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Preface 

Viruses were first discovered and recognised as a separate class of microbes around the turn of 
the century. They were studied because they were found to be agents of some of the most 
important diseases of plants and animals, but because of their submicroscopic size and require- 
ment to replicate within living cells it was not until the 1950s that virology became firmly 
established as a branch of science in its own right. At that time methods for cell culture and 
virus purification were developed, and the introduction of negative staining allowed electron 
microscopists to visualise the structures of viruses for the first time. The establishment of cell 
culture systems enabled studies of the replication of animal viruses and the development of 
attenuated live vaccines against important human pathogens such as measles, rubella and 
poliomyelitis. In the following twenty five years, virology made major contributions to the fields 
of cell and molecular biology and molecular genetics. Concepts arising directly from the study of 
animal virus replication include capping and polyadenylation of messenger RNAs, introns in cell 
DNA and splicing of RNA transcripts, interferons, reverse transcription, cellular oncogenes and 
the intracellular processing and presentation of antigens at the cell surface. 

Our knowledge of virus structure and replication has increased in complexity, and so have the 
techniques required for virus detection, characterisation and diagnosis. The ability to sequence 
virus nucleic acids, whether DNA or RNA, by relatively simple technologies involving the poly- 
merase chain reaction has led to our ability to trace virus movements in human or animal 
populations with great precision. A new field of molecular epidemiology has opened up and is 
providing the basis for World Health Organisation (WHO) campaigns to eradicate poliomyelitis and 
measles over the next five years. In addition, this genetic sequence information is being used as 
the basis for the rational design of new antiviral drugs as well as vaccines. 

To help cope with the increased range and complexity of methods required for the study of 
viruses, we have assembled the present volume which aims to provide scientists working in 
clinical or research laboratories with clear descriptions and protocols of the most up-to-date, 
definitive techniques in virology. All the chapters are written by experts who have first-hand 
knowledge and experience of the methods they describe. We have divided the subject up into 
classical, molecular, and medical virology for convenience; these divisions are merely meant to 
guide the reader and are not intended to be exclusive. The chapters in Section 3 overlap some- 
what in subject matter with those in Sections 1 and 2, but are written from the perspective of the 
medical virologist and provide additional insights that are important in the clinical setting when 
studying virus diseases. 

We have included a number of appendices that may be used as a convenient information 
source on various aspects of virology. In each case reference to more substantial texts is made 
in the appendix, and these should be consulted if more detail is required. 

The overall size and complexity of this volume was limited by our desire to create a useful 
methods book that would be affordable to most virologists. We would have achieved our aims if 
the book ends up in frequent use in the laboratory, not merely in the library. 

We are grateful to Academic Press, especially to Tessa Picknett, for their patience and 
considerable professional input. 

BRIAN WJ MANY 
HILLAR O KANGRO 

JUNE 1995 
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Cell culture 

V. G. George 
J. C. Hierholzer 
E. W. Ades 

Cell culture is the art of growing cells in vitro. 
Although cells are probably influenced by the 
presence of each other, they have not become 
organized into a tissue. Cell culture allows one 
to look at cells in their entirety from the outside 
- that is, as a whole - before examining the 
intricacy of their component parts. In this 
chapter, we will provide the tools for using 
cell culture as an adjunct to the cell biology 
and molecular biology methods that break 
down the traditional borders between the dis- 
ciplines of biology and virology. 

As with any chapter on the methodology of 
cell culture, one must first determine the cell 
type of choice needed for a particular study. 
There are over 3200 characterized cell lines 
today, derived from over 75 species, including 
hybridomas and plant cultures. Several 

national and international cell banks, includ- 
ing the American Type Culture Collection 
(Rockville, Maryland, U.S.A.) and the European 
Collection of Animal Cell Cultures (Salisbury, 
Wiltshire, U.K.) are excellent resources for 
cells and specific cell information. Detailed 
information on media composition, plaque cul- 
tures, microcultures, and specialized tech- 
niques are also well documented (Freshney 
1983; Schmidt 1989). 

Once the cell type that exhibits some unique 
characteristic(s) has been selected, make cer- 
tain that the life expectancy of these cells in 
vitro is sufficient to complete the project. It is 
preferable to use a cell line which can be 
propagated for at least 15-20 passages or 
subcultures beyond the seed stock while 
retaining its special characteristics. 

Virology Methods Manual 
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Cell cultures 
Primary cells 
Primary cells are freshly isolated cells that are 
derived directly from the tissue of origin. The 
tissue source for the majority of primary cell 
cultures is either laboratory animals or human 
pathology specimens. Research institutions 
should have in place a review and approval 
process for procuring laboratory animals and 
human tissue. When a project utilizing labora- 
tory animals, and particularly human tissue, is 
being developed, this approval process must 
be followed explicitly. 

Healthy young or embryonic animals are 
preferable to adults. The younger the animal, 
the greater the potential for success in cultur- 
ing the cells. Because there are numerous cell 
types, there are numerous methods of cultur- 
ing these cells. The following is a general pro- 
tocol for processing primary monkey kidney 
cells; it may need modification for use with 
other species or organs. 

Removing the organ 

1. The special skills of a veterinarian, or 
highly trained technician under the 
supervision of a vetednarian, are 
required for the successful removal of 
the monkey kidney. The kidney must 
be removed with a minimum of trauma 
to the animal and to the organ. The 
animal handlers and any technician 
involved in this process must be 
trained and certified by the 
supervising veterinarian. 

2. To prevent drying and loss of viable 
cells, the kidney is placed in a flask 
containing an isotonic solution 
(balanced salt solution). Antibiotics 
are generally added to the medium to 
help prevent contamination. 

Processing the organ 

1. With sterile forceps, transfer the 
kidney to a beaker, and carefully 
remove the capsule with the forceps 
and surgical scissors. With surgical 
scissors, mince the kidney into small 
pieces (approximately 3 mm in 
diameter), add 100 ml of 0.22% 
trypsin-0.02% versene, and pour the 
contents of the beaker into a 250 ml 
indented Erlenmeyer flask (Melnick), 
which contains a magnetic stir bar. 

2. Place the beaker on a magnetic mixer. 
Adjust the stirring speed to prevent 
foaming and stir for 2 min. Discard the 
first supernate-suspension as a wash, 
then add fresh enzyme and pour off 
every 20 min, repeating the interval 
harvest until the cortex tissue is 
exhausted. Collect the cell suspension 
by filtering through two layers of 
sterile gauze into 250 ml centrifuge 
bottles, and add 25-50 ml of cold 
growth medium. 

3. Centrifuge the cell suspension 
immediately after each harvest at 65 g 
for 20 min at 4~ Aspirate the trypsin-- 
versene solution from the cells. 

4. Add 50 ml of growth media to each 
bottle of packed cells and swirl 
vigorously until an even suspension is 
obtained. 

5. After completing the cell harvest, filter 
the entire suspension through two 
layers of stedle gauze. 

6. Determine the cell concentration (see 
page 13). Crystal violet is the dye of 
choice for primary cells, however, 
since cell fragments will also stain, 
count only the whole cells. 

7. Seed the pdmary cells at 3 x 105 ml- 
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Continuous cell lines 
Cell lines are continuously growing subcul- 
tures of the primary cells. Most cell lines may 
be propagated in an unaltered form for a lim- 
ited number of cell generations, beyond which 
they either die out or give rise to continuous 
cell lines. The ability of a cell line to grow 
continuously probably reflects its capacity for 
genetic variation, which allows subsequent 
selection to occur (Freshney 1983). 

Euploid cells 
Normal human fibroblasts remain predomi- 
nantly euploid (containing exact multiples of 
the normal chromosomal number) throughout 
their culture life-span, rarely give rise to con- 
tinuous cell lines and at crisis (usually around 
50 generations) will stop dividing (Hayflick and 
Moorhead 1961 ). 

Aneuploid cells 
Mouse fibroblasts and cell cultures from a 
variety of human and animal tumors, on the 
other hand, often become aneuploid (chromo- 
some number is not an exact multiple of the 
normal number)in culture and give rise to 
continuous cultures with fairly high frequency. 
Continuous cell lines are usually aneuploid and 
have a chromosome complement between the 
diploid and tetraploid values. Nonfibroblast 
normal cells rarely give rise to continuous cell 
lines. 

The alteration in a culture giving rise to a 
continuous cell line is commonly called 'in 
vitro transformation' and may occur sponta- 
neously or be chemically or virally induced. 
The term 'transformation' has been applied to 
the process of formation of a continuous cell 
line partly because the culture undergoes mor- 
phological and kinetic alterations, but also 
because the formation of a continuous cell 
line is often accompanied by an increase in 
tumorigenicity (Freshney 1983). The condition 
that most predisposes primary cells to develop 

a continuous cell line is probably inherent 
genetic variation, so it is not surprising to 
find genetic instability perpetuated in con- 
tinuous cell lines. 

Insect cells 
The most commonly utilized insect lines are 
the SF9 (ovary, fall armyworm, Spodoptera 
frugiperda (AI-I'C # CRL 1710) and mosquito 
cell lines such as Aedes aegypti (ATCC # CRL 
125), and Aedes a/bopictus (ATCC # CRL 126). 

The SF9 cell line culture medium consists of 
Graces' medium plus 3.3 g of lactalbumin 
hydrolysate and 3.3 g of yeastolate per liter 
with 10% heat-inactivated fetal bovine serum. 
This cell line is highly susceptible to infection 
with Baculoviruses and can be used to study 
recombinant genes in Baculovirus expression 
vectors and for other needs (Vaughn et al 
1977; Smith et al 1985). 

Mosquito lines are suitable for the replica- 
tion of many mosquito-borne viruses (Singh 
1968; Singh 1971; Yunker and Cory 1969; 
Buckley 1969). Mitsuhashi and Maramorosch 
Insect Medium supplemented with 5-20% 
fetal bovine serum is commonly used for 
the growth and maintenance of mosquito 
cell lines. Subcultures are prepared by 
scraping (see page 7) or by vigorous pipet- 
ting. A subcultivation ratio of 1:4 to 1:10 is 
recommended. 

Propagation of cell 
cultures 
All procedures involving cell lines should be 
performed in a Class II biological safety cabi- 
net under strict aseptic conditions to minimize 
the risk of contaminating the cells with bac- 
teria, yeasts, and mycoplasmas. All pipetting 
should be done using an automatic pipet-aid 
or manual propipetter, since absolutely no 
mouth pipetting should be allowed in the 
laboratory. Laboratory personnel should wear 
lab coats and surgical gloves while performing 
cell culture manipulations. All cell lines should 
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be treated as potentially hazardous. Continu- 
ous cell lines are assumed to be free of infec- 
tious viruses, but in fact may harbor latent 
viruses that have the potential to infect the 
laboratory worker. Transformed cells may 
spontaneously produce a potentially onco- 
genic virus (Barkley 1979). Therefore, all cell 
lines should be treated as potentially haz- 
ardous, and all laboratory workers should 
become familiar with safe laboratory prac- 
tices. Institution directors and laboratory 
supervisors should provide safety training 
and should enforce safety regulations. Labora- 
tory workers should also share responsibility 
for their own safety. 

Media and buffers 

leave the cap loose or to use a CO2-perme- 
able cap to promote the release of CO2. Flasks 
with gas-permeable caps are available from 
Costar (Cambridge, MA), Corning (Corning, 
NY), and others. (Use of trade names is for 
identification purposes only and does not 
imply endorsement by the Public Health 
Service or U.S. Department of Health and 
Human Services.) 

The CO2 level is extremely important; a 1% 
increase can result in cell death in some cases. 
Therefore, even with a state-of-the-art incuba- 
tor with digital read-outs, the CO2 level must 
be monitored, since it can drift undetected by 
the read-out, tn our laboratory, a Bacharach 
Fyrite Gas Analyzer (Bacharach, Inc., Pitts- 
burgh, PA) is used once a week to monitor 
the CO2 incubators. 

Most media in use today are chemically 
defined, but are supplemented with 5-20% 
serum. The medium used for any particular 
cells will be determined by the cell type and 
the procedures to be performed with these 
cells. Cells purchased from cell repositories 
will be accompanied by an instruction sheet 
which recommends the appropriate medium, 
subculture procedures, correct seeding con- 
centrations, feeding schedule, and any safety 
concerns. 

Generally, cells will grow well at pH 7.0-7.4. 
Phenol red is commonly used as an indicator 
in the culture medium. It is red at pH 7.4, 
becoming orange at pH 7.0 and yellow at pH 
6.5, and in the alkaline direction, it becomes 
bluish at pH 7.6 and purple at pH 7.8 (Freshney 
1983). 

Culture media require buffering under two 
sets of conditions: (1) use of open dishes, in 
which exposure to oxygen causes the pH to 
rise, and (2) when CO2 and lactic acid are 
overproduced in transformed cell lines at 
high cell concentrations, when the pH will 
fall. A buffer may be incorporated in the med- 
ium to stabilize the pH, but in open dishes, 
exogenous CO2 may still be required by cell 
lines, particularly at low cell concentrations, to 
prevent the total loss of dissolved CO2 and 
bicarbonate from the medium. In an overpro- 
duction scenario, it is usually preferable to 

The need for endotoxin-free 
water 

Pyrogen-free water should be used to make 
any medium components made in-house. 
Small, inexpensive reagent grade water sys- 
tems are available commercially (Culligan, 
Marietta, GA; Millipore, Bedford, MA). These 
units will produce Type l reagent grade water 
as described by NCCLS Document C3-A2: 
Preparation and Testing of Reagent Water in 
the Clinical Laboratory. We recommend that a 
reputable manufacturer of pure water equip- 
ment be contacted for guidance on the pur- 
chase of an appropriate system for laboratory 
applications. The manufacturer's recommen- 
dations will primarily depend on their analysis 
of the quality of the source water. The manu- 
facturer will provide maintenance and sanitiza- 
tion on a contract basis or provide written 
procedures for laboratory maintenance. 

Type I reagent grade water must be used as 
soon as it is produced because when it is 
stored, 'its resistivity will decrease, metals 
and/or organic contaminants will be leached 
from the storage container, and bacterial con- 
tamination will occur' (NCCLS Document C3- 
A2, 1991). Due to this degradation, purchased 
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bottled water is not an acceptable alternative 
to an in-house pure water system. 

Sterilization 
Most reagents or media can be sterilized either 
by autoclaving if they are heat-stable (water, 
salt solutions, amino acid hydrolysates) or by 
membrane filtration if they are heat-labile. Fil- 
ters appropriate for the sterilization of cell 
culture media are available from many 
sources such as Costar, Corning, Nalge, and 
Gelman. The type of filter membrane is impor- 
tant and care should be taken when selecting a 
filter system. Choose from cellulose acetate 
membranes for applications involving low pro- 
tein binding. Cellulose nitrate membranes are 
appropriate for general purpose filtration in the 
cell culture laboratory. A membrane pore size 
of 0.22 ~tM should be used for sterilization. 
Thick cotton pads or membranes of larger 
pore size should be used for prefiltering. 

Propagating cells by scraping 
Removing anchorage dependent (adherent) 
cells from the cell culture flask requires a 
chemical or physical method. The enzymes 
used to detach cell monolayers may be toxic 
to some cells; therefore, disposable cell scra- 
pers (Cat. # 3010, Costar Corp., Cambridge, 
MA) may be used. Cell scraping is a fairly 
simple method for cell harvesting. The growth 
medium is removed from the culture flask, and 
the cell sheet is then detached by physically 
scraping the cells from the flask surface. To 
disperse the cells, a growth medium is added 
to the flask and the medium is pipetted over 
the flask surface to obtain a single cell suspen- 
sion. The cells are then counted and appropri- 
ately diluted (see page 13) for passage to new 
flasks or other types of cell culture containers. 

Some laboratories depend on 'split ratios' 
rather than on cell counts to passage cells. 
These laboratories determine the optimum 
ratio at which a confluent flask may be divided 
to yield viable confluent monolayers within the 

time frame necessary for their projects. This 
method is an option to be considered; how- 
ever, dye exclusion cell counts are more reli- 
able for consistent results because these 
counts provide the number of 'viable' cells, 
and the quantity of living cells that are actually 
being subcultured can be determined without 
guesswork. 

Propagating cells by enzyme 
treatment 

Advantages and disadvantages 
For chemical detachment of adherent cells 
from tissue culture flasks, certain enzymes 
(trypsin, pronase and collagenase) and chelat- 
ing agents (versene or ethylene-diamine-tetra- 
acetic acid (EDTA)) are routinely used. Utilizing 
a combination of trypsin and versene is a 
convenient and efficient method of detaching 
the majority of adherent cell lines with a mini- 
mum of cell damage; this method is detailed 
below. Note that some enzymes remove 
receptors or other important cell surface mole- 
cules; therefore, the effects of these enzymes 
on the characteristics of the cell line chosen 
must be determined. 

Subculture protocol 

1. Observe the cell monolayer under a 
microscope to determine the general 
condition of the cells and any obvious 
contamination, if the cells are healthy 
and appear to be free of 
contamination, proceed with 
trypsinization. 

2. Decant or aspirate the spent medium 
and wash the cell layer with PBS that 
has been warmed to 37~ the 
washing removes any remaining 
serum, which would inhibit the 
enzyme activity of the trypsin/versene. 

3. Decant the wash solution and add 
trypsin/versene (0.05% trypsin, 
0.53 mM EDTA; Cat. # 25300-047, 
GIBCO BRL, Grand Island, NY) to the 

Cell cul ture 7 
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flask, approximately 3 ml per T-75 or 
6 ml per T-150 flask. Place the flask at 
room temperature with the cell surface 
down until the cells detach. If 
trypsinizing a roller bottle, the bottle 
may be rotated at the work station 
during the wash, but should be placed 
on the roller drum while waiting for the 
cells to detach. Occasionally, a cell 
line will be difficult to remove from the 
flask; incubating at 37~ for a few 
minutes or gently tapping the flask 
against the heel of your hand will 
accelerate the process. Some cell 
lines such as MDCK may require two 
washes of trypsin-versene to 
accelerate detachment. 

4. When cells detach, add growth 
medium to the flask and wash all flask 
surfaces by repeatedly pipetting up 
and down to suspend as many cells as 
possible in the medium and to break 
up any existing cell clumps. 

5. Perform a cell count (see page 13) and 
seed new flasks or other vessels 
accordingly. Incubate the newly 
seeded vessels at 37~ 

easily adapted to spinner culture, such as 
HeLa $3 (ATCC # CCL 2.2). 

Subculture protocol 
The subculture of suspension cells is a simple 
and fast procedure. 

1. Allow the suspension to settle, and 
aspirate most of the spent medium 
before doing a cell count. Proceed 
with subculture by transferring the 
number of cells determined necessary 
to establish the new culture to the 
appropriate vessel containing fresh 
growth medium. If the cells do not 
settle well, centrifugation at a low 
speed may be necessary. 

2. Suspension ceils may also be cultured 
by dilution. A 1:10 dilution is usually 
sufficient to establish a new culture; 
one part cell suspension transferred to 
nine parts fresh growth medium will 
accomplish the subculture rapidly and 
efficiently. This procedure is less 
precise, however, and viability has not 
been assessed. 

Suspension cultures 

Usefulness 
Some cells will not adhere to a culture vessel 
but can be propagated in suspension. Many 
mouse and human leukemias and ascites 
tumors grow in suspension. These cells are 
incubated on shakers or on roller drums or 
allowed to settle to the bottom of a large 
culture flask such as a roller bottle. Alterna- 
tively, a mechanical method is available which 
forces normally adherent cells to grow in sus- 
pension. This is usually performed by using a 
spinner apparatus and medium formulated for 
suspension culture. Ceils are available that are 

"l'he pH of suspension cultures is critical. 
Observe cultures closely for the color 
changes described previously (page 6) 
and initiate appropriate procedures if the 
pH changes drastically. Culture vessels 
with vented caps are helpful in 
maintaining the pH in suspension 
cultures as well as in adherent cultures 
that require a CO2 atmosphere. 

Lymphocyte cultures 
Fresh mononuclear cells can be isolated from 
whole blood by FicolI-Hypaque gradient 
centrifugation (Boyum 1968) and cultured in 
suspension. These cells have multiple uses, 
including the following: after stimulation using 
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lectins, such as phytohemagglutinin (PHA), 
they can be cocultivated with blood speci- 
mens to determine whether human immuno- 
deficiency virus (HIV) is present. Other uses 
for these cells for diagnosis, evaluation of 
immunity, detection of disease or cellular net- 
working are too numerous to discuss in this 
chapter. 

Procedures for the isolation of particular 
subpopulations of cells (T cells, B ceils, and 
macrophages) from peripheral blood or lym- 
phoid tissues may be found in a National Insti- 
tutes of Health publication (Coligan et al 1991). 

Maintenance of adherent 
and suspension cells 

The need for routine medium 
changes 
Once a culture has been passaged, routine 
medium changes (feeding) (i.e. to replenish 
constituents in the medium, such as amino 
acids, vitamins, and glucose, which are essen- 
tial for metabolism) are necessary to allow the 
cells to proliferate. The initial cell concentra- 
tion and the metabolism rate will determine 
any feeding schedule instituted. 

The need for subculturing 
Close observation of color changes in the 
medium, which indicate an increase or 
decrease in pH level and the rate of metabo- 
lism, is necessary to determine if cells require 
feeding or subculturing. Epithelial cells such as 
HeLa and HEp2 metabolize rapidly and can be 
subcultured twice a week. Fibroblast cells 
such as MRC5 and WI-38 metabolize slowly 
and would probably be ready for subculture 
only once a week and would require feeding 
at least once during that week. Suspension 
cultures must be subcultured or the volume 
of medium increased as the cell population 
reaches 2 • 108 cells ml -~, because, in gen- 

eral, the viability of suspension cells drops 
rapidly at higher concentrations. 

Seeding concentrations of a rapidly prolifer- 
ating cell line such as HeLa may be lowered to 
reduce subculturing to once a week. A seeding 
concentration as low as 20,000-30,000 cells 
cm -2 of surface area will result in a healthy 
monolayer. If cell viability begins to decrease, 
then the twice-a-week subculture schedule 
should be resumed. 

A 'maintenance' medium, which is the reg- 
ular medium with only 1 or 2% serum rather 
than 10-20%, may be used to hold some cell 
lines at a single cell layer for an extended 
period, even for 2-3 weeks if necessary. This 
holding or maintenance medium tends not to 
stimulate mitosis in most untransformed cells, 
which usually accompanies a medium change. 
This holding medium can also be used to 
maintain cell lines with a finite life-span with- 
out using up the limited number of cell gen- 
erations available to them. Transformed cells, 
on the other hand, are unsuitable for this 
procedure because they may either continue 
to divide successfully or the culture may 
deteriorate. 

Cell synchronization 
The growth of cells in cultures can be divided 
into three stages: (1) a lag period, immediately 
after the inoculum; (2) a growth phase, during 
which the cell number increases rapidly and 
usually in an exponential fashion; and (3) a 
plateau or stationary phase, during which the 
cell number remains constant. In exponentially 
growing populations, the cells are distributed 
asynchronously throughout the cell cycle in its 
four phases - G1, S, G2 and M (Ashihara and 
Baserga 1979). 

The M (mitosis) phase is the cell's reproduc- 
tive cycle. The much longer phase between 
one cell division and the next is known as 
interphase, consisting of the G1, S, and G2 
phases. The G1 phase (G = gap) is the interval 
between the end of mitosis and the beginning 
of DNA synthesis or S phase. The G2 phase is 
the interval between DNA synthesis and the 
beginning of mitosis. 
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Table 1.1. Cell synchronization. 

A) Physical Methods of Synchronization 
1. mitotic detachment* 
2. gradient techniques* 
3. centrifugal elutriation* 

B) Chemical Methods of Synchronization 
1. isoleucine deprivation* 
2. serum deprivation and hydroxyurea* 
3. double-thymidine block* 
4. calcium deprivation* 
5. FUdR and amethopterin t 

* Ashihara and Baserga 1979. 
t Nias and Fox 1971. 

