4M NaOH 60@- 
6X loading buffer, dye 2.0 $ 

2 Add the followmg reagents to a separate tube 
1 OO-bp DNA ladder 2.0 pL 
TE buffer lolls. 
6X loading buffer 2.0 j.lL 
Hz0 70& 

3. Incubate at 65°C for 5 mm, and chill on ice. (Do not incubate the DNA ladder at 
65°C ) 

4 Run the samples on an agarose gel electrophoresrs unit. 
5 Stain the gel with EtBr solution (0.5 pg/mL of distilled water) and observe over a 

UV box 
6. Transfer the DNA probes to mtrocellulose filter by Southern transfer (23) Small 

fragments normally transfer within 4-6 h. 
7. Bake the filter m a vacuum oven at 80°C for 1 h. 
8. Store at room temperature. 

3.3.2 Detection of Label 
1. Wet the mtrocellulose filter m dtstrlled water 
2 Incubate m TBS for 5 min 
3. Incubate in TBT solutron for 5 mm 
4. Incubate in avrdin alkaline phosphatase for 10 min. 
5 Wash the filter m TBT for 5 min. 
6 Wash m developmg buffer for 5 mm 
7. Incubate m 10 mL of NBT/BCIP m a dark box 
8. Color development (bluish purple) occurs wrthin 10 min. 
9. The intensity of the color as Judged by the eye is normally a good indicator of 

labeling efficrency. Alternatrvely, the labeling efficiency may be checked by 
scanning wrth a densrtometer. 

3.4. In Situ Hybridization 
1 Add 20-100 ug (l-5 pL) of labeled probe to 5 0 & of human placental DNA. 
2 Add HB to a final volume of 40 pL. 
3 Apply 30 pL of this mtxture to chromosomal preparatron under a cover slip, and 

seal wtth Gene FrameTM. 
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4 Place the slides in Terasaki plates, and incubate at 7YC for 7 min 
5. Incubate at 37-42”C for 16 h or overnight. 
6. Remove cover shps, and Incubate the slides in 50% formamide m 2X SSC at 

42-45”C for 20 mm. 
7. Rmse m 2X SSC for 20 min at 42’C 
8 Rinse m 0. IX SSC at room temperature for 20 min. 

3.5 Visualization of Label on Chromosomes 

3.5.1. Fluorescent Detection of Label 

1. Incubate the slides m TBS for 10 min at room temperature 
2. Incubate m TBST for 10 mm at room temperature 
3. Add 100 & of TBST contammg 1 ng/mL avidin-FITC, and incubate for 30 mm 

at room temperature 
4 Rinse slides in wash buffer 3x for 5 min. 
5 Add 100 $ of TBST contammg 1 ng/mL of biotmylated antiavtdm to the slides, 

and incubate for 30 mm. 
6 Rinse in wash buffer 3x for 5 min 
7. Add 100 pL of TBST contaming 1 ng/mL avidin-FITC, and incubate for 30 min. 
8. Wash 3x for 5 min m wash buffer. 
9. Stam slides with Hoechst 33258 for 10 min, and mount in antifade solutton. 

10. Observe under fluorescence microscope. 

3.52. Detection by the Gold/Silver Method 

1. Incubate slides in TBS for 10 mm at room temperature. 
2. Incubate m TBST for 10 mm at room temperature. 
3 Add 100 pL of TBST containing 1 ng/mL of streptavidm-gold, and incubate at 

room temperature for 30 min. 
4 Rinse in TBS 3x for 5 min 
5. Place a few drops of the stlver solution on each slide, and monitor under light 

microscope. Silver grams take 5-10 min to develop. 

3.5.3. Detection by DAB/Gold/Silver Method 

1 Incubate m TBS for 10 min at room temperature 
2. Incubate m TBST for 10 min at room temperature 
3 Add 100 & of TBST containing 1 ng/mL avidin-FITC, and incubate for 30 min 

at room temperature 
4. Rinse in TBST for 5 min 
5. Add 100 $ of TBST containing anti-FITC-peroxtdase, and Incubate for 30 mm 

at room temperature 
6. Rinse in TBS 3x for 5 mm. 
7. Prepare fresh DAB solution and immedtately place a few drops on each shde 

Incubate for 5 mm at room temperature 
8. Rinse m distilled water 3x for 5 mm. 
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9 Add 100 pL of gold solution to each preparation, and incubate for 5 min at room 
temperature. 

10. Rinse m distilled water 3x for 5 mm. 
11. Place a few drops of NazS solutton on each side, and incubate for 5 min at room 

temperature. 
12. Rinse m distilled water 3x for 5 mm. 
13. Place a few drops of silver solution on each preparation and follow manu- 

facturer’s instruction. 
14. Rinse in distilled water. 

3.6. Replication Banding 

1. Stain sides with 5.0 pg/mL of Hoechst 33258 in 2X SSC for 20 min. 
2. Rinse in disttlled water, mount m 2X SSC, and expose the slides to UV light for 

1-16 h 
3. Rinse the sides m distilled water, and stain with Giemsa solution for 10 mm. 
4 Dry, and mount m DPX 

3.7. Primed In Situ Labeling (PRINS) 

PRINS can be performed with synthetic oligonucleotldes ranging m size from 
18-30 bp (24). Alternatively, the primer may be a double-stranded fragment of 
DNA (dsDNA) generated by PCRTM or from a plasmid. A method for detection 
of alphoid repeats at the centromeres of chromosome 17 (23,25) IS described, 
although single-copy genes have also been mapped using this approach. 

1. Prepare the reaction mixture as follows: 
Tuq polymerase buffer (10X) 5.0 pL 
25 mh4 MgCl2 3.0 ,LlL 
Forward primer (100 ng/pL) 2ocIL 
Reverse primer ( 100 ng/&) 2.0 pL 
dNTP mixture 1.0 pL 
dTTP (1 mM) 1.0 l.lL 
Fluorescem-II-dUTP (1 mM) 1.0 pL 
Sterile distilled water to 49.0 & 
Tuq polymerase enzyme (1 .O U/pL) 1.0 pL 

2. Denver the mixture to the chromosome spreads under a cover slip, and seal with 
Gene FrameTM 

3. Incubate the sides m a thermal cycler. 
4 Incubate the sides at 95°C for 1 0 min, 58°C for 1 .O mm, and 72°C for 4.0 mm 
5. Remove cover slips, and wash in 2X SSC containing 0.01% Trtton X- 100 for 

5 min. 
6. For detection of label, see Sections 3.4. and 3.5 
7 Stam with propidium iodide (2.0 pg/mL), mount, and observe under fluorescent 

microscope. Typical examples are illustrated in Figs. 1 and 2 



Fig. 1. Detection of chromosome aberrations and sex determination by PRlNS: (A) 
A metaphase spread from peripheral blood of a patient with chronic myelogenous 
leukemia (CML) in lymphoid blast crisis. A set of 21-mer oligonucleotides specific 
for a satellite DNA at the centromere of chromosome 17 were used. White arrow shows 
isochromosome 17. The yellow arrow shows the normal chromosome 17. (B) 
Metaphase spread from peripheral blood of a male showing the Y chromosome. PRlNS 
was performed with a set of 2 1 -mer oligonucleotides specific for the Y chromosome. 
The signal was detected with streptavidin conjugated with I-nm gold particles and 
enhanced with silver. 

413 
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Fig. 2. Gene mapping by PRINS: Three sets of oligonucleotides were used to map 
the COL9A2 gene on chromosome 1~32. The signal was initially detected with avidin 
fluorescein and enhanced with antifluorescein peroxidase followed by DAB/gold/sil- 
ver as described in the text. 

4. Notes 
4.1. Tissue Culture and Preparation of Chromosome Spreads 

1. There is no reason why chromosome spreads for gene mapping should not be 
prepared from any type of dividing cells, including fibroblasts, epithelial cells, or 
lymphoblastoid cell lines. However, unless the karyotype of a given cell type is 
well characterized, or there is a specific reason for using a particular cell type, 
such as mapping chromosomal aberrations, it is best to use primary cell cultures 
e.g., skin fibroblasts. 

2. PHA-induced lymphocytes provide an ample source of material for gene mapping 
primarily because of the ease of handbag short-term cultures, but also because 
the lymphocytes retain their normal diploid karyotype for a long time in culture. 

3. Incorporation of BUdR for replication banding permits direct detection of bands 
and signal when stained with the Hoechst dye. 

4. BUdR is sensitive to light. After addition of BUdR, the cultures should be handled 
in subdued light until the cells are fixed, in order to avoid extensive chromosomal 
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damage. Preparations used for PRINS must be handled with extreme care, because 
nicks in chromosomal DNA can act as primers for the amplification reaction Fix- 
ing slides m 3% paraformaldehyde preserves the chromosomal architecture 

4.2. Probes for FISH 
5. For repetttive DNA sequences, such as alphoid repeats, especially for identlfica- 

tion of centromeric regions on chromosomes, as well as m interphase nuclei, I 
routmely prepare labeled probes by PCRTM using a centromeric DNA-specific 
set of primers. For single-copy gene mapping by FISH, it is essential to use DNA 
cloned into either cosmlds or m yeast artificial chromosome vectors (YAC) m 
order to obtain the level of sensitivity that will enable vtsualtzatron of signal with 
a fluorescence microscope 

6 Biotm- and/or digoxigenin-labeled probes are stable for more than a year when 
stored at 4°C It is therefore possible to nick translate up to 5 ug of the probes and 
store a good batch. When compared with tritmm (5 ng), the amount of probe used 
is much larger (typically 20-100 ng) 

4.3. Denaturation/Hybridization and Stringency Washes for F&H 
7. Inclusion of formamtde is essential for lowering the melting temperature of DNA. 

It is necessary to perform denaturation and hybrtdtzation of probe and chromo- 
somal DNA at a lower temperature to ensure preservation of chromosomal archi- 
tecture. Similarly, mclusion of formamide in the stringency washes increases the 
stringency without having to increase the temperature 

8 Reducing the salt concentration (from 2X SSC to 0.1 X SSC) during washing also 
increases the strmgency. 

4.4. Detection 
9. A fluorescent microscope equipped with filter blocks for fluorescein, rhodamme, 

and Hoechst 33258 (or DAPI) is ideal. Confocal laser scannmg microscope will 
enable visualization and analysis of high-resolutton mapping, but is not strictly 
essential for routine 111 situ hybridization. Assignment of signal on chromosome is 
best done on photographs. It 1s possible to hybridize more than one probe to a slide 
as long as the probes are labeled with different reporters, e g , fluorescein and 
rhodamine, biotm and fluorescem, or biotin and digoxigenin. It is possible to visu- 
alize the signal with the FISH method and then process the preparations for DAB/ 
gold/stlver. However, the silver method does increase the signal-to-noise ratio 

4.5. PRINS 
10. The method described here 1s ideally suited for detection of both alphoid repeats 

at the centromeric regions of all chromosomes, and moderately repetitive DNA 
sequences within the arms and telomeric regions 

11. For mapping single-copy genes, the incubation times in the thermal cycler should 
be longer. The anneal log temperature should be between 54-60°C. The mcuba- 
tion time may be extended to 10 min. The prrmer extension step at 72°C should 
be extended to 30 mm 
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13. 

A mixture of more than one set of forward and reverse primers specific for the 
gene of interest ~111 enhance the signal 
The primers should be tested in preliminary PCRTM reaction to estabhsh the anneal- 
ing temperature, as well as the authenticity of the PCRTM product (26) It may be 
necessary to use laser scanning confocal microscopy and a digitized image enhancer 
if the signal IS too weak to be detected by conventtonal fluorescent mtcroscope 
Altematrvely, the DABlgokUstlver detection method will enhance the signal, although 
it will also increase background noise (Fig 2). 
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Expression of Recombinant 
Antibody Fusion Proteins in E. co/i 

Stephen M. Hobbs 

1. Introduction 
Conjugates of antibodies or antibody fragments with foreign protems have 

attracted interest because of their therapeutic potential as antitumor agents in 
vivo. Locahzation of the complex to the target site is dependent on the speci- 
ficity of the antibody moiety, and local cytotoxtc action 1s determined by the 
foreign protein. Examples of this approach include immunotoxms, in which 
the effector protein IS a plant or bacterial toxin (I), and antibody-directed enzyme 
prodrug therapy (ADEPT), m which the foreign protein is a prodrug-activatmg 
enzyme that converts a systemically administered nontoxic prodrug into a cyto- 
toxic species at the target site (2). 

The classical method of conjugating an antibody to a foreign protein is 
chemical crosslinking (Chapter 13), but this can have certain drawbacks: It 
may be difficult to control the degree and site of substitution; interference with 
the activity of either partner may occur; and it may be difficult to separate the 
final products. An alternative is to use recombmant DNA techniques to con- 
struct a fusion protein in which the antibody and effector proteins form part of 
the same peptide chain. With this approach, the site and nature of the linkage 
between the two proteins can be defined precisely, and complex manipulation 
of the product is not required. Extra peptide sequences can also be included to 
facilitate detection and/or purification of the product by affinity chromatogra- 
phy, either on a column of antibody directed against the tag sequence or on 
metal chelate columns if the tag is a polyhistidine sequence (3). This technique 
is of course dependent on the availability of DNA coding sequences for the VH 
and VL regions of the antibody as well as the toxm or enzyme. Development of 
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the reverse transcriptase polymerase chain reaction (RT-PCR) has simplified 
the isolation of antibody coding sequences from hybridoma cell lines and enabled 
easy mcorporation of terminal restriction sites to factlitate subsequent cloning (4). 

The resultant chimaera is then cloned into a suitable expression vector for 
protein production m a variety of hosts, including bacterial (.5,6), yeast (7,8), 
plant (9) and mammalian cells (4,10, I I). Expression of proteins m bacteria has 
the advantage that the system can be assembled rapidly and scaled up for large- 
scale induction m fermenters at high cell densities. However, since bacteria do 
not express whole-antibody molecules efficiently, smaller fragments, such as 
Fv, single-cham Fv (scFv), and Fab are generally used. This also simphfies the 
construction of the fusion gene and assembly of the final vector. Proteins expressed 
intracellularly tend to form insoluble inclusion bodies, which have to be redis- 
solved and the protein renatured, reducing the recovery and blologtcal activity 
of the product. These problems can be avotded by mclusion of an N-terminal 
hydrophobic leader sequence to direct secretion of the protein through the cell 
membrane mto the periplasm. Thus mtmics the cotranslational transport and 
folding of antibody chams m plasma cells (12). Signal processing and drsulfide 
bond formation also occur in the oxidizing environment of the periplasm (13), 
and secretion of the product through the outer cell wall may occur on pro- 
longed incubation. Soluble active product can then be isolated from the culture 
medium or from pertplasmtc extracts. 

This chapter describes the construction of an Fab sequence bearing a foreign 
gene on the truncated anttbody heavy chain, and gives a typical protocol for 
expression of the fused protein m Escherichia coli. 

1.7. Vector Construction 

There are several types of antibody expression vector available, an example 
of which is shown m Fig. 1. It is based on the vector pSW l-VHD 1.3-VkD 1.3 
from the laboratory of G. Winter (14) and contains antibody heavy and light 
cham cDNA sequences cloned in frame with the pectate lyase B leader sequence 
from Erwinia carotovora for periplasmic secretion (25). In this case, the for- 
eign gene of mterest is cloned in frame in place of the first cysteine codon in 
the upper hinge region of the antibody heavy chain. The resultant chimertc 
protein is shown in Fig. 2. The rest of the vector is based on pUC19 (161, and 
includes an ampictllin resistance gene and origin of replication for growth and 
selection m bacteria, and a lac promoter for tsopropylthio-P-o-galactoside 
(IPTG)-inducible gene expression. This type of vector is expressed in the strain 
BMH 7 1- 18 (14), which carries the la&q gene (17). 

It is not possible to specify precisely the steps necessary to assemble such a 
vector, since they will depend on the structure of the particular antibody and 
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PstI EcoRV BstEII Sac1 XhoI 

lac pelB VH CHl H’ FG pelB VL Ck 

Fig. 1. Structure of the expression cassette of a typical bacterial expression plasmid 
designed to produce an antibody Fab linked to a foreign gene (FG), pelB leader 
sequences direct perlplasmlc secretion of the nascent chains. The remainder of the 
plasmld contains the ampicillin resistance gene and a plasmld origin of replication. 

I 
I I 

VH CHI H’ FP 
Fig. 2. Structure of the antlbody Fab fusion protein expressed from the vector m 

Fig. 1 The antigen-binding region is formed by the VH and VL domains, the foreign 
protein (FP) fused to the truncated hinge region (H’) may be a toxm or prodrug actlvat- 
mg enzyme. 

foreign gene of interest. PCR amplification of coding regions from cDNA, 
cloning, and sequencing are all carried out by standard procedures, and the 
reader is referred to several treatises on the subject (l&29). However, a few 
general points are worth noting: 

1. An open reading frame must be maintained at the end of the antibody heavy 
chain, and the foreign gene must be inserted so as to be translated m the correct 
frame as determined by the upstream start codon in the leader sequence Any stop 
codons may be removed by reamplificatlon of the gene by PCR with a suitably 
modified primer. If a C-terminal affinity tag is to be mcluded for subsequent 
detection and/or purification of the product, the stop codon of the foreign gene 
must also be removed in a similar way and the correct reading frame maintained 
mto the tag sequence. 

2. The restrictlon sites used for cloning should ideally be unique, both m the vector 
and m all the sections to be conjugated. If such sites are not available, then sev- 
eral approaches are possible. 
a. A partial digest may be performed with limiting amounts of enzyme. A prod- 

uct of the correct size may then be isolated after agarose gel electrophoresis 
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of the digest. However, this becomes progressively more difficult as the num- 
ber of sites Increases 

b Site-dlrected mutagenesis using specific oligonucleotldes may be carried out 
either by PCR or by direct clonmg using any of several proprietary kits. The 
gene of interest may first have to be subcloned mto a sultable vector for this 
technique 

c. It may be possible to ligate m the gene as a blunt-ended fragment, usmg 
Klenow or T4 DNA polymerase to fill in the non compatrble overhangs. This 
is again sequence-dependent, smce correct framing of the final product must 
be mamtamed. Partial fill-ins may also be used, where a subset of dinucle- 
otlde trlphosphates (dNTPs) 1s used to create compatible ends from pairs of 
otherwise noncoheslve sites examples include BamHIIBglII-SalIIXhoI and 
XbaI-HzndIII Certam pairs of enzymes also produce compatible ends, e g , 
BgEII-BarnHI, XhoI-SalI, although the final ligated joint will not represent an 
endonuclease recognition site, so detection of cloned insert by restrIctIon 
digest may be more difficult. 

3 When using PCR to amphfy existmg clones to incorporate different terminal 
sequences, it 1s important to mmlmlze the posslblhty of polymerase-induced 
copymg errors. An error-correcting polymerase, such as Pfu (Stratagene, 
Cambndge, UK), may be used, and the number of ampllficatlon cycles kept to a 
minimum. 

4 Depending on the complexity of the sequences, it may be necessary to assemble 
the final vector in stages. The various PCR products can be cloned mto standard 
clonmg vectors, such as pBluescrlpt (Stratagene), and then combined mto the 
expression vector separately 

In all cases, the Junctton between the two protein genes should be sequenced 
before expression 1s attempted to ensure that ligation has occurred correctly 
and that the proper reading frame has been maintained. 

2. Materials 

1. LB broth: 10 g/L Bacto-tryptone, 5 g/L Bacto-yeast extract, 10 g/L NaCI, adjusted 
to pH 7.0 with NaOH and sterilized by autoclavmg. 

2. LB agar: add 1.5g Bacto-agar/lOO mL LB broth. Sterilize by autoclaving 
3. Amplclllm: Dissolve at 50 mg/mL m dIstilled water, sterilize by filtration through 

a sterile 0.22-p disposable filter, and freeze m ahquots at -20°C. 
4. Glucose. Make up at 20% in distilled water, and filter-sterilize 
5. 1M IPTG in distilled water. sterihze by filtration, and freeze m ahquots at -20°C 
6 Competent E colr of the appropriate stram. 
7. Sterile 250-mL conical flasks and 2-L baffled conical flasks 
8 An orbital incubator capable of operating at 30°C If lower temperature expres- 

sions are to be performed. This generally requires a refrlgeratlon system to 
be fitted. 

9. Columns for affinity chromatography, depending on the system m use 



Recombinant Anfibody Fusion Protems 423 

3. Method 
1. Transfect the final expression vector into competent E. colz strain BMH 7 1- 18. 
2. Plate the transformation mixture onto LB agar plates containing 100 pg/mL ampl- 

cillm and 1% glucose, and incubate overnight at 37°C 
3. Transfer a colony into 25 mL LB broth containing 100 pg/mL ampicillin and 1% 

glucose m a stertle 250-mL Erlenmeyer flask. Grow up overmght at 37°C in an 
orbital Incubator 

4 Harvest the cells by centrifugation at 4000g for 20 mm, and wash once in LB 
broth without glucose. Resuspend the pellet m 20 mL LB broth 

5 Inoculate 2-L baffle flasks containing 500 mL LB broth and 100 pg/mL amptcil- 
hn with 1 mL of the washed overnight culture, and grow at 30°C m an orbital 
incubator until the absorbance at 600 nm is approx 0.6 

6. Induce protein expression by adding IPTG to a final concentration of 1 n-&! Con- 
tmue incubation at 30°C for 6-16 h 

7 Cool the flasks on Ice for 1 h, and then separate the cells and supematant by 
centrifugation at 40008 for 20 mm at 4°C. The supernatant should be sterilized 
by pressure filtration through a 0.45~pm membrane 

8. Concentrate the supernatant on a stirred pressure cell (e g , Amicon, Stonehouse, 
Gloucs, UK) or a tangential membrane concentrator (e g., Mmitan from 
M&pore, Watford, UK) fitted with 10,000 M, cutoff membranes A preserva- 
tive, such as sodium azide may be added to prevent unwanted bacterial 
contammation 

9. Fusion protein may be purified from the supernatant by affinity chromatography 
The chotce of immobilized hgand ~111 depend on the specific circumstances, but 
may be the antigen to which the antibody was raised, an antibody to the antibody 
fragment or to the foreign gene (see Chapter 14), or if an affinity tag has been 
included at the C-terminus of the foreign gene, then this can also be used for 
purification on antibody or metal chelate columns as appropriate. 

4. Notes 
1. Expression and secretion of exogenous proteins can be damaging to bacterial 

cells It is therefore necessary to use a promoter that can be tightly regulated, so 
that the cells can be grown to a suitable density without plasmid loss before 
expression IS mduced For this reason, the IPTGllacIq system is often used. A 
related system is the IPTG-inducible cascade T7 promoter as used m the PET 
series vectors (20), the laclq gene being carried m the vector. These vectors are 
expressed m the strams BL2 1 (DE3) or BL2 1 (DE3)pLysS. 
Growth at lower temperatures (e g ,30°C) may improve yield and activity of the 
secreted protein, possibly by allowing more time for membrane translocation and 
folding to occur (21) Variation of IPTG concentration and duration of mductlon 
may also affect the final yield It 1s beneficial therefore to carry out smaller scale 
expressions under various conditions to optimize these aspects 
The degree to which fusion protein may be processed and secreted from the 
pertplasm into the medium may depend on the exact structure of the protein. The 
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factors that govern this are not fully understood. The drstributton of the product 
among the cytoplasm, periplasm, and medium should be determined empu-ically 
by ELISA, RIA, or Western blotting before large-scale purification 

4. Bacteria do not carry out posttranslatronal modificattons such as glycosylation, 
so the resulting proteins may not be in therr fully native state. It IS important to 
test both parts of the purified fuston protem to make sure that brological activ- 
ity 1s retamed and that the foreign protein still functrons when fused to an antr- 
body chain. 
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Expression of Antibody Fusion Proteins 
in Mammalian Cells 

Anita A. Hamilton, John R. Adair, and Simon J. Forster 

1. Introduction 
Recombinant DNA technology provides a means to mimic nature and build 

multidomam proteins that display several functions. This ability is being applied 
by the pharmaceutical mdustry to develop novel products. Fusion proteins of 
antibodies and enzymes formed one of the earliest examples of protein engl- 
neering (1). By genetic engineering “magic bullets,” comprising a targeting 
agent lmked to an active agent can be produced m one step, without recourse to 
laborious conjugation chemistry A wide range of recombinant molecules have 
now been constructed where the binding specificity of an antibody or T-cell 
receptor variable domain, cytokme, growth factor, or other protein ligand (e.g., 
CD4) 1s fused to another protein domain, for example, a toxin, enzyme, 
cytokine, or antibody constant region. Progress in this area IS summarized in 
recent reviews (2,3). 

The ability to generate gene fusions of choice can also be applied to assist 
the purification of recombinant proteins. In this case, one or more of the domains 
m the protein acts as an affinity “handle,” allowing rapid and efficient recovery 
of the product This 1s beneficial where rapid initial analysis of protein variants 
is required, or where the final protein product is difficult to purify by standard 
methods and no direct affinity-purification process is available. For example, 
if the protein of interest is fused to the binding site of an antihapten antibody, 
the fusion can then rapidly be recovered by affinity chromatography on solid- 
phase hapten. The availability of a method for rapid affinity-purification means 
that a series of fusion points can be assessed to obtain the correct specific actlv- 
lty of the C-terminal fusion partner (for example, if a cytokme or enzyme is to 
be attached a spacer of varying length may have to be incorporated to allow the 
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1 V lambda 1 C lambda, 1 
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VNP CHl H CH2 Foreign Gene 

I I I 
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Fig. 1. Structure of the antibody fuston protem. The Fab-like form 1s formed from a 
h light chain derived from the J558L cell line, and the chrmerrc heavy chain produced 
from the vector. The heavy chain consists of a variable region with NIP binding activ- 
ity, Cul , hinge and part of the Cn2 domain of murine y2b heavy chain, and the foreign 
gene. The fusion protein may be secreted in this form or as an F(ab’)*-like form con- 
ststing of 2 Fab-like molecules lmked at the hinge region by three disulfide bonds 

correct functioning of the cytokine or enzyme). Once the correct overall config- 
uration has been established, the hapten recognition site can easily be replaced 
by a therapeuttcally useful binding site. An example is the anti-NP system 
described by Neuberger et al. (I), which has been used in affinity-purification 
and analysis of antibody-ricin A fusions (4). 

Here we describe the basic system of gene assembly, expression and purifi- 
cation of such fusions. The gene to be expressed is inserted behind the hinge 
region of an antibody heavy cham gene in place of the C,2 and Cr.,3 domains 
(I, 5). This hybrid heavy cham construct is transfected into a myeloma cell lme 
that produces a compatible hght chain, or cotransfected with a suitable anti- 
body light chain gene. The recombinant antibody-like molecule (see Fig. 1) 1s 
secreted and can be purified using the corresponding antigen. 

The fusion vector pSV-VNpy2bA(Cu2, Cn3) (I,S) is shown in Fig. 2. This 
plasmid is derived from pSV2gpt (6). It contams the variable region, VNp, the 
Cul, hinge, and the N-terminal part of the Cn2 domain of the Y2b heavy chain 
of a mouse antibody that binds to the haptens NP (4-hydroxy-3-mtrophene- 
cetyl) and NIP (5-iodo-4-hydroxy-3-nitrophenacetyl). 
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C’y2b 

LVDJ CHl h 
FOlX?ifp 

gene lwl Amp R 

APNLE 
--TCATCAGCTCCTAACCTCGAG---------- TCGAG Hc 

sphce 4 X X 

Fig. 2. Structure of the fusion vector pSV-V,,y,,,A(C,2, C,3). The V,, and y2b 
genes are inserted in pSVgpt between the EcoRI and BumHI sites. The BumHI site is 
converted to X/z01 by the addition of linkers B, BglII; H, HzndIII; P, PvuI; R, EcoRI; 
X, XhoI; E, mnunoglobulm enhancer. 

In the original description of the process (I), the point of fusion was at an XhoI 
site within the N-terminal sequence of the Cn2 domain of the antibody heavy 
chain. The gene of interest was presented as a restriction fragment with an XhoI- 
compatible cloning sites. These could be added by linker adaptation or site- 
directed mutagenesis. However, using the polymerase chain reaction (PCR) (7), 
gene fusions can now be constructed at any convenient point, no longer dictated 
by the availability of restrtction enzyme sites in the DNA sequence (see Note 1). 
This provides far more scope for protein design. The sole requirement 1s that the 
final fused gene sequence has external S- and 3’-cloning sites for insertton into 
the expression vector. Use of PCR means that any signal sequence can be accu- 
rately removed, and if necessary, linking peptides can be included between 
the antibody portion and the downstream protein. This can be important if 
the N-terminus is Involved in the function of the protein (see Note 2). 

For the current purpose, an in-frame fusion at theXho1 site will be described. 
The termination codon IS supplied by the inserted gene sequence. Polyadenyl- 
ation signals are provided on the vector. The fusion gene is expressed from the 
immunoglobulin heavy chain promoter, and the immunoglobulin enhancer IS 
included for high-level expression in myeloma cells. The vector contains the 
Escherichza coligpt gene coding for the enzyme XGPRT for selection in mam- 
malian cells with medium containing mycophenohc acid and xanthme. 
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GENE TO BE FUSED 
--ii? 

PCR AMPLIFICATION 

Xhol 1 Xl101 

CUT WITH XhoI 
ISOLATE AND LIGATE TO VECTOR 

Fig. 3. Preparation of foreign gene for insertion into the fusion vector The required 
DNA fragment IS amphfied by PCR with pnmers mcludmg XhoI sites 

Association of the pSV-V,r heavy chain with light chains of the hl sub- 
group gtves rise to hybrid antibody molecules that bmd to the haptens NP and 
NIP (Fig. 1). A convenient source of light chain is the mouse plasmacytoma 
J558L, derived from 5558 (8). This line expresses a resident hl light chain, but 
no heavy chain. The fusion vector is transferred to the J558L host cell lme by 
electroporation. 

Once transfectomas have been generated, they must be screened for the pro- 
duction of the desired fusion. The binding site provided by the expression of 
the VNp heavy chain m J558L cells and association of the heavy chain with the 
resident light chain means that the protein fusion can be “captured” on a solid 
phase by NP or NIP, and detected using commerctally available antibody to 
mouse h cham and an appropriate enzyme conjugate, m a simple ELISA screen- 
mg procedure. Similarly, purification can be achieved by affinity adsorption of 
the fusion onto an NP matrix. An immunoblot method is described here for 
characterization of selected transfectomas, which allows the mol-wt of the fusion 
product to be estimated. 

2. Materials 
2.1. Preparation of Gene for Fusion 

1. Two amphficatron/mutagenlc oligonucleotrdes, A and B, 25 pmol/pL (Fig 3) 
2 Deoxyrrbonucleostde triphosphates (dNTPs). The stock contains 6 25 mA4of each 

dNTP* The stock contains 6.25 rnM of each dNTP. 
3. Thermostable DNA polymerase (with a proofreadmg functron). 
4 1 OX PCR reaction buffer as recommended by supplier 
5 Thermal cycler 
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6. 1.5- and 0.5-mL Microcentrifuge tubes. 
7. PCR-grade mineral 011 
8 Elutip D columns (Schleicher and Schuell, Dassel, Germany) 
9. XhoI restriction enzyme and reaction buffer as provided by supplter. 

10. Autoclaved, deionized distilled water. 
11. Phenol/chloroform 1.1 mixture of phenol (liquefied, washed wtth Trts buffer) 

and chloroform/rsoamyl alcohol 24:l (v/v). Note: phenol causes severe burns 
and should be handled with care. Store at 4°C 

12. 7 5M Ammomum acetate 
13. Ethanol (analytical-grade) 

2.2. insertion of Gene info Fusion Vector 
1. Plasmtd pSV-VNP~2b~(CH2, Cu3) (Z). Kmdly supplied by M Neuberger, Medi- 

cal Research Council Laboratory of Molecular Biology, Cambridge, UK 
2 Enzymes. X/z01 restrtctton enzyme, calf intestinal alkaline phosphatase, and T4 

DNA ligase are available from commerctal suppliers complete with reactron buff- 
ers. Follow the mstructions for use, storage, and shelf-life 

3 DNA size standards (e.g., h DNA HzndIII digest) 
4 7 5M Ammonium acetate 
5 Ethanol (analytical-grade). 
6 GenecleanTM kit: (BIO 101 Inc , La Jolla, CA) 
7 TE buffer. 10 mM Tris-HCl, pH 8.0, 1 mM EDTA; autoclave and store at 4°C 
8 Transformatton competent E coli HB 101 cells These can be prepared as described 

m ref 9, or can be obtained from commercial suppliers 
9 Phenol/chloroform: prepared as m Sectton 2 1 

10 Chlorofotmisoamyl alcohol 24: 1 (v/v) 
11. Kit for DNA sequencing: Available with protocol from commerctal suppliers. 
12 Kit for large-scale preparation of plasmtd DNA Available with protocol from 

commercial suppliers 

2.3. Transfecfion info Mammalian Cells by Elecfroporafion 
1. J558L Mouse plasmacytoma cell line: Obtained from G Koch, MRC Laboratory 

of Molecular Biology, Cambridge, UK 
2. Dulbecco’s Modified Eagles Medium (DMEM) containing anttbrottcs (100 U/mL 

pemctllin, 100 U/mL streptomycin, 0 25 pg/mL amphotencin B, 50 clg/mL genta- 
mycm) and 10% (v/v) fetal bovine serum (FBS). 

3. Selective DMEM. To 500 mL DMEM, add 5 mL 2.5 mg/mL xanthme m 0.5M 
NaOH and 160 pL 2.5 mg/mL mycophenolic acid m ethanol. 

4. Electroporator and cuvets (e g., Bio-Rad, Hercules, CA). 
5. 24- and 96-Well tissue-culture plates 
6. PvuI restriction enzyme and reaction buffer as provided by the manufacturer. 

2.4. Screening, Analysis, and Purification 
1. NIP caproate 0 succimmide (NIP-Cap-OSu) (Cambridge Research Btochem- 

icals, Northwich, Cheshtre, UK) (see Note 3): Dissolve 31 mg in 300 l.iL of 
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N,N’-dnnethylformamrde (DMF) Solid NIP-Cap-OSu should be stored des- 
rccated at -20°C. DMF 1s toxtc by mhalatlon and skm absorptron, and should be 
handled with gloves m a fume hood. Prepare just prior to use 

2 5 mg/mL Bovine serum albumm (BSA) in 1% (w/v) sodium bicarbonate* Prepare 
just prior to use. 

3. NIP-Cap-BSA: Add 75 & of NIP-Cap-O&t m DMF to 5 mL of BSA-brcarbon- 
ate solutron, and leave stirrmg overmght at 4°C. Dialyze for 48 h against three 
changes of 2 L of PBS. Determine the protein concentration and coupling ratto 
by reading A2s0 and Adso. Protein concentration is. 

[AzsO - (0.59 x &c)]/l 4 mg/mL 

and the couplmg ratto (hapten BSA) 1s 

(1) 

(68 x A& [4 85 x (BSA concentratton m mg/mL)] (2) 

4 Phosphate-buffered saline (PBS), pH 7.2, 0.14M NaCI, 2 7 mA4 KCl, 1 5 mM 
KH,PO,, and 8 1 mMNa,HPO, 

5. PBS contammg 0 1% (w/v) sodmm aztde. Sodmm azide 1s toxic by ingestion and 
mhalatron, and should be handled with gloves m a fume hood 

6 PBS contammg 1 mA4 NIP-Cap-OH (Cambridge Research Biochemrcals) 
Prepare just prror to use Solid NIP-Cap-OH should be stored desiccated at 
-20°C 

7. Tris/salme* 10 mM Trts-HCl, 150 mMNaC1, pH 7.4. 
8. Trts/salme/BSA* Tris/salme contammg 3% (w/v) BSA 
9 Alkalme phosphatase substrate buffer O.lMTris-HCI, 0 IMNaCl, 5 mMMgCI,, 

pH95 
10. 1M Iodoacetamide* Make only 1 mL and store at -2O’C Discard when a brown- 

tsh tmge appears. 
11. Blot buffer 192 mMglycme, 12 5 mMTris-HCI, pH 8 3, contammg 10% (v/v) 

methanol. Store at -20°C. 
12 Blot blockmg solutron: Trrs/salme containing 3% (w/v) nonfat dried milk (e.g., 

Marvel). Store at -20°C. 
13 Nitro blue tetrazolium (NBT) stock: 75 mg/mL in 70% (v/v) DMF. Store at-2O’C. 
14. 5-Bromo-4-chloro-3-mdolyl phosphate (BCIP), p-tohudme salt, stock: 50 mg/mL 

m DMF 
15 3% (w/v) Sodium bicarbonate: Prepare just prior to use. 
16. o-Ammohexyl Sepharose (Stgma, St Louis, MO) 
17. 1,4-Dtoxan* 1,4-dtoxan is toxic by ingestion and Inhalation, and should be 

handled wrth gloves m a fume hood 
18 Small disposable plastic syringe or column (for example, Bto-Rad) 

3. Methods 
3.1. Preparation of Gene for Fusion 

1. Synthesize two ohgonucleotrdes, A and B, each encompassmg the termmt of the 
gene to be fused These oligonucleottdes Include 15-20 nucleotrdes of homology 
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with the gene to be fused, and m A at the 5’-end the XhoI site, and m B, at the 5’-end 
the complement of a stop codon and the 3’-cloning site (see Fig. 3). 

2. Add together in a 0.5-mL microfuge tube: 
Template DNA ( 1 OOng) Xccs. 
Primers 

(A) 25 pmol l& 
(B) 25 pmol IN- 

10X PCR reaction buffer 5cIL 
dNTP stock 2c1L 
H20 49.5-x pL 
Thermostable DNA polymerase 2.5 U 

3. Overlay the mix with 50 pL of mineral oil. 
4 Perform 20 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min; followed 

by 72°C for 15 min using a thermal cycler. 
5 Remove the reaction mixture from beneath the mineral oil, phenol/chloroform extract, 

chloroform extract, and precipitate the DNA by adding 25 pL 7 5M ammomum 
acetate and 150 pL ethanol. Precipitate at room temperature for 10 mm. 

6 Centrifuge for 10 mm at 12,000 rpm in a microcentrifuge, wash the DNA pellet 
with 100 & 70% ethanol, dry, and resuspend m 20 & TE buffer 

7. Digest the DNA fragment with XhoI accordmg to the supplier’s mstructlons. 

3.2. Insertion of Gene into Fusion Vector 

1. To prepare the vector, digest 10 pg of PSV-V~~Y~~~(C~~, Cu3) vector DNA 
in 40 Ils, final volume in the buffer supplied by the manufacturer with an 
excess (20-50 U) of XhoI to ensure complete digestion. Check that the DNA 
1s fully digested by electrophoresis of a I-& sample on a 0 8% (w/v) agarose 
mmigel. 

2. Precipitate one-half of the digested vector DNA with ethanol Add 0 5 vol of 
7.5M ammomum acetate and 2 vol of 100% ethanol. Incubate at -20°C for 30 
min, then spm at full speed in a microcentrifuge for 10 mm, wash the pellet with 
70% ethanol, dry, and resuspend in 10 pL of TE buffer 

3. Dephosphorylate the vector DNA by adding 5 pL of 10X phosphatase buffer, 
35 pL of water, and 0 02 U of calf mtestmal alkaline phosphatase Incubate at 
37°C for 30 min, then add another 0.02 I-l, and continue the incubation for a 
further 30 mm. Extract with phenol/chloroform, followed by chloroform//isoamyl 
alcohol, and precipitate the DNA with ethanol as m step 2. 

4. Load the XhoI-digested insert DNA (Section 3.1.) and the XhoI-digested, 
phosphatase-treated vector into separate wells on preparative agarose gels, 
and electrophorese until the fragments are well separated. Excise the vector 
and insert bands. 

5. Purify these DNAs from the gels using Geneclean=M according to the manufac- 
turers’ instructions. Recover the DNA in a small volume of water. Inspect a small 
sample (10%) of each by electrophorests on a 0.8% (w/v) agarose mmigel along- 
side DNA size standards and estimate the concentrations. 
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6. Resuspend the DNA fragments m TE buffer at approx 200 ug/mL Set up a 20-pL 
ligatton reaction m the ligase buffer provided by the manufacturer The reaction 
should contain equtmolar amounts of phosphatase-treated vector and DNA to be 
inserted, at a total DNA concentration of 40 ug/mL. Add 3 U of T4 DNA ligase, 
and incubate at 16°C overnight Prepare parallel control reactions using only the 
XhoI-digested vector DNA and XhoI-digested, phosphatase-treated vector DNA 
as ligation/transformation controls 

7. Transform 10 pL each of the ligated DNAs into transformation-competent E colz 
HBlOl cells. 

8. To identify colonies with inserts m the correct ortentatton, either perform colony 
PCR (see Note 4) or prepare plasmtd DNA, and perform analytical restriction 
mapping to determine the orientation of the inserts (see ref. IO). 

9. Determine the DNA sequence to confirm that no spurious mutations have 
occurred during PCR (see Note 5). 

10. Prepare plasmtd DNA for transfectton (see ref. 10) Commercially available kits 
for large-scale preparation of plasmid DNA are convenient for this purpose 

3.3. Transfection into Mammalian Cells by Electroporation 

1. Linearize 20 pg of the plasmid by digestion with PvuI (see Note 6 if the inserted 
gene includes a PvuI site). Precipitate the digested DNA with ethanol and dts- 
solve m 50 pL sterile deionized HzO. 

2 Resuspend the cells from a semtconfluent culture, count the cells, and collect by 
centrifugation at 500g for 5 min at 4OC. Discard the supernatant 

3. Resuspend l-3 x 10’ cells in 0.5 mL DMEM, and transfer them to a Gene Pulser cuvet 
Mix the DNA with the cells by gentle pipeting, and leave the cuvet on ice for 5 min 

4. Insert the cuvet between the electrodes of the Electroporator and apply a single 
pulse of 300 V, 960 pF. 

5 Return the cuvet to ice for 20 mm. 
6. Transfer the cell suspension to a 75-cm* flask containing 20 mL of DMEM, and 

allow the cells to recover for 24 h at 37°C with 5% COZ. 
7. Harvest the cells by centrifugatton at 5OOg for 5 mm at 4°C and resuspend in 120 

mL of selective DMEM. Dispense 1.5 mL to each well of two 24-well plates, and 
200 pL to each well of two 96well plates. 

8. Approximately 10-l 5 d from the start of selection, colonies should be visible to 
the naked eye, and the culture supernatants from the wells should be assayed for 
antibody by ELISA (see below). Select cell lines for expansion on the basis of the 
level of recombinant antibody production, and the number and size of the colo- 
nies m the well. Wells with single colonies should be chosen. 

9 Resuspend the cells from the designated wells by rubbing the end of a 1 -mL prpet 
or ptpeter tip across the surface of the well, and ptpet up and down gently to 
dislodge the cells. Transfer all of the medium to a 25 cm* flask containing 4 mL 
fresh selective DMEM or to a 175-cm* flask containmg 50 mL selective DMEM 
tf colonies are being pooled. 

10. As soon as practicable, stocks of cell lines should be preserved m liquid N2 
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3.4. Screening, Analysis, and Purification 

3.4.1. Screening by ELISA for Cell Lines 
Expressing and Secreting the Fusion Product 

435 

If antiserum to the foreign gene product is available, this can be used m the 
ELISA with an appropriate conjugate as the “revealing” reagent instead of anti- 
mouse h chain antibody as described below. 

1 Dilute NIP-Cap-BSA to 5 pg/mL m coating buffer. Drspense 200 &/well to a 
microtiter plate, and incubate for at least 2 h at 37°C or overnight at 4°C. 

2 Empty wells. Do not wash. Block wells by fillmg with 250 pL of Trts/saline/ 
BSA, and incubate for at least 2 h at 37°C or overnight at 4°C 

3. Empty wells, and wash three times with PBST. 
4. Dispense 200~pL samples of conditioned medium to wells and incubate at 37°C 

for 1 h. 
5 Wash three times with PBST 
6. Dilute goat antrmouse h cham antibody 1: 1000 in PBST and dispense 200 @/well. 

Incubate at 37“C for 1 h 
7. Empty wells and wash three times with PBST. 
8. Drlute alkaline phosphatase coqugated rabbit anttgoat IgG 1’ 1000 m PBST and 

dtspense 200 pL/well Incubate at 37°C for 1 h 
9. Empty wells and wash three times with PBST 

10. Develop color. Fill wells with 200 Ils, of substrate buffer containing 2.2 mg/mL 
ofp-mtrophenyl phosphate Incubate in the dark for 10-30 mm. Read the plates 
at 405 nm. Positive wells should give a yellow color. The reactron can be stopped 
by adding 50 pL of 3M NaOH to each well. 

3.4.2. lmmunoblot Analysis of Fusion Products 

If antisera or monoclonal antibodies are avarlable to the fused gene product, 
these can be used in an immunoblot (11) to detect expression. As an alternative, 
0. 1M todoacetate can be used instead of 2-mercaptoethanol in reducing SDS- 
PAGE. Under these conditions, the light-heavy chain disultide bridge is not 
reduced, and the fusion protein is detected with an anti-h chain antiserum. A 
gradient of 642.5% polyacrylamide has been found suitable to cover the range 
of molecular weights from free h chains to large msion products. 

1. Electrophorese the samples on reducing SDS-PAGE accordmg to standard 
methods (12) If an&h antiserum is to be used as the detection method, the 
2-mercaptoethanol should be replaced by iodoacetamrde at final concentra- 
tion of O.lM 

2. Transfer the separated proteins to nitro-cellulose paper following the instructions 
of the manufacturer of the blotting apparatus. 

3 Block the surface of the blot with blockmg solution for 1 h at room temperature, 
or overnight at 4°C. 
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4. Add the detection antuerum (for example, goat anti-h chain antibody) at an 
appropriate drlutlon (normally 1 lOOO>, and continue incubation for at least 1 h at 
room temperature or overmght at 4°C. 

5. Wash the blot ‘vtth multiple changes of T&saline, over 30 min. 
6. Add the revezl anttserum (for example, rabbit antigoat IgG alkaline phosphatase 

conjugate) at an approprtate dilution (l*lOOO m Tris/salme), and incubate for 1 h 
at room temperature. 