Any study of cellular events at specific times 
during the cell cycle is facilitated by culture 
synchronization, such that cells can be 
induced to proceed through the cell cycle 
together. Many ways to synchronize cultured 
cells have been described (Table 1.1); the 
method chosen depends on which cells are 
used and which events are to be studied. 
Synchrony of human diploid cells is short- 
lived, usually much less than the mean cell 
cycle time, and never complete. Human non- 
diploid established lines, such as HeLa cells, 
may respond to any of the methods generally 
applicable to mammalian cells, and synchrony 
may be more successful and lasting (Priest 
1971). 

ideally, synchronized populations of cells in 
culture should meet the following criteria: (1) 

they should be perfectly synchronized at a 
specific point in the cell cycle; (2) the proce- 
dure used for synchronizing cells should have 
little or no effect on the metabolic processes of 
the cell; and (3) especially for the biochemist, 
the method should allow the harvesting of 
synchronized cells in large quantities (Ashi- 
hara and Baserga 1979). 

Because mammalian cell populations have 
an intrinsic variability in cell doubling times, it 
is impossible to achieve perfect synchrony, i.e. 
all the cells passing through every point in the 
mitotic cycle simultaneously. The best that can 
be achieved is for all the cells to be at one 
single point in the cycle at a given time; there- 
after they will lose synchronization as they 
progress through the mitotic cycle. Continued 
synchronization is only likely to be maintained 
by repeated treatment of the cell population, 
but the lack of synchronization at some time 
interval after a single treatment does not 
necessarily imply that the original synchroniza- 
tion procedure was ineffective (Nias and Fox 
1971). 

An example of synchronization is described 
by Held et al (1989). Their procedure is a 
simple, nontoxic protocol based on the selec- 
tion of a rapidly attaching subpopulation of 
trypsinized cells. By limiting the time of attach- 
ment of trypsinized cells and the subsequent 
removal of unattached cells, a G1 population of 
cells is isolated. 
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Qual ity assu rance and 
contamination 
Bacteria, yeasts, fungi 
Many types of organisms may be found as 
contaminants of cell cultures. Some of them, 
such as bacteria, yeasts, and fungi may be 
detected by turbidity and pH change of the 
culture medium or, more definitively, by exam- 
ining the cultures by microscope. Detailed 
protocols for the detection of most bacteria 
and fungi that would be expected to survive 
in cell cultures may be found elsewhere 
(ATCC 1985). These protocols should also 
be incorporated into the quality assurance of 
a cell culture media production laboratory to 
preclude the contamination of cells by the 
growth media. 

Mycoplasmas and viruses 
Organisms such as mycoplasmas and viruses 
usually do not cause turbidity or pH change 
and may or may not produce cytopathological 
effects (CPE) in the cells. They are thus difficult 
to detect and may be passaged with the cells 
indefinitely without detection, unless specific 
testing is performed. Primary rhesus monkey 
kidney cells (MK), primary African green mon- 
key kidney cells (AGMK), and primary bovine 
kidney cells (PBEK) are particularly notorious 
for adventitious virus contamination (Crandell 
et al 1978; Hsiung 1969; Schmidt 1989). 
Commercial testing services are available for 
mycoplasmas and viruses. Test kits are 
commercially available for mycoplasma, such 
as the MycoTect test (GIBCO #189-5672). Two 
of the most common methods for mycoplasma 
detection in the cell culture laboratory are cul- 
ture and fluorescent staining. These methods 
may be incorporated into the quality assurance 
procedures of a laboratory relatively easily. The 

DNA specific fluorescent stain (Chen 1977) 
may be used as the presumptive test, and 
the culture method (Hayflick 1973) as the con- 
firmatory test. 

Other cell lines 
Cross-contamination between cell lines has 
occurred often, the most problematic being 
the intrusion of HeLa cells into many other 
lines. Therefore, it is extremely important to 
take the following precautions. Never work 
with more than one cell line at a time. Do not 
use a bottle of medium, trypsin/versene etc on 
more than one cell line. Allow a 'resting' period 
of approximately 30 min between cell lines in a 
biological safety cabinet, and decontaminate 
cabinet surfaces before introducing another 
cell line to the work area. 

Determining species of 
origin 
Species of origin can be determined for cell 
lines by a variety of immunological tests, by 
isoenzymology and/or by cytogenetics (ATCC 
1985). This testing requires expertise that is 
not available in most cell culture laboratories; 
however, testing services are available for 
these procedures (e.g. Childrens' Hospital, 
Detroit, MI). 

If a laboratory routinely receives cell lines 
from other research institutions, an area 
should be established to isolate these cell 
lines until the quality assurance testing can 
be performed on them and they are declared 
to be free of contamination and the correct 
species is identified. This may seem extreme, 
but our laboratory has on several occasions 
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received cells that were contaminated with cell cultures are used. Contaminants may 
mycoplasma or with another cell line. Also, cause irreversible changes in cell cultures, 
quality testing information from the sending and they can completely confound the inter- 
laboratory should be reviewed by the receiv- pretation of a diagnostic test. Therefore, 
ing laboratory before culturing the ceils, results from diagnostic tests or any research 

We cannot emphasize strongly enough that in which cells were used would be suspect 
these quality assurance tests must be per- unless these quality assurance tests were per- 
formed routinely in any laboratory in which formed with satisfactory results. 
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Quantifying by cell counts 
Purpose and choice of 
method 
Cells are counted in order to seed stock cul- 
tures with a known number of viable cells, to 
determine cell propagation rates, and to deter- 
mine viability in a cell culture. Cells are usually 
counted in the presence of a vital stain, a dye 
which is only incorporated into a cell if it is no 
longer alive. Hence dyes such as trypan blue, 
which stain only the dead cells, can be used to 
determine cell viability. Since the cell membrane 
of living cells prevents the ceils from taking up 
the dye, procedures in which these vital stains 
are used are known as dye exclusion tests. 

Trypan blue vital stain 
procedure 

A cell suspension sample which has been 
combined with a dye is placed in the 
counting chamber of a hemocytometer, 
and the cells are counted with a low- 
power microscope. The count is then 
mathematically converted to the number 
of cells per milliliter. The stained (dead) 
cells and the unstained (living) ceils are 
counted separately to determine the 
percentage that are viable. Trypan blue 
and erythrosine B are the most common 
dyes used for viability dye exclusion 
tests. Other dyes, such as methylene 
blue, acddine orange, eosin, nigrosin, 
and safranin, have been used as 
'exclusion' dyes but are no longer 
preferred (Tolnai 1975). Dyes such as 
crystal violet stain both living and 
dead cells and are best used to 
clarify morphology (Bird and Forrester, 
1981). 

A working solution of trypan blue (0.4% in 
physiological saline) that has been 
filtered through membrane (and can be 
stored at room temperature) may be 
purchased through several suppliers, 
including GIBCO BRL (Cat. # 15250- 
012). 

1. Gather the cell suspension sample, 
trypan blue dye, counting chamber 
(Improved Neubauer 0.1 mm deep, 
conversion factor = 10,000), 
coverslip, and hand tally counter (the 
counting chamber, coverslips, and 
tally counter may be purchased 
through a scientific supply catalog 
such as Fisher or Thomas). 

2. Prepare the chamber and coverslip. 
Clean the counting chamber and 
coverslip with 70% alcohol. Dry both 
thoroughly, being careful not to 
scratch either. Moisten the edges of 
the coverslip slightly and apply to the 
supporting edges of the counting 
chamber. 

3. Mix the cell sample thoroughly and 
add 1 ml of dye to 1 ml of the cell 
sample. Allow mixture to stand for at 
least 5 min, but not more than 15 min, 
before performing the cell count. 

4. Using a Pasteur pipette, gently fill one 
side of the counting chamber. For an 
accurate count, the chamber should 
not be underfilled or overfilled. 

5. Examine the cells through a 
microscope at about 100• 
magnification by first focusing on the 
grid of the chamber and then on the 
cells themselves. Count the ceils in 
the four large comer squares. Each 
comer square is made up of sixteen 
small squares. Count cells within each 
small square, and to avoid counting 
some ceils twice, count overlapping 
cells using the line method (i.e. count 
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the left and top lines of each small 
square or the right and bottom lines, 
but not both). Count each cell in a 
clump of cells. 

6. Determine the number of viable cells 
per milliliter in the original suspension, 
using the following formula: 

[(no. of cells counted) + (no. of 
squares counted)] x [counting 
chamber conversion factor] x [dilution 
factor] = cells per ml 

.(For counting chamber conversion 
factor see package insert.) 

Example: 1 ml of dye added to a ml of 
cell suspension = 1 "2 dilution, 
therefore the dilution factor = 2. The 
conversion factor of the 
hemocytometer = 10,000. Therefore, 
356 (ceils) - 4 (large sqs.) x 10,000 
(conversion) x 2 (dilution) 
= 1.78 x 106 (cells/ml) 

We recommend that at least 100 cells 
be counted for routine subcultures. It 
may be necessary to concentrate the 
cell suspension by centrifugation for 
more accurate results. If the cell 
suspension is heavily concentrated 
and results in too many cells to count, 
the sample may be diluted in growth 
medium before the dye is added. 

Example: 1 ml cell suspension added 
to 4 ml of medium = 1"5 dilution. 
1 ml of the 1"5 dilution added to 1 ml 
of dye = 1 "2 dilution, and thus the 
dilution factor used in the formula is 
the product of both factors: 
5 x 2 = 10 (the total dilution factor). 

Viability determination 

For viability determination, use the cell 
counting procedur described above to 
count viable and nonviable cells. 

Using the following formula, determine the 
percentage of viable cells. 

Viable cells (Unstained) x 100 Viable Cells + Dead Cells (Stained) 
= % Viable cells 

Example: 254 + (254 + 5) x 100 
= 98% Viable cells 

Stock cell culture 
seeding 

The volume of the initial cell suspension 
needed to seed subsequent cultures is 
determined by the standard volume/ 
concentration equation: 

Initial Concentration x Volume of Initial 
Concentrate = Final Concentration x 
Final Volume 

For example: To determine what volume 
of a cell suspension containing 5 x 108 
cells ml -~ should be diluted to 1 ml to 
yield 2 x 106 ceils ml-1 

5 x 10 s cells ml-1 X (X ml) = 2 x 10 s cells 
m1-1 X (1 ml) 

Xml = 
2 x 10 s cells ml-1 
5 x 10 s cells ml-1 

X -- 0.4 ml 

Therefore: 0.4 ml of original suspension 
diluted with 0.6 ml of medium will yield 
1 ml of suspension at 2 x 106 cells ml-~. 
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Cell preservation and 
storage 
Cryopreservation 
procedure 

Cells may be preserved by freezing or 
'cryopreserved'. This provides a ready 
stock of cells if cells are lost due to 
contamination, malfunction of the 
incubator, natural senescence, or a 
genetic drift that may affect their ability to 
exhibit the expected response 
characteristics to a routine procedure or 
assay. 

As most laboratories are not equipped 
with a controlled rate freezing apparatus, 
we find the following procedure yields 
successful cryopreservation results. First 
and foremost, only cells that are healthy, 
free from contamination, and in active 
logarithmic growth phase should be 
selected for preservation. In general, 
cells should be frozen at a minimum of 
1 x 10 s cells ml-~; a routine number of 
2-4 x 10 s ceils ml -~ is used as the 
standard in our laboratory. 

After enumeration by trypan blue cell 
counting technique (page 13), the cells 
are centrifuged at 80-100 g and 
resuspended in the preservation or freeze 
medium that has been warmed to room 
temperature. The preservation medium 
consists of the culture medium 
containing 5-20% serum plus 5% 
dimethylsulfoxide (DMSO) or glycerol, 
preferably DMSO (Lovelock and Bishop 
1959; Freshney 1983; Schmidt 1989). 
The cells are then dispensed into 
cryovials, 1 ml per vial. Cryovials, which 
are recommended for -70~ or nitrogen 
storage, may be purchased from 
numerous commercial sources, such as 

the Nalgene Cryovial (Nalge Company, 
Rochester, NY). 

The cell suspension should be frozen 
slowly at 1~ min -1 (Leibo and Mazur 
1971; Harris and Griffiths 1977). If a 
controlled rate freezing apparatus is not 
available, the cells may be cooled 
gradually by placing at 4~ for 1 h, then 
at -20~ for at least 1 h and transferred 
to -70~ or a liquid or gas phase 
nitrogen freezer. The much lower 
temperature ( -  165~ obtained in 
nitrogen is preferable for long-term 
storage. 

An inexpensive and extremely efficient 
controlled rate freezing apparatus is now 
available (9001 BTRL Cell Freezer, 
Biotech Research Laboratories, Inc., 
Rockville, MD). The 9001 BTRL Cell 
Freezer consists of a can with a foam grid 
support and vial grid that will hold 24 
vials. The can is filled with methanol, 
ethanol, or isopropanol as a refrigerant to 
a level that will be slightly higher than the 
level of the cell suspension in the freezing 
vials. After the vials are placed in the vial 
grid, the 9001 freezer can is sealed and 
placed in a -70~ to -90~ freezer. The 
9001 unit should be left undisturbed for 
at least 5 h, after which the vials can be 
transferred to a liquid nitrogen freezer. 

Recovery of frozen cells 
A vial of cells is thawed rapidly by agitating the 
vial in a water bath at 37~ The cells are then 
diluted, but not washed, with the appropriate 
culture medium and placed in a cell culture 
flask. The dilution should be determined by 
the concentration of viable cells present at 
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the time of freezing. A vial containing 2 x 106 
cells ml-1 may be diluted successfully to 1 : 10 
or 1:20. 

During the initial growth period, the pH 
should be carefully controlled. Therefore, it is 
standard procedure in our laboratory to place 
these cultures in a 5% CO2 atmosphere. The 
medium must be replaced after 24 h to remove 
all traces of DMSO or glycerol. The medium 

exchange on a suspension culture would 
necessitate centrifugation and resuspension 
in the new culture medium. 

During all phases of this procedure, precau- 
tions should be taken to prevent inhalation of 
DMSO fumes and contact of DMSO with the 
skin. A face shield or safety glasses should be 
worn while removing the vial from the freezer 
and during the thawing process. 
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Transformation and 
transfection 
Most vertebrate cell lines die after a finite 
number of divisions in cell culture, although 
rare 'immortal' variant cells can arise sponta- 
neously in culture and can be maintained inde- 
finitely as cell lines. DNA cloning and genetic 
engineering have given us techniques that 
enable us to isolate specific genes, redesign 
them, and insert them back into cells. This 
technology has revolutionized the study of 
living cells. Eukaryotic cell lines are being 

developed with indefinite replication ability to 
express at least some of the differentiated prop- 
erties of their cell of origin, and to not necessa- 
rily cause tumors if injected into animals. 

The procedures for generation of trans- 
formed cell lines are well documented (Fresh- 
ney 1983). Genetic engineering procedures are 
too numerous and involved for this chapter; an 
excellent source of detailed procedures is 
Ausubel et al (1991). 
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Cytopathologic effects in 
cell cultures due to viruses 
The general principles of collection, shipment, 
and processing of specimens, choice of viral 
isolation systems, and choice of diagnostic 
tests can be found in the next chapter and in 
other reference works (Fields et al 1990; Hier- 
holzer 1993; Leland and French 1988; Mandell 
et al 1990; Schmidt and Emmons 1989). Infor- 
mation surrounding viral CPE is given here 
because cell culture is so vital to the labora- 
tory diagnosis of viral infections. 

Viral growth is usually evidenced by the CPE 
that occur in the infected cell monolayer. CPE 
are scanned under light microscopy at 40- 
100x and observed in greater detail at 200- 
400x. The exact nature of the CPE and the 
time required for it to appear in a particular 
cell type are often indicative of the virus group 
present there. Thus, careful observation of the 
monolayers is important so that the proper 
identification test can be expediently applied. 
CPE caused by different viruses in various 
cells are summarized below. 

Types of CPE in standard 
cell cultures 
Enlarged, round, refractile cells 
in clusters 
Grape-like clusters of round, refractile, 
enlarged cells in cultures of HEK, HEp2, 
A549, NCI-H292, HeLa, and many other cells 
indicate adenovirus or herpes simplex virus. 
For adenovirus, the same CPE may develop, 
but more slowly, in fibroblast cells. At complete 
(4 +) CPE, all cells become lysed and detached 
from the glass surface. Generally, both viruses 
grow in the same cells, but adenovirus grows 
more slowly (3-14 days) depending on sero- 
type, and makes more discrete, irregularly- 

shaped cell clusters, whereas herpes type 1 
grows very fast (1-2 days), makes fewer clus- 
ters, and may produce ballooned, multinucle- 
ate giant cells with granulated cytoplasm. 

Multinucleate giant cell CPE 
Measles virus produces classic giant cell CPE 
in AGMK, Vero, and HEK cells after 7-14 days 
of roller culture. This CPE is characterized by 
fusion of the cells, with the nuclei of the fused 
cells surrounding a granular area in the 
cytoplasm. Cytomegalovirus produces giant 
cells resembling elongated foci of refractile, 
swollen cells, but more slowly (12-30 days) 
and only in diploid fibroblast cells, also on a 
roller apparatus. 

Syncytial CPE 
The classic example of this CPE is respiratory 
syncytial virus (RSV), which produces patches 
of multicell syncytia in HEp2, HeLa, and NCI- 
H292 cells in 5-12 days in roller cultures. The 
balled-up syncytia usually become detached 
from the glass surface and float freely in the 
medium. Some strains of RSV, particularly of 
type B, produce more cellular degeneration 
than syncytia both in HEp2 and NCI-H292 
cells. 

The influenza, parainfluenza, and mumps 
viruses cause a combination of syncytia, 
rounding, and degeneration in roller cultures 
of NCI-H292 and MK cells. In addition, chick 
embryo and MDCK cells for influenza virus 
isolation and NCI-H292 cells for parainfluenza 
virus isolation require a fortified medium con- 
taining trypsin for optimal sensitivity (Castells 
et al 1990; Frank et al 1979; Klenk et al 1975; 
Meguro et al 1979). The syncytia may be 
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accompanied by vacuolation with influenza, 
especially type B; by a granular degeneration 
with parainfluenza virus types 1-4; and is often 
noted as large syncytia with mumps virus. The 
CPE induced by these viruses may develop in 
4-7 days, but the cultures must generally be 
blind-passaged and held an additional week to 
ensure viral growth. The cells rarely become 
detached. 

Enlarged, round, glassy cells in 
small foci 
Varicella-zoster (VZ) virus exhibits this CPE in 
2-10 days; it is distinct from that caused by 
CMV, although both grow in diploid fibroblast 
cells in roller culture. VZ can produce large foci 
of multinucleate giant cells when the individual 
foci coalesce. 

Cell fusion CPE with plaques 
The cell fusion/plaque type of CPE is caused 
by vaccinia virus and certain other poxviruses 
growing in MK, Vero, NCI-H292, and diploid 
fibroblast cells. Plaques ranging from 1 mm 
to 6 mm in diameter, depending on the virus, 
are formed in 2-4 days, during which the 
infected cells fuse, form cytoplasmic bridg- 
ing, and then disintegrate. 

Shrunken cell degeneration 
CPE 
The enteroviruses and rhinoviruses typify this 
CPE in NCI-H292, MK, RD, and diploid fibro- 
blast cells, preferably in roller cultures. The 
CPE is often observed as tadpole shaped, 
shrunken cells with pycnotic nuclei, beginning 
in patches at the edges of the monolayer and 
progressing inward. CPE for polioviruses and 
some coxsackie B viruses is very rapid, 
becoming 4 + in 1-3 days with all cells 
detached from the glass. CPE for the remain- 

ing enteroviruses and the rhinoviruses gener- 
ally requires 4-7 days or longer, is often 
accompanied by individual small, rounded, 
and sometimes refractile cells or by a degen- 
erative appearance across the monolayer, and 
may not ever progress to 4 + or general cell 
lysis. 

Granular, degenerative, 
slowly-lytic CPE 
Reoviruses cause a nondescript, gradual 
degeneration with granulation of the cyto- 
plasm in NCI-H292, MK, and HeLa cells under 
stationary or roller conditions after 5-14 days 
of culture. MK cultures must be rolled. Poly- 
oma BK virus in HEK, NCI-H292, and diploid 
fibroblast cells, and the polyoma JC virus in 
primary human fetal glial cells cause a similar, 
slowly-developing CPE. 

Certain arboviruses belonging to the Toga- 
viridae, Flaviviridae, Filoviridae, Bunyaviridae, 
and Arenaviridae families can be isolated in 
primary hamster kidney, chick or duck embryo 
cells, or derivative cell lines such as BHK-21, 
Vero, and LLC-MK2, after 2-10 days of culture. 
The CPE may be nonexistent at first, but 
become a generalized degeneration in sub- 
passages or form plaques under agarose. 
Other arboviruses grow best in mosquito sus- 
pension cultures (see pages 5 & 8), whereas 
others can only be recovered in whole animal 
systems such as embryonated chicken eggs, 
suckling mice or hamsters, or mosquitoes 
(these systems not discussed here). 

The gastroenteritis viruses also belong to 
diverse virus families and have unique require- 
ments for culture. Rotaviruses, after treatment 
with trypsin, will replicate in BSC-1, MA104, 
and primary AGMK cells under roller condi- 
tions (Babiuk et al 1977). Caliciviruses and 
astroviruses may replicate in primary HEK 
under a fortified medium with trypsin. Enteric 
adenoviruses (see Chapter 2) and enteric 
coronaviruses (discussed below) round out 
this difficult group of viruses. 
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New or specialized 
culture systems 
Organ cultures 
Laboratory cultures of pieces of human 
embryonic lung, kidney, intestine, and other 
organs have proven essential to the discovery 
of many viruses, such as the respiratory cor- 
onaviruses and rhinoviruses. Organ cultures 
are tiny explants of whole tissue, so that 
many cell types are present in their natural 
form, and feeding medium has to be perfused 
through the explants to maintain viability. The 
human enteric coronaviruses- although their 
existence is still in dispute - may replicate in 
primary human fetal intestinal organ cultures 
containing trypsin. Once the tissue culture is 
inoculated with a suspected virus specimen, 
the presence of virus may be detected by 
cessation of ciliary movement (in lung and 
intestine) or by specific tests for the viral 
products accumulated in the medium (Caul 
and Clarke 1975; Caul and Egglestone 1977; 
Mclntosh et al 1967; Tyrrell and Blamire 1967). 

Microcultures 
Early attempts to reduce the size of cell cul- 
tures and to manipulate cultures into 4-, 6-, 8- 
and 96-well formats were met with severe 
problems of external contamination, cross- 
contamination between wells, overoxygena- 
tion, and toxic plastics. All of these problems 
have now been overcome. Today, microcul- 
tures of most cell types are commonplace in 
the 4- to 8-well format in plastic plates with 
sealable lids (or snug lids for CO2 incubators) 
for plaque assays. Microculture plates in the 
96-well microtiter plate configuration, but with 
flat well bottoms, made of nontoxic plastic, 
and sterilized without toxic residues, are also 
a standard laboratory item today. Microcul- 
tures are especially useful for large volume 
neutralization tests, tissue culture EIA tests, 
monoclonal antibody testing, and most 
screening assays requiring cell cultures 

(Anderson et al 1985; Hierholzer and Bingham 
1978; Hierholzer et a11990, 1993; Schmidt and 
Emmons 1989). Macrocultures in standard 
glass tubes, however, are still preferred for 
primary virus isolation because of the ease of 
setting up stationary or roller cultures in ordin- 
ary incubators, of reading the monolayers for 
CPE, and of obtaining sufficient volume of 
virus culture to use in identification tests and 
for subpassaging and storage. 

Shell vial cultures 
These cultures utilize the Leighton tube con- 
cept, in which the cell monolayer is estab- 
lished on one side of a glass coverslip inside 
a glass tube. The tube is then inoculated as 
usual and is subjected to a low-speed centri- 
fugation, which apparently distorts the cell 
surface and renders it more susceptible to 
viral attachment. After just 1-3 days of incuba- 
tion, regardless of the presence of any CPE, 
the coverslip is brought out, washed briefly, 
and tested by IFA or immunoperoxidase tests 
for suspected viruses. Shell vials have been 
particularly useful as a rapid culture test for 
adenoviruses, myxoviruses, herpes simplex, 
and cytomegalovirus, to name a few (Espy et 
al 1987; Gleaves et a11985; Leland and French 
1988; Matthey et al 1992). 

Other specialized systems 
Suspension cultures of human peripheral 
blood lymphocytes are sensitive to the 
Epstein-Barr herpes virus, where it is 
detected by a transformation assay, and, 
under cocultivation procedures, to the HTLV 
and HIV retroviruses; these highly specialized 
techniques are described elsewhere (Fields et 
al 1990; Leland and French 1988; Schmidt and 
Emmons 1989; Warfield and Feorino 1992). 
Immortalized human microvascular endothe- 
lial cell cultures derived from foreskin are sen- 
sitive to a wide variety of viruses under special 
culture conditions, and potential for use as a 
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model to study the biology of these important 
cells (Ades et al 1992). 