7 Wash over 30 mm as before, first with Tris/salme, and then with alkalme phos- 
phatase substrate buffer. 

8 Make up the substrate solution* for each 10 mL of substrate buffer, add 40 $ of 
NBT stock and 40 & of BCIP stock, m that order, mtxmg between addmons. 
Add the substrate solutton to the blot, and allow color development to proceed 
Stop the reactton by washmg several times with water Dry the blot between 
sheets of Whatman 3MM paper under a weight. 

3.4.3. Affimty-Purification on NIP Columns (see Note 7) 
1 Swell 10 g of o-ammohexyl Sepharose by stirring for about 5 h at room tempera- 

ture m 100 mL of 3% sodium btcarbonate. 
2. Cool to 4°C and add 50 mg of NIP-Cap-OSu dtssolved m 400 uL of 1,4-dtoxan. 
3. Stir overnight at 4°C 
4. Wash exhaustively with water and then PBS contammg 0 1% aztde 
5 Store at 4°C m PBS/aztde 
6. Add an appropriate amount of NIP-Cap-Sepharose slurry into a small (2 mL) 

disposable column and allow to settle 
7. Block nonspecific binding sites by filling the column with Trts/salme/BSA and 

leaving for 30 mm at room temperature 
8. Wash with PBS. 
9 Pass the sample through the column. 

10 Wash the column extensively wtth PBS. 
11 Elute wtth 1 mUNIP-Cap-OH m PBS 
12. Analyze the eluted maternal by SDS-PAGE or by Jmmunoblot. 
13. Dialyze against a large volume of PBS (no aztde), overnight at 4°C 
14. Read the absorbance of the dialyzed material at 280 nm, and calculate the approx- 

imate protem concentratron using A2s0 of 1.4 = 1 mg/mL. 

4. Notes 
1 If the sequence IS known, fusions can be constructed between any two DNAs by 

two rounds of PCR. The procedure, termed “Gene Sphcmg by Overlap Exten- 
sion” IS described m ref. 13 In the first PCR, gene I is amplified with primers A 
and B to give the product AB. Gene II is amplified wtth primers C and D to gave 
the product CD. Primers B and C contain mismatches to the origmal sequences 
such that the ends of the PCR products are modified to include the same sequence 
When these PCR products are mixed, denatured, and reannealed, the top strand 
of AB and the bottom strand of BC overlap and act as prtmers on one another 
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The overlap IS extended by polymerase and amplified in the second PCR with 
outside primers A and D. 

2. Proteins with N-terminal signal peptldes or C-termmal membrane anchor regions 
and proteins where the N terminus contributes to the blologlcal properties of the 
protem require special attention to achieve a satisfactory fusion A number of 
variants may need to be made and assayed. A protease-sensltlve site may be designed 
into the ammo acid sequence at the fusion point for eventual separation of the 
desired gene product from the fusion. 

3. NIP-Cap-OSu comprises the NIP moiety with a five-carbon (caprolc acid) spacer 
arm and an N-hydroxysuccinimidyl group that 1s reactive with ammo groups, 
thus allowing attachment to BSA and o-ammohexyl Sepharose NIP-Cap-OH is 
the free acid form. 

4. Colony PCR is a convenient method for Identification of clones that contain Inserted 
DNA m the correct orientation (14) Use one oligonucleotide primer that anneals 
within the vector and one ohgonucleotide primer that anneals within the inserted 
gene. The primers are oriented relative to each other, so that a defined-length 
PCR product will be generated if the insert has been cloned m the required orien- 
tation For confirmation, use a PCR primer that anneals wlthm the mserted gene, 
but on the opposite strand, in association with the first primer No PCR product 
should be obtained with this primer pair unless the gene has been cloned in the 
wrong orientation 

5 For PCR, it 1s important to use a licensed thermostable enzyme with a proofread- 
ing facthty and to reduce the cycle number to the mmlmum number that provides 
acceptable yield after the post-PCR manipulations. The precautions are neces- 
sary, because the error rate for some thermostable polymerases is quite high and 
the number of errors that accumulate increases with cycle number. 

6. The transfection efficiency of linear DNA IS higher than that of circular. It is gener- 
ally convenient to linearize the f&ion vector with Pvd, since there IS a single site 
in the amplclllm gene. If the inserted gene includes a PvuI site, another site should 
be chosen that cuts m the pBR322-derived portion of the vector that is not required 
for expression m mammalian cells. Falling this, circular DNA can be used. 

7. Although this expression system 1s designed to allow the fusion protein to be 
secreted as an antibody-like molecule, it 1s possible that a particular insert will 
give expresslon, but not secretion. This may be owing to incorrect folding, or the 
presence of a hydrophobic domain in the foreign protem. Provided that the fusion 
protein is not too rapidly degraded mtracellularly, it may still be possible to char- 
acterize and purify it usmg the techniques described here, with slight modlfica- 
tlons. The cells are harvested by centrifugation (15Og for 10 min) and washed 
several times m PBS The cells are lysed m a small volume of 50 mM Tns-HCl, 
150 mM NaCl, 5 mM EDTA, pH 8.0, 1% (v/v) Nonidet-P40,2 mM PMSF, and 
5 mA4NEM. The lysates should be clarified by centrifugatlon If necessary and can 
then be used m the methods given above, with the following modlficatlons. for 
the ELISA screen, dilute lysates I m 5 with PBST before use; for purification on 
an NIP column, after blocking the column with Tns/saline/BSA, wash the col- 
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umn extenstvely with 50 mM Trts-HCI, 150 mMNaC1, 5 mMEDTA, pH 8.0, 
1% (v/v) Nomdet-P40, load the sample, then wash agam with this buffer, and 
elute with 1 mMNIP-Cap-OH in this buffer No modification to the Western blot 
procedure is required. 
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Antibody Screening 
of Bacteriophage 3L gt-11 DNA Expression Libraries 

Peter Jones 

1. Introduction 
Much of our current understanding of the molecular details of the activity and 

interactions of protems has stemmed from the ability to isolate cDNA encoding 
these proteins. Computer-based analysis of deduced ammo acid sequence allows 
predictions to be made about their structure and functton that can then be tested 
experimentally. The startmg pomt for all of this is the ability to isolate the spe- 
cific cDNA encoding the protein of interest from libraries that contam on the 
order of 105-lo7 recombmants. There are many approaches that can be used to 
isolate cDNA clones, and the exact strategy applied really depends on the molec- 
ular tools available. If a cDNA encoding the particular protein of interest has 
already been cloned from one species, it can be used to probe cDNA libraries 
from other species usmg DNA hybridization techniques. Alternatively, degener- 
ate ohgonucleotides can be designed from amino acid sequences from regions of 
proteins that are conserved across species. The ohgonucleotides can be used to 
screen cDNA libraries by hybridization or used as primers to amplify and clone 
the cDNA by using the polymerase chain reaction. 

Often, when trying to isolate cDNAs encoding novel proteins, the only thing 
that can be used to any advantage has to be derived from the purified protein 
itself. The protein can be used for the generation of antibodies and to obtain 
amino acid sequence. Screening cDNA expression libraries, constructed m vec- 
tors like bacteriophage h gt-1 1, with an antibody ratsed agamst the protein, 
represents one of the quickest approaches to isolate its cDNA. The cDNA is 
prepared from the appropriate source and ligated into the h vector. It is ligated 
into a restriction site within the coding region of the P-galactosidase gene that 

From Methods m Molecular Ecology, Vol 80 Immunochem/cal Protocols, 2nd ed 
Edlted by J D Pound 0 Humana Press Inc , Totowa, NJ 

439 



440 Jones 

has been engineered mto the vector. Large amounts of P-galactosidase are 
expressed as transcription IS driven by a strong promoter. Any coding regron of 
a cDNA that is ligated into the P-galactosrdase gene, in the correct ortentatron 
and reading frame, will be expressed as a fusion protein with P-galactosidase. 
Statrstrcally, thus ~111 take place at a frequency of one m SIX hgatron events, 
however, the probabrhty of detecting a specific cDNA 1s largely determined by 
its abundance m the mRNA populatron. 

The basic h gt-1 1 expression system described by Young and Davts (1,2) 
now appears in many commercially available gurses, whrch have been engi- 
neered to increase the number of cDNAs that are expressed or facilitate the 
recovery of cloned cDNAs by phage rescue. Although there have been 
rmprovements in the design of h vectors, the basic protocols in screening the 
hbrartes with antibodies are very similar. Brrefly, screening mvolves plating 
the h library at a suitable drlution on a lawn of Escherichia colt. Expression of 
the P-galactosidase fusion proteins IS then induced by overlaymg the growing 
plaques with nitrocellulose filters that have been Impregnated with Isopropyl 
P-n-thiogalactopyranoside (IPTG), an inducer of P-galactosrdase gene expres- 
sion. The proteins expressed by h gt-1 1 clones are transferred onto the nitro- 
cellulose filters, and the filters processed for the detection of antigen m 
essentially the same way as they are after Western blotting. 

The basic methodologtes m constructing cDNA libraries are discussed m 
detail elsewhere (3,4), but unless there 1s a need to make cDNA libraries from 
“exotrc” sources or to generate a number of cDNAs libraries, it is more usual to 
purchase a cDNA library from a commercral supplier. The library is kept as a 
suspenston of phage particles in a dilution buffer at a known titer m units of 
PFU/mL. The a gt- 11 can then be propagated tn a host stram of E. coli, gener- 
ally Y 1090. This partrcular stram IS used, since it IS deficient m one of the 
major protease systems of E. co/z, ion, thus minimtzing the possrbility of deg- 
radation of exogenous proteins. 

2. Materials 

1 E. coli strain Y 1090 for library screenmg. 
2. E colz stram C600 for productng large amounts of the fusron protein. 
3. Nutrient broth (100 mL): 1 g of Tryptlcase (BBL), 0.5 g of NaCl in water. 
4. Top agar (100 mL). 1 g of Tryptlcase, 0.5 g of NaCl, 0 65 g of agar. 
5 Bottom agar (100 mL) 1 g of Trypticase, 0 5 g NaCl, 1 5 g agar 
6. Ponceau S (Sigma, St. Lams, MO) 
7. Chloroform. 
8 IPTG 
9. Whatman paper 3MM. 

10. Rabbit antlserum or affinity-purified antibody 



Agt-11 DNA 447 

11 Swine tmmunoglobulms raised against rabbit immunoglobulins (Dako, 
Carpinteria, CA). 

12 PAP (soluble complex of horseradish peroxtdase and rabbit antthorseradlsh per- 
oxidase, Dako). 

13 PBS: O.l4MNaC1,2 7 mA4KC1,1.5 mA4KH,PO,, 8 I mMNa,HPO, 
14. Tris/salme* 10 mMTris-HCl, pH 7.5, 0.9% w/v NaCl. 
15. Tris/saline/BSA: 10 mM Tris-HCl, pH 7.5, 0.9% w/v NaCl, 0.1% w/v bovme 

serum albumm (BSA). 
16. Tris/saline/Marvel: 10 mM Tris-HCl, pH 7.5, 0.9% w/v NaCl, 3% w/v freeze- 

dried nonfat mtlk (e.g., “Marvel,” Premier Beverages, Stafford, UK). 
17. Tris/saline/Tween-20: 10 mMTris-HCI, pH 7.5,0.9% NaCl, 0.1% Tween-20. 
18. DAB (3,4,3’-4’-tetra-amino biphenyl hydrochloride, BDH); add 20 mg of DAB to 

1 mL of water, and mix unnl dissolved. Add to 99 mL of Tris/saline (see Note 3). 
19. Nrtrocellulose filters (Amersham International). 
20. SM buffer (1 L): 5.8 g of NaCl, 2.0 g of MgSO, 7H,O, 50 mL of lMTrts-HCI, 

pH 7.5, 10 mg of gelatine Autoclave to sterilize. 
2 1. SM phage storage buffer: 10% v/v SM buffer m chloroform. 

3. Methods 
3.7. Primary Screen of a A gf-I 1 Library 

3.1.1. Plating of Library for Screening with Antibodies 

1. Inoculate 10 mL of nutrient broth wrth Y 1090 Add 0.1 mL of 20% maltose and 
500 mg ampicillin. Grow overnight at 37’C wtth shaking (see Note 1) 

2. Pellet cells by centrtfugatton at 4000g for 10 min at room temperature, and resus- 
pend m 4 mL of stertle 10 mit4 MgS04. 

3. A suitable number of plaques to screenl85-mm Petri dish is between 20 and 
30,000 Dilute a portion of the library in SM buffer to 3 x lo5 PFU mL, and add 
200 pL of Y 1090 to 100 pL of the diluted phage m a plastic universal bottle. 
Incubate at 37“C for 15 min to allow the phage to adsorb to the cell surface. The 
plaque size is affected by the amount of Y 1090 cells used. If you require larger 
plaque sizes on subsequent rounds of screening, use 100 p.L of Y 1090 cells. 

4. Add 4 mL of top agar (cooled to 50°C) to the cells, and pour onto the bottom agar 
plates. The addition of the agar is sufficient to mix the cell suspension, but be 
careful to avoid formation of air bubbles, which will make the top agar uneven. 
Prewarming the bottom agar plates at 42OC helps to avoid problems with the top 
agar setting before tt 1s evenly spread. Allow the top agar to harden (-10 mm). 
Number the bottom of the plates and incubate them at 42°C for 3 h to allow the 
plaques to form 

5. While the plates are incubating at 42’C, soak the mtrocellulose filters m 10 miV 
IPTG for 15 min. This may be carried out in one contamer, but ensure that all of 
the filters are properly wetted. Allow the filters to dry at room temperature for 
1 h on Whatman 3MM paper When the filters are dry, number the edges of the 
filters with a ballpoint pen. 
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6. The plaques will be very small at this stage and may not be vrsrble to the naked 
eye Place the IPTG-treated nitrocellulose filters onto the top agar, taking care 
not to trap any an bubbles between the top agar and the filter This IS best done by 
bowing out the center of the filter a little and touching it to the center of the plate 
first Then allow the rest of the filter to be gently pulled down onto the plate. 

7 Incubate the plates with the filters at 37’C for a further 2-3 h to allow sufficient 
expression of the cDNA insert. 

8 Cool the plates to room temperature, and key the filters to the plate by pushmg 
a syrmge needle through the filter and agar of the plate. Mark the positrons 
where the needle has passed through the agar with a marker pen on the under- 
side of the plate It ts easier to align the posrtlon of the filters with these mk 
marks rather than the damaged agar Remove the filters and perform the rmmu- 
nological screen 

9 Plates can be stored at 4°C for 2-3 wk. 

3.1.2. Detection of Clones with Antibodies 

1 Peel the filters off the plates, and place them plaque side up m a Petri dish (l/dtsh) 
Cover with Trrs/saline/Marvel (about 5 mL), and Incubate at room temperature 
for at least 45 mm (or 4°C overnight) (see Note 2) 

2 Remove the Tris/saline/Marvel, and wash the filters three times for 10 min m 
Trts/saline/Tween-20 (3 x 5 mL) on a rocking platform or similar device. Filters 
can be washed together in a large container if required. 

3 After the final wash, add 5 mL of Tris/salme/Tween-20 containing 0 1% w/v 
BSA to each of the filters If the primary antibody is m short supply, a num- 
ber of filters can be screened m the same dish if care is taken not to trap air 
between the filters Add the primary anttbody to the approprtate dilution (see 
Note 3 to determme the optimum dilutions of antibody to use in screening the 
ltbrary), and incubate at room temperature for 2 h on a rockmg platform or 
overnight at 4°C. 

4. Remove the antibody solution Thrs can be kept at 4°C for use m further screens 
The signal-to-noise ratio often increases with reuse of the antibody. Wash the 
filters as in step 2 

5. To each filter, add 5 mL of Tris/salme/BSA and the approprtate dilution of swme 
antirabbtt antibody (usually about 1.300) to each filter, and incubate for 30 mm 
at room temperature on a rocking platform. 

6. Wash the filters as in step 2. 
7 Add 5 mL of T&saline and the approprtate dilution of PAP, and incubate for 

30 mm at room temperature on a rocking platform 
8 Wash as m step 2 
9 Develop color on the filters by the addition of 5 mL of DAB solutton to each 

filter and 2 5 pL of H,02 Color develops m 0.5-5 mm (see Note 4). It may be 
necessary to adjust the amount of H20, added to slow down the development 
times to allow the positive clones to become clearly visible before any back- 
ground staining appears. 
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10. Stop color development by washing the filters in water. 
11. Once the filters are dry, It 1s posstble to align the filters with the original plates 

using the key marks that were made previously. Any putative positive plaques 
are then picked. 

12. An agar plug from the region of the plate containing the recombinant phage 1s 
picked m the first instance with a 1-mL tip of a micropipet. The end of the pipet 
tip 1s cut to a diameter of approx 5 mm before picking the plug. The plug 1s 
removed by the suction that can be applied with the plpet. The agar plug contain- 
ing the recombinant IS then ejected into 1 mL of SM buffer contammg 100 & of 
chloroform (see Note 5) and the phage allowed to diffuse out of the plug for at 
least 4 h. 

13. It IS now necessary to carry out a further round of screening and purification at 
lower plaque den&es until it is possible to pick a single, well-isolated plaque 
with the end of a Pasteur pipet. This usually requires a further two to three rounds 
of screening depending on the plaque densities used 

3. f 3. Plaque Purification and Titration 

The approximate titer of the phage can be determmed by a “spot titer” 
method: 

1. Prepare a lawn of E coEz cells by adding 4 mL of molten top agar to 100 & of 
cells resuspended m 10 mM MgSO, as described above. Pour the mixture over 
the bottom agar base, and allow it to set. 

2 Make serial dilutions of loo, 1W3, 10d, and 1W9 of the phage m SM buffer, and 
spot 5-& aliquots of each dilution onto the solidified top agar. Tilt and rotate the 
plate to allow each spot to spread to a diameter of approx 10 mm, and allow the 
phage suspension to dry mto the top agar. Incubate the plate overnight at 37°C. 
The approximate titer of the library is then be estimated from the number of 
plaques at each dilution. 

3. Replate the eluted recombinant phage at a density of approx 500-1000 PFU/mL 
and rescreen with the antlbody probe. Repeat the procedure of picking a positive 
plaque, eluting titrating, and replating at lower plaque densities until it is pos- 
sible to pick a single well-isolated plaque. 

4. Determine the titer of the purified phage, and store m 1 mL of phage storage 
buffer, in the dark, at 4°C This can be kept for many years with little loss of 
phage viablhty. 

3. f .4. Preparation of a High-Titer Stocks of Recombinant Phage 

It is necessary to make high-titer stocks of the recombinant phage for the 
generation of stocks of phage to work with on a day-to-day basis, and also for 
the preparation of DNA for sequencing or for the preparation of protein lysates 
from recombinant phage. A relatively quick and easy method for the prepara- 
tion of high-titer lysates is described below. 
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1. Infect Y 1090 wtth the purified recombinant phage as described m the screening 
protocol, and plate at a density of about 50-100 PFU. Pick a single, well-Isolated 
plaque wtth a Pasteur pipet, and remove the agar plug 

2. Add the agar plug to 50 pL of Y 1090 cells resuspended m 10 mM MgS04 and 
Incubate at room temperature for 5 min Set up a control at the same time using 
50 pL of uninfected Y 1090 cells only. 

3. Add 2 mL of nutrient broth containing 10 mA4 MgS04 to the tubes, and shake 
them vigorously at 37°C in an orbital shaker for 4-6 h or until lysis occurs. Lysis 
1s complete when the solution becomes clear and contams string-like cell debris. 
Comparing the appearance of the Infected culture with the control makes it easy 
to determine when this point is reached. 

4 After lysis, add 50 & of chloroform to the tube put on ice for 10 mm. It IS impor- 
tant to do this m chloroform-resistant containers. 

5 Centrifuge the lysate at 4500g for 10 mm to pellet the cell debris. Transfer the 
supernatant to a sterrle container, and store in the dark at 4’C. Titers should be 
lO*O mL or better. 

3.1.5. ;1 gt-I 7 infection of E. coli Strain C600 for Western Blot 
Analysis of P-Galactosidase-cDNA Gene Fusion Products 

Once a recombinant phage has been purified, it 1s expedient to analyze the 
P-galactosidase-cDNA gene fusion product by Western blotting to confirm 
the specific crossreaction of the antrbody with the fusron protem. Preparative 
amounts of the fusion protein can be made by creattng recombinant h gt-1 1 
lysogens, however a quicker and easier method is to take advantage of the 
amber mutation (S 100) in the S gene of h gt- 11. This mutation renders h gt- 11 
defective in lysing strains of E. coli which cannot suppress this mutatton (see 
Note 7). A method is described below: 

1. Add 0.1 mL of an overnight culture of E. cob strain C600, grown m nutrient 
broth contammg 0.2% maltose, to 10 mL of fresh broth. Incubate the cells at 
37°C with shakmg until they reach an absorbance of between 1 4-l 8 at 450 nm 
(Ads0 0.64 = 2 x IO8 cells/ml). Thts takes approx 2-3 h. 

2. Pellet the cells from 1 -mL aliquots of the culture by centrifugation at 12,OOOg for 
2 mm in a microfuge, and resuspend the bacterial pellets m 360 & of nutrient 
broth containing 10 mM MgS04. 

3. Dilute the recombinant h gt 11 in 40 pL of SM buffer, and add the phage to each 
of the cell suspensions at a multiphctty of infectton (M.O.I.) of 10,i.e , ratio of 
phage particles to bactertal cells 1s 10: 1. 

4. Incubate the mixture at 37’C for 3 h with occasional shaking 
5. Pellet the cells by centrifugation at 12,000g for 2 mm m a mtcrofuge, and resus- 

pend the pellet in 100 u.L of a loading buffer suitable for polyacrylamide gel 
electrophoresis. Boil the samples for 3 min, and remove any debris by a brtef 
centrifugation. Load aliquots onto gels for analysts by Western blotting (gener- 
ally, 50 pL contains approx 150 ug of protein). 



A gt-11 DNA 445 

3.1.6. Purification of Antibody Bound to Fusion Protein 
Once a recombinant clone expressing a fusion protem has been purified and 

the fusion protein clearly shown to crossreact with the antibody by Western 
blotting, one can be reasonably confident that the cDNA isolated is the one 
required. Final proof of identity is ultimately dependent on sequencing the 
cDNA insert. The sequence of the cDNA is either compared with sequences in 
computer data bases (it is still possible to get a nasty surprrse at this stage), or 
if the protein is novel, it is essential to find overlap be deduced amino acid 
sequences m the cDNA and peptide sequence from the purified protein. The 
latter approach is time-consuming and labor-intensive, and since many of the 
cDNAs initially isolated tend to be relatively small, it can take the sequences 
of many peptides to find overlaps. To gain further confidence that the time and 
effort m obtainmg peptide data will be well invested, it is a worthwhile demon- 
stratmg that the fusion protein can be used to affinity-purify an antibody that 
will crossreact with the original antigen on a Western blot. 

3.1.7. Affinity Purification of Antibody on Nitrocehlose Filters 
1. Transfer the fuston protein from cell lysates to mtrocellulose by Western blot- 

ting. Load each track of the polyacrylamtde gelwith as much anttgen as can be 
clearly resolved. The amount used has to be determmed for the parttcular gel 
system used 

2 After blottmg is complete, stain the mtrocellulose filter with Ponceau S for 
5 min, and destain m water to detect the position of the fusion protein. Cut out the 
strip of mtrocellulose filter containing the fusion protein, and wash the filter for 
10 min m PBS, 10% BSA, and 0.1% Trtton X100. Repeat this washing step 
another two times. 

3. Incubate the antibody (use 5X more concentrated than normal) with the mtrocel- 
lulose strip for 2-3 h at room temperature or 4°C overnight. 

4. Wash the nitrocellulose filter as described m step 2, and then insert it into a pre- 
cooled tube by curling it around the sides of the tube 

5. Elute the bound antibody by adding 1 mL of precooled 0 2M glycme-HCl, 
pH 2 2, and mcubatmg the filter at 4°C for 5 mm. Roll the tube to maximize the 
coverage of the filter 

6. Neutralize the solution by adding 30 PL of 2M Tris base, and then dialyze 
against PBS, 

7 Dilute the antibody 1: 10 for re-probing Western blots. The antibody can be reused 
several times if stored at 4°C in PBS, containing 5% w/v BSA. 

4. Notes 
1. Maltose is added to increase the amount of receptor for h gt- 11 on the cell surface 

of E cok, but it is not essential. 
2 The exact logistics of the number of filters screened and containers used for mcu- 

bation wtth antibodies, and for washes can be decided individually. Generally, 
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we do not screen more than 10 filters (300,000 plaques) at a time and find it 
convenient to keep the filters m separate Petri dishes throughout the procedure. 

3 Of the factors that determine the likelihood of success with this approach, assum- 
mg that the cDNA library contams a good representation of the mRNA popula- 
tion, by far the most important is the quality of the primary antibody used. In 
carrying out an antibody screen of a cDNA library, it is preferable to use a 
polyclonal antibody, smce most of the cDNAs ~111 probably be incomplete and 
may not contam the epnope recognized by a monoclonal antibody Many of the 
problems associated wtth screenmg expression libraries stem from the 
crossreactivity of the other antibodies m the serum with E toll proteins. This is 
quite a common occurrence, and it is useful to test the prelmmune serum from a 
number of rabbits for crossreactivity with E. colz and phage proteins on a phage 
lift before startmg an immunization regtme. It is then possible to select rabbits to 
mnumize any problems with high backgrounds or false positives It is also worth- 
while checking the secondary antibodies for crossreactivity The optimum dilu- 
tion of the primary antibody to be used m screenmg the ltbrary is one that allows 
the maximum sensitivity in detecting the antigen of interest without giving rise to 
high background stannng. This optimum dilution can be determined by using 
segments (usually quarters) of a mtrocellulose filter taken from a plaque lift onto 
which serial dilutions of the antigen have previously been dried The individual 
segments can then be incubated with different dilutions of the primary antibody 
to determine the optimum dilution. If antisera do produce high backgrounds in 
screening, it is possible to clean them up to some extent by subtracting antibodies 
that crossreact with E colz proteins This is most easily done by premcubatmg 
dilutions of antibody with nitrocellulose filters taken from plaque lifts before 
using them m screening. 

4, DAB IS a carcmogen, and should be handled and disposed of as dictated by the 
hazard data There are a number of less hazardous substrates that can be used 
instead of the one described here. However, m our hands, DAB has worked best 

5. The chloroform is added to sterilize the phage suspension Bacteriophage h is 
resistant to the effects of chloroform as long as the chloroform is kept stored rn 
the dark to prevent radical formation 

6. It IS possible to grid the plate into 12 sections, allowmg the titer of three 
plaque eluates to be determined on one plate. This IS convenient, since it avoids 
the small mountain of plates, which can be generated if tttermg a number of 
putative positive plaques if separate plates are used for each dilution. 

7. Preparative amounts of the fusion protein can be made from recombinant h gt- 11 
lysogens m the E co11 strain Y 1089 However, the isolation and purification of a 
lysogen are time-consummg and often impossible owmg to mutations occurrmg 
m the h repressor protein. By infecting an E co11 host strain, such as C600, which 
lacks the supF mutation, the phage will replicate many times without causing 
lysis This results in high levels of the fusion protein being produced inside the 
cell, which is easily visible among the protems of a cell lysate when analyzed by 
polyacrylamide gel electrophoresis. The very high numbers of h gt- 11 attamed m 
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C600 result m the P-galactostdase fusion protean being expressed constituttvely 
If constitutive expresston of fusion protein, or the fact that C600 is not ion-, 
affects the recovery of the protein or the viability of the C600, it is necessary to 
resort to forming a lysogen in Y 1089 
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Display of Antibody Chains 
on Filamentous Bacteriophage 

Peter Jones 

1. Phage Display 
The construction of very large combinatortal libraries whereby antigen-bind- 

mg functional domains of antibodies (Abs) are cloned and displayed on the 
surface of bacteriophage is proving to be a powerful technology m providing 
reagents for immunotherapy. Combinations of randomly assembled pairs of 
nnmunoglobulin heavy (H) and light (L) chain genes are cloned and expressed 
as fusions of bacteriophage coat proteins, allowing the bacteriophage express- 
mg them to be selected by methods analogous to affinity chromatography. Puri- 
fied phage can then be used for the production of large amounts of the pure 
antibody in a soluble form. Although phage-derived antibodies lack the effec- 
tor functions of the parent anttbodies since they have no Fc regions, these can 
subsequently be engineered into place or substituted with others, such as a 
toxin, with relative ease if required. Varrous antigen-recognition regions of the 
Ab can be cloned and selected, including: 

1. Fv fragments that are noncovalently associated heterodrmers of the heavy varr- 
able (VH) and light variable (VL) domains 

2. Single-chain Fv fragments (scFv) consrstmg of VH and VL regions linked by a 
flexible peptrde 

3. Fabs that are noncovalently associated VH-CH and VL-CL pairings of Ab chains. 

The selection of phage-expressing single heavy chains variable domains 
(dAbs), which make the major contribution to antigen binding, has also been 
reported (1). Although dAbs may have advantages in tissue penetration m 
therapeutic use, these domains have extensive hydrophobic surfaces, which 
present problems with specificity and limit their general use. The potential 
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applications and some limitations of the phage display system can be better 
appreciated with some knowledge of the biology of filamentous bacte- 
riophage. It is therefore the intention of this chapter to provide an introduction 
to bacteriophage biology and discuss, tn general terms, the development of 
vectors and applications of the Ab phage display system, such as those 
described in Chapter 47. Potential “trouble spots” will also be highlighted, 
based on personal experience. 

2. Biology of Filamentous Phage 
Filamentous bacteriophage IS a family of bacterial viruses that infect the 

host bacterium Escherichza colz which then continues to synthesize and export 
bacteriophage for as many generations as can be measured. The bacteriophage 
consist of a circular single-stranded DNA genome consistmg of 10 genes 
(Genes 1-X) encoding 10 proteins (gpl-IO). Five of the proteins are structural 
and form the phage coat, two are involved with the assembly of the phage 
particle, whereas the remaining three proteins participate in replication of 
the bacteriophage DNA. In addition to the coding regions of the bacteriophage 
genome, there is one main intergenic region (IR) that contains all of the sequen- 
ces required for the mitiation and termmation of viral DNA synthesis, and for 
the morphogenesis of the bacteriophage particles. The protein coat consists of 
approx 2700 copies of gp8 surrounding the main body of the particle, whereas 
small numbers of the mmor coat proteins, gp3, gp4, gp7, and gp9 are specific- 
ally located at each end. 

The bacteriophage float freely in the extracellular milieu until making con- 
tact with a structure known as a sex pilus on the surface of E cob. The pilus is 
effectively a protem tube that connects two E. coli together when they exchange 
DNA during conjugation. The proteins required for the assembly, structure, 
and transfer of DNA durmg conjugation are encoded by a large plasmid, called 
the F’ plasmid. The presence of the F’ plasmid in the host strain is absolutely 
essential for infection of E. colz by a filamentous phage, and its presence in 
host strains is indicated by the symbol “F”’ in the descriptton of the genotype. 
Adhesion to the pilus is mediated via gp3, of which there are five copies located 
at one of the ends of the bacteriophage particle. As the phage enters the pilus, 
the outer major coat protein is stripped off, and the phage DNA is transferred 
into the body of the bacterium. Thereafter, the smgle-stranded phage DNA (the 
“+” strand) is converted to a double-stranded form, known as the replicative 
form (RF), entirely by host enzymes. 

After the formation of the RF, the bacteriophage-encoded gp2 cleaves 
the positive strand within the mtergemc region, which rolls off from the nega- 
tive strand. During this process, both strands are again rephcated to produce 
double-stranded RFs. This type of replication, known as the rolling circle 
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Table 1 
Summary of Biology of Filamentous Bacteriophage 

Filamentous bacteriophage can only be propagated in E colz host strains that produce 
F’-plasmld encoded sex pill 

Adhesion of the bacteriophage to the sex pill IS through the minor coat protein gp3 
located at one of the ends of the phage particle 

Infection of E co11 with filamentous phage IS a chronic one m that the phage does not 
lyse the E. colt. It IS therefore possible to maintain filamentous phage either as a 
phage-secreting E colz strain or as a suspension of bacteriophage particles 

method, continues untd there are some 200 copies of the RF form mslde the 
cell, During this time gp.5, a single-strand DNA binding protein, accumulates 
and sequesters the posltlve strand as it peels off the negative strand, thus pre- 
venting it from being converted to double-stranded DNA. The +DNA strand- 
gp.5 complex IS then ready for assembly into vlnons. 

Assembly of the progeny virus takes place at the membrane where gp.5 1s 
replaced by the vn-ion structural proteins as the phage particles are extruded 
through the phage envelope. Remarkably, this does not causes any damage to 
the host. Although gp3 IS essential for the adsorption of the phage onto the tip 
of the pilus during infection, DNA can be introduced mto the host by other 
routes in vitro, such as transfectlon using electroporation. Here the need for the 
F factor IS bypassed. A summary of the important points of the biology of 
filamentous bacteriophage is given m Table 1. 

3. Development of Filamentous Phage Vectors 
for Antibody Display 

Fllamentous phage display technology stems from the finding that filamen- 
tous phage could be used to display antigens on the virion surface (2). The two 
coat proteins gp3 and gp8 will tolerate peptlde inserts m their surface-exposed 
N-terminal domains. Ab chains are therefore displayed as fusions of either gp8 
or gp3. The gp8 fusion system displays multiple copies of Ab chains leading to 
phage selection on the basis of avidity rather than selection of antibodies with 
high-affinity. As most applications of phage-derived antibodies require them 
ideally to have the high affinities, the vector systems that have found the great- 
est application are those that create fusions with gp3 

Depending on the particular vector system used, gp3 fusions can be dls- 
played either multivalently for selection by avidity or monovalently to select 
for binders with the highest affinity. By fusing VH or VL antigen binding 
domains (Fv) or VH-CH and VL-CL (Fabs) to a bacterlal leader sequence, the 
Ab chains are directed through the cytoplasmic membrane mto the gap between 
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this inner membrane and the outer membrane of E. coli known as the 
periplasmlc space. The conditions m the periplasmtc space provide an oxidiz- 
ing environment that allows the antigen binding domains to fold correctly. In 
the case of scFv productton, the VH and VL domains, held together with a 
lurker peptide, are fused to gp3. In contrast, during Fab production, only one 
member of the pair 1s fused to gp3, whereas the other is secreted mto the 
periplasmic space and is free to associate with the anchored chain. On extru- 
sion of the phage DNA through the cytoplasmic membrane, the gp3 fusions are 
incorporated onto the surface of the virion, and are displayed as either scFv or 
Fab fragments. The gp3 protein consists of 406 ammo acids and can be di- 
vided, roughly in half, into two functional domains. The N-termmal domam is 
necessary for mfection of the phage and also confers immurnty to superinfec- 
tion by other filamentous phage. The C-terminal domain anchors the protein in 
the membrane, caps the trailing end of the extruded filament, and is required 
for normal morphogenesis (nonpolyphage). 

Once phage display had been established, the phage-genome vectors were 
rapidly superseded with phagemid vectors because of their relative ease of 
handling and higher transformation efficiencies as a result of their smaller 
size. Phagemids are effectively plasmid vectors with plasmid origins of rep- 
lication and genes that confer a selectable reststance to antibiotics. Phagemids 
differ from plasmids m that they also contain the major mtergemc region of 
filamentous phage. This region was engineered into them to allow a single- 
strand copy of the phagemid to be rescued from E. co21 if the host is subse- 
quently transfected with another tilamentous phage (helper phage), such as 
VCSMl3. The helper phage supplies proteins that act at the intergenic region 
of the phagemid, m preference to then own, resulting in the phagemid DNA 
being rephcated and packaged m coat proteins as if it were the RF form of a 
wild-type phage genome. Extruded phagemid viral particles are capable of 
infecting other E. coli with F pill, but cannot be released from the new host 
until that is coinfected with a helper phage. The propagation of phagemid 
DNA m this manner IS very eftictent, and by using the appropriate antibiotic 
selection for the phagemid vector, it IS possible to select positively for trans- 
fected cells. 

A number of phagemid display systems that fuse Ab chains to either fitll- 
length or N-termmally deleted gp3 fusions have been described, along with the 
polymerase cham reactlon (PCR) primer sets, restrIctIon enzymes, and host 
strains required for the display of scFvs and Fabs (3-7). Some systems are com- 
mercially available. There is an important difference m whether the Abp3 
fusions are with the whole of the protein or with just the C-terminal domain. 
Fusions to the whole of gp3 require that the expression of the fusion is sup- 
pressed until after it is infected with the helper phage because of the resistance 
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to superinfection conferred by the N-terminal domain. Since expression ofgp3 
is generally from a P-galactosrdase promoter, tt can be effectively repressed by 
growth m nutrient medra containing glucose. Vectors that fuse the Ab chain 
directly to the C-terminus of gp3 remove the strict necessity for suppression. 
The vector systems also have some mechanism of making the purified Fabs or 
scFvs soluble by removal of the C-terminal membrane-anchor sequence ofgp3, 
resulting in secretion of the Ab chains into the periplasmic space. 

Secretion of Fabs or scFvs IS generally achieved by directly removing the 
gp3 gene from the fusion with restriction enzymes followed by reltgation and 
transfection into E. coli or by transfer of the recombinant vector into a differ- 
ent host strain unable to suppress the effect of a translation stop codon at the 
Junction between the Ab chains and the gp3 protein (nonsuppressor strain). 
Potential problems can arise with either approach: the use of restriction 
enzymes to remove the gp3 gene from the fusion increases the chances of 
cutting within the Ab chain, whereas the use of nonsuppressor strains can 
cause problems with premature termination of translation at stop codons that 
occur by chance m any degenerate or random primers used in scFv and Fab 
cloning or modification. 

4. Construction of Antibody Libraries 

Construction of combmatorial libraries consrsts of three steps. 

1. Messenger RNA is isolated from the tissue source selected to contam the 
Ab-secreting cells. Spleen, bone marrow, tonsil, and lymph node have all been 
successfully used as a source Copy DNA (cDNA) IS then generated by reverse 
transcription and Fv or Fab regions amplified by PCR. 

2. The amplification products are hgated into the phage or phagemld vectors after 
cutting wrth the appropriate restrlctlon enzymes 

3. The recombinant vectors are introduced into E. coli by electroporation 

On a cautionary note, each of these stages appear deceptively simple when 
described by groups where the technology is established. Each requires time- 
consuming optimrzatron, however, m order to ensure the successful generatton 
of comprehensive libraries. 

The isolation of RNA and production of cDNA from cells are now a routme 
procedure and do not generally present difficulty, parttcularly with an abun- 
dance of commercially available kits. The subsequent PCR reacttons are car- 
rred out with primer sets specifically designed for producing scFvs or Fabs. 
Generally, the constructton of scFvs requires the use of larger sets of PCR 
primers, since it is not possible to take advantage of conserved sequences in 
the constant regions of Ab chains for primer design. The generation of scFvs 
also requires a greater number of PCR reactions to be performed, since the VL 



454 Jones 

and VH chains and lmker peptide are Joined together using the PCR-based 
technique of splicing by overlap extenston (8). The larger primer sets mean 
greater expense for then synthesis. Primers are designed usmg data bases for 
the alignment of IgG H and L chain sequences and rdentifyrng sequences that 
are relatively conserved at the Y- and 3’-ends of the varrable regions. The 
primers are then be drvrded mto subsets for synthesis by applying a partrcu- 
lar set of rules, e.g., the grouping together of those primer sequences that 
differ by only a small number of bases, but are identtcal at their 3’-ends. 
Fortunately, comprehensive primer sets for the productron of murine and 
human antibodies are now well documented m the lrterature and are provided 
m commercial kits. 

A number of protocols use a limited number of VH and VL variable region 
primers for the constructron of lrbrarres. The disadvantage of limited sets 1s 
that they may not amplify whole subsets of immunoglobulm gene sequences 
and consequently, ~111 bras and decrease the diversity of any combmatortal 
library constructed wtth them. Defictencres in primer sets only become appar- 
ent when trying to amplrfy L and H chams from cDNA isolated from a specrfic 
hybridoma when aberrant amphficatron or no amphfication products are pro- 
duced. Opttmized sets of primers for mouse scFv repertoire and Fab display 
have been described (9, I U), including a full drscussron on the factors taken into 
consideration in the design and use of their primer sets (9) Usually, the amph- 
ficatron reactions present httle difficulty, but a major hurdle often occurs at the 
stage of cloning the amplification products into the vector. Thts is largely owmg 
to factors that affect the activity of restrictron enzymes used m mtroducmg 
sticky ends on the PCR fragments or vector. These factors Include: 

1 The range of efficiencies with which different restrictron enzymes cleave at their 
restriction sites when they are close to the ends of linear DNA fragments. This 
can leave either the PCR fragments or the vector, whrch becomes a lmear mol- 
ecule once cut wrth the first restrtctlon enzyme, wrth uncut ends unsurtable for 
hgatlon. 

2. The presence of PCR primers m restrlctron digests, which mhrblt the restrrctron 
enzyme. 

3 The association of Tug polymerase with the ends of the PCR product sterlcally 
hindering the restrlctlon enzyme 

The efficiency of these factors is reflected m the final size of the hbrary 
generated after transfectron of E. co11 by electroporatron. If commercial, qual- 
ity-assured, electrocompetent cells are used in initial library constructrons, then 
low numbers of transformants are likely to indicate problems at the earlier 
cutting and ligation steps. Libraries with large enough diversity to isolate antt- 
bodies against a particular antigen generally contain m the order of 1 07-1 O8 
transformants. 
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5. Library Sizes 
In the immune system, antibodles with moderate affinities are selected from 

primary repertoires, and their affimties improved stepwise by rounds of somatic 
mutation and selection. The isolation of Fabs from combinatorial llbrarles 
essentially mlmlcs this process, since Fabs isolated from libraries of lo8 
immunoglobulm genes have only a moderate affimty for their antigen, but this 
can often be improved by mutation followed by further rounds of selection. 
The size of the phage Ab repertoires (- 1 O*) is hmited by the efficiency of trans- 
formation of E coli. This number represents only a small proportion of the 
natural Ab repertoire, and therefore, there 1s less chance of selecting an Ab 
against a specific antigen with a moderate to high affinity. 

Fabs Isolated from libraries containing 107-IO8 clones have dlssoclatlon 
constants in the range 1O4-10”Mat best. This hmitatlon in library size can be 
overcome through an approach known as combinatorial infection (11). In this 
approach, E. colz are transfected with a repertoire of L chain genes harbored m 
a plasmld vector, and are then infected with phagemld particles harboring 
H chain sequences. Infection is extremely efficient, and most E colz cells m 
exponential culture can be Infected giving rise to a large combinatorial diver- 
slty. However, smce the H and L chain genes are on separate vectors, they 
cannot be packaged together within the same phage particle and therefore can- 
not be coselected. This problem has been cleverly solved by taking advantage 
of the precise recombmation events at specific DNA sequences catalyzed by 
recombinase enzymes of a number of bacteriophage. 

By introducing a specific recombmation site m the phage and phagemld 
vectors, site-specific recombination at that site precisely joins the L and H 
cham genes together on a single vector. Two such systems have been described 
to date. The lox-Cre system of bacteriophage PI (1 Z) where the two chains are 
combined on the same phage repllcon wlthm the bacterium by the 0-e 
recombmase at loxP sites. The Cre enzyme 1s supplied in vivo by infecting the 
stram carrying the two vectors with bacteriophage Pl . Using this approach, high- 
affinity human antlbodles have been isolated directly from a library that con- 
sisted of close to 6.5 x lOlo Fab fragments displayed on filamentous phage (12). 

An analogous system using the (phage att recombination site on phage and 
plasmid vectors has been descrrbed by Geoffroy et al. (13). In this system, the 
recombination event is catalyzed by the heat-inducible expression of h phage 
integrase protein from the phage gene contained in the chromosome of a 
special host strain of E colz The latter system may prove to have some advan- 
tages m that the recombmatlon event at the att site is n-reversible, since enzymes 
other than mtegrase are required for the excision of DNA. In contrast, the 0-e 
recombinase is present at all times in PI phage-infected cells, and can catalyze 
the exclslon of Ab genes as well as the mtegratlon. 
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6. Affinity Selection of Filamentous Phage (Panning) 

The power of the phage drsplay system comes from the fact that phage bear- 
mg Fabs or scFvs against a particular antigen are isolated by selection or pan- 
ning in a process analogous to affinity chromatography rather than by 
screening. The first combinatorial libraries were constructed in bacteriophage 
h vectors and required screening on mtrocellulose filters wtth labeled antigen 
to identify clones expressing Fabs capable of recognizing the antigen (I#). The 
library was of a moderate size (- lo6 members) and could be screened on a 
reasonable number of filters. Recent libraries of 10” members would require 
an inordinate number of filters and amount of time to screen. In contrast, selec- 
tion 1s fast, and m its simplest form, 1012 phage can be panned against an immo- 
bilized antigen in the well of a microtiter plate. After washing and elution of 
bound phage, the selected phage is then used to infect E. colz, where it is ampli- 
fied and reselected by further rounds of panning and amplification. 

A number of methods for the selection of bacteriophage displaying V gene 
products by affinity purification have been described including: 

1. Binding to antigen-coated dishes or tubes. 
2. Binding to antigen on a column matrix. 
3 Binding to biotmylated antigen in solutton followed by capture on streptavtdin- 

coated beads. 

Before choosing a particular approach to selectton, it is worth considering 
what will be required from any Fab or scFv isolated from the library in terms of 
its binding kinetics and the nature of the antigen it will be required to detect. 
The binding of phage to an antigen is largely determined by three mam factors: 

1. The affinity of the VH-VL combination. 
2. The avidity of binding of the phage, which is determined by whether a multtva- 

lent or monovalent display system IS used 
3. The on and off rates of binding. 

How these factors may be exploited to distinguish between phage with 
closely related affinities is discussed by Hawkins et al. (25). Without a ratlo- 
nally planned selection procedure, it is possible to lose any high-affinity bmd- 
ers present in a library among the greater numbers of bacteriophage that bmd 
with a low-affinity, thus making it impossible to select phage from even the 
best combinatorral libraries. 