Extracellular matrix systems have recently 
been introduced for the three-dimensional 
growth of cells, as opposed to monolayer cul- 
tures. The Matrigel Invasion Chamber (Colla- 
borative Biomedical Products, Bedford, MA), 
for instance, can support the growth of many 
fastidious cell types, and is currently being 
explored for its use in viral culture and altera- 

tions in cell physiology following viral infection 
(Bissell et al 1990; Thompson et al 1991). 
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Virus isolation and 
quantitation 

J. C. Hierholzer 
R. A. Killington 

This chapter outlines the two most commonly 
used methods of virus isolation, namely tis- 
sue cultures and embryonated eggs. We have 
chosen to present the first section by describ- 
ing the methodology involved for the pre- 
dominant virus groups, which cover the 

majority of viruses encountered in the clinical 
situation. Virus isolation is a prelude to the 
diagnostic methodology described in a later 
chapter. We also describe selected methods 
of virus assay and the calculation of virus 
titers. 
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Primary isolation of viruses 
For clinical samples, the type of specimen and 
the manner of collection are dependent on the 
laboratory methods anticipated (see Chapter 
15). ideally specimens should be collected 
within two days of onset of symptoms, 
because most viruses are shed only in the 
initial stages of illness. (Exceptions are adeno- 
virus types 8, 19, and 37 in keratoconjunctivitis 
in which the virus is shed from the eye for 14 
days; mumps virus, which is shed from the 
parotid gland and saliva for up to 12 days; 
and various adenoviruses and picornaviruses 
which are shed in the stool for weeks or 
months after onset, particularly in children). 
Nasal swabs are the easiest specimens to 
collect for respiratory viruses and are also the 
best specimens (i.e., they contain the most 
virus) for the majority of the respiratory 
viruses described here. For nasal swabs, uro- 
genital calginate swabs are inserted into the 
nasal passages, gently rotated to absorb 
mucus and cells, and then vigorously twirled 
into 2 ml of transport medium (such as tryp- 
tose phosphate broth with 0.5% gelatin, veal 
heart infusion broth, or trypticase soy broth), 
preferably without antibiotics. Throat swabs 
can be obtained with cotton-tipped wooden 
applicator sticks that are rubbed against the 
posterior nasopharynx and then placed in the 
transport medium. The stick can easily be 
broken off to leave the cotton tip in the med- 
ium. Nasopharyngeal aspirates are collected 
with a neonatal mucus extractor and mucus 
trap to which transport medium is added. 
Swabs or scrapings of vesicular lesions are 
likewise carefully obtained and placed in trans- 
port medium. Urine and stool specimens are 
collected as for any pathogen. For more un- 
usual viruses, the preferred specimen may be 
a lesion scraping, cerebrospinal fluid, biopsy 
or autopsy specimens, or serum or blood cells. 
Which specimen to collect is often determined 
by the sites exhibiting clinical symptoms (see 
Chapter 15). 

Specimens should be placed on wet ice and 
transported to the laboratory for immediate 

testing. This is particularly critical for speci- 
mens for fluorescent antibody tests, because 
the epithelial cells must remain intact for a 
reliable test result. If testing is not possible 
within 5 days after collection, the specimens 
should be frozen on dry ice and stored at 
-70~ until processed, although this may 
decrease the amount of viable virus. 

When processing for viral isolation, the spe- 
cimens are treated with antibiotics, vigorously 
mixed, clarified at 1000 g for 3 min at 4~ to 
remove cell debris and bacteria, and inocu- 
lated onto appropriate cell culture monolayers 
in glass tubes. The cultures should include a 
continuous human epithelial line (e.g., HEp2, 
A549, HeLa), a human embryonic lung diploid 
fibroblast cell strain (e.g., HLF, HELF, MRC5, 
Wl38), human lung mucoepidermoid cells 
(NCI-H292) to replace MK cells for most appli- 
cations (Castells et al 1990; Hierholzer et al 
1993b), and human rhabdomyosarcoma cells 
(RD) for the broadest coverage of viruses 
within practical limitations (Hierholzer 1993; 
Hierholzer and Hatch 1985; Matthey et al 
1992; Meguro et al 1979; Smith et al 1986; 
Woods and Young 1988). The Epstein-Barr 
virus (EBV)-transformed marmoset cell line is 
particularly useful for isolation of measles 
virus. The inoculum (0.5 ml tube -1) is 
adsorbed to the cell monolayers (whose 
growth medium has been decanted) for 1 h 
at ambient temperature, and the cultures are 
then fed with maintenance medium and incu- 
bated at 35-36~ for several weeks, with sub- 
passaging as required. 

Some cell types and certain viruses require 
roller cultures, while others do best with sta- 
tionary cultures during their incubation period. 
In general, all tube cultures of primary monkey 
kidney cells (MK, AGMK) and their derivative 
cell lines (Vero, BSC-1, LLC-MK2, etc.), all 
diploid fibroblast cell cultures, and NCI-H292 
cells should be rolled in roller drums or 
agitated on rocker platforms to remove toxic 
by-products from the cell surface and to 
replenish critical nutrients to the cells more 
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quickly. Cultures of HEK, HEp2, KB, A549, and 
HeLa do not need to be rolled except for 
measles virus isolation in HEK and RSV isola- 
tion in HEp2. 

Small variations in media composition and 
incubation temperature are also important for 
the successful isolation of certain viruses. For 
instance, some viruses require prior treatment 
with trypsin for successful cultivation, and 
some cells require the presence of trypsin in 
the maintenance medium for them to be sen- 
sitive to certain viruses. Cooler temperatures 
(33-35~ are required for certain, less- 
invasive viruses, such as coronaviruses, 
rhinoviruses, and those enteroviruses causing 
hemorrhagic conjunctivitis (Hierholzer 1976; 
Hierholzer and Hatch 1985; Lennette et al 
1995). These details are best found in current 
reference works concentrating on the virus 
families and their diagnostic tests (Fields et al 
1990; Hierholzer 1993; Lennette et al 1988, 
1995; Mandell et al 1990). One other caution 
is that any time primary monkey kidney cells 
are used, such as for influenza, measles or 
rubella, the laboratory worker must be acutely 
aware of the probable presence of simian 
adventitious agents which will confound the 
isolation and identification of human viruses 
(Arya 1975; Hsiung 1968, 1969; Hull 1968). 
Details of these and of the media required for 
different cells and viruses can be obtained 
elsewhere (Murray et al 1995; Rose et al 
1992; Lennette et al 1995). Viral growth is 
seen as CPE in the cell monolayer visible 
under light microscopy (see Chapter 1) or by 
other means (see page 33). 

Primary isolation of 
viruses in cell cultures 
Herpesvir idae 

As a Family, the herpesviruses are spread by 
aerosolized droplets, fomites, and direct con- 
tact, and cause a wide variety of ocular, oro- 
pharyngeal, genital and generalized diseases 
in man. Herpes simplex viruses types 1 and 2 
grow well in many cell types, notably primary 
rabbit kidney, HEK, HEp2, HeLa, A549, HLF 

and NCI-H292 cells; type 2, usually a genital 
isolate, grows more slowly than type 1. Roller 
cultures are not necessary. Cytomegalovirus 
(CMV), a notably labile virus, is the only herpes 
virus that is shed in great amounts in the urine, 
and replicates slowly in roller cultures of diploid 
fibroblast cells, producing giant cells in 12-30 
days. Varicella-zoster (VZV), the cause of 
chickenpox and shingles, also grows slowly in 
fibroblast cells on roller culture. 

EBV, associated with infectious mononu- 
cleosis, Burkitt's lymphoma and nasopharyn- 
geal carcinoma; human herpesvirus type 6 
(HHV-6), the cause of roseola infantum 
(exanthema subitum or fourth disease)in chil- 
dren; and HHV-7, the probable cause of some 
roseola cases, require special conditions and 
cells for successful cultivation in the labora- 
tory. In culture, EBV infects both B-lympho- 
cytes and epithelial cells with the CD21 
receptor (Fields et al 1990; Lennette et al 
1995), HHV-6 grows best in primary CD4 § T- 
lymphocytes rendered more susceptible by the 
presence of antibody to CD3 (Hall et al 1994; 
Inoue et al 1994; Pellett et al 1992), and HHV-7 
also replicates in CD4 + T-lymphocytes (Black 
and Pellett 1993; Black et al 1993; Tanaka et al 
1994; Yasukawa et al 1993). 

The herpes virus group is readily visualized 
by electron microscopy (EM), with the cubic 
icosahedral shape of the capsid being promi- 
nent (Palmer and Martin, 1988). The viruses are 
commonly speciated by indirect fluorescent 
antibody (IFA), enzyme immunoassay (EIA), 
DNA probes, and polymerase chain reaction 
(PCR) (Fields et al 1990; Hall et al 1994; Inoue 
et a11994; Hierholzer 1991; Lennette et a11988, 
1995; Mandell et al 1990; Pellett et al 1992). 

Adenovir idae 

Adenoviruses are another group of viruses 
associated with diverse clinical syndromes. 
They are spread by droplets, fomites and the 
fecal-oral route; some serotypes are also 
spread venereally. Most serotypes replicate 
readily in HEK, HEp2, A549 and NC1-H292 
cells, with or without rolling. Types 40 and 
41, associated with infantile gastroenteritis 
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grow best in an Ad5-transformed HEK line 
(Graham-293 cells) or in HEp2 under a forti- 
fied Opti-MEM medium (Gibco BRL) contain- 
ing low serum (0.4% fetal calf serum) and 
0.1% 2-mercaptoethanol. The adenoviruses 
are among the easiest viruses to identify 
because they are unique in producing prodi- 
gious quantities of soluble antigens as they 
grow in cell culture, and these antigens pos- 
sess many type- and group-specific properties 
that lend themselves to a wide variety of diag- 
nostic tests. Adenoviruses are differentiated 
from other viruses which may grow in the 
same cells and with similar cytopathic effects 
(CPE) by EM, complement fixation (CF), latex 
agglutination (LA), IFA, EIA, time-resolved 
fluoroimmunoassays (TR-FIA), DNA probes, 
restriction enzymes, PCR with suitable pri- 
mers and cytological and inclusion-body stain- 
ing methods; they are then serotyped by 
hemagglutination (HA)/hemagglutination-inhi- 
bition (HI) and neutralization (SN) tests 
(Adrian et al 1986; Hierholzer 1991,1993; Hier- 
holzer et al 1990; Lennette et al 1988, 1995; 
Murray et al 1995). 

Papovaviridae 
The papovaviruses consist of two genera, but 
only members of one can be isolated in cell 
culture. Polyoma BK virus can be recovered in 
HEK, NCI-H292, and diploid fibroblast cells, 
and the polyoma JC virus replicates in pri- 
mary human fetal glial cells, but both viruses 
may be missed because their CPE develops 
slowly and is vague. BK virus is identified by 
HA/HI tests at 4~ with human 'O' erythrocytes 
and specific antiserum; BK and JC virus are 
identified by EIA, SN, and probes. The papillo- 
maviruses, forming the other genus, cannot be 
propagated in cell culture or identified serolo- 
gically, so are only identified in biopsied tis- 
sues by various DNA hybridization techniques 
(Fields et al 1990; Lennette et al 1988, 1995). 

Poxviridae 
Vaccinia virus and certain other pox viruses 
can be isolated in MK, Vero, NCI-H292, and 

diploid fibroblast cells, and identified by the 
type of plaques formed and by EM, HI, EIA 
and various DNA tests (Murray et al 1995; 
Ropp et al 1995). 

Reoviridae 
Reovirus 1, 2 and 3 are frequently isolated 
from throat and rectal specimens in NCI- 
H292, MK and HeLa cells under stationary 
or roller conditions after 5-14 days of cul- 
ture, but they have never been clearly asso- 
ciated with human disease. They are easily 
visualized by EM and serotyped by HA/HI 
tests with human 'O' erythrocytes and anti- 
sera and by SN tests. 

Paramyxoviridae 
The Family Paramyxoviridae comprises the 
genera Paramyxovirus (parainfluenza virus 
types 1, 2, 3, 4A, 4B and mumps virus), Mor- 
billivirus (measles virus or rubeola), and Pneu- 
movirus (respiratory syncytial virus [RSV]). The 
parainfluenza and mumps viruses replicate 
well in roller cultures of NCI-H292 cells under 
a fortified medium containing trypsin for opti- 
mal sensitivity, and in MK cells without trypsin 
(Castells et al 1990; Meguro et al 1979). The 
CPE induced by these viruses may develop in 
4-7 days but the cultures must generally be 
blind-passaged and held an additional week to 
ensure viral growth. The ceils rarely become 
detached, and may not show obvious CPE at 
all, so that NCI-H292 or MK cultures for these 
viruses must be hemadsorbed with guinea pig, 
human, or monkey erythrocytes at the end of 
the culture period, and the viruses then typed 
by HI, IFA, EIA, or TR-FIA tests (Hierholzer et al 
1993a; Lennette et al 1995). 

Measles virus is most easily isolated using 
the marmoset cell line, B95/8 (Bellini and Rota 
1995). The virus also causes CPE in primary 
African green monkey kidney (AGMK), Vero 
and HEK cells after 7-14 days of roller cul- 
ture. But because the CPE usually develops 
slowly and may not be recognized, the mono- 
layers should be hemadsorbed with vervet 
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monkey erythrocytes to ensure detection of 
the virus. The virus is then further identified 
by HI tests with vervet erythrocytes, IFA, EIA 
and SN tests, or by probe or PCR tests (Fields 
et al 1990; Hummel et al 1992; Lennette et al 
1995; Mandell et al 1990; Murray et al 1995). 

RSV produces distinct syncytia in HEp2, 
HeLa and NCI-H292 cells in 5-12 days in 
roller cultures. Group A and B strains of RSV 
are readily identified by IFA, EIA and TR-FIA 
tests (Anderson et al 1985; Hierholzer et al 
1990, 1994b; Lennette et at 1995; Murray et 
al 1995). 

Orthomyxovir idae 

Influenza A, B and C viruses are spread by 
aerosol droplets and fomites and are best 
recovered in roller cultures of MK and MDCK 
cells and in embryonated eggs. Chick embryo, 
MDCK and other cells require a fortified med- 
ium containing trypsin for optimal sensitivity 
(Frank et al 1979, Klenk et al 1975; Lazarowitz 
and Choppin 1975; Meguro et al 1979). The 
viruses are detected in MK cells by hemad- 
sorption and in MDCK cells by HA, and are 
then identified by IFA, EIA, HI or SN tests 
(Grandien et al 1985; Lennette et al 1988, 
1995; Mandell et al 1990; Murray et al 1995). 

Picornavir idae 

This very large Family includes the genus 
Enterovirus (polio virus 1, 2, 3; 23 Coxsackie 
A viruses; 6 Coxsackie B viruses; 31 echo- 
viruses; and 5 more recent enteroviruses), 
and the genus Rhinovirus (125 serotypes). 
The enteroviruses are spread by aerosolized 
droplets, fomites and the fecal-oral route, 
whereas the rhinoviruses are spread by aero- 
sols and fomites only (Dick et al 1987; Mandell 
et a11990). These viruses produce CPE in NCI- 
H292, MK, RD, trypsin-treated MA-104 and 
diploid fibroblast cells, preferably in roller cul- 
tures, although some Coxsackie A viruses 
grow only in suckling mouse brain. Entero- 
viruses are distinguished from rhinoviruses by 

acid- and chloroform-lability tests in which 
both genera are chloroform-stable but only 
enteroviruses are acid-stable; the viruses are 
identifiable to serotype only by type-specific 
SN tests (Agbalika et al 1984; Hierholzer and 
Hatch 1985; Hyypia and Stanway 1993; 
Lennette et al 1995; Murray et al 1995). 

Viruses difficult to isolate 

Togaviridae, Flaviviridae, Rhabdoviridae, Filo- 
viridae, Bunyaviridae and Arenaviridae families 
contain the formerly-known arboviruses, so 
named because they are spread by insect 
and/or rodent vectors, plus many rare and 
unusual viruses that cause disease in geogra- 
phically distinct parts of the world. These 
viruses are numerous and have too many spe- 
cialized isolation requirements to enumerate 
here. Certain arboviruses can be isolated in 
primary cells or derivative cell lines like BHK- 
21, Vero and LLC-MK2, after 2-10 days of 
culture. The CPE may be difficult to detect, 
particularly in mosquito suspension cultures 
(see Chapter 1). Many arboviruses can only 
be recovered in whole animal systems such 
as embryonated chicken eggs, suckling mice 
or hamsters, or mosquitoes. Fortunately, most 
diagnostic laboratories will not encounter 
these viruses, either because of their rarity in 
most parts of the world or their requirement for 
Biosafety Level 3 or 4 containment facilities. 
Other works detail the isolation requirements 
and systems, the specific identification tests 
and the laboratory precautions for these 
viruses (Fields et al 1990; Lennette et al 
1988, 1995). 

Of particular interest is the isolation in deer 
mice of the causative agent of the newly- 
described Hantavirus Pulmonary Syndrome. 
The virus, named Sin Nombre virus, is a mem- 
ber of the Bunyaviridae and can be propagated 
in the Vero-E6 cell line after growth in deer 
mouse lungs (Elliott et al 1994). 

The gastroenteritis viruses also belong to 
diverse virus families and have unique require- 
ments for culture. Rotaviruses, after treatment 
with trypsin, will replicate in BSC-1, MA104 and 
primary AGMK cells under roller conditions 
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(Babiuk et al 1977). Caliciviruses and astro- 
viruses may replicate in primary HEK or LLC- 
MK2 cells under a fortified medium with trypsin 
(Sanchez-Fauquier et al 1994). The human 
enteric coronaviruses and toroviruses cannot 
be isolated in the laboratory (Koopmans and 
Horzinek, 1994; Lennette et al 1988, 1995), 
and the enteric adenoviruses were discussed 
above. 

The human parvovirus B19 causes fifth dis- 
ease (erythema infectiosum) and is easily 
spread by aerosolized droplets and fomites in 
schools, and vertically to the fetus during the 
first trimester of pregnancy. The virus has been 
reported to grow in specialized erythropoietic 
stem cell cultures, but will not be recovered in 
standard culture systems. Thus, B19 infection 
is documented by EIA testing of the patient's 
acute-phase serum sample, where both virus 
and antibodies are sought; EM, Western blots, 
DNA hybridization probes and PCR have also 
been used extensively (Anderson 1987; Duri- 
gon et al 1993; Fields et al 1990; Mandell et al 
1990; Murray et al 1995). 

The human coronaviruses cause a signifi- 
cant proportion of 'common colds' and are 
spread by droplets, but are best identified 
directly in nasal and throat specimens by IFA, 
EIA and TR-FIA because the viruses are ex- 
tremely labile and difficult to recover in the 
laboratory. The peplomers constitute the pri- 
mary antigen detected in all tests, including 

the HI test for strain OC43 (Hierholzer et al 
1994a; Lennette et al 1988, 1995; Schmidt et 
al 1979). 

The HIV and HTLV viruses (family Retroviri- 
dae) also require specialized systems for iso- 
lation and identification, and will not be 
recovered by standard culture methods (Lenn- 
ette et al 1995; Warfield and Feorino 1992). 

The interpretation of any cell culture isola- 
tion result or of any test used to identify the 
isolate is dependent on the methods used. An 
isolate's association with human disease is 
dependent on the patient data obtained with 
the specimen and on the known epidemiology 
of the virus. All of these interpretive elements 
are reviewed elsewhere (Fields et al 1990; 
Hierholzer 1993; Lennette et al 1988, 1995; 
Mandell et al 1990; Murray et al 1995; Rose 
et al 1992). 

Primary isolation of 
viruses in embryonated 
eggs 
In most cases the advent of tissue culture 
techniques has superseded the need to iso- 
late viruses in embryonated hen eggs. How- 
ever, for some viruses, e.g., influenza and 
avian species, the embryonated egg is still 

Figure 2.1. The embryonated egg 
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2. Eggs are disinfected with alcohol and 
marked on the shell in preparation for 
the drilling of holes, care being taken 
to avoid areas rich in blood vessels. 

3. The virus is injected via the 
appropriate route, and the hole is 
covered with tape, glue or wax. 

4. Contaminated eggs (which appear 
24 h post inoculation) are discarded 
- such eggs can often be detected 
by their smell! 

5. Eggs are chilled and harvested 2-5 
days post infection 

often used for virus isolation. As will be deter- 
mined later, the embryonated egg is also used 
for infectivity (pock) assays. The embryonated 
egg provides an ideal 'receptacle' in which to 
grow viruses, as it is sterile and has a range of 
tissue types and cavity fluids which both sup- 
port the replication and allow the concentra- 
tion of infectious virus. The anatomy of the egg 
is shown in Fig. 2.1. 

Fertile hens' eggs are acquired from a 
suitable hatchery and incubated at 37~ 
in an atmosphere of about 62% humidity 
with a forced (usually fan driven) air 
circulation. This prevents drying out of 
the egg and allows for good air exchange 
in the developing embryo. More 
elaborate incubators also have a 
mechanism for gently rocking the egg at 
frequent time intervals. The embryo and 
developing membranes and cavities go 
through a variety of anatomical changes 
up to hatching. Particular sites of 
injection are therefore optimal at various 
times in the development of the embryo, 
e.g., infectious bronchitis virus is 
propagated in the yolk sac of a 5-6 day 
old embryo, whereas Newcastle Disease 
and Influenza viruses are inoculated into 
the chorioallantoic sac of a 9-11 day 
embryo. 

The procedure of egg inoculation can 
be divided up into a series of steps. 

1. Eggs are 'candled' to check for 
viability and to determine the 
positions of the embryo, membranes 
and blood vessels. Dead eggs will 
have little or no vasculature and have 
a characteristic translucent 
appearance. Darkly stained eggs are 
usually heavily contaminated. 
Candling is carried out in a darkened 
room using a light box which has one 
small egg-shaped hole surrounded 
by a piece of foam on which the egg 
is placed. Rotating the egg 
immediately reveals its anatomical 
make-up. 

Procedure 

Air sac 

We have chosen to describe the 
procedure for chorioallantoic sac 
inoculation, a common method of 
isolating influenza virus. Inoculation onto 
the chorioallantoic membrane for pock 
formation is described on page 40. In 
addition, Fig. 2.2 shows diagrammatically 

Primary isolation of viruses 

Yolk sac 

(A) Yolk sac route 

cavity 

(B) Amniotic route 

Figure 2.2. Yolk sac and amniotic routes of inocu- 
lation. 
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the mutes for amniotic and yolk sac 
inoculations 

1. Candle 9-11 day old eggs to 
determine viability and sterilize with 
alcohol. Place the egg pointed end 
down and drill a small groove in the 
blunt end of the egg. 

2. Mark, with a pencil, an area towards 
the pointed end of the egg above the 
embryo and free of blood vessels. 
Carefully drill a groove in the shell, 
without damaging the chorioallantoic 
membrane, at the point of the mark. 

3. Inject 0.1 ml virus suspension using a 
tuberculin syringe fitted with a 26G-J 
needle into the chorioallantoic sac 
through the groove created in step 2 
above. 

4. Seal both grooves with adhesive tape. 
5. incubate the egg with the blunt end 

uppermost in a humidified incubator 
at 33~ 

6. Collect fluids 2-4 days after 
inoculation. 

7. Place the eggs at 4~ overnight in 
order to kill the embryo. 

8. With the blunt end uppermost, insert 
scissors into the groove and cut 
away the area of shell above the air 
sac taking care not to puncture 
membranes. 

9. This reveals the secondary shell 
membrane which should be carefully 
removed with forceps. 

10. Gently lift the chorioallantoic 
membrane to the top of the egg 
and introduce a pasteur pipette 
into the sac by piercing the 
membrane. Remove the allantoic 
fluid, taking care not to puncture 
the yolk sac. 

11. The fluid should be clear. If the fluid 
contains erythrocytes centrifuge at 
500 g for 10 min and collect the 
supernatant. 