7. Phage Evolution of Antibodies 

Most of the affinities of Fabs or scFvs isolated from combmatorial librarres 
have aflimties similar to those of antibodies found in the prtmary mmmne response 
m vivo (Kd 1Od-10-7M), but in vivo, these affinities are improved during affimty 
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maturation. To realize the full therapeutic potential of Fabs or scFvs made in 
vitro, there is a need to mimic the affinity maturation process in some way. A 
number of approaches have been used successfully to achieve this. 

Random mutations in the V regtons in vitro can be made by error-prone 
PCR. By including manganese ions m the reaction buffers, Tuq polymerase 
mrsincorporates nucleotides in the DNA strand being synthesized, creating ran- 
dom mutations (I 6). Phage display of antibodies with higher binding affinities 
are then selected under more stringent conditions than were used in initial 
pannings. Thts approach was successfully used to improve the binding of low- 
affinity Fabs derived from a nonimmune adult mouse and expressed multival- 
ently. A multivalent display system was chosen to select low-affinity antibodies 
that were anticipated to predominate in an unprtmed repertoire. Antibodies 
wrth initial bmdmg affinities of 104M-t were improved (up to 30-fold) by sub- 
cloning the V regions into a gp3-fusion vector followed by error-prone PCR 
amplification on a mixture of templates (17). In another example, the affinity 
of an Fab for a small hapten was increased fourfold by mutating the H chain by 
error-prone PCR followed by phage selection (15). 

An alternative method to increase the diversity of a restricted set of paired V 
chains and improve the affinities of primary phage antibodies from primary 
antibodies utilizes chain shuffling in which H and L chains are sequentially 
replaced with mutated chains. Phage-displaying Fabs with higher affinity are 
then selected (18,19). Generally, the L chains are shuffled first, followed by 
regions of the H chain containing the first two complementarity-determining 
regions (CDRs). H chain CDR3 is usually left intact, since this is the most 
hypervariable region in an Ab molecule and makes the largest contribution to 
the total accessible surface area of an Ab’s antigen bmdmg site. Retaining the 
integrity of VH CDR3 therefore maintains the key features of the antigen 
binding properties. Focusing mutational events on CDRs improved the affin- 
ity of an Ab isolated from a primary phage library for a small hapten from 
106-109M-’ (18). 

Where library size is a limiting factor in generating combinatorial diversity, 
Barbas et al. (20) described a chemical solution to increase diversity by using a 
semisynthetic approach controlled by oligonucleotide synthesis. Using a large 
primer spanning VH CDR3 and containmg 18 bases complementary to the 
flanking framework regions of the CDR and a randomized 4%base sequence in 
the central region, there 1s the potential to generate vast numbers of CDRs 
(in the order of 10zo) for Ab H chains. Using this approach, a tetanus toxoid 
binding Ab was converted to a number of fluorescem binding antibodies, the 
best of which had Kd values of 10-‘M (20) In a modification of this method, 
termed “CDR walking,” diversity is introduced in CDR regions of a defined 
Ab by making all the possible amino acid substitutrons at a limited number of 



458 Jones 

posltlons. CDR walkmg has been used to increase the affinity, but retam the 
broadly neutralizing property of a neutralizing human Ab to human immuno- 
deficiency virus type 1, which are in general, two opposing charactenstlcs (21). 
This Ab may as a consequence find application m the passive lmmunizatlon of 
subjects who have made accidental contact with HIV- 1 infected blood. A wider 
range of appltcatlons m this contmually expandmg field have been covered in 
recent reviews (22-24). 
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Production of Human Fab Antibody Fragments 
from Phage Display Libraries 

J. Mark Hexham 

1. Introduction 
1.1. Principles of Phage Display 

Phage display involves expression of a large ltbrary of diverse molecules 
as fusion proteins on the surface of filamentous bacteriophage. In this form, 
they may be subjected to biological or molecular selection to isolate mol- 
ecules with the desired binding properties (2) (see review in ref. 2). Initially, 
the system was used for mapping anttbody epitopes by expression of large 
libraries (107-lo*) of random peptides (3-5). However, the approach has 
proved readily applicable to many types of molecular Interaction, including 
the production or mampulatton of antibodies (6-lo), enzymes, and their sub- 
strates (Z&23), general protein-protein mteracttons (24-15) and DNA bind- 
ing proteins (16-I 7). 

All the above systems use filamentous phage of the M13, fd or fl phage, 
which have been modified to express the protein motif of interest on their sur- 
face as a fusion product with one of the viral coat proteins. The most widely 
exploited protein for this purpose is coat protein III, which gives monovalent 
display. This mode of expression ensures the lmkage of the genes encoding a 
particular fusion protein on the surface of the phage that encodes it. For a fuller 
discussion of bacteriophage biology, the reader IS directed to Chapter 45 m 
this volume. 

1.2. Phage Library Vectors 

Several systems exist for the expression and cloning of antibodies, as either 
Fab fragments (Fabs) or single-chain Fv fragments (scFvs) on the surface of 
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Xba I 2395 

Not I 2406 

F'vu II 2553 

Fig. 1. SchematIc diagram ofpComb3 vector containing HC and LC Inserts The 
heavy chain is expressed as a fnslon protem with the C-termmal domain of the bacte- 
riophage coat protem III gene (GIII) 

phage (refs. 6-10 and Chapter 45). This chapter wtll focus on the production of 
human Fab-expressing hbraries using the phage display vectorpComb3 (7, see 
Fig. 1). Clearly the system is also suited to the production of murme Fabs, 
given the use of appropriate primers. Other systems and approaches are dls- 
cussed elsewhere in this volume (see Chapter 47). 

To outline the procedure bnefly, library construction begins with the lsola- 
tion of lymphocyte RNA, obtained from the lymphocytes of a donor express- 
ing the antibody specificity of Interest. Reverse transcrlptase polymerase chain 
reaction (RT-PCR) IS then used to produce Fab-encoding fragments of DNA 
from the unmunoglobulin (Ig) heavy chain (HC) and light chain (LC) genes. 
These fragments are then cloned sequentially mto the vector (Fig. 1) to pro- 
duce a Fab-expressing phage library. Screening to isolate phage-expressing 
antibodles of the desired speck@ 1s carried out by repeated rounds of selec- 
tion of the library on antigen-coated ELISA plates. Following this selection, 
individual Fab clones are isolated and expressed in bacterial culture to deter- 
mme their bmdmg charactenstlcs. At this stage, clones may also be subjected to 
DNA sequence analysis. 

The screening or panning procedure can also be carried out using cell lines 
expressing the antigen of Interest either ma tissue-culture plate-based approach 
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(18) or using flow cytometry to separate phage bound to cell populations of 
interest (29) 

2. Materials 
1. Escherzchm co11 stram XLI-Blue (Stratagene, La Jolla, CA). 
2. VCSM13 (Stratagene) Interference-resistant helper phage 
3 Carbemcillm. 
4 Kanamycm 
5. SB medium (SB): 30 g/L Bacto-tryptone (Difco, Detrott, MI), 20 g/L yeast extract 

(Dtfco), 10 g/L MOPS (3-[N-morpholmo]propanesulfomc acid), pH 7 0, contam- 
mg 10 pg/mL tetracycline (Boehringer Mannhelm, Indianapolis, IN) 

6. SB contammg 1.5% glucose. 
7 Glycerol 10% (v/v) m water 
8. Transformatton cuvets (2-mm gap, Bio-Rad [St. Louts, MO]). 
9 SOC: 20 g/L Bacto-tryptone, 5 g/L yeast extract, 10 mM sodium chloride, 2 5 mM 

potassium chloride, 10 mMmagnesmm chloride, 10 mMmagnesmm sulfate, and 
20 mA4 glucose, pH 7 0 

10. L-broth (LB) 
11. Water treated with diethyl pyrocarbonate (DEPC) 0 05% (w/v) overmght at room 

temperature, and then autoclaved to remove DEPC 
12 RNA isolation kits (e g., Stratagene). 
13. Reverse transcriptase (Superscript II, BRL, Ganhersburg, MD). 
14 rRNase inhibitor (Promega, Madison, WI) 
15 Deoxynucleoside 5’-triphosphates (dNTPs) (Pharmacia, Uppsala, Sweden) 
16. Tag polymerase (Promega). 
17 2 mM Magnesium chloride. 
18 Mineral oil (Sigma, St Louis, MO) 
19. Restriction enzymes SpeI, XhoI, SacI, X6&, and manufacturer’s buffers 

(Boehrmger Mannhelm). 
20. Ethanol 
2 1. Qiagen (tip 100) plasmid DNA extraction kit (Qiagen, Santa Clarita, CA) 
22 PEG-8000. 
23. Sodium chloride. 
24 1 mA4 Isopropyl P-o-thiogalactopyranoside (IPTG) 
25. PBS* 0 14MNaCl,2 7 mMKC1, 1.5 mKH2P04, 8 1 mMNa,HPO,. 
26. PBS containing 1 and 3% bovine serum albumm (BSA) 
27. PBS containmg 0.05% (v/v) Tween-20. 
28. 1M Sodium hydrogen carbonate 
29. 0 lMGlycine, pH 2.2 
30 2MTris base. 
3 1. Para-nrtrophenyl phosphate (PNP) substrate solution for ELISA. PNP (1 mg/mL) 

m 10% drethanolamme, pH 9 8, contaming 0.5% w/v magnesium chloride, and 
0.0 1% w/v sodium aztde 

32. ELISA plates (Nunc Immunosorp strip modules are most useful) 
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3. Methods 

3.7. General Methods 

3.1.1. Preparation of Cells 
for High-Efficiency Transformation by Electroporation 

High-efficiency electrotransformation of bacteria IS the key to generating a 
large library, although good-quality competent cells are commerctally available 
from Stratagene and others, they are expensive. Somettmes tt may be necessary 
to prepare them in the lab. Using this protocol, it IS possible to generate cells with 
transformatton efficiencies in the 108-lo9 colonies/ug range, which are ideal for 
library apphcatrons and approach that of the commercial preparations. 

1 Grow XZI-Blue, from a smgle colony, overnight at 37°C with shakmg rn 10 mL SB. 
2. On the next morning, inoculate 0 5 mL of this culture mto 1 L of SB contammg 

1.5% glucose, and incubate with shaking at 37°C until an OD6a0 of between 0.5 
and 0 8 1s reached (4-6 h). 

3. Chill the flask on ice for 15 mm, and then harvest the cells by centrifugation at 
4000g for 15 mm at 4°C 

4. Wash the cells three times m 500,250, and 100 mL of ice-cold 10% glycerol with 
centrifugatton as before. 

5 Resuspend m a final volume of 10 mL of 10% glycerol, ahquot (200-600 &) 
mto tubes on dry me and store at -70°C 

3.12. Transformation by Electroporation 

1 Thaw the cells slowly on ice, and then incubate 300 pL cells with the target DNA 
(0 5-2 pg in 10 clr, water) in chilled transformatton cuvets (2-mm gap) on Ice for 
5 mm 

2 Electroporate at 2 5 kV wrth 25 pF capacitance and 400 R resistance (time con- 
stant should be 5- 10 ms) 

3 Resuspend the cells m 3 mL warm SOC (see Section 2.), and Incubate at room 
temperature for 15 mm 

4. Remove l- and lo-$ ahquots of the cells, and grow up on carbemctllin (50 pg/mL) 
LB plates m order to calculate the transformatton efficrency/library size. 

3.7.3. Preparation of Helper Phage 

Preparation of large amounts of high-titer helper phage stock is essential 
for phagemid rescue to generate viable hbrartes of Fab-expressing phage par- 
ttcles. The VCSM 13 (Stratagene) interference-resistant helper phage is rec- 
ommended. 

1. Grow XV-Blue, from a single colony, overnight at 37°C with shaking in 10 mL 
SB, containing 10 pg/mL tetracyclme. 

2. On the next morning, inoculate 300 pL of this culture mto 100 mL SB ( 10 pg/mL 
tetracycline) and grown for 2 h. 
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3. Add 50 ,uL VCSM13 stock, and continue the mcubatton for a further hour 
4. Add kanamycin to 50 clg/mL, and continue the mcubatton for a further 4 h. 
5. Harvest the cells by centrifugation at 4000g for 15 min at 4°C. 
6. Incubate the supernatant, containmg the free phage, at 70°C for 20 mm, centri- 

fuge as above, and store at 4’C. 
7. Titer the phage stock by infecting freshX!J-Blue, and grow overnight in top agar 

on LB agar plates. Typical titers are 101’-‘* &&/ml. 

3.2. Consfrucfion of Antibody Libraries 

3.2.1. PatienVDonor Selection and lymphocyte isolation 

The source and quality of the lymphocytes and the antibody titer of the desired 
antibodies within an individual will influence the drfficulty of producing antl- 
bodies from a library derived from that individual. The sources of lymphocytes 
that have been used successfully to produce human antibodies of the same 
specificity as the subject’s serum antibodies have been peripheral blood lym- 
phocytes from leukophoresis (20), thyroid lymphocytes (18,21), and lympho- 
cytes from lymph nodes draining the site of the immune response (22) The 
serum reactrvity of the donor should be analyzed m as much detail as possible 
in order to clone Ig isotypes and subclasses responsible for the response of 
interest. Subclass-specific antisera can be used in antigen-specrfic ELISA to 
achieve this. 

3.2.2. RNA Preparation 

DEPC-treated water should be used for all RNA preparation solutions, 
gloves should be worn at all ttmes, and “RNase-free” tips and tubes used. It is 
not necessary to purify mRNA, since total RNA prepared from freshly isolated 
or even frozen (liquid nitrogen or -8OOC) lymphocytes is pure enough to carry 
out the RT-PCR reactions. A number of commercial kits are now avallable for 
RNA isolation (e.g., Stratagene), and use of one of these is recommended. 
Alternatively the single-step guanidmmm thiocyanate/phenol extraction 
method of Chomczynski and Sacchi (23), on which most kit protocols are 
based, should be employed. If the lymphocyte numbers are low (<5 x 106), 
carrier RNA (100 pg of 16s ribosomal RNA) can be added at the start of thts 
procedure to aid recovery. The preparation ends with a precipitatton step using 
isopropanol, and the RNA may stored at -20°C in this form until required. 

3.2.3. cDNA Synthesis 

At least two separate reverse transcription reactions should be carrted out, 
one to generate LC cDNA and another to generate HC (Fd) cDNA. At this 
point, the choice of the 3’-primers used will determine the range of Ig isotypes 
expressed m the library (for primers, see Table 1). For example, to generate a 
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Table 1 
Primers for RT-PCR Amplification 
of Human Ig HC (a, b) and LC (c, d, e, f) Genes 

(a) HC variable domain 5’-primers 
VHla 5’-CAGGTGCAGCTCGAGCAGTCTGGG-3’ (24 mer) 
VHI f 5’-CAGGTGCAGCTGCTCGAGTCTGGG-3’ (24 mer) 
VH2f 5’-CAGGTGCAGCTACTCGAGTCGGG-3’ (23 mer) 
VH3a 5’-GAGGTGCAGCTCGAGGAGTCTGGG-3’ (24 mer) 
VH3f 5’-GAGGTGCAGCTGCTCGAGTCTGGG-3’ (24 mer) 
VH4f 5’-CAGGTGCAGCTGCTCGAGTCGGG-3’ (23 mer) 
VH4g 5’-CAGGTGCAGCTACTCGAGTGGGG-3’ (23 mer) 
VH6a 5’-CAGGTACAGCTCGAGCAGTCAGG-3’ (23 mer) 

(b) 1gG HC lsotype-speck 3’-primers 
CG 1 z 5’-GCATGTACTAGTTTTGTCACAAGATTTGGG-3’ (30 mer) 
CG2a 5’-CTCGACACTAGTTTTGCGCTCAACTGTCTT-3’ (30 mer) 
CG3a 5’-TGTGTGACTAGTGTCACCAAGTGGGGTTTT-3’ (30 mer) 
CG4a 5’-GCATGAACTAGTTGGGGGACCATATTTGGA-3’ (30 mer) 
CM1 5’-GCTCACACTAGTAGGCAGCTCAGCAATCAC-3’ (30 mer) 

IgG 1 
IgG2 
IgG3 
IgG4 

W 
CD 1 5’-TGCCTTACTAGTCTCTGGCCAGCGGAAGAT-3’ (30 mer) I@ 
CE 1 5’-GCTGAAACTAGTGTTGTCGACCCAGTCTGTGGA-3’ (3 3 mer) IgE 
CA1 5’-AGTTGAACTAGTTGGGCAGGGCACAGTCAC-3’ (30 mer) IgA( 1+2) 

(c) K LC variable region 5’-primers 
VKla 5’-GACATCGAGCTCACCCAGTCTCCA-3’ (24 mer) 
VKls 5’-GACATCGAGCTCACCCAGTCTCC-3’ (23 mer) 
VK2a 5’-GATATTGAGCTCACTCAGTCTCCA-3’ (24 mer) 
VK3a 5’-GAAATTGAGCTCACGCAGTCTCCA-3’ (24 mer) 
VK3b 5’-GAAATTGAGCTCAC(GIA)CAGTCTCCA-3’ (24 mer) 

(d) K LC constant region 3’-primer 
CKl d 5’-GCGCCGTCTAGAATTAACACTCTCCCCTGTTGAAGCTCTTTG- 
TGACGGGCGAACTCAG-3’ (57 mer) 

(e) h LC variable region 5’-primers 
VLl 5’-AATTTTGAGCTCACTCAGCCCCAC-3’ (24 mer) 
VL2 5’-TCTGCCGAGCTCCAGCCTGCCTCCGTG-3’ (27 mer) 
VL3 5’-TCTGTGGAGCTCCAGCCGCCCTCAGTG-3’ (27 mer) 
VL4 5’-TCTGAAGAGCTCCAGGACCCTGTTGTGTCTGTG-3’ (33 mer) 
VL5 5’-CAGTCTGAGCTCACGCAGCCGCCC-3’ (24 mer) 
VL6 5’-CAGACTGAGCTCACTCAGGAGCCC-3’ (24 mer) 
VL7 5’-CAGGTTGAGCTCACTCAACCGCCC-3’ (24 mer) 
VL8 5’-CAGGCTGAGCTCACTCAGCCGTCTTCC-3’ (27 mer) 

(f) h LC constant region 3’-primer 
CL2 5’-CGCCGTCTAGAACTATGAACATTCTGTAGG-3’ (30 mer) 

OThe restrlctlon enzyme sites Introduced to enable cloning of the amplified Ig genes are under- 
lined and correspond to: XhoI (CTCGAG) for the HC 5’ variable region primers (a), SpeI (ACTAGT) 
for the HC 3’ constant region primers (b), Sac1 (GAGCTC) for the LC 5’ vanable region primers (c and 
e), and XbaI (TCTAGA) for the LC 3’ constant region primers (d and f) 
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complete IgG repertoire four different IgG primers (correspondmg to sub- 
classes l-4) should be used as well as the two LC primers for K and h LCs 
Analysis of the donor serum reactivity using subclass-specific antisera can assist 
in choice of primers by determming which isotypes and subclasses are Involved 
in a particular antigemc response. 

1 RNA should be quantified spectrophotometrically and 5-50 ug used for each 
reaction 

2. Mix the primer (20 @4,, and RNA m a total volume of 25 @+ and anneal by 
heating to 75°C for 10 min and then incubatmg on ice for 5 mm 

3 Add RT (Superscrtpt II, 3 pL), rRNase mhtbitor (Promega, 80 U), and 25 mMdNTPs 
m 50-pL total volume m the manufacturer’s buffer 

4. Incubate for 1 h at 37°C. If the amount of RNA IS low, then a longer incubation 
up to overnight can be employed. 

3.2.4. PCR Amplification of /g UC and LC Genes 

PCR is used to amplify HC Fd regions and the entire light chain, enabling 
Fab library construction from the lymphocyte cDNA The primers are designed 
to maintain the LC-HC disulfide bond in the Fabs. A wide range of 5’-primers 
is used to produce libraries that are representative of all the different human 
HC variable region (VH) and LC variable region (VL) gene families together 
with 3’ primers specific for the different HC subclasses or LC isotypes (Table 1). 
The primers also contain restriction enzyme sites to facilitate cloning of the 
PCR products into the vectors. 

1. Make up 100 JJL PCR reactions contaming 5 U Tuq polymerase (Promega), 2 mM 
magnesium chloride, 2 pL cDNA (HC or LC), 200 @4dNTPs, and 20 @4of each 
of the 3’- and 5’-prtmers in the manufacturer’s buffer. See Note 1 

2. Cover with two to three drops mineral oil. 
3. SubJect to 35 rounds of amplification beginning with denaturation at 95’C for 

30 s, followed by annealmg at 52°C for 2 mm, and polymertzation at 72°C for 
2 min Conclude with 10 min of polymertzation at 72°C and then cool to 4°C 
(see Note 2). 

The HC Fd gives a PCR product of around 680 bp, whereas the LC gives a 
slightly smaller product of around 660 bp. 

3.2.5. Digestion of PCR Products 

The HC and LC PCR products are pooled separately, phenol/chloroform- 
extracted, and ethanol-precipitated. Following resuspension and, where appro- 
priate, gel purification of PCR products, the DNA is quantitated, before 
restriction enzyme digestion and cloning into thepComb3 vector. Gel purifica- 
tion (see below for methods) may be necessary when there are a high number 
of background bands in the PCR reaction. This tends to be more of a problem 
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m HC amplificattons. The equivalent amounts of enzyme required to digest the 
PCR product, calculated from the manufacturer’s unit defimttons (Boehrmger- 
Mannheim), are as follows: SpeI, 17 U/pg; XhoI, 70 U/clg; SacI, 35 U&g; XbaI, 
70 U/~.tg. The HC PCR products are digested with SpeI and XhoI m Boehrmger- 
Mannheim Buffer H, and the LC products are dtgested in Boehrmger- 
Mannheim Buffer A for at least 4 h at 37OC using at least a threefold excess of 
enzyme calculated from the above figures. Followmg digestion, the DNA 1s 
purified by 2% agarose gel electrophoresis, the appropriate bands are cut out, 
and the DNA purified. The best method of gel purtficatton is a matter of debate 
and personal preference, but those that have been used successfully in this area 
are electroelution, Gene-clean (BIO- 10 l), P-agarase (NEB) digestion of Nu- 
Sieve (Flowgen) agarose, electroelution, and phenol-phenol/chloroform extrac- 
tion of Nu-Sieve (Flowgen) agarose. 

3.2.6. Cloning of /g Genes into the pComb3 Vector 

1 Digest l&20 ~18 of pComb3 vector with the LC enzymes, Sac1 (10 U/p& and 
X&I (20 U/pg) at 37°C for 2 h m Buffer A, using a twofold excess of enzyme (as 
defined by Boehrmger-Mannheim) to prepare it to receive the LC insert. 

2. Following digestion, purify the DhrA by preparative electrophoresis on a 1% aga- 
rose gel. The cut vector band of 4.7 kb is excised, purified from the gel, precipi- 
tated, and quantitated 

3 Test the ligation efficiency of LC Insert and vector by performing a small-scale 
ligation using around 200 ng of cut vector and 50 ng of msert m a lo-pL over- 
night ligation at 15°C 

4. Transform this ligation mto competent bacterial cells, and compare to a control 
ligation of vector minus insert. 

5. If the ligation is successful (i.e., vector + insert produces at least 5x more colo- 
nies than vector alone), then ligate 1 pg of cut vector with 200 ng of LC insert, 
overnight at 15”C, m a scaled-up volume (100-l 50 pL) 

6. Ethanol-precipitate the ligation mixture, and wash the pellet m 70% ethanol 
7 Resuspend m 10 pL of water, and transform into 300 nL XLl-Blue by 

electroporation (see Section 3.1.2.). 
8 Immediately following electroporation, add 3 mL of prewarmed SOC, and grow 

the cells for 1 h at 37°C. 
9. Add 10 mL warm SB (containing 20 pg/mL carbenicillin), remove I- and lo-pL 

aliquots from this culture, and grow overnight on LB agar plates contammg 50 
pg/mL carbemcillin to ttter the library size. Contmue growth of the mam culture 
for 1 h at 37°C 

10. Increase the carbemcillm concentration to 50 pg/mL, and continue growth for 1 h 
11 Add the culture to 100 mL SB contammg 50 pg/mL carbenbllm, and grow overnight 
12. Prepare plasmid DNA from thts culture using the Qiagen (tip 100) method. 
13 Test for the presence of LC msert by analytical digestion with Sac1 and XbaI (this 

generates a 660-bp msert). 
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14 Perform DNA minipreps on several (e.g., 12) clones from the plates. These are 
then checked for the presence of insert by digestion with Sac1 and XbaI as above 
and also with Not1 (generates 2.5- and 2.9-kb fragments) to ensure the LC clon- 
ing has worked correctly. Once the LC library has been characterized, it can be 
digested with the HC enzymes prior to the cloning of the HC gene to create the 
Fab-expressing library. 

15. Digest 10 pg LC library DNA with SpeI (6 U/ug) andXhoI(20 U/pg) at 37’C for 
2 h m Boehringer Mannhelm Buffer H to prepare it to receive HC insert This 
corresponds to a twofold excess of enzyme. The HC insert is digested, ligated 
into the cut LC iibrary-containmg vector, and transformed as described above. 
However, followmg electroporatton, the bacterial culture is grown to produce a 
library of phage-expressing Fabs on their surface, as opposed to plasmid DNA 

16. Immediately following electroporation, add 3 mL of prewarmed SOC, and grow 
the cells for 1 h at 37’C. 

17. Add 10 mL of prewarmed SB containing 20 pg/mL carbenicillm, and again titer 
the library size by plating out l- and lo-pL samples on LB agar (50 pg/mL carbe- 
mcillin) plates overnight. Continue growth of the culture for 1 h 

18. Increase the carbenicillin concentration to 50 pg/mL, and continue growth for 1 h 
19. Add to 100 mL SB containing 50 pg/mL carbemcillm, and grow for a further 1 h 
20 Add 10r2pfu VCSM13 helper phage, and incubate for 2 h 
21. Add kanamycin to 70 pg/rnL, and grow the phage overnight at 37’C with shaking. 
22. Remove the cells by centrifugatton at 4000g for 15 mm at 4°C. 
23. Transfer the supematant to a clean flask, and add PEG 8000 (4% w/v) and sodium 

chloride (3% w/v) with stnrmg on ice to precipitate the phage. Continue to stir on 
ice for 30 mm. 

24. Sediment phage at 9000g for 20 mm at 4”C, remove the supematant carefully, 
and discard. 

25 Resuspend the phage pellet in 2 mL PBS, and clarify by a short pulse of centnfu- 
gation in a microfuge. 

26 The phage library stock may now be stored at 4°C. However, the selection proce- 
dure must be carried out with freshly prepared phage, since the antibody fuston 
protein may not be stable. To do this, the library can be reamphfied by growth on 
XLI-Blue (Section 3.2.7., steps 7-17). 

3.2.7. Screening of pComb3 Libraries 

The screening procedure is an affinity selection process, is generally refer- 
red to as “panning” or “bio-panning,” and is performed using four wells of an 
ELISA plate. The consecutive rounds of panning should ideally be performed 
on consecutive days so as to use fresh phage each time. AlternatIvely, the phage 
should be reamplified on the day before panning (steps 7-l 7 below). 

1. Coat each of four ELISA wells with 100 pL antigen (l-l 0 pg/mL in 0. 1M sodium 
hydrogen carbonate) overnight at 4°C. 

2 Block the wells with 200 pL of PBS containing 3% BSA for I h at 37°C. 
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3 Remove the blocking solution, add 100 pL of freshly prepared phage hbrary 
stock/well, and incubate at 37°C for 2 h. 

4. Remove the unbound phage from the wells, and wash extensively (10 times) over 
30 mm 

5. Elute bound phage with 100 pL of 0 IMglycme, pH 2.2 for 10 mm. 
6 Neutralize immediately by addmg 6 pL of 2M Tris base 
7. Pool the 4 x 100 pL aliquots of eluted phage, and use them to Infect 2 mL of a 

fresh overmght culture of XI-Blue grown m SB medium for 15 mm at room 
temperature 

8 Add 10 mL of prewarmed SB contammg 20 pg/mL carbemcillm, remove 1- and 
lo-pL samples for tttratton, and grow the culture for 1 h at 37°C 

9. Adjust the carbemctllm concentration to 50 ug/mL, and contmue the mcubation 
for 1 h. 

10 Add the culture to 100 mL prewarmed SB contammg 50 pg/mL carbemcillm and 
10 pg /mL tetracycline, and incubate for a further h. 

11. Add 1012 pfu of VCSM13 helper phage (typically l-5 mL, see Section 3 1 3.) 
and continue the incubation for 2 h. 

12 Add kanamycm (70 ug/mL) and grow the phage preparation overnight 
13 Centrifuge the bacterial cells down at 4000g for 15 mm at 4°C 
14. Remove the supernatant, and add 4% w/v PEG-8000 and 3% w/v NaCl with 

stirring on ice. Continue stirrmg gently on ice for 30 mm to precipitate the phage 
15. Harvest the phage by centrifugatton at 9000g for 20 mm at 4’C 
16. Remove the supernatant carefully and resuspend the pellet m 2 mL PBS. The 

phage pellet may be visible as a thm translucent coating on the wall of the tube, 
which may be removed by rmsing with PBS 

17. Clear the phagemid suspension with a short pulse of centrifugation m a micro- 
fuge, and store at 4’C This stock IS now ready for panning, and the panning 
process is repeated several (four to SIX) times until an appreciable enrichment (a 
recovery of 106-1O’pfu from the four wells) 1s obtained Typically, the recovery 
will be high on the first round because of background, lower on the second round 
and then on the thud or fourth round, it should increase dramatically Followmg 
the final round of panning, the culture can be used to make either phage particles 
or to make phagennd DNA for soluble Fab expression and DNA sequence analysis. 

18 Titer the suspension on fresh XLI-Blue grown overmght m SB The tttratton 
should be performed stmultaneously with the panning 

3.28. Conversion of pComb3 Clones for Fab Expression 

Phagemtd DNA, prepared from the phage harvested from the final round of 
panning, may be converted from a surface-expressing mode to soluble Fab- 
expressing mode by a two-step drgestton-rehgation process. In order to express 
fi-ee Fab, the coat protein III gene (GIII; see Fig. 1) 1s removed using the enzymes 
NheI and SpeI, which have compatible ends and can be religated to produce a 
soluble Fab-expressing vector. 
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1, Digest approx 5 pg of DNA with l-2 equivalents of NheI and QeI in buffer M 
(Boehringer Mannhelm) for 3 h at 37°C. 

2 Purify the DNA corresponding to the pComb3 vector containmg HC and LC 
(1.e , the 4.7-kb band), lacking GIII, from a 1% agarose gel 

3. Self-ligate the DNA and transform mto XLI-Blue by any standard method, since 
high efficiency 1s not crucial, and plate out on LB agar plates containing 50 pg/mL 
carbemctllm The resultant clones can then be tested for Fab expression under 
IPTG mduction. 

3.2.9. Fab Expression 

1 Grow several colonies (e.g , 12) on a small scale m 2 mL SB contammg 20 mM 
magnesium chloride and 50 pg/mL carbenictllm for 6-8 h at 37°C with shaking. 

2. Remove 0.5 mL of each culture, and store as a glycerol stock. 
3 Induce Fab protein expression by the addition of 1 mM IPTG and continue the 

incubation overmght. 
4. Centrifuge the cells for 10 mm at 10,OOOg at 4’C and remove the supernatant, 

and retam 
5. Resuspend the cells m 1 mL PBS, and lyse by three cycles of freeze/thawing. A 

cycle consists of 5 mm m a dry ice/ethanol bath followed by 5 mm at 37°C m a 
water bath. 

6 Pellet the debris by centrifugation at 10,OOOg for 10 min at 4°C and test the 
lysates by ELISA for Fab activity along with the culture supernatants. 

3.2. IO. ELISA Analysis of Fabs 

1 Coat ELISA plates as for the panning procedure, and block with 200 I.JL PBS 
contammg 1% BSA for 1 h 

2 Incubate with 100 pL potential Fab-containmg cell lysates and supernatants for 
1 h at room temperature 

3. Wash the plates five times m PBS contammg 0 05% Tween-20 
4. Incubate with 100 pL of an antthuman Fab (IgG-specific) alkaline phosphatase 

antibody conjugate (Sigma) dtluted to 1.1000 m PBS containing 1% BSA for 1 h. 
5 Wash the plates again as above, and visualize the bound Fab using PNP substrate 

solution Color development 1s carried out at 37°C for 15-60 mm and measured 
at 405 nm usmg a smtable plate reader 

Once positrve clones have been identified by ELISA they can be grown up 
on a larger scale for anttbody production. Competrtion ELISA to determine 
specificity and affinity should be performed, and BIAcore (Pharmacia) analy- 
sis will enable the derivation of accurate kmetic constants for antigen-antt- 
body interactions. The clones should also be grown up to produce plasmid 
DNA from which sequence can be derived to identify the antibody genes 
encoding the Fabs. Sequencing of diverse clones provides the defimttve way 
of dtstmguishmg them m the absence of clear differences tn the bmdmg data. 
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4. Notes 
4.1. PCR Amplification of lg HC and LC Genes 

1 More cDNA, e g , up to 10 & can be also added to optimize difficult amphfications 
2. The cycle conditions described provide an initial starting point for amplification 

However, some reactions, parttcularly HC amplificatrons, can be more difficult 
and m these cases, the annealmg temperature can be lowered slightly to optimize 
the reaction. 

4.2. pComb3 Vector 

3. In the initial version of this vector the HC and LC Inserts were cloned mto a 
pComb3 plasmid containmg short stuffer sequences between the HC and LC 
restriction sttes However, later, to increase the efficiency of enzyme dtgestton, a 
pComb3 clone containing a well-characterized human anti-tetanus toxoid (TT) 
Fab (20) was used to prepare the vector to receive msert (see Ftg 1). The advan- 
tage of this method IS that single-cut material 1s separable from double-cut and 
uncut vector on a preparative gel. In addition, the excised insert is clearly visible 
on the gel, mdicatmg successful dtgestion. This is not apparent if the parent vec- 
tor with no insert is used 

4. The current verston of the vector ts avatlable from C. F. Barbas III at the Research 
Institute of Scripps Clinic, 10666 North Torrey Pines Road, La Jolla, CA 92037. 
This vector contains a number of modifications m the promoter regions designed 
to minimize recombmatton. In addttton, the vector contains two different stuffer 
fragments (1200 and 300 bp) m the msertton sites, which is an improvement over 
usmg the TT antibody clone as the parent vector. 
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Antibodies from Phage Display Libraries 
as lmmunochemical Reagents 

Dario Neri, Alessandro Pini, and Ahuva Nissim 

1. Introduction 
The display of a repertoire of recombinant antibodies on the surface of tila- 

mentous phage by fusion to a minor coat protein has provided a powerful meth- 
odology for isolating the desired binding specificities (see Chapter 45 and ref. 
1). Antibodies have typically been displayed on phage as single-chain Fv frag- 
ments (scFv [Z]), in which the heavy chain variable region (VH) and the light 
chain variable region (VL) domains are linked together by a flexible polypep- 
tide (3,4), or as Fab fragments (5) In general, antrbodies have been displayed 
either at the N-terminus of the minor coat protern pII1 of filamentous phage 
(Z), or at the C-terminal domain of pII1 (6). For Fab fragments, one chain 1s 
fused to ~111, and the other assembles with the pIII-fused chain after leader 
peptide-mediated secretion in the bacterial supernatant. 

Repertoires of recombinant antibodies have been derived from both immu- 
nized and unimmumzed hosts. For the former source, the polymerase chain 
reaction (PCR) has been used to amplify V-genes (7) of populations of lym- 
phocytes from the spleen of immunized mice (8-IO), the peripheral blood of 
nnmunized humans (‘1 I), and the bone marrow of virally infected patients (I 2). 
The exposure of the donor to the antigen(s) results in the repertoire enrichment 
for V-genes specific for the antigen, and typically results m the isolation of 
high-affinity antibodies (10,12,13), often with neutralizing activity (14). How- 
ever, libraries derived from an immunized source allow the isolation of anti- 
bodies against only a limited number of antigens. 

Highly diverse antibody repertoires can also be derived from the rearranged 
V-genes of “unimmunized” humans (naive repertoires; I5,16), or from semi- 
synthetic V-genes, created by PCR extension of V-germline genes using prim- 

From Methods III Molecular L?/ology Vo/ 80 lmmunochemroal Protocols, 2nd ed 
E&ted by J D Pound 0 Humana Press Inc , Totowa, NJ 
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ers, containing degenerate sequences in corresponding to the CDR3 (synthetzc 
repertoires; 17-20). Naive and synthetic repertoires have allowed the isolation 
of hundreds of antibodies with different specificities, including those for con- 
ventionally “difficult” antigens, such as self-antigens, and highly conserved 
proteins (e.g., BiP and calmodulin; l&19). The affimty of antibodies isolated 
from these repertoires is to a large extent dependent on the size of the reper- 
toire. Antibody libraries of size 5 x lo* have so far succeeded in producing the 
desired binding specificities against all purified challenging antigens (I8), yet 
the antibody affinities are typically in the range 1 06-1 O*W’. Higher affinities 
can be obtained by creating secondary repertoires, for example, by the use of 
error-prone PCR (21), by “chain-shuffling” (22), or by using very large 
(>lO*O members) primary repertoires (19). 

In this chapter, we focus on the methods for usmg (i.e., selecting, screening, 
and using for biochemical applications) antibodies from libraries produced at 
the MRC Centre, Cambridge (18,19) and distributed to hundreds of laborato- 
ries around the world. The methods for generation of such ltbraries are 
described in the orrginal publications and will not be presented here. 

The Nisstm library (18) is cloned in the phagemid pHEN1 (5). This vector, 
derived from pUC I I9 (23), comprises the pII1 fusion, plasmid, and phage ori- 
gins of replication. Production of phage particles requires the presence of a 
helper phage, which provides the other genes and functions for single-stranded 
replication and packaging. Helper phages (such as VCS M 13 and M 13 K07, 
which are described m this chapter) are poorly packaged in comparison to 
phagemids owing to a defective origin (24). However, they do produce pII1 not 
fused to antibody fragments and this competes with the phagemid pII1 anti- 
body fusion for incorporation mto the phage coat. The majority of phage par- 
ticles, therefore, display only one antibody molecule or none (25,26). 
Proteolytic cleavage of antibody-p111 fusion may also reduce the number of 
antibodies displayed. This fact must be considered when the antibody library 
on phage has to be stored for long periods. The 2-10x library (19) 1s cloned in a 
phage vector, which encodes the pII1 msion, the antibiotic resistance, and con- 
tains all the genetic information for replication, packaging, and infection of 
bacteria. 

The lacZ promoter, which is inhibited by glucose and induced by isopropyl 
P-n-thiogalactopyranoside (IPTG; 27), controls the expression of the antibody- 
pII1 fusion in the phagemid pHEN 1. Since expression of pII1 prevents infec- 
tion of Escherichia coli with the helper phage, bacteria are typically grown in 
the presence of glucose until infection. After infection, bacteria are grown 
in the absence of glucose to promote pII1 fusion expression and in the presence 
of ampicillin/kanamycin to ensure that the phagemid-containing bacteria have 
been infected by the helper phage conferring the kanamycin resistance, pHEN 1 
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contams an amber codon at the junction between the antibody fragment gene 
and ~111. The use of E. coli nonsuppressor strains (such as HB215 1; 28) pro- 
motes the antibody secretion in the bacterial periplasmic space, m which the 
antibody dlsulfide bridges are formed and the antibody folds. After long 
expression times (typically >12 h), most of the antibody produced leaks from 
the bacterial periplasmic space into the culture supernatant, from which it can 
conveniently be purified. E. coli suppressor strains (such as TGl ; 29) favor the 
production of antibody-p111 fusion, but since suppression is never complete, 
soluble antibody fragments are typically found in large amounts even in TGl 
supernatants. 

It is easier to clone antibody repertoires in pUC-based phagemlds rather 
than in phage vectors. With good electrocompetent cells, the efficiency of 
transformation for pUC vectors is typically lo9 transformants/pg plasmid, 
and in the region between lo7 and lo* transformantslpg plasmid cut and 
rehgated with an antibody gene insertion. Indeed, libraries > 1 O9 in size can be 
produced by repeated transfections with pUC-based phagemids. These librar- 
les yield bmders with affinity in the nanomolar range (30), 

Large libraries can be produced m phage vectors using recombination tech- 
niques. Griffths et al. (19) have infected E. coli cells, containing a repertoire 
of antibody light chains, with phage particles, containing a repertoire of heavy 
chains cloned into a phage vector. The heavy and light chains have then been 
linked together in the same phage vector using asymmetric ZoxP sites and Cre 
recombinase (31). This has allowed a combmatorial mcrease m library dimen- 
sion, and the production of an antibody repertoire of approx 6.5 x lOlo distinct 
clones in the first attempt (19) and more recently repertoires larger than 10’ 1 
clones by using a 20-L fermenter (A. Griffiths, personal communication). It is 
worthwhile recalling, however, that m order to make full use of a library diver- 
sity, a number of bacteria (or phage) larger than library size has to be used. The 
relevant procedures are described in the protocols below; they are somewhat less 
user-friendly than the procedures needed for smaller libraries (<lOlo members). 

The dimension of an antibody library, typically defined as the number of 
clones bearing a suitable selectable marker (antibiotic resistance) and, contain- 
mg the full-size antibody gene (detectable by PCR screening; 32), does not 
necessarily correspond to thefunctional dimension of a library, which requires 
that the clones express properly folded antibodies. An approximation for the 
determination of the functional dimension of a library consists of determining 
what percentage of clones expresses antibodies, for example, using immunoblot 
techniques. 

Selections are typically performed using purified antigen preparations, although 
direct panning on cells has been described (20,33). Antigens are coated onto 
tubes (“Immunotubes”) under similar conditions to those employed in ELISA. 
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Antibody phage libraries are then allowed to bind to the tube. Low-density 
antigen coatmg and extensive washings of the tube enrich for high-affinity 
binders (22); high-surface density nnmunotube coating and less strmgent wash- 
mg procedures may otherwise be used to select also low-affinity antibodies 
(34). To some extent, the avidity of antigen binding associated with the multi- 
valent display of antibody fragments on phage makes it difficult to distingutsh 
between medium- and high-affinity clones m the selection procedure. Selec- 
tion schemes making use of btotinylated antigens and streptavidin-coated mag- 
netic beads cancel avidity effects to a large extent and allow the imposition of 
conditions on the selection of antibodies with suitable Kd and kinetic constants 
(21). In this case, however, a proportion of the antibodies isolated ~111 be directed 
against streptavidm, rather than against the biotmylated antigen. The problem 
1s typtcally negligible for large antigens, but may be serious for small 
biotmylated antigens, such as haptens 

Unlike Fab fragments, scFv fragments commonly form multtmers by 
mterchain (rather than mtrachain) VH-VL pairing (l&33,35). Purification of 
scFv fragments on protein A columns (18), as well as freezing and thawing 
(D. Nert, unpublished observatrons) promotes multtmerization. Alternattvely, 
antibody ohgomerization can be achieved by tagging recombmant antibodies 
with olrgomertzation domains, such as amphipatic helices (36,3 7), CH3 immu- 
noglobulm domains (374, or streptavidm (381, at their C-termmus. Multtmeric 
scFv fragments, as well as antibodies on phage, exhibit good performance as 
nnmunochemical reagents by vntue of then avidity (18). 

The selection procedure can convemently be monitored by measuring the 
phage titer before and after selection. In the first couple of rounds, 1O5-lo6 
phages are typically eluted after selection. The eluted phage titer may increase 
up to log as the phage populatton becomes enriched for bmders, typically at 
the third or fourth round of panning. After a few rounds of panning, antibodies 
are typically screened for antigen binding by ELBA. Individual colonies can 
be picked and grown, in order to perform monoclonal ELISA with bacterial 
supernatants, contammg either anttbodies on phage or soluble antibody frag- 
ments. In the first case, antibodies against the major coat protein pVII1 are 
used. The progress of a selectron can also be momtored by polyclonal ELISA, 
using a population of phage or of antibody fragments. Immunodetectton of 
soluble antibody fragments IS performed using antibodies directed against a 
peptidic tag engineered at the C-terminus of scFv or Fab fragments. 

Peptidic tags can also be used for antibody purification. For example, tags 
have been used for purification and detection of antibody fragments by binding 
to streptavidm (39). Protem tags have also been employed, for example, calm- 
odulin, a highly acidic protein that binds to pepttde and orgamc hgands with 
high affimty (Kd < 1 nM) m a calcium-dependent manner. These properties 
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have been exploited for purification of calmodulin-tagged antibodies (with 
yields of 5-15 mg/L) from periplasmic lysates or supernatant in a single step 
by binding to anion-exchange resin, or to an organic ligand of calmodulin (40) 
Both peptide and protein tags can be used for further characterization of anti- 
gen binding, for example, by competition ELISA, surface plasmon resonance 
(41), or band shift (40). Here, we present protocols for the use of two peptide 
tags for purification and detection of antibody fragment: the c-myc tag recog- 
nized by the MAb 9ElO (42) allowing both detection by ELISA and puritica- 
non on affinity columns, and a hexahistidine tag that binds to immobilized 
metal chelates (43) allowing facile purification (19,44). Antibodies of the VH3 
family have also been purified on protein A columns (17). 

Since high-affinity recombinant antibodies are becommg easier to produce, 
it IS important to be able to measure affinities with rigorous and reliable, yet 
user-friendly methods. Competition unmunoassays (45,46) meet these criteria, 
but radioactive antibody labeling or use of fluorogenic or chemilummescent 
substrates is needed for affinities > 1 Og M-’ owing to the limits of sensitivity m 
antibody detection using chromogenic substrates. A method exploitmg similar 
prmciples, which has the advantage of visualizing the species mvolved m the 
binding equihbrmm, is band-shift (47-50) using fluorescence- (40), or 32P- 
(51) labeled antibody. Surface plasmon resonance (41) is extremely useful for 
measuring antibody affinity, koff and ken. Care has to be taken that rebmdmg 
and multivalent binding are minimized in the experimental setup m order to 
obtain kinetically meanmgful results (18). 