12. The fluid can be assayed using the 
haemagglutination test (see page 41). 
Store at -70~ 
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Detection of viruses in cell 
cultures in the absence of 
CPE 
Hemadsorption tests 
Hemadsorption is a fast and convenient 
method of detecting orthomyxoviruses (influ- 
enza A, B, C) and non RSV paramyxoviruses 
(parainfluenza 1, 2, 3, 4A, 4B; mumps; 
measles) in cell cultures in which the CPE 
can vary from obvious to minimal. It is even 
used in the presence of CPE to obtain a quick 
delineation from other virus groups which may 
cause similar CPE in the same types of cul- 
tures. The method conserves the virus and 
viral antigens, because the supernatant fluid 
is decanted from the cell culture into a sterile 
tube at the end of the incubation period (7-10 
days); the monolayer is washed twice with 2-3 
ml of plain Hanks Balanced Salt Solution 
(HBSS) at room temperature; 1 ml of fresh 
HBSS followed by 0.2 ml of 0.4% mammalian 
erythrocyte suspension from the appropriate 
species is added to the monolayer; the tube 
is incubated stationary with the fluid covering 
the monolayer; and the test is read 3 times at 
20-min intervals by agitating the tube in a 
sideways motion and then observing the 
monolayer at 40-100x magnification to see if 
the erythrocytes are firmly attached to the 
cultured cells or are floating free in the fluid 
(see Fig. 15.4). The hemadsorbed monolayer 
should be regarded as contaminated at this 
point because the erythrocyte suspension 
would more than likely not be sterile; subpas- 
saging and virus-specific identification tests 
should be carried out with the decanted and 
saved supernatant fluid. 

Viral interference tests 
Rubella virus was originally detected only by 
its ability to prevent another virus from infect- 
ing the same cells it was replicating in. Current 
diagnostic testing for rubella may employ spe- 
cialized cultures in which CPE may become 
evident; rubella can, under certain culture con- 
ditions, cause a vague and variable CPE in 
rabbit cornea, rabbit kidney and Vero cells. 
Most commonly, however, rubella specimens 
are inoculated onto Vero, BHK-21, or primary 
vervet monkey kidney cell cultures for recovery 
of the virus, under roller conditions for 4-10 
days. Virus is detected by the viral interfer- 
ence test, in which a known quantity of 
another virus (such as echovirus-11 or cox- 
sackievirus-A9, both enteroviruses)is added 
to the culture fluid at the end of the culture 
period allowed for rubella, and the culture is 
then reincubated for 3 days and observed for 
enterovirus CPE. The challenge virus is cho- 
sen and standardized to give 3+ CPE in 3 
days in that particular cell line. In the test, 
cultures containing rubella are refractory to 
the enterovirus infection while control cul- 
tures (not containing rubella) are sensitive 
and exhibit the expected degree of CPE 
within 3 days. 

Cellular toxicity by viral 
autolysis 
The human respiratory coronaviruses growing 
in diploid fibroblast cells (229E virus) or in RD 
cells (OC43 virus) do not cause any visible 
CPE during their replication phases. Only 
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when viral replication is complete and the virus 
titer has peaked (at about 107 Tissue Culture 
Infective Doses (TCIDso) per 0.1 ml), after 26- 
30 hours of roller incubation, do changes begin 
to be evident in the monolayer. For the next 
several days, CPE is seen as a degeneration 
evenly across the monolayer. The CPE 
increases to 4+ concomitant with autolysis of 
the newly-formed virions; by the time complete 
CPE is achieved, there is very little infectious 
virus left in the culture (Hierholzer, 1976; 
Schmidt et al., 1979). 

Standard tests for viral 
antigens and nucleic 
acids 
Arboviruses replicating in mosquito suspen- 
sion cell cultures at 20-30~ may be detected 
by subpassaging to monolayer cultures in 
which CPE may be evident or by HA/HI, EIA, 
complement-fixation, or nucleic acid tests for 
the specific viruses suspected. Hepatitis A 
virus replicates in primary rhesus MK cultures 
in i -4  weeks but is non-cytolytic; it is detected 
by EIA or hybridization tests. The standard 
tests for viral antigens and viral RNA or DNA, 
such as these, can of course be applied to any 
culture of any suspected virus, regardless of the 
type and degree of CPE observed. CPE by itself 
should never be considered pathognomonic. 
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Quantitation of virus 
For most virology experiments it is essential to 
know the concentration of the total or infec- 
tious virus particles present in any given virus 
suspension. Such quantitation forms the basis 
for example of determining one-step growth 
curves, examining the neutralization of virus 
infectivity, assessing the activity of chemother- 
apeutic agents, monitoring the stages of virus 
purification, and assessing virus pathogenicity. 
Animal viruses are quantified by either an 
infectivity assay (e.g., TCID50, Egg Infective 
Dose50 (EID50), Lethal Dose50 (LD50), pock 
assay), other biological/chemical assays (e.g., 
haemadsorption, haemagglutination, total pro- 
tein), or by direct total virus particle counting 
using the electron microscope. Most virolo- 
gists however, would consider the plaque 
assay to be the easiest, most accurate and 
sensitive form of assaying virus infectivity. 
The plaquing efficiency of some viruses how- 
ever is often poor and hence other methods 
are needed (e.g., haemagglutination by influ- 
enza). 

Those readers who teach virology at a prac- 
tical level may find the comparative titration 
methods of e.g., herpes simplex virus, a use- 
ful class experiment. This virus can be titrated 
by plaque, pock, TCID50, LD50 and total par- 
ticle counting methods, thus allowing the 
accuracy, sensitivity and practicality of each 
method to be demonstrated. 

This section of the chapter highlights the 
essential features of these methods drawing 
upon specific virus assays as examples. The 
reader should be aware however, that this 
book is not a manual for all viruses but serves 
to outline the basic techniques. Specific 
details for individual viruses can be obtained 
from the published literature. 

Infectivity assays 
Probably the most important attribute of a 
virus is its ability to infect and replicate within 

a cell. The virus replicative cycle is accompa- 
nied by a number of biochemical and morpho- 
logical changes within the cell which usually 
culminates with cell death. These morphologi- 
cal changes, which are often readily visualized 
with the naked eye, but may require light 
microscopy are, as stated earlier, referred to 
as the virus cytopathic effect (CPE) and may 
take several forms e.g., cell rounding, cell 
fusion (syncytia formation) or total cell lysis. 
A few viruses (e.g., selected Retroviruses) do 
not kill infected cells or cause cytopathic effect 
but instead transform the cells into rapidly 
growing foci, capable in many cases of form- 
ing tumors in animals. Such foci of infection 
can be observed in infected monolayers in a 
similar way to the detection of virus CPE. 

Infectivity assays, like other forms of assay, 
are designed so as to allow the calculation of a 
virus 'titer' (the number of infectious units per 
unit volume, e.g., plaque forming units per 
milliliter). Infectious units are usually thought 
of as being the smallest amount of virus that 
will produce a detectable biological effect in 
the assay, e.g., a plaque forming unit, a pock 
forming unit). Infectivity assays are of either 
the quantal or focal type. Quantal assays 
detect the presence of infectious virus by use 
of an 'all or none' approach. Does a tissue 
culture monolayer show CPE? Is an egg 
infected? Has an animal died? Focal assays 
rely on the detection and counting of foci of 
infection, e.g. a focus of CPE (plaque) or a 
focus of inflammatory response (pock) which 
allows for the quantitative determination of the 
number of infectious units as opposed to the 
qualitative approach of the quantal assay. 

Virus dilution 

Virus titers are determined by making accurate 
serial dilutions of virus suspensions, the dilu- 
ent usually being either tissue culture mainte- 
nance or growth medium. Such serial dilutions 
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are usually done using factors of 2, 5 or 10, the 
former obviously giving a more precise titer. 
For routine use 10-fold dilutions are usually 
carried out. 

When setting up such a dilution series con- 
sideration should be given to the final volume 
of diluent needed for the assay and thus ali- 
quots of 0.9, 4.5, 9.0 ml are usually made in a 
series of sterile tubes or bottles. In order to 
conserve virus stocks it is usual for the first 
(lowest) dilution in the series to be achieved by 
the use of 0.1 ml stock suspension. With sub- 
sequent dilutions it is very important to use a 
new sterile pipette for each transfer and to 
thoroughly mix each virus dilution before 
further transfer. Use of the same pipette will 
transfer millions of virus particles along the 
series, resulting in a very large dilution error. 
Once diluted, virus should be assayed as soon 
as possible although, if necessary, some 
viruses will withstand storing at 4~ for a few 
hours before assay. The use of such a storage 
procedure should obviously be checked to 
determine if it is suitable for the virus under 
assay. 

TCID  
The TCID5o is defined as that dilution of a virus 
required to infect 50% of a given batch of 
inoculated cell cultures. The assay relies on 
the presence and detection of cytocidal virus 
particles (i.e., those capable of causing CPE). 

Host cells are grown in confluent healthy 
monolayers, usually in tubes or 96-well tissue 
culture grade plastic plates, to which aliquots 
of virus dilutions are added. The method 
becomes more accurate with increasing num- 
bers of tubes or wells per dilution, but it is 
usual to use either 5 or 10 repetitions per 
dilution. 

On incubation the virus replicates and pro- 
geny virions are released into the supernatant, 
these infecting healthy cells in the monolayer. 
The CPE is allowed to develop over a period of 
days (depending on the virus and cell type) at 
which time the cell monolayers are observed 
microscopically (they can be fixed and stained 

if necessary). Tubes are scored for the pre- 
sence or absence of CPE. 

It is thus a quantal assay in that each tube 
provides only one piece of information, i.e., is 
there CPE or not? The data is used to calculate 
the TCIDso of the initial virus suspension by 
one of two ways - the Reed-Muench and the 
Spearman-K&rber methods (see below). The 
calculation does not tell us how many infec- 
tious units are present in the original virus 
suspension but what dilution of virus will give 
CPE in 50% of the cells inoculated. 

Procedure 

1. Seed tissue culture tubes/wells at a 
density of cells which will be confluent 
on the day of virus assay. 

2. Make serial dilutions of virus 
suspension in appropriate diluent. 

3. Remove tissue culture growth medium 
from healthy confluent monolayer and 
replace with appropriate dilution of 
virus. This would usually be 1 ml of 
virus dilution in a tissue culture tube 
and 0.1 ml in the well of a 96-well 
plate. Set up at least 5 tubes/wells per 
virus dilution. 

4. Also include at least 5 control tubes/ 
wells which contain diluent alone, i.e. 
no virus. 

5. incubate at appropriate temperature in 
either a closed or open incubator 
system and monitor the development 
of CPE. Record CPE after a 
designated time, having observed the 
cell control tubes/wells first. 

6. CPE is usually graded on a 0 -4  
system; 0 (no CPE) 1 (less than 50% 
of cells showing CPE) 2 (about 50% of 
cells showing CPE) 3 (about 75% of 
cells showing CPE) 4 (the monolayer is 
totally destroyed or shows 100% 
CPE). 

7. Calculate the TCIDso counting all the 
tubes/wells with 1-4 CPE as being 
positive. 
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Table 2.1. Data used to calculate TCID5o using Reed-Muench or Spearman-K&rber method 

Log of virus Infected test Cumulative Cumulative Ratio of Percent 
dilution units infected (A) non-infected A/(A + B) infected 

(B) 

-5 5/5 9 
-6  3/5 4 
-7 1/5 1 
- 8  O/5 0 

Calculation of TCID5o 
The data shown in Table 2.1 will be used to 
demonstrate the calculation by either the 
Reed-Muench or Spearman-K&rber methods. 

Reed-Muench method (Burleson et al 
1992, Reed and Muench 1938) 

The dilution in Table 2.1 that corresponds 
to the 50% end point obviously lies 
somewhere between the 10 -6 (66.7% 
infected) and 10 -7 (14.3% infected) 
dilutions. The proportionate distance 
between these two dilutions is calculated 
in the following manner: 

(% positive above 50%) - 50% 
(% positive above 50%) - (% positive 

below 50%) 
= Proportionate distance 

66.7% - 50% 
i.e., = 0.3 

66.7% - 14.3% 

Given that the log of the dilution above 
50% is -6 ,  the proportionate distance is 
0.3 and the log of the dilution factor is - 1 
(i.e., serial 10 fold dilutions were used) 
the 50% end point is now calculated in 
the following way: 

(log dilution above 50%) + (proportionate 
distance x log dilution factor) = log IDso 

(-6) + (0.3 x -1 .0 )=  -6 .3  

Therefore ID5o = 10 -6.3 

This is the end point dilution, i.e., the 

0 9/9 100.0 
2 4/6 66.7 
6 1/7 14.3 

11 0/11 00.0 

dilution that will infect 50% of the test 
units inoculated. 

The reciprocal of this number gives rise 
to the virus titer in terms of infectious 
doses per unit volume. If the inoculation 
of virus dilution was 0.1 ml the titer of the 
virus suspension would therefore be: 

106.3 TCIDso 0.1 ml- 
= 10 x 108.3 TCID ml- 
= 107.3 TCIDso ml-1 

Spearman K#rber method 
(Spearman, 1908; K~.rber, 1931) 

Again using the data from Table 2.1 the 
following formula is used to directly 
estimate the 50% end point: 
Highest dilution giving 100% CPE + �89 
total number of test units showing CPE 

number of test units per dilution 
= TCID5o 

- 5  + �89 - ~ = -6 .3  TCIDso 
or 10 -6.3 TClDso unit volume-1 

The titer, given a volume of 0.1 ml, is 
therefore: 

10 s3 TCID50 0.1 ml- 1 
= 10 x 10 s3 TCID ml-1 
= 107.3 TCID50 ml-1 

The principle involved in the TCIDso 
experiment is the same for either animal 
deaths (LDso) or infection of a developing 
fertile hen's egg (EIDso). 
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Plaque assay 

The plaque assay is an infectivity assay that 
quantifies the number of infectious units in a 
given virus suspension. Plaques are localized 
discrete foci of infection denoted by zones of 
cell lysis or CPE within a monolayer of other- 
wise healthy tissue culture cells. Each plaque 
originates from a single infectious virion thus 
allowing a very precise calculation of the virus 
titer. 

Plaque assays are essentially of two types, 
suspension assays and monolayer assays. In 
suspension assays a high concentration of 
healthy tissue culture cells, in a small volume, 
are shaken with a suitably diluted aliquot of 
virus to allow virus adsorption to take place; 
cells are seeded onto a tissue culture grade 
vented petri dish. The monolayer assay on the 
other hand requires a small volume of virus 
diluent to be added to a previously seeded 
confluent tissue culture cell monolayer for 
virus adsorption to take place. In both 
assays, prior to incubation, an overlay med- 
ium is added to the cell suspension or cell 
monolayer. Overlay media, composed of 
either agar/agarose or methylcellulose solu- 
tion prevent the formation of secondary 
plaques by forcing those virus particles 
released from the initial infected cell to invade 
adjacent cells as opposed to spreading to 
other areas of the cell monolayer. 

Following the addition of overlay medium 
the assay dishes are incubated at an appro- 
priate temperature until plaques are readily 
discernible. At this point petri plates or micro- 
plates are 'fixed' with formol saline solution 
and stained with crystal violet solution. 
Plaques are observed either macro- or micro- 
scopically. 

For statistical reasons 20-100 plaques per 
monolayer are ideal to count, although the 
actual number is often dependent on the size 
of the plaque and the size of the vessel used 
for the assay. 

The infectivity titer is expressed as the num- 
ber of plaque forming units per ml (pfu ml-1) 
and is obtained in the following way: 

plaque number x reciprocal of dilution x 
reciprocal of volume in ml 

e.g. if there is a mean number of 50 plaques 
from monolayers infected with 0ol ml of a 10 -6 
dilution there are: 

50 x 10 e x 1 0 = 5  x 108pfuml-1 

It is essential that the reader experiments to 
determine the most sensitive and suitable 
plaque assay for their own virus/cell system 
as the methods vary in relation to detail. 
Such details include: 

a) sensitivity of the cell to virus infection - 
plaquing efficiencies varying from cell to 
cell 

b) the time required for virus adsorption to 
cells 

c) the type of agar used in the overlay medium, 
i.e. some can be inhibitory for virus replica- 
tion 

d) the time of incubation, i.e. plaques must be 
visible but discrete 

e) the constituents of the medium in which the 
overlay is dissolved, i.e. some viruses 
require high Mg 2 + concentrations for 
plaque formation 

f) the ability of the virus to cause a detectable 
CPE in tissue culture 

g) the ability of the cells to form a confluent 
monolayer 

h) the need to add a protease (e.g. trypsin) to 
the overlay medium for plaque formation. 

Monolayer assay procedure 

This method, modified from Burleson et 
al 1992, is for the assay of EMC virus in 
BHK cells. 

1. Seed an appropriate number of 
tissue culture grade vented petri 
dishes with a sufficient concentration 
of tissue culture cells to reach 
confluence on the day of assay. 

2. On the day of assay observe the cell 
monolayers, which must be healthy 
and confluent. Thin monolayers are 
not suitable for assay purposes. 
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3. Prepare an overlay medium using 
Difco agar: 
Eagle's minimal essential medium 
(8.3 ml) 
FBS (1.7 ml) (Solution A) 
TPB (1.7 ml) 
Agar (30% in Hanks Basal Salt 
Solution and autoclaved) (5.0 ml) 
(Solution B) 
adjust pH with sterile NaHCO3 
solution 
a) melt the agar and maintain in the 

48~ water bath 
b) prepare solution A and 

equilibrate at 48~ in the water 
bath 

c) combine solutions A and B in a 
sterile bottle and adjust the pH 

d) keep in the water bath until 
needed 

e) do not use the overlay medium if 
it is 'clumpy' 

4. Prepare appropriate virus dilutions. 
5. Discard the medium from the 

previously seeded petri dishes. 
6. Carefully add 0.2 ml virus dilution to 

each of duplicate tissue culture 
monolayers and gently rock the dish 
to achieve an even distribution of 
virus. 

7. Allow the virus to adsorb for 30 min 
at 37~ in a CO2 incubator or 
atmosphere of CO2. The monolayers 
may be tilted after 15 min to avoid 
the cells drying up, although this step 
may not be necessary. 

8. Remove unadsorbed v i rus-  if many 
assays are to be done use a suction 
apparatus. Many virologists wash the 
monolayer at this stage with sterile 
PBS but others consider this step 
optional. 

9. During the last five minutes of virus 
adsorption remove the agar overlays 
from the water bath, thus permitting 
them to cool. Beware of solidification 
- trial and error will give experience 
of how long this takes. The agar 
should be warm but not 
uncomfortable to the touch. 
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10. Add 5 ml of appropriate overlay/plate 
and allow to solidify. Incubate at 
37~ for 48 h. 

11. Fix plates in formol saline (10%) for 
at least 60 rain. Plates can be left in 
this solution until they can be 
conveniently stained. 

12. Remove agar overlay using 
something similar to a 'bent pin' and 
stain the monolayer with crystal 
violet solution (10%) for 10 rain. 

13. Invert and drain the plates and count 
using, if necessary, a 
stereomicroscope. 

Suspension assay method 

The method outlined below was devised 
by Russell (1962) for herpes simplex virus 
assayed in BHK cells. 

1. Dilute virus to the appropriate dilution 
in Eagle's medium containing tryptose 
phosphate broth (10%) and calf serum 
(10%) (ETC). 

2. Remove 2 ml virus dilution to a fresh 
Universal or McCartney bottle to 
which are added a total of 8 x 106 
BHK cells. 

3. Shake the cell-virus suspension at 
37~ for 30 min. This is normally 
achieved by using a Luckhams Shaker 
or something similar. 

4. Following adsorption add 8 ml overlay 
medium (ETC containing 0.8% 
carboxymethyl cellulose solution) and 
thoroughly mix with the infected cell 
suspension. 

5. Remove 5 ml of the resulting 
suspension to each of two 60 mm 
vented tissue culture plastic petri 
plates and incubate in a CO2 
atmosphere at 37~ 

6. Plates may be observed 
microscopically after 1 day to observe 
the development of plaques. 

7. After 2 days incubation the medium is 
decanted into a disinfectant solution 
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and the cell sheet fixed in formol 
saline solution (10%). If time does not 
permit this, plates can be fixed with 
formol saline solution prior to 
decanting the overlay medium. 

8. Wash the celt sheet gently with water 
from a beaker and stain for 10 min 
with crystal violet solution (10%). 

9. Decant the stain into a beaker, invert 
the plates to dry them and count the 
plaques with the aid of a 
stereomicroscope. 

Pock assays 

As discussed earlier the fertile hen's egg is 
routinely used in virology for both virus 
growth and virus assay. It has also been used 
in the diagnostic laboratory for the typing of 
virus strains, often using the criterion of pock 
size or pock type. A pock is essentially an area 
of inflammatory response which results from 
the virus invasion of an epithelial cell on the 
chorioallantoic membrane (CAM) of a fertile 
hen's egg. Like the plaque assay the method 
is quantitative and each pock results from the 
infection caused by an infectious unit of virus 
(pock forming unit). The method is considered 
by some to be very messy and time consuming 
and recent animal licencing reforms have 
restricted the use of the fertile hen's egg (par- 
ticularly in the UK) to animal licence holders. 

As a result the egg is no longer used to the 
same degree as it was several years ago. 

The method requires the creation, in the egg, 
of a false air sac, onto which is inoculated an 
aliquot of diluted virus. Following incubation 
the membrane is observed and the pocks 
counted. Fig. 2.3 shows a diagram of the egg 
before and after the creation of the false air sac. 

The infectivity titer is obtained in the follow- 
ing way: 

pock number x reciprocal of dilution x 
reciprocal of volume in ml 

e.g. if there is a mean number of 50 pocks from 
eggs inoculated with 0.1 ml of a 10 -6 dilution 
there are: 

50 x 106x  10 = 5 x 108 pkfu m1-1 

Pock assay procedure 

The procedure outlined below is used 
routinely in our laboratory for 
demonstrations of the herpes simplex 
virus pock assay: 

1. Candle 9-11 day old embryonated 
hen eggs to determine viability 
(described earlier). 

2. Mark the air sac and an area for 
inoculation over the centre of the 
chorioallantoic membrane free from 
blood vessels. 

Figure 2.3. Creation of false air sac in embryonated egg. 
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3. Swab both areas of the egg with 
alcohol and drill a 3-4 mm groove in 
the shell at centre of the air sac and 
also over the CAM (position already 
marked). Avoid damage to the shell 
membrane. 

4. Using a sterile mounting needle 
puncture the shell membrane over 
the air sac. 

5. Place a small drop of sterile saline on 
the exposed shell membrane over 
the CAM. 

6. Place the tip of a mounting needle or 
hypodermic syringe, through the 
drop of saline, on the exposed shell 
membrane, vertically to the long axis 
of the egg, and press gently but 
firmly to split the fibres of the shell 
membrane. Avoid puncturing the 
CAM which lies directly beneath. 

7. Using a rubber teat apply suction to 
the air sac hole. The chorioallantoic 
membrane should detach and drop 
away from the shell membrane, the 
drop of saline acting as a 'wet wedge'. 

8. The contents of the egg become 
transposed and an artificial air sac 
forms beneath the hole over the 
CAM. Check this by candling. 

9. Using a 1 ml syringe filled with an 
appropriate virus dilution, inoculate 
the eggs (by inserting the needle into 
the artificial air sac through the hole 
over CAM to depth of about 4-5 mm) 
with 0.1 ml of virus suspension. 
Inoculate two eggs with each dilution 
of the virus. 

10. Rock the eggs gently to distribute 
the inoculum. 

11. Seal the holes in the shell with 
adhesive tape or wax. 

12. Incubate the eggs at 37~ for two 
days in a humidified environment 
with the false air sac uppermost. 

13. Chill eggs at 4~ ovemight prior to 
harvesting. 

14. Place each egg in a petri dish with 
the inoculated area uppermost. 

15. Cut the egg into two halves around 
the long axis using sterile scissors. 

Virus isolat ion and quant i ta t ion 
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16. The chorioallantoic membrane 
should remain in the top half of the 
shell and can be removed with 
forceps. Discard the rest of the egg 
contents. 

17. Place the harvested membrane in a 
fresh petri dish containing saline. 

18. Wash the membrane free of yolk, 
shell, etc., and transfer to a further 
petri dish containing 10% formol 
saline. 

19. Examine the membranes for 
presence of pocks. This is easier if 
they are placed over a black 
background. Count the pocks and 
calculate pock forming units per 
millilitre of original virus suspension. 

H a e m a g g  i uti nati on 
The ability of some viruses to aggregate var- 
ious species of red blood cells (RBCs) is 
referred to as haemagglutination. This effect 
is brought about by the interaction of specific 
virus glycoproteins with surface receptors pre- 
sent on the plasma membrane of RBCs. Not all 
viruses are capable of causing this reaction 
and those that do may only react with RBCs 
of particular species and may do so only under 
stringent conditions of pH and ionic strength. 
Other viruses, however, may react with a whole 
range of RBCs in a basic saline solution. 

For the reaction to occur, the virus should be 
in sufficient concentration to form cross- 
bridges between RBCs, causing their aggluti- 
nation. Thus, RBCs left in a hemispherical well 
unagglutinated will fall to the bottom of the 
well and form a well-defined RBC pellet. 
Agglutinated RBCs on the other hand will 
form a lattice-work structure which coats the 
sides of the well. The two morphological 
appearances (pellet and lattice) are easily dis- 
cernible with the naked eye. 

The assay, one of the most common indirect 
methods of determining virus titer, is not a 
measure of infectivity. Indeed, virus replica- 
tion does not take place during this assay. 
Instead it measures those particles of virus in 
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N 2 4 8 16 32 64 128 

256 512 1024 2048 4096 
Figure 2.4. Diagram of a sample haemagglutination assay. Serial doubling dilutions of virus shows 
complete agglutination end point at 1:512 and 50% end point at 1:1024. 

a given suspension capable of causing hae- 
magglutination and as such the assay is not 
at all sensitive, as a very large number of 
particles are needed to produce the effect. 

The haemagglutination assay is done by end 
point titration. Serial two fold dilutions of virus 
suspension are mixed with an equal volume of 
RBCs of known concentration and wells are 
observed for the presence or absence of a 
lattice. RBCs are routinely used at 0.3% or 
0.5%. The end point of the titration can be 
interpreted in two ways: (a) the last dilution 
showing complete agglutination or (b) the dilu- 
tion which shows 50% agglutination. Most 
laboratories use the former and by definition 
such a dilution is said to contain 1 HA unit. The 
HA titer of a virus suspension is therefore 
defined as being the reciprocal of the highest 
dilution which causes complete agglutination 
and is expressed as the number of HA units 
per unit volume for a given concentration of 
RBCs. An example upon which a calculation of 
the HA titer can be made is shown in Fig. 2.4. 
The end point in this figure, assuming this to 
be the highest dilution capable of complete 
agglutination, is 5--~2. if 0.2 ml of virus were 
added per well the HA titer would be 512 HA 
units 0.2 m1-1 or 2560 HA units m1-1. Using 
the 50% end point calculation the titer would 
be 1024 HA units 0.2 m1-1 or 5120 HA units 
ml -~. 

Burleson et al (1992) document a method 
whereby the number of haemagglutinating 
virus particles can be obtained, given the HA 
titer and the fact that the number of RBCs in 
the well approximates the number of HA par- 
ticles. In the above example, knowing that a 

0.3% RBC suspension gave rise to a titer of 
512 HA units 0.2 m1-1, the number of haemag- 
glutinating virus particles in the original sus- 
pension can be calculated. A 10% solution of 
RBCs is defined as having 8 x 108 RBCs ml-1 
A 0.3% solution therefore contains 2.3 x 107 
RBCs m1-1. As 0.2 ml of RBC were added to 
each well this represents 4.8 x 106 RBCs per 
well. At a 1:512 dilution there were 4.8 x 106 
haemagglutinating virus particles in the well. 
As 0.2 ml of virus was used this represents 
2.4 x 107 virus particles m1-1. When multi- 
plied by the dilution factor (512) this means 
that 1.2 x 101~ haemagglutinating virus par- 
ticles m1-1 are present in the original virus 
suspension. 

P r o c e d u r e  

The procedure outlined below is routinely 
used in our laboratories to assay 
influenza virus using chicken RBCs. 

1. Chicken RBCs are 'brought in' in 
preservative solution. Alternatively, 
acquire by bleeding the wing vein of a 
chicken. 

2. Prepare a stock solution of RBCs 
(10%) in phosphate buffered saline. 
Once washed away from preservative 
these cells will last for 1-2 weeks only 
at 4~ The 10% solution can be 
achieved by a haemocytometer count, 
i.e. a suspension of 8 x 108 cells ml -~, 
or by use of a haematocrit tube. 

3. Carry out the assay in a large 80 well 
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WHO plate or in a 96 well plate. For 
the former 0.2 ml volumes are used, 
for the latter 0.1 ml. We will assume a 
WHO 80 well plate is being used. 

4. Add 0.2 ml saline to all wells in the two 
rows of the plate (apart from well 1). 

5. Add 0.2 ml virus suspension to well 1. 
This represents neat virus. 

6. Add 0.2 ml virus suspension to well 2 
and mix by: pipetting up and down into 
the pipette tip. Transfer 0.2 ml to well 
3 and repeat the mixing step. Carry 
out the serial two fold dilutions along 
the row and transfer 0.2 ml to row I of 
column 2. Again dilute along the row, 
this time discarding the tip (+0.2 ml) 
into disinfectant after the last well. 

7. Add 0.2 ml RBCs (0.3% or 0.5%) to 
each well. Gently tap the plate to 
ensure good mixing of RBCs and 
virus. 

8. Leave for 1 h at ambient temperature 
and read the end point 

As will be seen in later chapters virus hae- 
magglutination can be inhibited by specific 
antisera, this forming the basis of the haemag- 
glutination-inhibition test. 

Particle counting 
A later chapter of this book discusses and 
elaborates upon the electron microscope and 
its uses in virology. In this chapter we highlight 
the basic methodology of virus particle count- 
ing using the technique of negative staining. 
This procedure was excellently described by 
Watson et al (1963). 

The counting procedure relies on the use of 
a 'reference particle'. The principle is that if 
viruses can be mixed with reference particles 
of known concentration (i.e. number per unit 
volume) a simple determination of the ratio of 
virus to reference particles will yield the virus 
count. The Dow Corning Company, many 
years ago, made this possible by producing 
suspensions of spherical polystyrene latex 
particles of uniform diameter, with physical 

properties allowing calculation of their count. 
However, early problems in virus particle 
counting arose because of the inability to dif- 
ferentiate, in some cases, between the latex 
beads and the virus particles when observed 
in the electron microscope! 

The problem of identification was easily 
overcome by the incorporation in the refer- 
ence particles/virus mixture of a negative 
stain, phosphotungstate (PTA), which reveals 
the characteristic structures on virus particles 
(Watson 1962). 

The mixture of virus, negative stain and latex 
beads is deposited, in droplet form using a 
bacteriological loop, onto a specimen grid. 
Upon observation in the electron microscope 
a virus/latex ratio can be derived by examina- 
tion of substantial parts of the grid. 

Procedure 

The loop drop procedure, described 
below, may be used for any virus 
suspension containing approximately 109 
particles ml -~, and was developed for 
herpes simplex virus. 

1. Portions of latex and virus 
suspensions (0.1 ml) each diluted to 
contain about 109 particles ml -~ are 
mixed with 0.1 mi of 0.5% PTA and 
0.1 ml of 0.5% bovine serum albumin. 
The dilution of virus if no infectivity 
titer is known, will be by trial and error. 

2. Introduce a drop of the above mixture, 
using a platinum loop onto a carbon 
Formvar grid held carefully with fine 
tweezers. 

3. Wait for 1-2 minutes and then dry the 
grid by touching it with blotting paper. 

4. Scan the grid in the electron 
microscope at a screen magnification 
of x40,000. 

5. Virus particles and latex beads are 
clearly visible and counts are made of 
the number encountered using five 
groups of 20 latex beads. 

6. The number of particles is calculated 
by the method outlined below: 

Virus isolat ion and quant i ta t ion 43 



Vi ro logy  m e t h o d s  manua l  

Table 2.2. 

Latex Virus (~dilution) 

20 9 
20 8 
20 8 
20 9 
20 6 

mean 20 8 

Assuming the latex to have been used 
at a concentration of (for example) 
2.84 x 109 beads ml -~, the total 
number of virus particles per millilitre is 
given by: 

x 2.84 x 109 x 50 
= 5.7 x 10~ o particles ml- 

If the infectivity titer, e.g. pfu ml-~, is 
known it is possible from the above to 
calculate the particle:infectivity ratio 
of the virus. Assuming the titer of the 
above virus suspension to be 5.0 x 
108 pfu ml -~ the particle: infectivity 
ratio would be: 

5.7 x 10 ~~ 
5.0 x 108 

= 114 

Determination of this ratio is important 
for many areas of virology, e.g. 
monitoring virus purification regimes, 
looking for defective interfering 
particles, determining the state or age 
of a virus suspension. 
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Preparation of 
antigens 
J. C. H ierholzer 
R. A. Killington 
A. Stokes 

Virtually every diagnostic and research- 
oriented test in virology begins with an anti- 
gen that has been specially prepared for that 
test. For some tests, the antigen can simply be 
the supernatant fluid from the cell culture the 
virus was propagated in, with no regard to 
the maintenance medium used in culture or the 
storage conditions for the final product. For 
others, intact virus is required at the highest 
titers achievable, so that several freeze-thaw 
or sonication cycles are applied to the virus 
culture at complete (4 +) CPE to thoroughly 
disrupt all remaining cells containing virus; or, 
a particular viral product needs to be enriched 
in proportion to other products, but not puri- 
fied in the biochemical sense. For still others, 
only a specific viral protein can be used in the 
test, so that it has to be purified, concentrated, 
and preserved while all other interfering viral 
products and medium components are 
removed. The procedures described in this 
chapter will accomplish all of these tasks. 

The most general concept to begin with is 
also the most important-  viz, the microbio- 
logical purity of the starting viral culture. Wher- 
ever possible, laboratories should be equipped 
with recirculating laminar-flow safety cabinets; 
all operations likely to produce aerosols of 
infectious materials should be carried out in 
the cabinet. Minimum requirements for protec- 
tive clothing include a lab coat or gown and, 
for more hazardous operations, gloves and 
masks. During operations involving infectious 
materials, the workbench would be covered 
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with disposable plastic-lined table soakers to 
prevent contamination. All work areas should 
be decontaminated with 0.5% hypochlorite 
solution. All discarded materials must be 
placed in discard pans and sterilised by stan- 
dard procedures. One product should be 
worked with at a time in a very clean environ- 
ment. All virus products should be certified to 
be free of viable bacterial, fungal, and myco- 
plasmal contamination by appropriate cultur- 
ing in thioglycollate broth, trypticase soy broth, 
5% sheep blood agar pour/streak plates, 
Sabouraud dextrose slants for yeasts, and 
mycoplasma biphasic medium. While these 
concepts may seem basic, many a lengthy 
piece of work has been erroneously interpreted 
or had to be discarded because the starting 
culture was contaminated and the test results 
were obfuscated by the contaminant. 

In most cases, infected cell antigens are 
derived from ceils previously infected at a 
high moi, i.e. 2-10 pfu cell -1. For every virus 
antigen there should be a parallel 'normal anti- 
gen' to serve as the negative control in the 
test. Normal antigens are prepared by sham- 
inoculating cell cultures with negative culture 
material (without virus), and following these 
cultures through the entire virus culture and 
antigen preparation steps in exact parallel 
fashion. 

Depending on the test and the day-to-day 
usage, many antigens can be preserved by 
adding thimerosal to the final product to a 
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final concentration of 1:10,000, or sodium 
azide to a final concentraton of 0.1%. 

Conditions for storing virus antigens must 
be monitored carefully. For some 4~ is ade- 
quate, others require storage at -20~ or 
-70~ The potency of antigen batches 
should be regularly tested following thawing, 
usually by means of a serological test. 

Special preparation of antigens is required 
for many diagnostic tests, for monoclonal or 
polyclonal antibody production, for many EIA 
and LA tests, etc. Many viruses and antigens 
have their own peculiarities based on the spe- 
cific properties of each virus group; these can 
be found elsewhere in this book and in other 
reference works (Fields et al 1990; Hierholzer 

1993; Hierholzer et al 1990; Lennette et al 
1988; Schmidt and Emmons 1989). 

Particular subsets of antigens can be pre- 
pared in similar ways to those outlined below; 
in some cases with previous treatment of 
infected cells with inhibitory drugs, e.g. inhibi- 
tors of DNA synthesis. This allows early and 
late antigens to be selected. Time of cell har- 
vest also allows for a predominant antigen 
type to be selected. Non-glycosylated virus 
proteins can be prepared from cells treated 
with glycosylation inhibitors (e.g. tunicamycin 
and monensin). For the preparation of struc- 
tural antigens the starting material may be 
purified virus, prepared as outlined in chapter 
4. 
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Whole-cell antigen 
preparations 
Total extracts of infected cells have a wide 
range of uses in virology. The simplest and 
most often used techniques for liberating 
virus from the host cells, for dislodging the 
host cells from the cell culture surface, and 
sometimes for disrupting virions to liberate 
particular antigens, are outlined below. 

Freeze-thawing 

1. At the appropriate time during the 
culture period, usually at 4+ CPE, lay 
the flasks or tubes in a -70~ or 
-80~ freezer such that the 
maintenance medium is covering all 
the cells. 

2. Alternatively, wash the cell monolayer 
with phosphate buffered saline to 
remove maintenance medium and 
replenish with a similar volume of 
buffer before freezing. 

3. Allow to freeze solid (the time will 
depend on the temperature and the 
volume). 

4. Thaw under warm (but not hot) water 
or at room temperature. When enough 
ice has thawed to form a slush, use 
the slush to further dislodge the cells 
by striking the flask several times 
against the palm of the hand. 

5. Repeat the freeze--thaw cycle at least 
twice more. For labile viruses, stop at 
two freeze-thaw cycles. 

6. Clarify the final material by low-speed 
centrifugation (e.g. 1000 g, 30 min, 
4~ The supernatant is the antigen 
product, and can be further treated by 
any of the following procedures if 
necessary. 

Sonication 

1. At the appropriate time during culture, 
usually at 4+ CPE, the cultures may be 
either freeze-thawed as above but not 
clarified by centrifugation, or the cells 
scraped off the glass or plastic 
surface with a rubber policeman. 

2. For some viruses (e.g. herpes viruses) 
the majority of antigens may remain 
intracellularly bound and a 
centrifugation step is necessary in 
order to remove infected cells from the 
supernatant. Low speed 
centrifugation is used to pellet the 
cells which are washed in PBS before 
resuspending in an appropriate 
volume of buffer. 

The cells/medium/virus mixture is 
then sonicated at sufficient energy to 
disrupt all the cells and release the 
virus, or with additional energy to 
disrupt the virions to release particular 
antigens. The energy level must be 
determined by pilot trials for the test 
procedure in use. Usually, 30-70 watts 
for 1-3 min with multiple pulses per 
minute will break the cells. For labile 
viruses such as CMV and RSV, a 60- 
second sonication at 60 watts output 
is sufficient to produce an enhanced 
antigen. Note: The manufacturer's 
instructions for the sonicator must be 
followed carefully, and all sonication 
steps must be done in an ice bath and 
in vessels which will not shatter. It is 
absolutely essential that the antigen 
does not become heated. 

For many viruses, sufficient energy 
can be created from the small 
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ultrasonic baths that are used to clean 
jewelry. These are usually cheap and 
easily obtainable. For all procedures, 
aerosols must be avoided. 

3. Sonicated material is usually clarified 
by low speed centrifugation (as 
above). For some purposes a batch of 
'soluble' antigen may be necessary 
and therefore virions will need to be 
removed. In this case the sonicated 
material is ultracentrifugated and the 
pellet discarded, the supernatant 
being a preparation of 'soluble' 
antigen which is particularly useful for 
immunodiffusion purposes. 
Solubilization of infected cell antigen 
can also be achieved by chemical 
treatment. This procedure is 
particularly useful for the preparation 
of antigens for PAGE/Western blotting 
techniques. Washed pelleted cells are 
solubilized by resuspending in RIPA 
buffer (1% NP-40, 0.1% SDS, 0.1 M 
NaCl, 50 ma Tris-HCl, pH 7.4) then 
protein solubilizing buffer (0.125 a 

Tris-HCi pH 6.8; 4% (w/v) glycerol 
and, if required, a drop of 
bromophenol blue). 

Alkaline glycine 
treatment, and others 
High-titered intracellular antigens for CF, IHA, 
and RIA tests, such as for CMV, can be pre- 

pared by alkaline glycine extraction. In this 
procedure, the infected cell monolayer is 
scraped and the cells packed by centrifuga- 
tion; then the cell pellet is mixed with 0.1 M 

glycine-buffered saline, pH 9.5, for 6 h at 
37C, followed by clarification at 600 g for 
20 min (Cremer et al 1975; Schmidt and 
Emmons 1989). Alternatively, the infected cell 
monolayer is rinsed with 0.01 M PBS (1.096 g 
NapHPO4 + 0.315 g NaH2PO4.HpO + 8.5 g 
NaCI + 1000 ml distilled water; pH 7.2; filter 
sterilized) before 4+ CPE, and is overlayered 
with a small amount of 0.05 U glycine-buffered 
saline (3.75 g glycine + 0.35 g NaOH + 8.5 g 
NaCI + 1000 ml distilled water; pH 9.0; 0.22 [~ 
filter-sterilized). The cells are scraped thor- 
oughly into this buffer, and the slurry is soni- 
cated (70 watts, 1 min, 0r:C), gamma-irradiated 
(0.5 MRads, 0 C), stabilized with 10% sorbitol 
(final concentration), preserved with 0.01% 
thimerosal, packaged, and tested (Chappell 
et al 1984). 

Another simple antigen preparation, usually 
made for EIA tests, involves washing an 
infected cell monolayer with cold PBS, treat- 
ing with 0.25% trypsin or trypsin/versene (see 
chapter 1), further washing of the dislodged 
cells with cold PBS to remove the trypsin, 
suspension of the cells in a buffer suitable for 
the test, sonication in an ice bath, and finally 
centrifugation at 1500 g for 15 min at 4~C to 
remove the cellular debris. This procedure has 
worked well for EIA antigens for CMV and VZV 
and for HA antigens for certain arboviruses 
(Ardoin et al 1969; Schmidt and Emmons 
1989). IFA antigens can also be prepared 
with trypsin, utilizing the washed, suspended 
cells as the test antigen. 
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Fractionation of antigens by 
various extraction 
procedures (sub-unit 
preparations) 
Tween-80/ether 
extraction 

al 1984; Norrby 1962; Schmidt and 
Emmons 1989). 

1. Obtain a virus culture as above, at 4+ 
CPE or maximum hemadsorption in 
companion flasks. Treat the cultures 
by freeze-thaw cycles, sonication, or 
scraping the cells from the flasks, and 
pool. 

2. Clarify by centrifugation (1000 g, 
30 min, 4~ 

3. Add Tween-80 slowly to 0.125% final 
concentration to disrupt the virus. 

4. Add an equal volume of diethyl ether 
(reagent grade) to extract lipids, with 
constant mixing on a magnetic stirrer. 
Mix for about 1 h at ambient 
temperature or in the cold, depending 
on the virus. Note: Good ventilation 
and the absence of fire are mandatory! 

5. Centrifuge to form a distinct ether 
layer (on top), which is aspirated away. 
Residual ether in the lower, aqueous 
layer is removed by slowly bubbling 
filtered nitrogen gas through the layer 
until no odor of ether can be detected. 

6. The product may need to be clarified 
again by light centrifugation. This 
procedure makes excellent HA 
antigens for rubella, influenza, 
parainfluenza, mumps, and measles 
viruses, and CF antigens for influenza 
and parainfluenza viruses (Chappell et 

13-Propiolactone (BPL) 
extraction 

1. Clarify culture by centrifugation 
(1000 g, 30 min, 4~ 

2. Add 1 M mris in PBS [12.11 g 
Tris(hydroxymethyl)amino-methane + 
100 ml PBS, pH 7.2 (see page 50); 
0.22 !~ filter-sterilized] to the virus 
supernatant in a 1:10 ratio (i.e., 1 ml 
Tris per 9 ml supernatant). 

3. Add cold reagent-grade BPL, 
dropwise and with constant mixing at 
room temperature, to a final 
concentration ranging from 0.05% to 
0.3%, depending on the virus and the 
antigen test system. Final 
concentration must be determined in 
pilot trials, but 0.3% is suitable to 
inactivate and extract CF antigens for 
herpesvirus 1 and 2, rotavirus, RSV, 
rabies, parainfluenza, measles, and 
echoviruses, polioviruses, and some 
other enteroviruses; 0.2% is sufficient 
for coronavirus CF antigens; 0.1% 
treats HA antigens of NDV and CF 
antigens of mumps virus, Coxsackie A 
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and B viruses, and some other 
enteroviruses; and 0.05% inactivates 
and extracts HA antigens of influenza, 
mumps, and parainfluenza viruses 
(Chappell et al 1984; Schmidt and 
Emmons 1989; Sever et al 1964). 
Note:  Use gloves, and avoid eye and 
skin contact with BPL. 

4. Let stand 4-18 h at 4~ or place in a 

desired final concentration, usually 
0.3%, in the cold and with constant 
mixing. Hold the suspension at 4~ for 
18-24 h, clarify by centrifugation at 
1000-9000 g for 1 h at 4~ and save 
the supernatant. If desired, wash the 
pellet with additional borate-saline 
one or more times and combine the 
supernatants. Thimerosal may be 

37~ water bath for 2 h, with 
occasional mixing. Time and 
temperature must be determined in 
pilot trials. 

5. Adjust to pH 7.3-7.4 as necessary. 
6. Clarify by light centrifugation as 

above, and add preservative if 
desired. Thimerosal at 0.01% is 
generally preferred for CF antigens, 
while sodium azide at 0.1% usually 

added to a final concentration of 
0.01% for a preservative. Aliquot and 
store at -70~ or colder; then safety- 
test the antigen for complete loss of 
infectivity in appropriate host 
systems, and test the antigen for 
homologous CF and HA titers. Note" 
Hemagglutination by Togaviruses and 
Flaviviruses is often pH-dependent 
(e.g. Powassan at pH 6.1), so the HA 

has least interference in HA tests, but 
there is no solid rule for this. Test for 
potency. 

7. The BPL extraction of CF and HA 
antigens from many Togaviridae (EEE, 
Ross River, Sindbis, VEE, WEE, and 
other formerly Group A arboviruses), 
Rhabdoviridae (VSV), Reoviridae 
(Colorado tick fever), Flaviviridae 
(Powassan), Bunyaviridae (California 
encephalitis virus, Trivitattus), and 
some other arboviruses, is done 
slightly differently. Included here, 
because of the need for the borate- 
saline buffer, is the CF antigen for the 
Arenavirus LCM and the HA antigen 
for the Poxvirus vaccinia. For these 
antigens, prepare 10% mouse brain 
suspensions or infected cell cultures 
in borate-saline [100 ml of 0.5 M 
H3BO3 + 80 ml of 1.5 M NaCI + 24 ml 
of 1.0 N NaOH, QS to 1000 ml with 
distilled water; pH 9.0; 0.22 I1 filter- 
sterilized]. Homogenize the mixture for 
1-3 min in a tightly-capped container 
in an ice bath, and allow to sit for 
30 min. Then, add 1 M Tris in borate- 
saline [12.11 g Tris + 100 ml borate- 
saline, pH 9.0; 0.22 I1 filtered] to 1/10 
the volume of the original suspension. 
Slowly add cold BPL to achieve the 

antigen and the HA test may have to 
be prepared in buffers with the 
required pH. 

For Tween-80/ether and sucrose/ 
acetone/BPL extractions of certain 
arbovirus HA and CF antigens, see 
Chappell et al (1984) and Schmidt and 
Emmons (1989). 

A rapid means of separating, for example, virus 
envelope proteins from capsid and surround- 
ing tegument is to treat with detergent. Such a 
treatment will also serve for the preparation 
of plasma membranes from infected cells. 
Nonidet P-40 (NP-40) is usually the non-ionic 
detergent of choice and may be used with or 
without sodium deoxycholate. The infected 
cell pellet or purified virus is resuspended in 
NP-40 at a final concentration of 1%, sodium 
deoxycholate being the same concentration. 
The suspension is left at 4~ for 20 min and 
a further 20 min at 25~ before centrifuging at 
38,000 rpm in an ultracentrifuge. Depending 
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on the size of virus and other characteristics, 
the detergent treated suspension may be cen- 
trifuged in an 'Eppendorf' microfuge. The 
supernatant is retained as the detergent 
extract. 