In pHEN1 phagemid vectors, the soluble antibody fragments are expressed 
and secreted directly using nonsuppressor strains of bacteria (see above). How- 
ever, for fd phage vectors, the antibody genes need to be subcloned mto a pUC 
expression vector, either after PCR amplification (191, or restriction digest of 
the fd rephcative form. Details are not provided here, but can be obtained from 
the literature (e.g., refs. 6,10,19). In our laboratory, antibody fragments have 
been produced from bacteria in shaker flasks with yields ranging from 0.2-70 mg/L, 
which can be harvested from the bacterial periplasm or from the culture super- 
natant. Both phage and soluble antibody fragments (scFv and Fab) can be used 
as monoclonal or polyclonal imrnunochemical reagents for Western blotting, 
mmmnoprecipitation, epitope mapping, and cell staining (18). The reagents 
can be used directly, or after PEG precipitation (for phage), or affinity purifi- 
cation (for soluble fragments). 

2. Materials 
2.1. Buffers and Solutions 

1 Phosphate-buffered saline (PBS), pH 7.2: 7.3 g NaCl, 2.3 g Na2HP04 anhydrous, 
1.3 g NaH2P04 * 2H20 made up to 1 L. 
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2. PBS, containing 0.1 and 0.05% (v/v) Tween-20 
3. PBS, containing 50 mMdithtothretto1. 
4. PBS, containing 0 5MNaCl. 
5. PBS, containing 2% fetal calf serum 
6 X% MPBS: PBS, containmg X% (w/v) drred skmnned milk, for example, Marvel 

(Premier Beverages, Stafford, UK) 
7 TBS, pH 7.4. 50 mMTris-HC1, 100 mMNaC1. 
8 TBSC, pH 7.4: 50 mMTris-HCl, 100 mMNaC1, 1 mMCaC1, . 
9 TBSEDTA, pH 7 4: 50 mMTrts-HCl, 100 mA4NaC1, 1 WEDTA. 

10. TBWTween-20. TBS, pH 7.4, contaming 0.05% Tween-20 
11 TBS/Tween-20/BSA* TBS/Tween-20, containing 3% (w/v) BSA 
12. HBS, pH 7.0: 50 mMHEPES, 100 mMNaC1. 
13 1M Tris-HCl, pH 7.4 
14 Trrs/sucrose/EDTA. 30 mMTrts, pH 7.0, containing 20% (w/v) sucrose and 

1 mMEDTA 
15. TE buffer, pH 7.4. 10 mA4Trrs-HCI, 1 mMEDTA. 
16. Loading buffer for metal affinity columns: 50 mM phosphate-buffer, pH 7.5, 

500 mM NaCl, 20 mA4 tmidazole. 
17. Elutron buffer for metal affinity columns: 50 nuI4 phosphate-buffer, pH 7 5, 

500 mMNaC1, 100 r&I rmidazole. 
18. Regeneration buffer for metal affinity columns. 50 nuI4 phosphate-buffer, 

pH 7 5,500 mMNaC1,250 nnI4 imrdazole. 
19. 0.2Mglycme, pH 3 0. 
20. PEGMaCl: 20% polyethylene glycol (PEG) 6000 m 2.5MNaCl. 
2 1. 100 m&I Triethylamme: 700 pL trtethylamine (7 18 M) in 50 mL water Make up 

on day of use. 
22. 5 rr&?MgS04 
23. 20 WEGTA, pH 8.0. 
24 Cobalt chloride, 1% (w/v) 
25 Hydrogen peroxide 30% (v/v). 

2.2. Growth Media 

1, 5X M9 salts: 64 g of Na2HP04 * 7Hz0, 15 g of KHZP04, 2.5 g of NaCl, and 5 g of 
NH&l made up to 1 L and autoclaved. 

2. Minimal medmm: 200 mL of 5X M9 salts, 20 mL of sterile glucose (20% w/v), 
1 mL of lMMgS04, 1 mL of vitamin B 1 (2 mg/mL), and 750 mL of sterile water. 

3. H-top agar: 7 g/L of agar dissolved m Bacto-tryptone (10 g/L), containing NaCl 
(8 g/L). 

4. TYE medium. 10 Bacto-tryptone, 5 yeast extract, 8 NaCl made to 1 L. g g g up 
Adjust pH to 7 4 with 1MNaOH. 

5. TYE agar. 15 g of agar dissolved in 1 L of TYE 
6. TYE-AMP-GLU. TYE, containing 100 pg/mL ampicillin and 1% (w/v) glucose. 
7. 2X TY medium. 16 g Bacto-tryptone, 10 g yeast extract, 5 g NaCl made up to 

1 L. Adjust pH to 7.4 with 1MNaOH. 
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8. 2X TY-AMP: 2X TY, containing 100 pg/mL ampwlhn. 
9. 2X TY-KAN: 25 pg/mL. kanamycm 

10 2X TY-AMP&AN: 2X TY, containing 100 pg/mL amprcrllm and 25 ngg/mL 
kanamycin. 

11. 2X TY-TET. 2X TY, containing 12.5 pg/mL tetracycline 
12 2X TY-GLU: 2X TY, containing 1% (w/v) glucose. 
13. 2X TY-X%-GLU* 2X TY, containing X% (w/v) glucose 
14. 2X TY, containing 15% glycerol 
15, 2X TY-AMP, containing 9 mM IPTG. 

2.3. Ofher Reagenfs 
1. Streptavidin-coupled M-280 Dynabeads (Dynal, Oslo, Norway). 
2. NHS-SS-Biotin (Pierce, Rockford, IL). 
3. Horseradish peroxidase (HRP) conjugated anti-Ml3 MAb (Pharmacia, Uppsala, 

Sweden). 
4. HRP substrate solution, e.g., BM blue POD substrate (Boehringer). 
5. 9E 10 MAb to detect myc-tagged antibody fragments (9E 10 cell line IS available 

from European Collections of Animal Cell Cultures) 
6 HRP-conjugated monoclonal antimouse IgG Fc secondary antibody (e g., cat. 

no. A-2554, Sigma, St. Louis, MO). 
7 FITC conJugated monoclonal antimouse IgG Fc antibody. 
8. Polyclonal rabbit IgG to human K and 3L light chains (Dako, Carpenteria, CA). 
9. HRP-conjugated goat antirabbit IgG (Sigma) 

10. 515 Mono-Q anion-exchange FPLC chromatography column. 
11. Ni-NTA resin (Dragen) for metal affinity chromatography 
12. N-(6-aminohexyl)-5-chloro-l-naphtalensulfonamide-agarose (Sigma) 
13. 3’3’ diammobenzidine (DAB) tablets (Sigma). 
14 Normal swine serum 
15. Fast red (Sigma). 
16. Acetone. 

2.4. Bacteria and Phage (see Note 7) 

1 Two bacterial strains are used: 
a E co11 suppressor strain TGl (K12, [lac-pro], supE, thi, hsdA5/F’traA36, 

proA+B’, IacIq, lacZAMl5) for propagation of phage particles, and 
b HB21521 nonsuppressor strain (K12, ara, A[lac-pro], thzlF’proA+B+, 

lucIqZAM15) for expression of antibody fragments. 
Phagefphagemid Infect F+-E co11 via the sex pili For sex pili productron and 
efficient mfection E colz must be cultured at 37°C and be in the log phase of 
growth (OD [ 1 cm, 600 nm] = 0.4-0.5). 

2. A variety of helper phages are available for the rescue of phagemid libraries. 
VCS Ml3 (Stratagene) and Ml 3 K07 (Pharmacia) can be purchased in small aliquots: 
Large quantities for rescue of phagemid libraries can be prepared as described in 
Section 3.2 2 
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For long-term storage at -7O”C, bacteria, contamrng plasmrds or phage rep- 
lrcatlve form are resuspended in 2X TY medium, containing 15% glycerol in 
2-mL plastic vials (Btofreeze vials, Costar). 

2.5. Equipment 

1. Agar plates: round 9-cm diameter, or large square (243 x 243 mm) Nunc BIO- 
Assay dishes (Gtbco-BRL, Gaithersburg, MD). 

2 0 45-pm Filters (Mmtsart NML; Sartorms). 
3 16-w Filters (e g., Ftltron Technology Corporanon BMinisetteO system) 
4 Nunc 5-mL Immunotubes (Maxlsorp, Glbco-BRL) 
5. Magnettc partmle concentrator: MPC- 1 (Dynal). 
6. MicroTest III flexible assay plates for ELISA (Falcon). 
7. Ultrafree-MC filters (Millipore, Bedford, MA) 
8 FPLC/HPLC chromatography system 
9 Polylysme-coated glass slides. 

10 Cryostat 
11 Fluorescence-activated cell sorter (FACS), e.g., Becton Dickinson FACScan (see 

Chapters 33 and 34). 

3. Methods 

3.1. General 

Unless otherwise stated: 

1. Culture bacteria and phage m hquid media at 37°C m an orbital shaker at 250- 
300 rpm 

2. Culture agar plates at 30°C if time allows. Otherwtse use 37OC 
3 Perform phage infecttons for 30 mm m a 37°C water bath wtthout shaking using 

exponentially growing bacteria 
4 Perform centrifugations at 4°C. 
5. Perform OD measurements on bacterial suspensions at 600 nm m a 1 -cm cuvet 

3.2. Bacteria and Helper Phage 

3.2.1. Exponential Bacterial Cultures 

1. Transfer a bacterial colony from a minimal media plate mto 5 mL of 2X TY 
medium, and culture overnight. 

2. On the next day, subculture by diluting 1: 100 mto fresh 2X TY medium. Culture 
until OD = 0.4-0.5, and then infect with phage. If necessary, the bacterial culture 
can be kept on ice for a short period before mfection (~30 mm, see Note 2) 

3.2.2. Preparation of Helper Phage 

1. Infect 200 pL E coli TG 1 at OD = 0 2 with 10-l& serial dilutions of helper phage 
m order to obtain well-separated plaques. Add to 3 mL H-top agar (42’C), and 
pour onto warm TYE plates. Allow to set, and then incubate overnight. 
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2. Pick a small plaque mto 34 mL of an exponentially growing culture of E colz 
TGl (see Section 3.2.1.) Culture for about 2 h. 

3 Inoculate into 500 mL 2X TY m a 2-L flask, culture for 1 h, and then add kana- 
mycin (25 mg/mL m water) to a final concentration of 50-70 pg/mL Culture for 
a further 8-16 h 

4. Centrifuge clown bacteria at 10,SOOg for 15 mm To the phage supernatant add ‘/4 
vol PEG/NaCl, and incubate for a minimum of 30 mm on ice. Centrifuge 10,800g 
for 15 mm. 

5. Resuspend pellet in 2 mL TE buffer, and filter-stertlize the stock through a 
0.45~pm filter 

6. Determine the titer of the stock, and then dilute to about 1 x lOI* PFU/mL. Store 
aliquots at -2O’C. 

3.3. Growth of Libraries 

The libraries are generally stored at -70°C as bacteria harboring phagemrd 
or phage DNA (at least 1 O* bacteria/l 0 p.L in 2X TY- 15% glycerol; see refs. 18 
and 19). In order to make phage for selection, the primary library 1s grown and 
the phage harvested. Generally, for a lrbrary comprrsed of 5 x lo8 clones, at 
least 5 x lo8 bacteria (50 @ stock, and preferably more) are maculated; for a 
library of 10’ ’ bacteria, at least 10’ ’ clones (10 mL stock) are used. In the 
following examples, protocols for working with phagemrd repertoires of 5 x 
lo* clones and phage repertotres of 10” clones are described. For hbrarres of 
different sizes, it will be necessary to adapt the protocols accordingly 

3.3. I. Nissim Library (Phagemid Vector) 

1. Inoculate 50 pL of bacterial library stock (5 x lo8 clones) into 50 mL 2X TY- 
AMP-GLU (to gave a l/1000 dtlution). 

2. Culture to OD = 0 5. at 30°C (about l-l 5 h) An aliquot of40 mL can be taken at 
this stage to make a secondary stock (see Section 3.3.3 ) 

3. Infect the remaining 10 mL of culture wtth helper phage in a ratio of -20 1 
(phage.bacterra) (see Note 3). 

4. Centrifuge the infected bacteria at 3300g for 10 mm Gently resuspend the pellet 
m 30 mL of 2X TY-AMP-RAN. 

5. Add to 270 mL of 2X TY-AMP-KAN, and incubate at 30°C overnight. 
6. Centrifuge down the culture at 10,800g for 10 min, and rmmedrately precipitate 

the phage from the supernatant using PEG (see Section 3.4.). The phage, repre- 
senting the library, should be used within 1 wk, or can be stored in aliquots at -2O’C 
These aliquots will be all of the same quality and will ensure the reproducibility 
of the selection procedure. 

3.3.2. 240x Library (Phage fd Vector) 

1. Inoculate 10 mL of bacterial library stock (10” diversity) into 10 L 2X TY-TET 
2 Incubate at 30°C for 16 h. 
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3 Centrifuge down the bacteria at 7300g for 20 mm, and keep the bacterial pellet 
for making a secondary stock (see Section 3 3 3.). Immedtately precipitate the 
phage supematant with PEG (see Section 3 4.) The phage, representmg the library, 
should be used within 1 wk, or can be stored m ahquots at -20°C 

3.3.3. Secondary Stocks 
An excellent secondary stock is the frozen phage library obtained from the 

prtmary stock. Antlbodtes on phage may undergo proteolysrs or be denatured, 
but phage particles are resistant and maintain a good infectivity. A titer of phage 
larger than the library size can therefore be used to infect exponentially grow- 
mg E. coli TGl and produce a second generation of phage library. Secondary 
bacterial stocks can also be prepared from the primary library growths above. 
However, before using a secondary stock, it IS recommended that the frequency 
of inserts be checked by PCR (see Sectron 1.). 

3.3.3 1. PHAGEMID VECTORS 

1. Take 40 mL of the 50-mL culture (prtmary phagemtd library stock grown as 
described m Section 3 3.1.), and centrtfuge down the bacteria at 3300g for 10 mm. 

2. Resuspend the bacteria in about 1 mL 2X TY 
3. Spread on a large Bto-Assay dish of TYE-AMP-GLU, and culture overnight 
4. Add l-2 mL 2X TY-15% glycerol to the Bio-Assay dish, and loosen the bacteria 

with a glass spreader. 
5 Store this stock (of about 1 x IO8 bacteria/50 pL) at -70°C. 

3.3 3.2. PHAGE FD VECTORS 

1 Add 250 mL 2X TY- 15% glycerol to the bacterial pellet of the primary phage fd 
hbrary grown as descrtbed n-r Section 3 3.2 

2 Store this stock at -70°C. 

3.4. Purification of Phage 
The phage can be concentrated (and any soluble antibodies removed) by 

precipitation with PEG 6000. The protocol described here is appropriate for 
300 mL phage-contammg supernatant. 

1 Add 75 mL PEG/NaCl to the phage supernatant MIX well, and leave for a mmi- 
mum of 1 h at 4°C. 

2. Centrifuge at 10,SOOg for 30 min. 
3, Resuspend the pellet in -40 mL water (1 L for the supernatant of the fd library 

grown as described m Sectron 3 3.2 ), and add l/4 vol PEG/NaCl. MIX, and leave 
for a mmimum of 20 min at 4°C. 

4. Centrifuge at 10,800g for 30 min, and aspirate off the supernatant 
5 Recentrrfuge briefly, and aspirate off any remaining PEG/NaCl. 
6. Resuspend the pellet. For the phagemid vectors, use 2 mL PBS (for the prepa- 

ration of the fd ltbrary, use 15 mL PBS). Phage ytelds are normally l-5 x lOi3 
t u /mL phage 
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7. Centrifuge at 3300g for 10 mm or 11,600g for 2 min to remove any residual 
bacterial cell debris. 

8 Store the phage supernatant either at 4’C for short-term storage or m PBS, con- 
taining 15% glycerol for longer-term storage at -70°C. 

3.5. Selection of Phage 
The phage libraries can be selected using “Immunotubes” (Nunc), btottny- 

lated antigen in solution, or affinity chromatography. Here we present details 
for the first two methods, which are the most commonly used. The stringency 
of selection conditions can be adjusted; particularly during later rounds of 
selection, the stringency can be increased, for example, by reducing the den- 
sity of coatmg of antigen to solid phase (see Section 1.). Skimmed powdered 
milk is added to prevent nonspecific binding of phage to surfaces. 

3.5.1. Selection on lmmunotubes 
3.5.1.1. COATING IMMUNOTUBE WITH ANTIGEN 

1 Coat a 5-mL Nunc Immunotube overnight using 4 mL of anttgen The efficiency 
of coating depends on the antigen concentration, the buffer, and the temperature 
employed. An anttgen concentration in the range 10-100 pg/mL m PBS, pH 7.2, 
or 50 mM sodmm hydrogen carbonate, pH 9.6, at room temperature is usually 
satisfactory. 

2. Rinse the tube three times with PBS, and then block with 4 mL 2% MPBS at 
room temperature for 2 h. 

3 Rinse the tube three times with PBS. 

3.5.1.2. FIRST ROUND OF SELECTION 

1 Add 10’2-10’3 t.u phage library in 2 mL PBS to Immunotube, contaming 2 mL 
of 4% MPBS. 

2. Seal the tube with Parafilm, and mix by repeated inversion at room temperature 
for 30 mm 

3. Allow Immunotube to stand upright at room temperature for 1.5 h, and then dis- 
card the unbound phage in the supernatant. 

4. Rinse the tube 10 times with PBS, containing 0.1% Tween-20, and then 10 times 
with PBS alone. Each washing step is performed by pourmg in buffer, and then 
immediately pouring out. 

5. Shake out excess PBS from the tube, and elute the bound phage by adding 1 mL 
100 mM triethylamme. 

6 Mix by repeated inversion at room temperature for 10 min (no longer). 
7. Pour mto a mtcrofuge tube, containing 0.5 mL of 1M Trts HCl, pH 7.4, to neu- 

tralize the triethylamine, and vortex. Keep on ice until the TGl bacteria reach 
OD = 0.4-0.5 

8. Infect 10 mL TGI culture with 1 mL of collected phage (at further rounds of 
selectton, 10 pL collected phage can be used to infect 1 mL exponential HB215 1 
for soluble ELISA screening; see Section 3.6.) (see Note 4). 
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9 Make a serves of four to five loo-fold serial dtlutions m 2X TY usmg new ptpet tips 
each time. Plate 100 pL of each dtlution on the appropriate selective TYE plates 

10 Centrifuge down the remammg Infected TGI at 3300g for 10 mm. 
11 Resuspend the pelleted bacteria m 0 5-l mL 2X TY, and spread on a large Bto- 

Assay dish of the appropriate selecttve TYE agar 
12 Incubate at 30°C overmght or unttl colomes are vtstble. 

3.5.1.3 FURTHER ROUNDS OF SELECTION (PHAGEMID VECTORS) 

1. On the next day, monitor the titer of the selection by countmg colonies on the 
plates from the dtlutton series. Add l-2 mL 2X TY, containing 15% glycerol to 
the Bto-Assay dish, and loosen the bacteria with a glass spreader 

2. Store the bacteria at -7O’C m 2X TY, contammg 15% glycerol after moculatmg 
100 pL mto 100 mL 2X TY-AMP-GLU for further selection 

3 Rescue as described m Sectton 3.3 1 
4 Precipitate with PEG as described m Section 3 4 , and resuspend the second phage 

pellet m 2 mL of PBS. 
5 Store a 1 -mL altquot of the phage at 4”C, and use the other 1 -mL aliquot for the 

next round of selection Repeat the selection for another three to four rounds 

3.5 1 4. FURTHER ROUNDS OF SELECTION (PHAGE FD VECTORS) 

1 Add 2-5 mL 2X TY to a large Bto-Assay dish, and loosen bacteria with a glass 
spreader. 

2. Inoculate mto 200 mL 2X TY-TET, and culture at 30°C overnight. 
3 Centrifuge the bacterta at 10,SOOg for 20 mm. Add 2-5 mL 2X TY, contammg 

15% glycerol to the cell pellet, and store at-70°C 
4 Remove the supematant and precipitate the phage with PEG (as described m 

Sectton 3.4 ) Resuspend the second phage pellet m 2 mL of PBS. 
5 Store a 1 -mL altquot of the phage at 4°C and use another 1 -mL aliquot for the 

next round of selection Repeat the selectton for another three to four rounds 

3.5.2. Selection Using Biotinylated Antigens 

In this approach, the phage antibodies react with btotinylated antigen in solu- 
tion, and the complex is then captured using Streptavidin coupled to Dynabeads. 

3.5.2 1 BINDING PHAGE TO SOLUBLE BIOTINYLATED ANTIGEN 

The antigen 1s first biotinylated with NHS-SS-Btotin according to the 
manufacturer’s instructions (e.g., for FITC-BSA and NIP-BSA, see ref. 19), 
and the phage IS then bound to the biotmylated antigen (see Note 5). 

1. Mix together. 2 5 mL of phage m PBS ( 1012-1013 tu.), 2.5 mL of 4% MPBS, 50 pL 
of Tween-20 and S-S-btotmylated anttgen to give a final concentratton of no 
more than 50 nM (for excess of streptavtdm-Dynabeads over antigen) 

2 Gently rotate on an mclmed end-over-end mixer for 1 h at room temperature (see 
Note 6) 
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3 5.2 2. BLOCKING 

1. Block 1.5 mL (per selection) streptavidm M-280 Dynabeads by adding 5 mL 4% 
MPBS, and rotate in a 15mL tube on an end-over-end mixer for 5 mm at room 
temperature 

2 Separate the beads from the MPBS with a magnetic particle concentrator for 
4-5 mm 

3. Pour off the supernatant, and add another 5 mL 4% MPBS. Rotate for 1 h at room 
temperature, and separate again with a magnetic particle concentrator 

4 Resuspend m 1.5 mL (per selectton) of 2% MPBS. 

3 5.2 3. SELECTION 

1. 

2 
3 
4 
5. 

10 
11 

12 

13. 

Add 1 5 mL of blocked streptavidin Dynabeads to the phage bound to S-S biotmy- 
lated antigen 
Gently rotate for 15 mm at room temperature 
Separate with the magnettc particle concentrator, and pour off the supernatant 
Resuspend m 1 mL 2% MPBS, and transfer to a 1 5 mL microfuge tube. 
Wash twice with 1 mL PBS, and then once wtth 1 mL 2% MPBS, repeat this 
sequence of washes 15 times For each wash, resuspend the beads, and separate 
using the magnetic particle concentrator 
Elute the phage from the beads by resuspendmg m 300 pL PBS, contammg 
50 a dtthiothrettol (see Note 7). 
Stand for 5 mm at room temperature, and separate the beads again with the mag- 
netic particle concentrator 
Use 150 p.L of the phage supernatant to infect 10 mL TG 1, and store the remam- 
mg phage at 4°C 
Remove a small ahquot of the infected TGl, make a series of four to five lOO- 
fold serial dilutions in 2X TY, and plate 100 I& each on the appropriate selective 
TYE plates 
Pellet the remaining bacteria by centrifuging for 10 min at 3300g. 
Resuspend m 1 mL 2X TY, and spread on a large Bto-Assay dish with approprt- 
ate selective TYE agar. 
Incubate at 30°C overnight or until colonies are vtsible, and then repropagate 
phage as described m Section 3 5.1 
Repeat the selectton procedure another three to four times (use a 1 -mL aliquot for 
selection, and store the remaining phage at 4°C). For the second and subsequent 
rounds of selection, mix 1 mL phage from the previous round of selection with 
0.5 mL of 6% MPBS, 10 pL Tween-20, and biotinylated antigen to give a final 
concentration of 50 nA4 Use only 300 pL of blocked streptavidm-coated 
Dynabeads 

3.6. Screening Phage by ELBA 

It 1s recommended that after the third round of panning, the progress of the 
selection be monitored by ELISA, either wrth soluble antibodies or antibodies 
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on phage. A polyclonal phage ELISA protocol, using phage produced at the 
end of each round of panning, is often chosen because the amount of antigen 
needed is minimal, since few wells must be coated. Alternatively, mdividual 
colonies of TGl bacterta infected with phage from the desired round of pan- 
ning can be used to produce phage particles in bacterial supematants, which 
are then tested in ELISA. 