Excreted protein fraction 
Many viruses selectively release specific pro- 
teins into the extracellular medium and this 
may be a useful means of making prepara- 
tions of antigens of restricted specificity 
(Randall et ai, 1980). Extracellular medium 
from infected cell monolayers is centrifuged 
to remove debr is-  if possible at 16,000 rpm 
for 1.5 h. The supernatant is concentrated, 
initially by polyethylene glycol dialysis (see 
chapter 4), followed by either vacuum dialysis 
or ultrafiltration (e.g. Amicon concentration). 
The concentrated suspension is ultracentri- 
fuged to remove virion particles and dialyzed 
against either PBS or 0.05 M Tris/HCI buffer pH 
7.0, resulting in an infected cell released 
protein fraction (Randall et al, 1980). 

High-salt extraction 
A high-salt extract of antigens from infected 
cells often forms the starting point for a series 
of further fractionation steps. An example is 
the purification of virus-specific DNA binding 
proteins which, following high salt extraction, 
are exposed to DEAE cellulose, phosphocellu- 
lose or DNA cellulose chromatography (Alberts 
et al 1968; Purifoy and Powell 1976; Powell 
and Purifoy 1977). 

Washed and pelletted infected cells are 
resuspended in buffer containing 20 mM Tris 
HCI pH 7.5, 2 mM 13-mercaptoethanol, and 
bovine serum albumin (4000 #g ml-1). Follow- 
ing ultrasonic cellular disruption, the cells are 
suspended in an equal volume of high-salt 
buffer containing 5 mM EDTA and 1.7 M KCI 
and incubated at 0~ for 60'. Insoluble protein 
and free DNA are removed by centrifugaton at 
16,000 rpm for 1 h and the supernatant dia- 
lyzed against several changes of low-salt buf- 
fer containing 50 mM KCI, 20 mM Tris HCI pH 
7.5, 1 mM EDTA, 2 mM 13-mercaptoethanol, and 
10% glycerol. The dialysate is centrifuged at 
20,000 rpm for 32 h to yield a high-salt extract. 
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Partial purification by 
adsorption/el ution 
techniques 
Adsorption and elution 
from erythrocytes 
This simple technique is based on the hemag- 
glutinability of certain viruses. Viruses which 
agglutinate red blood cells can be partially 
purified by adsorbing them to the appropriate 
erythrocytes at low temperatures, thoroughly 
washing the cells to remove all non-virion and 
non-HA antigen components, and then eluting 
the virus into a simple buffer at higher tem- 
peratures. The method has been used effec- 
tively for partial purification of intact, infectious 
influenza, parainfluenza, mumps, measles, and 
coronaviruses, for removing hemagglutinins 
from CF antigens, and for obtaining reagents 
enriched in hemagglutinins (Chappell et al 
1984; Hierholzer and Dowdle 1970; Hierholzer 
et al 1972; Schmidt and Emmons 1989). 
Because of the number of washes the cells 
must undergo, the success of the procedure 
depends on being able to use one of the 
'tougher' species of erythrocytes, such as 
human, monkey, or chicken, rather than rat, 
mouse, or guinea pig red blood cells which 
tend to disintegrate from the physical trauma 
incurred by the procedure. 

1. Begin with a large-volume harvest of 
virus from cell culture, 20% suckling 
mouse brain suspension in PBS, 
amniotic or allantoic fluids from 
embryonated eggs, or any other 
system. Multiple freeze-thaw cycles 
may be indicated to release maximum 
virus from the cells, if the virus is 
stable under this treatment. Clarify the 

harvest at abut 5000 g for 20-40 min 
at 4~ to remove gross cellular debris. 
At this point, the supernatant will 
contain maximum amounts of whole 
virus and soluble antigens (if 
produced). 

2. If a hemagglutinin preparation free of 
infectious virus is desired, treat the 
supernatant with SLS in distilled water 
to a final concentration of up to 5% for 
1 h at ambient temperature, or with 
some other ionic or nonionic 
detergent, followed by dialysis against 
PBS to remove the detergent. 

3. Select erythrocyte species that gives 
high HA titers with virus being purified, 
choosing a more durable cell if 
possible. Obtain sufficient volume of 
red blood cells to carry out the 
procedure; the blood must be 
obtained in Alsever's solution [20.5 g 
glucose + 8.0 g sodium citrate 
(Na3C6H5OF.2H20) + 0.55 g citric acid 
(C6HsOF.H20) + 4.2 g NaCI + 1000 ml 
distilled water; final pH 6.1; filter- 
sterilized] as gently as possible, and 
used fresh to minimize trauma to the 
cells. 

4. Gently wash the cells three times with 
a large excess of cold PBS, being sure 
to aspirate off the leukocytes which 
layer on top of the erythrocytes. Use a 
suitably large centrifuge bottle so that 
the reaction to follow can be carried 
out in the bottle. Do all wash steps at 
4~ 

5. Placing the bottle with packed, 
washed cells in an ice bath, slowly 
add ice-cold virus supernatant (from 
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steps 1 or 2) to the cells at the final 
ratio of 60 ml of virus to 40 ml of 
packed erythrocytes. [Note: For 
influenza and mumps viruses grown in 
embryonated eggs, 95 ml of cold fluid 
harvest per 10 ml of packed chicken 
red cells is generally sufficient.] Mix 
gently and frequently over a 2 h 
adsorption period. 

6. Pack the red cells by centrifugation at 
1000 g for 15 min at 0~ If removing 
hemagglutinins from a CF, EIA, or 
other antigen preparation, save the 
supernatant and stop here. If 
preparing an HA antigen, discard the 
supernatant and proceed as follows. 

7. Wash the cells three times under the 
same centrifugation conditions, 
always discarding the supernatant. It 
is critical to re-suspend the cells as 
gently as possible at each wash step, 
preferably using a wooden applicator 
stick. 

8. Elute the virus or hemagglutinins from 
the red cells by two successive 
incubations, each with 10 ml of PBS 
for 40-60 rain at 38~ with frequent 
gentle agitation, followed by 
centrifugation as above but at ambient 
temperature. Collect the supernatant, 
now containing the virus or 
hemagglutinins. 

9. Pool the two eluates and test for virus 
or antigen titer, as appropriate. 
Thimerosal may be added to 0.01% 
final concentration as a preservative. 
Assuming a starting volume of 60 ml 
of virus, this yields a 3x concentration 
of virus that is free of all cell and 
medium components and all non- 
intact virus, non-HA antigen viral 
components. Some erythrocyte 
membranes and proteins, however, 
may be picked up in the elutions by 
disintegration of some red blood cells. 

Adsorption and elution 
from calcium phosphate 
gel 
The freshly-prepared brushite form of calcium 
phosphate (CaHPO4.2H20) is one of the oldest 
but still most useful ways to purify viruses, 
proteins, and antigens (Taverne et al 1958). In 
hydroxyapatite form [Calo(PO4)s(OH)2] calcium 
phosphate is used to separate the various 
forms of DNA and RNA, nucleohistones, and 
polynucleotides (Alberts et al 1989; Bernardi 
1971). The brushite procedure, with little mod- 
ification, has been used to partially purify many 
viruses and antigens, including adenovirus 
capsid components, influenza virus and 
hemagglutinins; Group A arboviruses belong- 
ing to Togaviridae and Group B arboviruses 
belonging to Flaviviridae, along with their CF 
and HA antigens; vaccinia virus; corona- 
viruses; and enteroviruses (Dowdle et al 
1971; Hierholzer 1976; Hierholzer and Dowdle 
1970; Hierholzer et al 1972; Simon 1962; Smith 
and Holt 1961; Taverne et al 1958). The 
method works best for virus cultures grown 
under maintenance medium without calf 
serum or other added proteins; and the final 
culture must be clarified by low-speed centri- 
fugation and dialyzed thoroughly against 
0.001 M phosphate buffer, pH 7.3, for 24 h at 
4~ 

1. Prepare the brushite form of CaHPO4 
by adding equal volumes of 0.5 M 
CaCI2.2H20 and 0.5 M 
Na2HPO4.2H20, both in distilled 
water, dropwise into a beaker, with 
constant mixing at ambient 
temperature, at a drop rate of about 
60 drops min -1 for each salt. The 
precipitate CaHPO4.2H20 + 2NaCI is 
formed. 

2. Allow the precipitate to settle for 
about 1 h, decant or aspirate off the 
supernatant, and wash the precipitate 
six times in distilled water by 
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low-speed centrifugation, such as 
700 g for 5-10 min. The final wash 
may be tested for chloride content, 
but this is usually not necessary. 

3. Resuspend the final packed gel in 
0.001 M phosphate buffer, pH 7.3, at 
which point the gel may be stored in 
the refrigerator for up to two weeks. 
Degas the gel under vacuum before 
using for column chromatography. 

4. To continue with column 
chromatography, fill a 
chromatographic column with 0.001 M 
phosphate buffer, begin dripping out 
the buffer, and pour in the gel slurry 
(slowly to avoid bubbles and 
channels) until the column has the 
desired height of gel. The column 
should have a length : diameter ratio 
of 5:1 to 10:1, and must have a series 
of mesh filters at the bottom of the 
column to prevent blockage by the 
fine gel particles. The top of the gel 
bed should be covered with a nylon or 
filter paper 'float' to effect even 
loading of the surface. The virus 
sample can then be loaded, the 
column rinsed with one void volume of 
distilled water, and the desired 
components eluted by a gradient of 
increasing molarities of phosphate 
buffer at pH 7.3. 

5. To continue with batch 
chromatography, which is preferable 
for CaHPO4 work, transfer the gel 
slurry to a 50 ml conical centrifuge 
tube to obtain about 15 ml of packed 
gel. Centrifuge and discard the 

supernatant buffer. Add about 30 ml 
of clarified virus supernatant that has 
already been dialyzed against the 
0.001 M phosphate buffer. 

6. Gently but constantly mix the gel (now 
at about 33% v/v) with the virus for 2 h 
at ambient temperature. (This step 
may be done in an ice bath to protect 
a labile virus. Likewise, mixing may be 
accomplished by periodically inverting 
the tube rather than using a magnetic 
mixer, to prevent physical destruction 
of the virus.) 

7. Centrifuge the mixture at 4~ discard 
the supernatant. 

8. Wash the gel once with distilled water 
and once with 0.001 M buffer to 
remove nonadsorbed components. 

9. Elute with 0.005, 0.01, 0.05, 0.1, 0.15, 
0.2, 0.25, 0.3, 0.35, 0.4, and 0.5 M 
phosphate buffers, all at pH 7.3, in 
stepwise fashion to release different 
proteins and whole virus from the gel. 
(Whole virus usually elutes between 
0.2 and 0.4 M.) Each elution step is 
done with 10-40 ml of buffer, 
depending on whether any 
concentration is desired, by 
incubating the buffer--gel mixture for 
30-60 min in a 30-37~ water bath (as 
dictated by experience) with 
occasional mixing, and then packing 
the gel by centrifugation as above. 
All supernatants should be tested for 
the desired components or whole 
virus, as appropriate, before 
discarding them. 
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Partial purification/ 
purification by 
chromatographic 
procedures 
Chromatography is considered by many to be 
the most effective means of producing purified 
preparations of virus proteins, this being 
achieved by gel filtration, ion exchange or 
affinity chromatography. Antigens are sepa- 
rated by the process of selective retention, 
when a 'mobile' phase (liquid) moves through 
a liquid or solid 'stationary' phase, the reten- 
tion being based on the size and chemical 
or immunological attributes of the individual 
antigens. Gel filtration separates molecules 
according to their size and the choice of pore 
size selected in the stationery gel. Small mole- 
cules enter the pores and are retained, 
whereas larger molecules elute through the 
gel very quickly thus giving rise to a differen- 
tial elution of antigens, collected in small 
volume fractions from the gel column. Ion 
exchange chromatography utilizes the intrin- 
sic ionic charge of a molecule as the differen- 
tiating property, in this case the stationary 
phase of a column contains groups of chemi- 
cals with various anionic or cationic charges, 
these retaining ions from the mobile phase 
of virus antigens as they pass through the 
column. Ions that react strongly with the 
exchange are retained and eluted much later 
than those with weaker attachment kinetics. 
Elution is achieved by slowly increasing, with 
time, the salt concentration of the eluting 
buffer. More recently this technique has 
been refined by the introduction of high- 
performance liquid chromatography (Chicz 
and Regnier 1990). 

For the purpose of antigen separation in this 
chapter we have chosen to describe, in detail, 

the method of affinity chromatography, using a 
monoclonal antibody as the ligand which is 
immobilized onto the stationary matrix. 

Affinity chromatography 
The reader is referred to Harlow and Lane 
(1988) or to Wilchek et al (1984) for excellent 
review manuals. 

The production of columns or slurries which 
consist of a monoclonal antibody attached to a 
solid matrix allows the purification of single 
proteins from mixtures of antigens which are 
passed through the column, the selected pro- 
tein being specifically retained by the antibody 
for later elution. The procedure is more effi- 
cient if the starting mixture of viral antigens is 
in a 'semi-pure' state. Purification of single 
virus proteins of 1000-10,000 fold are com- 
mon practice with such procedures. The effi- 
ciency of the procedure depends on three 
criteria: (a) the purity of the starting antigen, 
(b) the affinity of the antibody for the antigen, 
and (c) the relative ease with which the bond 
can be split and the protein eluted. 

Preparation of the antibody-matrix 

This first step in the procedure requires 
the attachment of antibody to the solid 
matrix. A number of matrices exist, e.g. 
agarose beads, cross-linked agarose 
beads, polyacrylamide beads, copolymer 
of polyacrylamide and agarose, and 
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polyacrylic beads. The authors 
commonly use Sepharose (Pharmacia). 
There are also a number of procedures 
for achieving attachment of antibody. 
Essentially, however, there are three 
methods of coupling antibodies: 
(a) directly to Protein A beads; (b) to 
chemically activated beads; or (c) by 
activating the antibody before coupling. 

Preparation of chemically activated 
beads 

This procedure requires the matrix to be 
activated using one of a number of 
chemical reagents prior to interaction 
with antibody. The chemicals most widely 
used include cyanogen bromide, 

Matrices modified so as to contain 
secondary reagents are the most 
commonly used. 

Preparation of a Protein A Bead- 
Antibody column 

The method described is suitable for 

carbonyidiimidazole, gluteraldehyde, 
hydroxysuccinimide, and tosyl chloride. 
Procedures for activating the beads with 
either of these are well documented in 
Harlow and Lane (1988). 

Many laboratories, however, purchase 
pre-activated beads for use in antibody 
binding from commercial companies. 

binding mouse monoclonal antibodies of 
sub class IgG2a, IgG2b and IgG3. 

1. 2 mg purified antibodies/ml of wet 
beads are mixed in a slurry by 
incubating at room temperature for 
60 min with gentle rocking. 

2. The beads are washed twice with 10 
volumes of 0.2 M sodium borate (pH 
9.0), being centrifuged at 3000 g for 
5 min or 10,000 g for 30 s. 

3. Resuspend the beads in 10 volumes 
of 0.2 M sodium borate buffer (pH 9.0) 
and add dimethylpimelimidate (solid) 
to bring to a final concentration of 
20 mM. 

4. Mix for 30 min at room temperature 
with shaking. 

5. Stop the reaction by washing the 
beads in 0.2 M ethanolamine (pH 8.0) 
and incubating for 2 h at room 
temperature in 0.2 M ethanolamine 
with gentle mixing. 

6. After the final wash, the beads are 
resuspended in PBS with 0.01% 
merthiolate. 

These include Reacti-Gel (Pierce), CNBr- 
activated Sepharose (Pharmacia), Act- 
Ultragel ACA 22(IBF), Affigel 10 (Bio Rad), 
and Activated Microspheres (KPL). The 
authors have used Affigel 10 (Bio Rad) 
with success. This comes as an 
immunoaffinity kit. 

Cyanogen-bromide activated beads 

This procedure has been selected for 
description as it is the most commonly 
used. It is suitable for agarose, cross- 
linked agarose, and polyacrylic beads. 
The method is based on that of Harlow 
and Lane (1988), Axen et al (1967), March 
et al (1974), and Kohn and Wilchek 
(1984). 

1. Transfer 10 ml of wet beads to a 
sintered glass filter. Wash with distilled 
water. Wash with 1 M sodium 
carbonate buffer (pH 11.0). 

2. Add 10 ml of 1 M sodium bicarbonate 
(pH 11.0) and transfer the beads to a 
suitable beaker. 

3. Move to a fume hood. Weigh out 1 g 
The beads at this stage are ready for 

binding to antigen. 
of cyanogen bromide (CNBr) and 
dissolve in 1 ml of acetonitrile. Add 
the CNBr to the beads. Cyanogen 
bromide is extremely toxic; use only in 
a fume hood. 
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4. incubate at room temperature for 
10 min with constant agitation. 
Monitor the pH. Adjust as necessary 
to keep between 10.5 and 11.0 by 
adding 4 N NaOH. 

5. Transfer the beads to a sintered glass 
filter. Use suction to draw the CNBr 
buffer into a vacuum flask containing 
100 mM ferrous sulfate to inactivate 
the CNBr. 

6. Sequentially wash the beads with 
water, several milliliters of 95% 
acetone, and several changes of 
100 mM sodium phosphate (pH 7.5) (or 
an alternative binding buffer). 

The beads are ready for coupling to 
antibody. 

Coupling of antibody to activated 
beads 
(Harlow and Lane 1988) 

1. The antibody preparations must not 
contain extraneous compounds with 
amino groups, and, if these 
compounds have been used during 
the purification, the antibody 
preparation should be extensively 
dialyzed against the binding buffer of 
0.5 M sodium phosphate (pH 7.5). 

2. Prepare a solution of antibody at the 
desired concentration in 0.5 M sodium 
phosphate (pH 7.5). 5-10 mg of 
antibody per milliliter of beads should 
yield a high capacity column. 

3. Add the activated beads and mix 
gently overnight at room temperature 
on a rocker. 

4. Wash the beads twice with 0.5 i 
sodium phosphate (pH 7.5) and once 
with 1 a NaCi/0.05 M sodium 
phosphate (pH 7.5). 

5. Add 10 volumes of 100 mM 
ethanolamine (pH 7.5). Incubate at 
room temperature for 4 h to overnight, 
with gentle mixing. 

6. Wash twice with PBS. Add merthiolate 

to 0.01%. The beads can be stored at 
4~ where they should be stable for 
several months. 

The beads are now ready for binding of 
the antigen. 

Note 

A check for binding can be made by 
testing the protein concentration in a 
sample taken from step 2 and comparing 
it to the wash in step 4. Should antibody 
activity be drastically reduced through 
coupling, a different approach should be 
tried (see Harlow and Lane 1988). 

Binding of antigens to antibody 
(Harlow and Lane 1988) 

Antigen can be bound to antibody- 
coated beads either by mixing in a slurry 
or by passing the antigen down a column 
of antibody bound beads. 

Binding in suspension 

1. Mix the antigen solution with the 
antibody beads. 

2. Rock for 1 h to overnight at 4~ 
ensuring that beads are maintained in 
suspension. 

3. Stop agitation, transfer the beads to a 
suitable column and wash with 20 bed 
volumes of binding buffer. 

The antigen is now ready for elution. 

Binding in a column 

Antigen samples added to columns 
should be free of particulate matter and 
need centrifugation at 100,000 g for 
30 min prior to use. 

1. Transfer antibody beads to a suitable 
column and wash with 20 bed 
volumes of PBS. 

2. Apply the antigen solution to the 
column and allow to pass through by 
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gravity (three times) or with a fixed 
flow rate of approximately 2 ml h-~. 

3. Wash the column with 20 bed volumes 
of binding buffer. 

Elution of antigens from 
immunoaffinity columns 
(Harlow and Lane 1988) 

Elution of antigen from columns requires 
a series of optimal conditions to be 
determined in order that the process is 
quick and efficient. Conditions vary from 
harsh to mild, depending on the antibody 
used; strategies for testing elution 
conditions are described in Harlow and 
Lane (1988). In essence, the procedure is 
as outlined below. 

1. Use a pre-elution buffer and pass 10 
bed volumes through the column. 

2. Using a stepwise elution, sequentially 
pass samples of elution buffer (0.5 
bed volumes/step) through the 
column. Collect each fraction in 
separate tubes. If either high or low pH 
is used to elute the column, the 
collection tubes should contain a 
neutralizing buffer. When using a 

gradient elution, pass the gradient of 
increasingly harsher elution buffer 
through the column. 

3. Check each tube for the presence of 
the antigen. Combine tubes with high 
concentrations. 

4. Return the column to the starting 
buffer by passing 20 column volumes 
through the matrix. Add 0.01% 
merthiolate for long-term storage 
(4~ 

Note 

After the elution of the antigen, the eluant 
will often need to be changed by dialysis 
or by chromatography on a desalting 
column. 

The above procedures have been used suc- 
cessfully in many laboratories to produce 
batches of purified viral antigens. It should be 
noted, however, that they are generalized pro- 
cedures and may need specific refinements for 
the antibody and antigen of choice. Commer- 
cially available purification 'kits' come with 
excellent step-by-step protocols. The reader 
is also referred to Deutscher (1990) for a guide 
to purifying antigens. 
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Preparation of antigens for 
immunization 
Formol saline inactivation 
Many antigen preparations, particularly those 
containing virions, need inactivating before 
immunization protocols can commence; for 
most preparations this can be achieved by 
incubation with 0.015% formaldehyde. 

Production of solid matrix 
antigen/anti body 
complexes 
Binding antigens to antibodies is thought to 
induce a much better immune response than 
antigen alone (Harlow and Lane 1988). The 
immunogenicity can be enhanced further by 
binding the complex to a solid matrix such as 
Staphy lococcus aureus (Randall and Souber- 
bielk 1990). The procedure below describes 
the preparation of S. aureus (Staph A Pro- 
tein), and attachment to a monoclonal anti- 
body and an antigen resulting in a solid 
matrix antigen antibody (SMAA) 

Preparation of formalin fixed & a u r e u s  

1. Grow S. aureus Cowan I strain in 
tryptone soya broth for approximately 
8 h. Centrifuge 9000 rpm for 10 min. 

2. Resuspend in PBS (pH 6.95) 
containing 0.1% (w/v) sodium azide 
(PBS/azide) to give a 10% (w/v) cell 
suspension. 

3. Wash cells twice in PBS/azide and 
resuspend in 10% (w/v) PBS/azide 
containing 1.5% (v/v)formalin. Leave 
stirring overnight at room 
temperature. 

4. Wash cells in PBS/azide to remove 

formalin and transfer to a large flask 
such that the depth of liquid is 
~< 1-2 cm. 

5. Heat at 80~ for 5 min and cool 
rapidly in ice bath. 

6. Wash cells twice in PBS/azide, 
resuspend in 10% w/v PBS/azide and 
store in aliquots at -70~ 

Preparation of a SMAA complex 

The procedure is essentially that of 
Randall & Young (1988) and Randall et al 
(1988). 

1. A 10% (w/v) suspension of formalin 
fixed S. aureus is saturated with 
antibody by mixing with an excess of 
monoclonal antibody (concentrated 
tissue culture supernatant or ascitic 
fluid) at 4~ for 4 h. 

2. Centrifuge at 13,000 rpm for 
1-1.5 min in an Eppendorf 
microcentrifuge and wash twice in 
PBS. Resuspend in PBS to give a 
10% (w/v) suspension of S. aureus. 

3. The antibody-bound S. aureus is 
shaken overnight at 4~ with an 
excess of solubilized virus antigen 
prepared by any of the procedures 
outlined above. 

4. The SMAA complex produced is 
washed three times in ice cold RIPA 
buffer (20 mM Tris-HCI pH 7.2, 5 mM 
EDTA, 0.5% (v/v) NP40, 0.1% (w/v) 
SDS, 0.65 M NaCI and 1 mM PMSF) 
followed by three washes with PBS. 
The complex is resuspended at 10% 
(w/v) or 0.5 (w/v) in PBS. The 0.5% 
suspension is used for immunization 
purposes. 
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Expression of antigens 
in vitro 
The advent of advanced techniques in mole- 
cular biology and biotechnology has lent itself 
to the production of more refined systems for 
both the in vitro expression and purification of 
viral antigens. These may comprise several 
amino acids or a larger sequence complete 
with the post-translational modifications of 
the authentic protein. The nature of the 
desired end-product determines the system 
of choice (i.e. prokaryotic or eukaryotic). 
Whilst prokaryotic systems are convenient, 
with the availability of inexpensive scale-up 
reagents, there are distinct disadvantages in 
their use for protein expression. This is due 
to differences in processing pathways which 
lead to the absence of both amino terminal 
modifications and di-sulphide bond forma- 
tion, a lack of glycosylation, and an inability 
to facilitate the proteolytic cleavage of signal 
sequence from mature polypeptide chains. In 
addition, because vertebrate viruses replicate 
in cells of eukaryotic origin, in some instances 
it is more feasible to produce the relevant 
antigen in one of the many eukaryotic sys- 
tems available where any post-translational 
modifications can be ensured. 