The diversity of the selected phage MAb may be assessed by gel electro- 
phoresis of PCR products (15,18), probing (521, or by sequencing of the vector 
DNA (whether as phage, phagemid, or plasmid). 

3.6.1. Polyclonal Phage 

1. Coat MicroTest III flexible assay plates with protein antigen (100 pL/well) 
Overmght mcubation at room temperature with 10-100 pg/mL of antigen m 
either PBS, pH 7.2, or 50 mM sodmm hydrogen carbonate, pH 9.6, is generally 
satisfactory. 

2. Wash wells three times with PBS, and block with 200 pL/well of 2% MPBS for 
2 h at room temperature 

3. Rinse wells three times wrth PBS Add 10 pL PEG prectpitated phage from the 
stored aliquot of phage at the end of each round of selection (about 1Oro t.u.). 
Make up to 100 pL with 2% MPBS. Alternatively, 20 pL 10% MPBS and 80 p.L 
phage-containing supernatants can be used. Incubate for 60 mm at room tem- 
perature, and then discard well contents by inverting and shakmg the plate over a 
smk Wash three ttmes wtth PBS, containing 0.05% Tween-20, and then three 
times with PBS. 

4. Add appropriate dilution of HRP-anti-Ml3 (see Note 8) Incubate for 60 min at 
room temperature and wash as m step 3. 

5. Develop with HRP substrate solution; tf BM blue POD HRP substrate is used, 
add 100 & to each well, and leave at room temperature for 10 min. The conver- 
sion product is colored blue. 

6. Stop the reaction by adding 50 pL of 1M sulfuric acid The color should change 
to yellow. 

7. Read the OD at 650 and 450 nm to correct for light scatter. Subtract OD 650 nm 
values from those obtained at 450 run. 

3.6.2. Monoclonal Phage 

For better aeration during phage growth or induction in 96-well plates, the 
plate lid may be removed. 

3.621 PHAGEMID VECTORS 

1. Inoculate individual colonies from the plates of phage-Infected TG 1 spread after 
the desired round of selection into 150 pL, 2X TY-AMP-GLU into 96-well plates. 
Use a toothpick or a small prpet trp as inoculating device. After inoculation, use 
the same device to touch a replica 2X TY-AMP-GLU plate with a numbered grid 
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attached at the bottom. The colonies from the rephca plate corresponding to posi- 
tive clones in ELISA can be used to prepare a glycerol culture or to PCR-amplify 
the antibody gene. 

2 Culture for 3 h. 
3. To each well add 25 pL 2X TY-AMP-GLU, containing log PFU of helper phage. 
4. Stand for 30 min at 37’C Centrifuge at 18OOg for 10 mm, and then aspirate off 

the supernatant. 
5. Resuspend bactertal pellet in 200 pL 2X TY-AMP-RAN. Culture overnight at 

30°C. 
6. Centrifuge at ISOOg for 10 mitt, and use 50-100 pL of the supernatant m phage 

ELISA, as described in Section 3.6.1 

3.6.2.2. PHAGE FD VECTORS 

1. Inoculate colonies from the plates of phage-infected TGl spread after each round 
of selection into 200 pL 2X TY-TET in 96-well plates. 

2. Culture at 30°C overnight. 
3 Centrifuge at 1 SOOg for 10 mm 
4. Take 50-100 pL of phage supernatant for phage ELISA, as described in Sec- 

tion 3.6.1 
5. Make glycerol stocks of the remaining culture m the 96-well plates. 

3.7. Screening Antibody Fragments by ELlSA 
ELISA for the antibody fragments either detects a peptlde tag (for scFv and 

Fab fragments), or the heavy chain (for Fab only). 

1. For detection of myc-tagged antibody fragments, use 9ElO MAb and HRP-coqu- 
gated monoclonal antimouse IgG Fc secondary antibody. 

2. For detection of Fab antibody fragments, use a polyclonal rabbit IgG to human K 

and h light chams and HRP-conjugated goat antirabbit IgG (see Note 9). 

3.7.1. Antibody Fragments from Phagemid Vectors 
1 Infect 1-mL culture of HB215 1 with 10 pL (about lo5 t u.) of the phage eluted 

and neutralized at the last round of selection. Plate 0.1, 1, 10, and 100 pL on 
TYE-AMP-GLU. Incubate overnight. 

2. Inoculate individual colonies from the plates of phage-infected TGl spread 
after the round of selection of interest into 150 pL 2X TY-AMP-O.1GLU in 
96-well plates using a toothpick or a small pipet tip as described in Section 
3.6.2.1.) step 1. Touch a replica 2X TY-AMP-GLU plate with a numbered grid 
attached at the bottom. The colonies from the replica plate correspondmg to 
positive clones in ELISA can be used to prepare a glycerol culture or to PCR- 
amplify the antibody gene 

3. Culture for 3 h 
4. Add 30 pL 2X TY-AMP, containing 10 mM IPTG (to give a final concentration 

>l mM IPTG). Contmue shaking at 30°C for a further 16-24 h 
5. Centrifuge at 18OOg for 10 min, and use 100 pL of the supernatant m ELJSA. 
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3.7.2. ELISA of Supernatants 

Washing and coating IS as described m Section 3.6.1. This is a one-step 
procedure that works very well. 

1 Coat MicroTest III flexible assay plates with 100 $,/well of protein antigen 
2 Rinse wells three times with PBS, and block with 200 pL/well of 2% MPBS for 

l-2 h at room temperature. Rmse wells three times with PBS. 
3 Add 20 @. 10% MPBS and 80 @ supernatant to each well Then mnnediately, 

using a multichannel ptpet, add 12 & freshly prepared developing reagent (e g., 
for myc-tag, containing antibodies* 9ElO [50 pg/mL] and antimouse HRP [ 1: 1001 
m 2% MPBS) 

4 Incubate for 2&60 mm, and wash 
5 Develop with HRP substrate solution, e.g., with BM blue POD substrate 
6 Add 100 pL to each well, and leave at room temperature for 10 mm. 
7. Stop the reaction by adding 50 pL 1M sulfuric actd 
8 Read the OD at 650 and 450 nm Subtract OD 650 nm values from those obtained 

at 450 nm 

3.8. Preparation of Antibody Fragments 
After identifying polyclonal antibody or MAb fragments with binding activ- 

ities, it is usually necessary to grow a larger culture in order to make enough 
antibody for use as a reagent. The fragments can be purified or used directly. 

3.8.1. Cultures 

For polyclonal antibody fragments from phagemid vectors, use an ahquot of 
pooled, scraped HB2 15 1 bacteria infected with the selected pHEN 1 phagemid; 
for MAb fragments, use mdrvidual colonies; for polyclonal antibody frag- 
ments from phage fd vectors, use an alrquot of pooled, scraped TGl bacteria 
transformed with the cloned pUC expression vector, and for MAb fragments 
use mdrvidual colonies. 

1 Inoculate either 10 pL of pooled, scraped bacteria (HB2 15 1 or TGl depending 
on the library), or single colonies into 2X TY-AMP-O 1% GLU (1 mL to 1 L 
medium, depending on the size of preparation needed) 

2 Culture to OD = 0.9 and induce with 1 WIPTG. 
3 To harvest antibody fragments secreted into culture supernatant, incubate over- 

night at 30°C. 

To harvest antibody fragments from E colz pertplasm, incubate for 3-16 h 
at 22°C. 

3.8.2. Harvesting Fragments from Culture Supernatant 

1 Centrifuge the induced bacterial culture at 10,SOOg for 15 mm, and collect the 
antibody-containing supernatant. 
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2. For small-scale preparattons (origmal culture volumes of cl00 mL), the superna- 
tant can etther be taken dtrectly for further purification (see Section 3.8.4.), or 
concentrated about IO-fold by dialysis against dry granular PEG-6000 and used 
wtthout further purl&canon 

3 For large-scale preparattons, the antibody-containing supernatant can be purified 
further (see Section 3.8 4.) However, beforehand, it 1s recommended that: 
a Supernatants from an original culture volume of up to 1 L are filtered through 

disposable 0.45-pm filters. Two to ten filters may be needed for 1 L, depend- 
ing on the vtscosity of the preparation (see Note 10). Imttal centrifwgatton 1s 
an advantage. 

b. Supernatants from an original culture volume of over 1 L are ultrafiltered 
through a 16-pm filter, and then concentrated 5- to lo-fold using the same 
system equipped with a lo-kDa cutoff filter. 

3.8.3. Harvesting Fragments from the Periplasm 

1. Centrifuge the induced bacterial culture at 10,SOOg for 15 min 
2. Resuspend m 1/20 the original volume of Tris/sucrose/EDTA, and leave for 

20 min on me 
3. Centrifuge at 10,800g for 15 min, and collect supernatant (periplasmlc fraction) 

mto a new tube. 
4. Resuspend pellet in 50 mL of 5 mA4 MgS04, and incubate for 20 mm on ice. 
5 Take the supernatant, and centrtfuge at 10,800g for 15 mm Take the supernatant 

(osmotic shock fractton), and add tt to the pertplasmtc fractton. 
6 Concentrate the pooled periplasmtc preparation or filter dependmg on the initial 

culture volume (as wtth fragments from the culture supernatant). 

3.8.4. Purification of Antibody Fragments 

Antibody fragments from the E. coli periplasm or supematant can be puri- 
fied using a range of affinity matrices, the choice of which depends on the type 
of antibody fragment and the tag. We have so far mainly employed methods 
for antibody fragments that are coupled to either myc or his-myc tags. How- 
ever, fragments can be subcloned into other expression vectors that use other 
tags, e.g., calmodulm. In this section, we provide three examples of approaches 
to purification of fragments. 

Throughout these purifications, storage of the protein at 4OC or on ice 
is recommended, and if possible, fractionations should be performed in a 
cold room 

3.8.4.1. PURIFICATION USING A METAL AFFINITY COLUMN 

Metal affinity columns can be used for the purification of antibodies with a 
hexa-Hrstrdme tag. Immobrhzed metal affimty chromatography IS mcompat- 
ible, in our own experience, with direct loading of antibodres m supematants 
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onto the column: The supernatant must be exchanged into loading buffer, for 
example, by ammonium sulfate precipitation, or using an ultrafiltration device. 

1. Preparations and supematants: 
a. For periplasmic preparations. Dialyze the antibody preparation (IO&Da cut- 

off) against loading buffer overnight at 4°C. 
b For bacterial supernatants: Exchange the supernatant into loading buffer at 

4OC by ammonium sulfate precipitation followed by dialysis or using ultratil- 
tratlon techniques. 

2 Fill a column with 5 mL Ni-NTA resin 
3. Equlhbrate the column with 50 mL loading buffer 
4. Load the antibody preparation onto the column 
5. Wash the column with 50 mL loading buffer. 
6 Elute the protein with 20 mL elutlon buffer, and collect 1-mL fractions Expect 

the antibody fragments to elute between 4 and 10 mL. 
7. Dialyze the antibody fractions (detected by ELISA) against PBS or HBS to remove 

imidazole and NaCl (typlcal yields are 0.2-20 mg/L of culture). Some antibodies 
tend to precipitate during dialysis The precipitation is associated with the pres- 
ence of the hu-tag. Addltlon of 20 n&I EDTA to the antibody sample before 
dialysis often solves this problem. 

8. Wash the column with 50 mL of regeneration buffer and equilibrate wrth 50 mL 
of loading buffer. 

9. For small-scale rapid punficatlon, Ni-NTA resin centrifuge columns (Qiagen, 
Hilden, Germany) can be used. 

3.8.4.2. PURIFICATION USING PROTEIN A 

Protein A-Sepharose can be used to purify antlbody fragments encoded by 
VH segments from the VH3 family (2 7). MAb 9ElO (see Section 3.7.) can be 
coupled to CNBr-activated Sepharose according to the manufacturer’s instruc- 
tions and used to purify myc-tagged fragments (see Note 11). 

1. Pre-swell the protein A-Sepharose (or protem A-9E lO-Sepharose) in PBS. 
2. Fill a lo-mL plastic column with about 1 mL protem A-Sepharose, and equlh- 

brate column with 50 mL PBS. 
3. Load antibody preparation onto column. 
4. Wash with five column volumes of first PBS and then PBS, containing O.SMNaCl. 
5. Elute the protein with about three column volumes of either 0.2M glycine, pH 

3.0, or 100 mM tnethylamme, collecting 1-mL fractions into 0.2 mL 1M Tris- 
HCl, pH 7 4, and mixing Immediately. 

6. Measure the OD at 280 nm (see Note 12), and dialyze sample overnight against 
PBS (lo-kDa cutoff). 

7. For small-scale purification, mix 5-10 mL of antlbody fragments with lOO- 
200 pL of pre-swollen protein A-Sepharose. Purify using ultrafree-MC filters 
following the above protocol, but wash with 1 mL of buffer, and elute with 100 @., 
of eluant 
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3.8.4.3. PURIFICATION OF CALMODULIN FUSION ANTIBODIES 

Since calmodulin is highly acidic, it allows the calmodulin-tagged antibody 
fragments to be purified on anion-exchange columns. Also, calmodulin-tagged 
antibodies can be purified by affinity chromatography, since calmodulin binds 
to several proteins, peptldes and orgamc ligands with high affimty in a process 
Inhibited by calcium chelators, such as EGTA (40). 

3.8.4.3.7. Anion Exchange. This purification is in the absence of calcium 
using a 5/5 Mono-Q anion-exchange FPLC chromatography column. 

1. Equilibrate column extensively with TBS/EDTA, pH 7.4 
2. Load antibody preparation onto the column. 
3 Elute the protein with TBS/EDTA, pH 7.4 and an NaCl gradlent (100 mM to 

1M). The fusion protein elutes in OSMNaCl. 

3.8.4.3.2. Organic Ligands for Affinity Chromatography 
1, Pre-swell N-(6-aminohexyl)-5-chloro-l-naphtalensulfonamide-agarose in TBSC, 

pH 7.4. 
2. Fill a plastic lo-mL column with around 3 mL of slurry. 
3. Equilibrate with TBSC, pH 7.4. 
4. Load the antibody preparation onto the column. 
5. Wash the column extensively with TBSC, pH 7.4, containing 0.5MNaCl. 
6. Elute the protein with about 3 column volumes of 20 mM EGTA, pH 8.0 
7. Dialyze agamst TBS. 

3.9. Antibody Fragments or Phage as Reagents 

Antibody fragment preparations or PEG-precipitated phage can be used as 
immunochemical reagents. 

3.9.1, Western Blotting 

Polyclonal or monoclonal phage antibodies can be used as reagents to detect 
antigens on Western blots (see Chapter 20). Here we describe the detection of 
purified antigen, but the same protocol can be used for antigen present in com- 
plex protein mixtures. 

1. Run 2 pg of each purified antigen on a 10 or 15% polyacrylamlde gel, and then 
electrophoretically transfer proteins onto a nitrocellulose filter. 

2. Block the filter for 1 h at room temperature in 2% MPBS, containing 0 05% 
Tween-20 (for antibody fragments), or 5-10% MPBS, containing 0.05% Tween-20 
(for phage). The antibodies are generally dissolved in 2% MPBS, containing 
0.05% Tween-20. However, according to the signal and background, the percent- 
age Marvel and Tween-20 can be changed. 

3. Add the antibody fragments ( 10 mg/mL of purified sample or 1.2 dilution of 1 OX 
concentrated supematant), or phage (10” t.u./mL) to the filter. 
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3 9.1 1 SOLUBLE ANTIBODIES 

1 Add the antlbodles needed for detection to the primary antibody solution for a one- 
step procedure Choose the secondary antibodies from the following reagents. 
a HRP-protein A (Sigma) m a 1’ 1000 dilution, for antibody fragments of the 

human VH3 family. 
b MAb 9E 10 (4 @/mL) and HRP-conjugated goat antimouse IgG Fc antibody 

(see Note 8) to detect antibody fragments with a myc-tag. 
c. HRP-conjugated polyclonal sheep antlhuman K and h light cham antiserum to 

detect the h and K light chains of Fab fragments 
2 Incubate with gentle agitation for l-2 h at room temperature 

3 9 1 2. PHAGE 

1 Wash filter twice m PBS, containmg 0 05% Tween for 5 min and twice m PBS 
2 Detect binding by mcubatmg the filter with HRP-conjugated anti-Ml 3 at a 1 1000 

dilution m 2% MPBS at room temperature. 
3 Wash filter as in step 1 
4 Detect peroxldase actlvlty using DAB by mixing 10 mg DAB (one tablet), 400 pL 

of 1% cobalt chloride, 20 mL PBS, and 20 pL 30% hydrogen peroxide. Pour onto 
the blot, allow to react, and then wash with water to block the staining reaction 
(see Note 13) 

3.9.2. lmmunocytochemistry 

Phage and antibody fragments can both be used for cell stammg, but phage 
particles penetrate membranes less effectively (IS). Here we present two pro- 
tocols that employ soluble antlbody fragments. The first is a method for stain- 
mg tissue sections (for example, tumor sections) using antibodies m bacterlal 
supernatants or purified preparations. The second IS a one-step procedure for 
labeling cells with fluorescence, so that they can be analyzed by confocal laser 
microscopy or by fluorescence-activated cell sorter (FACS). 

3.9.2 1 STAINING OF TUMOR SECTIONS 

1 Cut 54 pm thick sections of frozen tumors with a Cryostat usmg standard proce- 
dures, and mount onto polylysme-coated glass slides 

2. Air-dry overnight 
3. Fix by umnerslon m cold acetone for 10 min (see Note 14) 
4. Draw a ctrcle with a glass pen around the sections, so that the area to be treated 

with the antibody solutions can readily be recogmzed 
5. Rehydrate the sections by m-nnerslon m TBS/Tween-20 for 5 mm. 
6. Block with normal swine serum diluted l/5 m TBS/Tween-20 for 30 mm at room 

temperature 
7 Dram out the liquid by touching the edge of the glass slide with paper 
8. Add antibody m bacterial supematant (try three dtlutlons: undiluted, l/10, and l/100 

m TBS/Tween-20/BSA Incubate for 1 h at room temperature. 
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9. Wash gently three tnnes wrth TBS/Tween-20 usmg a Pasteur pipet, and then 
immerse in TBS/Tween-20 for 10 min, changing the buffer three times 

10. Add secondary anttbodtes (as for ELISA and Western blottmg, but use an alka- 
hne-phosphatase conjugate instead of a HRP) m TBS/Tween-20/BSA Incubate 
30 min at room temperature 

11 Wash gently three times with TBS/Tween-20 using a Pasteur pipet, and then 
nnmerse m TBS/Tween-20 for 10 min, changing buffer three times 

12. Develop with Fast red for 20 mm (also see manufacturer’s instructions). 
13 Wash by immerston m water to stop the reaction 

3.9.2.2 FLUORESCENT LABELING OF EUKARYOTIC CELLS 
FOR MICROSCOPY OR FACS ANALYSIS 

1. Culture cells as appropriate in culture medmm. 
2 Detach cells from flask as appropriate (mechanically, by scraping, or using 

trypsin). 
3. Centrifuge at 130g for 10 mm, and resuspend the cells m antibody solution (try 

three dtluttons: undiluted supernatant, l/10, and l/100 m PBS, contammg 2% fetal 
calf serum. 

4 Add secondary mouse MAb (for scFv wtth myc-tag, use 9E10 at 5-10 pg/mL) 
and FITC-conjugated antimouse IgG Fc ternary antibody (see Note 15) 

5. Wash cells 3 x 5 mm m PBS. 
6 Analyze by FACS or by ptpeting the cells onto a microscope slide for confocal 

laser microscopy. 

4. Notes 

1 Phage contammattons m flasks, bottles, and so forth, may accumulate as one 
performs selections from phage display libraries. Precautions need to be taken 
throughout the protocol to avoid any carryover of phage Autoclavmg alone is 
not sufficient enough to remove all phage contammation Wherever possible 
use dedicated pipets and disposable plasticware. Ensure that all nondispos- 
able plastrcware (e g., centrifuge bottles) is completely phage-free by soaking 
the plasttcware for 1 h m 2% (v/v) sodium hypochlorite, followed by extensive 
washing, and then autoclaving. If glassware 1s used, tt should be baked at 200°C 
for at least 4 h The use of polypropylene tubes is recommended, since phage 
may adsorb nonspecifically to other types of plastic 

2 If left for longer than 30 mm, the F-pili may be lost. 
3. An OD value of 1 .O IS equivalent to -8 x 1 O* bacteria/ml 
4. Addition to the Immunotube of 200 $ of 1M Trts-HCl, pH 7.4, followed by 

4 mL TGl culture and then incubation for 30 mm at 37°C for infection allows 
recovery of some phage that may have not been eluted by trtethylamme. In gen- 
eral, however, this precaution 1s not required. 

5. Sometimes, biotinylatmg reagents may lose their reactivity, typtcally by hydroly- 
SIS of the NHS-ester moiety, it is recommended that the quality of the reagent is 
checked by btotmylatmg 1 mg nen egg lysozyme at (3.1) biotm-protein ratio. 
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The biotinylated lysozyme can be analyzed on a native polyactylamide gel (a 
conventional Laem mLi gel, but with the followmg differences 
a. No stacking gel 
b No SDS in buffers 
c. Using 80 mM y-amino butyrtc acid (GABA), 20 mM acetic acid, pH 4 8, as 

gel and runmng buffer. 
Run with reverse polarity (lysozyme is positively charged at pH 4.8). The unmod- 
ified lysozyme and lysozyme with 1,2,3, and so on, biotm molecules will migrate 
as distinct bands. 

6 Shorter incubation times will favor the selection of anttbodtes with fast k,,, values. 
7. If NHS-LC-biotin is used as biotmylating reagent, the elutton can be performed 

using 100 n~!4 triethylamme. 
8. We suggest that a drlution of l/1000 be tried first 
9. Alternatively, use directly HRP-conmgated sheep antthuman K and h light chain 

antibodies (The Bmdmg Site) 
10 Millipore supplies a purpose-bum 500-n& housmg device for using disposable 

0 45-p filters 
11. In addition, 9ElO unmobihzed on protein A-Sepharose using dimethyl pimehm- 

idate can be used for purtfication of these antibody fragments (15) 
12 An OD 280 nm value of 1 .O is equivalent to a fragment concentration of 0.8 mg/mL 
13. An ECL kit (Amersham) can also be used to detect peroxidase on Western blots 

(see Chapter 20) 
14. These secttons can be stored at -20°C for weeks to months, depending on the 

nature of the antigen 
15. We suggest a dtlution of l/200 be tried first. 
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