Ultimately, the choice of the expression sys- 
tem will be dependent on the role the antigen 
is to play. Thus it may be required for either 
diagnostic or therapeutic purposes. Diagnostic 
tests often involve the detection of anti-viral 
antibodies in body fluids such as serum, sal- 
iva, cerebrospinal fluid or synovial fluid which 
indicate prior exposure to an agent. The diag- 
nostic tests which are used extensively include 
the ELISA, Western blotting, radioimmunopre- 
cipitation, indirect immunofluorescence, single 
radial haemolysis-in-gel, and radio-immuno- 
assay. For each of these systems, a different 
form of the antigen may be required. For thera- 
peutic purposes, the antigen may be required 
as a subunit vaccine and extensive purification 

steps may have to be carried out before the 
antigen can be of use. 

The initial steps in obtaining antigen expres- 
sion, including the isolation of the gene or a 
small nucleotide sequence and its cloning into 
a suitable expression plasmid, are common to 
most systems. These and further steps are 
summarized below. 

(i) The selection of a suitable expression 
plasmid; 

(ii) The isolation of the whole of the gene of 
interest or a truncated form of it; 

(iii) The cloning of the gene into the expression 
plasmid; 

(iv) the expression and detection of the protein 
product. 

Eukaryotic gene 
expression 
Many references are available which describe 
the successful production of viral antigens in 
eukaryotic systems. Several types of virus 
have been engineered as vectors for this 
purpose, including adenoviruses, herpes- 
viruses, poxviruses, baculoviruses and adeno- 
associated viruses. The baculovirus and 
poxvirus systems are here described in detail. 

Baculovirus expression 
systems 
The prototype baculovirus Autographa califor- 
nia nuclear polyhedrosis virus (AcMNPV)is 
commonly used for the production of recom- 
binant baculoviruses which are engineered for 
high-level protein expression. The production 
of the recombinant first involves the cloning of 
the gene into one of the many baculovirus 
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expression vectors available. The most com- 
monly used vectors employ one of two very 
late baculovirus gene promoters, although stu- 
dies have been carried out to stably transfect 
insect cells with plasmids containing genes 
under the control of one of the immediate 
early promoters (Jarvis 1991). The former 
include the polyhedrin or the p l0 promoters. 
The polyhedrin gene encodes the polyhedrin 
protein which surrounds newly synthesized 
virus particles in the nucleus of the cell. The 
p l0  promoter is thought to be involved in the 
assembly of occlusion bodies. Such promo- 
ters are flanked by sequences which allow 
recombination into the baculovirus genome 
to occur, and unique restriction endonuclease 
sites are incorporated downstream of them for 
the insertion of coding sequences. Further 
modifications to baculovirus vectors include 
the insertion of the beta-galactosidase gene 
which is of use for the screening of recombi- 
nant viruses by blue colour selection (Vialard et 
al 1990) or the addition of a histidine tag (i.e. 
pBlue Bac His ABC) which can be used for the 
purification of the expressed protein on nickel 
columns. Vectors are also commercially avail- 
able which allow for the insertion of multiple 
coding sequences (i.e. p2Bac). 

Careful consideration must be given when 
selecting the vector and designing the insert. 
The vector may be such that the insert is fused 
to the polyhedrin gene, in which case the 
translation initiation codon of the novel gene 
is not required but subsequent amino acids are 
inserted in-frame (i.e. pAC360). In non-fusion 
vectors (i.e. pVL1392 and pVL1393) there is a 
mutation (ATG to ATI')in the initiation codon of 
the polyhedrin gene, resulting in a requirement 
for an ATG codon in the inserted gene. The 
baculovirus transfer vector pV-I-bac (Tessier 
et al 1991) contains the honeybee mellitin sig- 
nal sequence under the control of the poly- 
hedrin promoter; this construct has been 
used successfully by Sisk et al (1994) to sub- 
stitute for the signal sequence of HSV-1 gD, 
enabling up to 25 mg of protein to be purified 
from one litre of culture medium. 

Procedure 

The propagation of baculoviruses and 
tissue culture maintenance is carried out 
at 27~ Baculoviruses are routinely 
stored at 4~ 

Types of insect cell in which 
baculoviruses can be propagated 

A number of cell lines of insect origin 
have been used in the propagation of 
baculoviruses and are commercially 
available. These include Sf 9 cells, Sf21 
cells, High 5 cells and MG1 cells. Sf9 
cells are derived from Spodoptera 
frugiperda ovarian cells. Sf 21 cells are of 
a similar origin but are larger in size and 
allow for elevated levels of protein 
production. High 5 cells are adherent 
cells and are derived from Trichoplusia ni 
egg cell homogenates. These cells also 
give 25 fold higher levels of protein 
expression than Sf9 cells. Cells are 
routinely cultured at 27~ in commercially 
available 'Grace's' insect medium which 
is supplemented with foetal calf serum. 
Serum-free preparations of insect 
medium are available for the production 
of recombinant proteins free from serum 
contaminants. 

Plasmid preparation 

1. 1 #g of 100 #g ml-1 of the baculovirus 
expression plasmid is added to 100 #1 
of competent cells which are left on 
ice for 30 min. 

2. Cells are heat shocked at 42~ for 
45 s. 

3. 400 ILtl SOC medium is added. 
4. Cells are shaken at 37~ for 1 h. 
5. Cells are plated out on LB agar plates 

containing antibiotics (ampicillin at 
100 ILtg ml-~). 

6. Plates are inverted and incubated at 
37~ overnight. 

7. 250 ml LB broth containing ampicillin 
at 100 #g ml-1 is inoculated with a 
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single colony from the plate and 
shaken overnight. 

8. Plasmid DNA is purified from the 
bacteria using caesium chloride 
gradient centrifugation or one of the 
commercially available DNA 
purification kits. 

9. The plasmid is digested with a 
suitable restriction enzyme, treated 
with calf intestinal, alkaline 
phosphatase and purified following 
agarose gel electrophoresis. 

10. The gene of interest is either excised 
from an existing plasmid or amplified 

Production of the recombinant virus 

from viral nucleic acid by the 
polymerase chain reaction (PCR). 
Suitable restriction endonuclease 
sites are incorporated into synthetic 
oligonucleotide primers for cloning 
purposes. 

11. The PCR product is phenol/ 

1. Sf9 cells are seeded into 60 mm 
tissue culture dishes at a density of 
2 x 106 and allowed to adhere for 
30 rain. 

2. 1 pg AcMNPV DNA is mixed with 2 l~g 
circularized plasmid DNA containing 
the gene of interest in 1 ml of Grace's 
medium containing no supplements. 

3. 20 I~1 cationic liposome solution is 
added and the solution vortexed. 

chloroform extracted. 
12. 100 t~1 chloroform is added, the 

sample vortexed and centrifuged at 
14,000 rpm. 

13. The upper phase is removed and 
100 I~1 Tris-saturated phenol plus 
100 111 chloroform is added. The 
upper phase is again removed and 
the DNA is precipitated with 1/10 
volume 3 M sodium acetate pH 7.0 
and 2.5 volumes ethanol at -70~ 
for 1 h. 

plates; the transfection mix is then 
added dropwise and the plates are 
placed on a rocking platform for 4 h. 
An additional 1 ml of complete 
medium is then added to the plates 
and the plates incubated at 27~ for 
48 h. The medium is harvested at 48 h 
and stored until required. 

7. The cells are refed and observed for 
signs of infection for a further two 
days. 

8. The supematant containing the 
14. The sample is centrifuged at 

14,000 rpm, dried and digested with 
a compatible restriction enzyme. 

15. The DNA is purified by PAGE and 
electroelution. 

16. The DNA is quantitated and ligated 
into the baculovirus vector. 

17. Competent cells are transformed as 
described above and the baculovirus 
expression plasmid and insert 
purified. This material is then co- 
transfected with linear AcMNPV DNA 
into Sf 9 insect cells. 

recombinant virus harvested on day 2 
is titrated under an agar overlay and a 
plaque assay performed, if the beta- 
galactosidase gene has been 
incorporated, any recombinant virus 
can be selected by blue/white 
screening if X-gal is incorporated into 
the overlay. Several rounds of plaque 
purification are required and 
recombinant viruses are selected on 
the basis of their occlusion body- 
negative phenotype. 

The analysis of protein expression 

Protein expression can be analysed in a 
number of ways. These include PAGE 
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followed by Coomassie blue staining, 
indirect immunofluorescence, Western 
blotting and radio-immunoprecipitation. 
It is imperative that adequate controls are 
included at all times when performing 
these assays. For instance, if the levels of 
recombinant protein expression are 
monitored at various time points after 
infection of cells, lysates from cells 
infected with a wild-type baculovirus or 
cells alone must be included in any 
analysis being performed. 

Poxvirus expression systems 
The expression of antigens in poxvirus was 
originally described by Mackett et al (1982). 
Concern over the use of vaccinia virus in 
humans which has surfaced in recent years 
has resulted in efforts to overcome this, such 
as the production of the non-replicating canary- 
pox virus to express both the fusion and HA 
proteins of measles virus (Taylor et al 1992) 
and an attenuated form of vaccinia virus, 
NYVAC (Tartaglia et al 1992; Cox et al 1993). 
Further, raccoon poxvirus has been used to 
express the rabies virus glycoprotein which 
has been used to vaccinate sheep (DeMartini 
et al 1993). Cytotoxic T-cells have been 
induced by inoculation with such viruses 
expressing the HIV-1 envelope glycoprotein 
(Cox et al 1993). Pox viruses have the advan- 
tage of having a large genome which can 
accommodate additional genes, high levels 
of expression, and a cytoplasmic site of tran- 
scription. For their construction, the gene of 
interest is cloned into a non-essential gene 
locus such as thymidine kinase. Recombi- 
nants are selected on the basis of their growth 
in TK-cells in the presence of the toxic ana- 
logue BUdR. Vaccinia virus recombinants have 
been used extensively for the study of both 
cellular and humoral immune responses to 
virus infection. For a review on the use of 
vaccinia virus on T-cell studies see Bennink 
and Yewdell (1990). The vaccinia T7 system 
has been used extensively to transcribe and 
translate proteins that are encoded under the 

control of the T7 RNA polymerase promoter. 
Cells are infected with the vaccinia virus 
recombinant expressing the T7 enzyme which 
are then transfected with the plasmid contain- 
ing the gene under the control of T7. Expres- 
sion of the protein can be detected using 
conventional techniques. 

Procedure 
(Smith 1993) 

1. The gene of interest is cloned into a 
poxvirus expression plasmid under 
the control of a vaccinia virus 
promoter (i.e. p l l  or p7.5). 

2. CV-1 cells are infected with wild-type 
vaccinia virus at moi of 0.5 and the 
flask is incubated at 37~ for 2 h. 

3. Plasmid DNA is precipitated by the 
dropwise addition of 6.5 ~1 2 M CaCI2 
to a 1 ml solution of 1 ILtg plasmid DNA 
which has been added to 19 ILtl carrier 
DNA while vortexing. 

4. The virus is removed and the 
precipitated DNA is added thus 
allowing homologous recombination 
to occur. 

5. The flask is incubated at 37~ for 
30 min, medium added and further 
incubated for 3-4 h. 

6. The cells are refed and after a further 
48 h the cells are harvested. 

7. The virus is plaque purified. 
8. Cells are freeze-thawed three times 

and titrated on TK-143 cells by the 
addition of 0.5 ml inoculum followed 
by rocking for 2 h. 

9. Cells are overtayed with 4 ml medium 
containing 2.5% FCS, 1% low 
temperature gelling agarose, and 
25 [Ltg BUdR. Plaques are harvested 
after 48 h and further rounds of plaque 
purification are carried out. Purified 
virus is analyzed for the production of 
the relevant protein. 
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The transient expression of 
viral antigens 
The transient expression of viral antigens in 
mammalian expression systems has a num- 
ber of uses. The location of the protein can 
be determined, i.e. whether it remains in the 
Golgi or endoplasmic reticulum or whether it is 
transported to the surface of the cell. Protein 
interactions can be studied by co-transfection 
techniques, and whether the transport of a 
protein to a different compartment of a cell is 
dependent on a second transfected protein 
can be assessed. Eukaryotic expression vec- 
tors are available which can be used for these 
purposes. The gene of interest is usually 
inserted under the control of a strong eukary- 
otic promoter such as the major immediate 
early gene promoter of human cytomegalo- 
virus or the RSV LTR promoter. The SV40 
origin of replication is often included to 
ensure the replication of the plasmid in COS- 
7 cells. The co-transfection of such a plasmid 
with a plasmid containing a selectable marker 
will allow for the production of stably express- 
ing cell lines. 

Procedure 

DEAE dextran transfection 

1. The gene of interest is cloned into the 
vector of choice (as described 
previously). 

2. 60 mm tissue culture dishes are 
seeded with COS-7 cells at a 
concentration of 5 x 10 s. 

3. The next day, the monolayer is 
washed three times in PBS. 

4. 1 i~g DNA + 500 !11 PBS + 5 1~1 DEAE 
dextran are mixed together and added 
to the cells. 

5. The plates are incubated at 37~ for 
30 min and rocked gently. 

6. 5 ml growth medium containing 
chloroquin is added and the plate is 
incubated at 37~ for a further 3-5 hours. 

7. The plate is washed and refed with 
growth medium and incubated for a 
further 48-72 hours. 

Detection of proteins 

Antibodies raised against the expressed 
proteins can be used for detection 
purposes. 

Surface expression 

1. Cells are fixed for 5 min with a solution 
of 2% isotonic paraformaldehyde. 

2. The slides are washed three times in 
PBS. 

3. The primary antibody is added and the 
slides incubated at 37~ for 1 h. 

4. The slides are washed three times in 
PBS and the secondary antibody 
added and the slide is incubated as 
before. 

5. Slides are washed and mounted in 
90% glycerol/10% PBS. 

6. Slides are examined using a 
microscope equipped with a mercury 
vapour lamp. FITC is excited by blue 
light at 490 nm and emits a green light 
at 520 nm. TRITC is excited by green 
light at 540 nm and emits a red light at 
625 nm. The size of the protein can be 
determined by RIPA or Western 
blotting. 

For the detection of the protein 
internally, cells are fixed with a 50"50 
solution of methanol and acetone for 
5 min and stained as described 
above. 

In vitro transcription/ 
translation systems 
It is possible to use a cell-free transcription/ 
translation system to determine the size of 
processed and unprocessed forms of viral 
antigens. The gene encoding the protein of 
interest is cloned into a plasmid such as 
pBluescript II KS+ which contains the T3 and 
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T7 RNA polymerase promoter or psp72 which 
contains SP6 and T7 promoters. The circular 
plasmid is transcribed and translated in a 
rabbit reticulocyte lysate in the presence of 
the relevant polymerase enzyme. The addition 
of canine pancreatic microsomal membranes 
enables the processing of the protein to 
occur. 

Prokaryotic gene 
expression 

teins using galactose-Sepharose for purifica- 
tion (Taylor and Drickamer 1991). Similarly, the 
pBR322 derivative pVB2 has the mglB gene 
which encodes the galactose binding protein 
of E. coli. An EcoRI restriction endonuclease 
site allows for in-frame fusions. GBP is taken 
to the periplasmic space of a bacterial cell and 
the recombinant protein can be isolated from 
the periplasm by osmotic shock (M~ller et al 
1989). 

Procedure 

The use of bacteria for the expression of either 
full length or truncated forms of proteins has 
been described extensively. The carboxyl 
terminal sequence of the inserted sequence 
may be modified to contain additional amino 
acids that can be used for purification pur- 
poses such as a histidine tag (Hiss) which 
can be used to bind the protein to a nickel 
column. One particular system that has been 
used widely for this purpose is the pGEX 
system (Smith and Johnson 1988). Here, the 
sequence of interest is inserted into a plasmid 
fused with the C-terminus of Sj26, a 26 kDa 
Glutathione S-transferase (GST) encoded by 
the parasitic helminth Schistosoma japoni- 
cure. The protein can then be purified by its 
affinity with a glutathione-Sepharose column 
and eluted using reduced glutathione. The 
pGEX vectors are designed so that GST can 
be cleaved by site specific proteases such as 
thrombin or blood coagulation factor Xa, after 
which excess GST or uncleaved protein can be 
absorbed on glutathione agarose. 

Virus polypeptides may also be expressed 
as 13-galactosidase fusions, and others may be 
fused with staphylococcal protein A to allow 
for their purification on IgG-Sepharose. The 
insolubility of some of these proteins may be 
overcome by the use of sarkosyl buffer (Grieco 
et al 1992). pGEX vectors are available for the 
insertion of the gene or part of the gene in one 
of three open reading frames. 

Other recently described fusion systems 
include the CHO recognition domain (CRD) of 
the galactose-specific rat hepatic lectin, which 
is used to create fusions with eukaryotic pro- 

1. The gene is cloned into the pGEX 
plasmid of choice using the 
techniques outlined above. 

2. The plasmid is used to transform 
JM105 cells. 

3. An overnight culture of bacteria is 
diluted 1/50 with LB broth containing 
100 pg ml- 1 ampicillin. 

4. The cells are grown to mid log phase 
(AS00 = 0.6-1.0) and the expression 
of the fusion protein is induced by the 
addition of isopropyl-I}-D- 
thiogalactoside (IPTG) to a final 
concentration of 0.1-10 mM. 

5. The cells are grown for 3-5 h at 
37~ 

6. 1 ml of culture is centrifuged at 
14,000 rpm for 2 min and 100 lul PBS 
added. 10 !~1 of this is analyzed by 
PAGE followed by Coomassie blue 
staining. 

7. Insolubility of the protein may be 
overcome by the addition of Triton 
X-100 to a final concentration of 1%, 
shaking for 30 min and analysis of the 
protein from the supernatant. 

The purified proteins may then be 
inoculated into animals to raise 
monospecific antisera. Further 
techniques include fusion to the heat 
shock protein. 
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Purification of proteins to which His6 
tag has been attached by affinity 
chromatography 
(Soumounou and Laliberte 1994), 

1. Bacteria are resuspended in buffer 
(500 mM NaCI, 160 mM Tris-HCI, pH 
8.0) and lysozyme is added to a final 
concentration of 2 mg ml -~ and 
incubated at room temperature for 
20 min. 

2. Cells are freeze-thawed several times 
and sonicated. 

3. The lysate is centrifuged at 15,000 g 
and the pellet resuspended in 20 ml of 
the buffer described in 1, containing 

6 M guanidine-HCI, 5 mM 2- 
mercaptoethanol and 0.1% Tween 20 
and incubated at room temperature 
for 30 min with vortexing. 

4. Solubilized proteins are recovered by 
ultracentrifugation (15,000 g for 
40 rain at 4~ and incubated with 
2.5 ml Ni-NTA Agarose (Qiagen). 

5. The resin is washed with buffer 
described in step 1, containing 
guanidine, and bound proteins are 
eluted with this buffer containing 
250 nM imidazole. 

6. The purified proteins are dialyzed for 
24 h at 4~ against 20 mM NaCI, 
10 mM Tris HCI, pH 8.0. 
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Virus purification is the physical separation of 
virus in a concentrated form from the host cell 
milieu in which it has grown. Viruses need to 
be purified for many studies in which proper- 
ties or structure of the virus must be distin- 
guished from those of the host cells or 
culture medium, such as analyses of structure 
of viral polypeptides, function of membrane 
glycoproteins, etc. 

In this review, we will describe proven meth- 
ods of purifying enveloped versus nonenve- 
loped viruses, and labile versus stable 
viruses, as these properties constitute impor- 
tant differences in the methods. We will also 
discuss those criteria used by various labora- 
tories for determining the degree of purity 
achieved in virus preparations. 

Virology Methods Manual 
ISBN 0-12-465330-8 

Copyright �9 1996 Academic Press Ltd 
All rights of reproduction in any form reserved 



Vi ro logy  m e t h o d s  manual  

Pri nciples of 
u Itracent rifu g atio n 
Ultracentrifugation is the usual technique of 
choice for the purification of particles of 
defined size (i.e. virions) from their contaminat- 
ing materials. In any suspension of particles 
their rate of sedimentation depends not only 
on the size, density and morphology of the 
particles but also on the nature of the medium 
in which they are suspended and the force 
applied to the particles during centrifugation. 

One important contributory factor to con- 
sider in the separation and ultimate purifica- 
tion of virions from contaminating materials is 
therefore the viscosity of the medium in which 
they are centrifuged and this chapter 
addresses such an issue later. 

Types of centrifugal 
separations 
It is of course theoretically possible to sepa- 
rate particles solely on the basis of differential 
pelleting, where asymmetrical particles will 
sediment slower than spherical particles of 
the same mass and density. By increasing 
the time of centrifugation or the centrifugation 
speed smaller particles will also pellet. Differ- 
ential centrifugation also separates particles 
on the basis of their density. Whilst the proce- 
dure can be successful in achieving good 
separation of a variety of particles as long as 
there are large differences in their mass and/or 
densities, the yield of such a procedure is likely 
to be low and the purity of the particles ques- 
tionable. The technique is however often used 
as a starting point designed so as to enrich 
populations of particles before further purifica- 
tion. Virus purification is more likely to be 
achieved by the technique of density gradient 
centrifugation, where separation of the com- 
ponents is achieved by sedimentation through 

a density gradient, (i.e. a solution which 
increases in density with increasing distance 
down the centrifuge tube). 

Two types of approach are routinely used - 
rate-zonal centrifugation and isopycnic centri- 
fugation. 

In rate-zonal centrifugation the problem of 
co-sedimentation of particles is overcome by 
layering the sample in the form of a narrow 
layer on top of a density gradient. During cen- 
trifugation the sample particles separate as a 
series of bands or zones, each with its own 
characteristic sedimentation rate. Centrifuga- 
tion is stopped before the particles pellet and 
the separated components are collected by 
fractionation of the gradient. The rate at which 
the particles sediment depends on their size, 
shape, density, the centrifugal force, and the 
density and viscosity profile of the gradient. 

Isopycnic centrifugation separates particles 
solely on the basis of their different densities. 
The sample is loaded directly on to a pre- 
formed density gradient and then centrifuged 
or is mixed with the gradierft medium to give a 
solution of uniform density and the density 
gradient forms during centrifugation (e.g. Dea 
and Tijssen 1988). 

In rate-zonal centrifugation the density of 
the gradient must not exceed that of the par- 
ticles being separated whereas in isopycnic 
centrifugation the maximum density must 
always exceed the density of the particles. 

The above procedures are carried out in 
preparative ultracentrifuges which are usually 
grouped on the basis of their speed. Rou- 
tinely one would wish for a machine capable 
of 40-80 x 103 rpm and 600 x 103 g. 

Centrifuge rotors come in various sizes but 
would routinely be swing-out rotors for rate- 
zonal centrifugation and fixed angle or vertical 
rotors for isopycnic centrifugation. 
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PEG precipitation 
Concentration of viral suspensions by precipi- 
tation techniques is a useful starting point for 
virus purification. 

Protocol and follow-up 

Advantages over other 
concentration methods 
Precipitation of macromolecular proteins such 
as viruses by high molecular weight polyethyl- 
ene glycol-6000 (PEG), pioneered by Yama- 
moto et al (1970) for bacteriophages, is an 
effective concentration method because the 
viruses are slowly precipitated in a cold, 
high-salt environment which protects them 
from chemical and physical denaturation. 

PEG precipitation is more gentle than physi- 
cal concentration by ultracentrifugation or 
molecular sieve filtration. These are also done 
in the cold, but ulltracentrifugation often packs 
the virions so tightly, even atop sucrose cush- 
ions, that they cannot be resuspended without 
significant loss of virus, and ultrafiltration 
requires magnetic mixing to keep the filter 
cleared and loses a great deal of virus trapped 
in the filter itself. PEG is also more effective, in 
our hands, than ammonium sulfate precipita- 
tion, although the latter has been used with 
good results for astroviruses, caliciviruses, 
coronaviruses, picornaviruses and many 
others (Ashley and Caul 1982; Tannock 1973; 
Wadey and Westaway 1981; Minor 1985). The 
PEG precipitation procedure outlined below 
has been performed with good results for 
coronaviruses (Hierholzer 1976; Lanser and 
Howard 1980), rhabdoviruses (Obijeski et al 
1974), parainfluenzaviruses (Hierholzer et al 
1993), respiratory syncytial virus (Anderson et 
al 1984; Cash et al 1977; Hierholzer et al 
1994), rubella virus (Fuccillo and Sever 1989), 
and picornaviruses (Hasegawa and Inouye 
1983; Hierholzer et al 1984). 

1. It is best to start with a large-volume 
virus culture in which calf serum and 
other protein additives have been 
withheld from the maintenance 
medium. 

2. At complete CPE, the cells and 
medium are harvested by scraping 
with a rubber policeman. (Multiple 
cycles of freeze-thawing can 
effectively break up the cells if the 
virus is Stable to such treatment.) The 
pooled harvest is clarified by large- 
volume, low-speed centrifugation, 
such as in a Beckman JA-14 rotor in a 
J2-21 centrifuge at 10,000 rpm 
(15,300 g) or a J-21 rotor in an L8-70 
centrifuge at 12,000 rpm (15,000 g), 
for 20 rain at 3~ 

3. Transfer the supernatant to a large 
beaker in an ice bath on a magnetic 
stirrer. 

4. Slowly add NaCI to a final 
concentration of 2.3%, with constant 
but gentle stirring. 

5. Slowly add PEG-6000 to a final 
concentration of 7.0%, also with 
constant and gentle stirring. Cover the 
beaker and stir for about 1 h more to 
ensure complete solubilization of the 
PEG. (Others have used higher salt [to 
2.7%] and lower and higher PEG (6.0- 
10.0%) with good results (Fuccillo and 
Sever 1989; Hasegawa and Inouye 
1983; Hierholzer et al 1984; Lanser 
and Howard 1980; Yamamoto et al 
1970).) 

6. Transfer the beaker and ice bath to a 
refrigerator, and allow the virus (and 
other proteins) to precipitate overnight 
at 4~ 

7. Collect the precipitate by the same 
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centrifugation method used for 
clarification (step 2). Aspirate or 
drain 'the centrifuge bottles 
thoroughly to remove as much PEG 
as possible. 

8. Resuspend the precipitate in a small 
volume of TES buffer (0.01 M Tris-HCI, 
pH 7.2, 0.002 M EDTA, 0.15 M NaCI). 
The buffer should be added at about 
2 ml per centrifuge bottle and 
aspirated thoroughly with a syringe 
and 22-gauge needle. The suspension 
is then transferred to a clean tube, and 

each bottle is rinsed with an additional 
1 ml of buffer which is added to the 
pooled suspension. 

9. Finally, the PEG is removed (pelleted) 
by centrifugation of this pooled 
suspension at 13,000 g for 4 min at 
23~ in a Beckman Microfuge or 
similar device. The supernatant now 
contains approximately 100-fold 
concentrated virus in isotonic TES 
buffer; the virus preparation may be 
considered enriched, but not purified. 
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Sucrose g rad ients 
Sucrose is suitable for most rate-zonal centri- 
fugation procedures and is often the ideal 
method for the formation of sharp, easily iso- 
lated bands of pure virus. Sucrose is however 
very viscous at densities greater than 30% w/v 
and some laboratories use Ficoll or Dextran 
(Pharmacia Fine Chemicals) as an alternative. 
The procedures for gradient formation are, 
however, the same. The gradient solution is 
usually made up in an aqueous buffer at neu- 
tral pH; borate buffer should never be used. 
The gradients are usually of the continuous 
type, i.e. the density of the sucrose solution 
increases smoothly with increasing distance 
from the axis of rotation. In designing gradi- 
ents it is essential that the top of the gradient 
is of sufficient density to support the virus 
sample whereas the density at the bottom 
must exceed that of the virus particles. Step 
gradients (e.g. 5-30%, 10-40% or 15-45%) 
should be used whenever possible as they 
result in better separation of virus particles 
from contaminating materials. Gradients 
should also never be overloaded with sam- 
ple, and whilst this procedure is of course a 
'learning curve' for different viruses Hull (1985) 
suggests that SW27 (large swing out rotors) 
should never be loaded with more than 5 mg 
virus whereas the smaller tube (SW50) should 
contain 1 mg of virus or less. 

Gradients are either produced by the diffu- 
sion method, where a series of differing 
sucrose concentrations are layered one on 
top of the other and allowed to diffuse, or by 
the use of gradient makers, which range from 

Table 4.1 

home-made devices put together by the local 
glass-blower to sophisticated commercially 
acquired apparatus. 

The diffusion method relies on the aliquot- 
ing, by underlaying or overlaying, of identical 
volumes of a series of sucrose solutions to 
produce a step gradient. Once prepared the 
tube is stood either vertically or horizontally 
and the sucrose allowed to diffuse to form 
the gradient. If left vertically the tubes should 
be allowed to stand overnight at 4~ 

Typical volume examples for preparation of a 
variety of different sized gradients are shown 
below (reproduced from Hull, 1985). 

Gradients made by means of a gradient 
maker can be used immediately. The gradient 
maker consists of two vessels of equal cross- 
sectional area joined by a connecting channel 
which is opened or closed by means of a stop- 
cock. The outlet or mixing chamber has a fine 
tube exit which, via a piece of flexible tubing, 
leads to the centrifuge tube. Vessels are con- 
structed for various volume gradients. Whilst 
sucrose will flow by gravity many workers 
prefer to use a peristaltic pump between the 
glass exit tube and the centrifuge tube (see 
Fig. 4.1) 

The methods for gradient preparation are 
well documented by Hames (1984) but a brief 
description of the 'dense end first' method is 
given here. 

1. Always use clean dry vessels and 
tubing. 

Tube size (inches) Rotor 
ml of sucrose 

40%* 30% 20% 10% 

3 x 1 SW25 
3.5 x 1 SW27 
3.5 x 9/16 SW41 

2 x 0.5 SW50.1 

7 7 7 4 
8 8 8 6 
3 3 3 2 
1 1 1 1 

* percentages as given by w/v. 
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1 

o• 

l j 
Figure 4.1. Preparation of sucrose gradients (from 
Hames 1984). 

pure virus. Such a band can often be observed 
by shining a beam of light up through the 
bottom of the clear centrifuge tube, this being 
carried out in a darkened room. For some 
purposes the band can be harvested by punc- 
turing the tube with a hypodermic syringe and 
withdrawing the band, the sample being 
pelleted later by ultracentrifugation. 

It is however often necessary to collect 
appropriately volumed fractions from sucrose 
gradients. For this purpose, again, commercial 
apparatus is available, but great success is 
achieved easily by the construction of a 
home-made apparatus. The authors have 
used the three designs discussed by Minor 
(1985) but prefer the apparatus referred to as 
'c' in his article. This is briefly discussed below 
(see Fig. 4.2.) 

2. Connect the vessel outlet tubing to 
the top of the centrifuge tube. The 
tubing may be held in place but as 
long as care is taken can often be left 
'lodged' against the inner side of the 
top of the centrifuge tube. 

3. Ensure stop-cock between chambers 
is closed and introduce required 
volume of less dense solution into the 
reservoir chamber. Add appropriate 
volume of the more dense solution to 
the mixing chamber. 

4. Stir the solution in the mixing chamber 
using a helix stainless steel wire (or 
similar device) driven by an overhead 
motor. 

5. Set a peristaltic pump to give a steady 
flow rate and open connecting stop- 
cock (watch out for trapped air). The 
solution flowing into the centrifuge 
tube becomes progressively more 
dilute, thus establishing a gradient. 

6. The gradient is stored at the required 
temperature but should normally be 
used within an hour. 

A gradient preformed in such a way is ready 
for use in rate-zonal centrifugation, hopefully 
leading to the formation of a visible band of 

The apparatus consists of a rubber bung, 
a bleed tube of steel tubing attached to a 
short piece of silicone rubber tubing (i), 
and a glass inlet tube attached to a 
repeating syringe adjustable to deliver 

(ii) 

I 
; ' : ' : ' : " . :19  

Figure 4.2. Apparatus for harvesting sucrose gra- 
dients (from Minor 1985). 
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0.5-2.0 ml of liquid paraffin (ii). 

1. Clamp the centrifuge tube vertically. 
2. Insert the rubber bung. 
3. Pump liquid paraffin into the tube until 

it emerges from the bleed tube. Clamp 
the bleed tube. 

4. Pierce the bottom of the centrifuge 
tube. 

5. Collect fractions of appropriate 
volume by displacement with a known 
volume of liquid paraffin delivered by 
the repeating syringe. 

Such a method is capable of giving good 
separation of 'bands', of e.g. empty and full 
capsids, etc. 

Sucrose density gradient rate-zonal centri- 
fugation has been used for the purification of a 
whole range of viruses, e.g. influenza virus 
(Barrett and inglis 1985), adenovirus (Precious 
and Russell 1985), coronavirus (Collins and 
Alexander 1980), parainfluenzavirus (Ito et al 
1987), rotavirus (McCrae 1985), rhabdovirus 
(Wunner 1985), togavirus (Gould and Clegg 
1985), picornavirus (Minor 1985), and herpes 
viruses (Killington and Powell 1985). 

Specific purification methods for a small 
capsid virus (e.g. picornavirus) and a large 
enveloped virus (e.g. a herpes virus) are 
detailed below. 

Picornavirus 
(Minor 1985) 

Preparations of virus for purification are usually 
derived following high m.o.i, of appropriate cell 
cultures (e.g. HeLa suspension cultures) which 
are freeze-thawed two or three times and then 
centrifuged to remove the debris. The super- 
natant is often treated with either ammonium 
sulphate or polythene glycol prior to purifica- 
tion. Picornaviruses are however often asso- 
ciated with membranes and thus detergent is 
usually added (e.g. 1% NP40) to free the virus 
particles. The purification process is as 
follows: 

1. Prepare a solution to give final 
concentrations of 15 g of sucrose per 
100 ml, 10 mM Tris-HCI pH 7.4, 50 mM 
NaCI. Prepare a similar solution at final 
concentrations of 45 g of sucrose per 
100 ml, 10 mM Tris-HCI pH 7.4, 50 mM 
NaCI. 

2. Prepare 30 ml linear gradients of 
sucrose from 15% to 45% in an 
ultracentrifuge tube of 35-40 ml 
capacity (e.g. Beckman SW28) using 
15 ml of each of these solutions per 
gradient and a suitable gradient 
maker. 

3. Prepare a solution of 10% NP-40 
(BDH) in PBS. Add one-tenth of a 
volume to the sample, whose volume 
should not exceed 6 ml. The sample 
should clarify visibly as it is shaken 
with the detergent. 

4. Layer the sample carefully onto the 
preformed gradient. Balance the tubes 
with liquid paraffin. 

5. Centrifuge the tubes at 4~ at 
80,000 g for 4 h (for example at 
25,000 rpm in a Beckman L8 
ultracentrifuge, SW28 rotor). 

6. Harvest the gradients as described 
above. Assay for virus. The infectious 
virus peaks should be about '~ down 
the gradient. 

Virus purified in such a way is suitable for most 
purposes. However some impurities may 
remain and if extreme purity is required it 
may be necessary to re-purify on caesium 
chloride gradients. 

Herpes simplex virus 
(Killington and Powell 1985) 

Herpes simplex virus provides a more difficult 
challenge than most viruses with regard to the 
preparation of pure virus particles. Techniques 
which work well with one virus strain in a 
particular cell line do not work for other strains 
of virus in the same cells or for the same strain 
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of virus in different cells. For this reason we 
give two methods here. Method 1 relies on the 
virus strain being released into the extracellular 
medium of e.g. Hep-2 infected cells. Method 2 
appears to work for most strains. 

preparations of virus a wide variety of other 
techniques can be used, including a second 
sucrose gradient or caesium chloride gradi- 
ents. Both these techniques yield virus with a 
protein/particle ratio better than 20 ~tg/101~ 
particles. 

Method 1 
(Powell and Watson 1975) 

1. Infect confluent monolayers of Hep-2 
cells in roller cultures at a m.o.i, of 20- 
25 (pfu cell-l). 

2. Wash the infected cells after virus 
adsorption, add fresh medium and 
incubate the cells at 32~ for 2-3 
days. 

3. At the end of the incubation, 
centrifuge the medium at low speed to 
remove cell debris. 

4. Harvest the virus either by 
precipitation from the medium with 
polyethylene glycol (PEG, molecular 
weight 6000, 8% w/v in the presence 
of 0.5 M NaCI) or by centrifugation 
(12,000 rpm, 2 h in a GSA rotor, 
Sorvall RCS-5B centrifuge). 

5. Resuspend the virus in a low molarity 
Tris buffer pH 7.8 containing 50 mM 
NaCI. It is preferable to allow re- 
suspension overnight if this is 
convenient. 

6. Layer the suspehsion of virus over a 
30 ml gradient of 5-45% sucrose in 
the same buffer and centrifuge for I h 
at 12,500 rpm (Sorvall AH627 rotor). 
At the end of this period a fluffy white 
band of purified virus should be clearly 
visible at the centre of the gradient. 
This visible band contains the single 
peak of infectious virus in the gradient. 

At this point the virus is of adequate purity 
(about 50 ~tg of protein/101~ particles virus) for 
many purposes including the preparation of 
virus DNA. The virus may be recovered by 
simple sedimentation. To produce high quality 

Method 2 
(Spear and Roizman 1972; Heine et al 1972; 
Killington et al 1977) 

1. Infect the cells exactly as described 
for method 1. 

2. Incubate the cells at 37~ for 18-24 h 
and harvest by scraping from the 
glass and low-speed centrifugation. 

3. Resuspend the cell pellet so obtained 
in Reticulocyte Standard Buffer (RSB) 
and allow the cells to swell for 10 min. 
The cytoplasm may then be obtained 
from the cells by Dounce 
homogenization. 

4. Centrifuge the Dounce-homogenized 
cells at low speed to remove nuclei 
and cell debris. 

5. Layer the supernatant (containing the 
majority of the infectious virus) on to a 
5-40% Dextran gradient in Tris buffer 
and centrifuge at 12,500 rpm for 1 h 
(Sorvall AH 627 rotor); the virus is 
obtained by removing the visible band 
in the centre of the gradient. 

6. Collect the virus from this band by 
sedimentation (20,000 rpm for 1 h, 
Sorvall AH 627 rotor). 

At this point the virus is of adequate purity 
for many purposes but can easily be improved 
by the methods mentioned above. Purified 
virus derived by either method may be resus- 
pended in distilled water or a suitable buffer 
and aliquots taken for infectivity assay, total 
particle count and protein estimation. Virus 
can be frozen at -70~ but on thawing this 
leads to partial disintegraton of the viral 
envelope. 
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Caesi u m ch Ioride g rad ients 
Caesium chloride (CsCI)is one of the materials 
of choice used for the purification of viruses by 
a technique referred to as buoyant density- 
gradient sedimentation, isopycnic centrifuga- 
tion or equilibrium density gradient centrifuga- 
tion. This method is based on the premise that 
the layering of a virus suspension on to a pre- 
formed gradient followed by ultracentrifugation 
will result in the migration of virus particles until 
they reach an equilibrium according to their 
buoyant density. Alternatively, the gradient 
may be field formed by mixing the virus suspen- 
sion with a known amount of CsCI in a suitable 
buffer prior to centrifugation when the gradient 
is produced. This technique contrasts with the 
procedure of rate-zonal centrifugation which 
separates particles on the basis of size. Other 
materials used in isopycnic centrifugation 
include organic molecules such as sugars 
(sucrose) or polysaccharides (Ficoll), iodinated 
aromatic compounds (Nycodenz) or colloidal 
silica (Percoll). Hence no one particular com- 
pound is of universal application. More far 
reaching applications of CsCI gradients 
include the purification of plasmid DNA and 
the separation of subviral components. 

The widespread use of CsCI is attributed to 
- 3  the fact that solutions of up to 1.91 g cm 

can be prepared from it which is highly desir- 
able for the purification of viruses whose buoy- 

- 3  ant densities range from 1.28-1.45 g cm 
(non-enveloped) to 1.18-1.25 g cm-3 (envel- 
oped). Suggestions for the concentrations of 
CsCI to be used for gradient formation range 
from 1.32 g cm -3 (32% w/v) for a virus con- 
taining 5% RNA to 1.7 g cm -3 (55.5%) w/v for 
a DNA virus. 

In addition to its high level of solubility and 
density, CsCI is able to form solutions of low 
ionic strength and viscosity. Also, at a suitable 
pH its presence does not affect the biological 
activities of the virus. Optical grade CsCI does 
not absorb UV light allowing direct photo- 
metric analysis of gradient fractions. Further 
it does not interfere with the activity of scintil- 

lation fluids, thereby allowing analysis of radio- 
actively labeled virus preparations taken from 
the gradient. CsCI can easily be removed from 
the virus fraction by dialysis, filtration or ultra- 
centrifugation. 

CsCI gradients may either be self formed or 
preformed and the latter type of gradient may 
either be discontinuous or continuous. For the 
discontinuous gradient, often referred to as a 
step gradient, different densities of CsCI are 
layered into a centrifuge tube, beginning either 
by underlaying the least dense with a more 
dense preparation or by layering the less dense 
preparation on the top of the more dense. The 
virus sample is loaded on to the top of the 
gradient and centrifugation begun immediately. 
The continuous gradient is prepared in the same 
manner but additionally it is held at 4~ over- 
night, allowing diffusion to occur. More often 
however, a gradient maker is used to form the 
continuous gradient thus saving time. For 
the self-forming gradient, the virus sample, the 
gradient solute and the buffer are mixed 
together in proportions that will generate a 
suitable density range on centrifugation. 

Swing out, fixed angle and vertical rotors can 
all be used for the purpose of CsCI centrifuga- 
tion. if limited time is available, the various 
fractions of the gradient are collected and their 
densities can be measured in an Abbe refract- 
ometer. Alternatively, known volumes of liquid 
may be weighed using a pycnometer. Some 
methods for virus purification using CsCI gra- 
dient centrifugation are given below. 

The purification of 
picornaviruses on a 
preformed CsCI gradient 
(Minor 1985) 

1. Prepare a 40% w/w solution of CsCI 
by dissolving 4 g of solid CsCI in 6 ml 
of 0.01 M Tris-HCI pH 7.4. 
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2. Prepare a 5% w/w solution of CsCI by 
dissolving 0.5 g of solid CsCI in 9.5 ml 
of 0.01 M Tris-HCI pH 7.4. 

3. Pour a 10 ml 5-40% linear CsCI 
gradient in an ultracentrifuge tube of 
12 ml capacity (e.g. Beckman SW41 
tube) using 5 ml of each solution and a 
suitable gradient maker. 

4. Layer the sample containing 1% NP- 
40 on to the gradient in a volume of 
1 ml. Balance centrifuge tubes using 
liquid paraffin. 

5. Centrifuge at 120,000 g for at least 4 h 
and preferably overnight at 4~ in, for 
example, a Beckman L8 
ultracentrifuge, SW41 head at 
30,000 rpm. 

6. Harvest the gradients. 

The use of CsCI gradient 
centrifugation in the 
isolation and purification 
of viruses from tissue 
samples 
Following the treatment of tissue samples to 
extract a virus of interest, CsCI gradient 
centrifugation can then be used for its purifica- 
tion. One such example of this was an exam- 
ination of the structure of fish lymphocystis 
disease virus from skin tumours of pleuro- 
nectes following their purification on CsCI 
gradients (Samalecos 1986). 

The purification of Brome 
mosaic virus on a self 
forming CsCI gradient 
(Hull, 1985) 

1. Precipitate a suspension of virus 
extracted from infected leaves with 
polyethylene glycol 6000 (10% in 
0.1 M NaCI and centrifuge at 10,000 g 
for 10 min, resuspend in 1/10 the 
volume of 0.1 M sodium acetate pH 
5.0 and centrifuge at 10,000 g for 
10 min to recover the supernatant. 

2. Add CsCI to give a density of 1.36 g 
c m  - 3  and centrifuge at 36,000 rpm for 
18 h in a Beckman R40 rotor. 

3. Recover the virus band from the 
gradient and dialyse against at least 
100 volumes of 0.1 M sodium acetate 
pH 5.0 for 3-4 h to remove the CsCI. 

4. Repeat steps 1 and 2 and resuspend 
the final product in 1 ml of sodium 
acetate pH 5.0 per 100 g of starting 
leaf material. 

1. Tissue is homogenized (1-5 g)in TNE 
buffer and the suspension clarified by 
centrifugation at 3000 rpm for 20 min 
twice. 

2. The cell free supernatant is 
centrifuged through a 30% (w/w) 
sucrose cushion in a Spinco SW 27 
rotor at 25,000 rpm for 120 min at 
4~ 

3. The virus pellets are resuspended in 
TNE buffer and layered on to 35 ml 
gradients of 25-60% (w/w) sucrose 
and recentrifuged for 20 h in a Spinco 
SW27 rotor at 25,000 rpm at 4~ 

4. The virus band is collected and 
centrifuged in a CsCI gradient (10- 
35% w/w) for 24 h in a Spinco SW41 
rotor at 30,000 rpm at 10~ The virus 
band in the middle of the gradient is 
harvested, dialyzed against TNE 
buffer and used for electron 
microscopy. 

A second example of the use of this technique 
for the purification of a virus from biological 
material was in the isolation of rabbit picobir- 
naviruses from faecal material. These particles 
co-sediment with 32 nm virus particles which 
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have a buoyant density of 1.39 g cm -3 (Galli- 
more et al 1993). 

1. A 10% faecal suspension is clarified 
by centrifugation at 1500 rpm for 
15 min. 

2. The supernatant is extracted with an 
equal volume of 
trichlorotrifluoroethane. 

3. The virus present in the aqueous 
phase is concentrated by 
centrifugation through a 45% sucrose 
cushion at 45,000 rpm for 2 h at 5~ in 
a Beckman SW55Ti rotor. 

4. The pellet is resuspended in Tris/Ca 
buffer and loaded on to a 30% (v/v) 
CsCI gradient and centrifuged at 
35,000 rpm for 17.5 h. 

5. The gradient is harvested into 0.3 ml 
fractions and the buoyant density of 
each fraction is calculated from its 
refractive index. 
The sample is then ready for further 
examination by such techniques as 
polyacrylamide gel electrophoresis 
(PAGE). 

Finally, CsCI centrifugation has been used for 
the separation on the basis of buoyant density 
of viruses isolated from faecal material whose 
description had previously been limited to that 
of 'small round viruses'. These were then 
further examined by electron microscopy and 
could be classified in more detail (Oliver and 
Phillips 1988). 

1. 0.3 ml of virus supernatant was 
layered on to 4.5 ml of 45% aqueous 
CsCI and centrifuged at 100,000 g for 
18 h in an MSE 65 Superspeed 
ultracentrifuge using a swing out rotor. 

2. 2.5 #1 of 0.3 ml fractions with 
- 3  densities between 1.2 and 1.5 g cm 

were placed on agar coated slides and 
allowed to dry. Samples were stained 
and examined by electron 

microscopy. By carrying out this 
retrospective study, small round 
viruses found in faecal samples were 
classified into groups such as 
astrovirus, 'Norwalk-like' virus, 
parvovirus, enterovirus and hepatitis A. 

The purification of viruses 
by CsCI density 
centrifugation for use in 
immunological assays 
CsCI density gradient centrifugation was used 
for the production of purified preparations of 
rotavirus antigens for use in T-cell proliferation 
assays (Bruce et al 1994). Virus was pelleted 
from 400 ml of clarified (5000 g for 30 min) cell 
culture lysates and resuspended in 3 ml of 
20 mM-Tris-HCI pH 7.5 buffer containing 
5 mM calcium chloride. The virus was purified 
further by differential centrifugation on a five- 
step caesium chloride gradient. Double and 
single-shelled rotavirus particles were har- 
vested from the gradient, pooled and washed 
by ultracentrifugation. The virus purified thus 
was then used in T-cell proliferation assays. 

The purification of 
subviral components 
using CsCI gradient 
centrifugation 
CsCI gradient centrifugation is effective in the 
production of purified subviral components 
from either biological fluids or from systems 
which over-express the protein. Three exam- 
ples of this are given below. 

1. HBsAg was purified from the plasma 
of high-titre chronic carriers of HBsAg 
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(Gavilanes et al 1990). Following 
treatment with octyl glucoside the 
suspension was layered onto a 
12.8 ml CsCI linear gradient (density 
1.15-1.32 g cm-3) .  The CsCI had 
been previously filtered through 
GSWPO4750 Millipore filters before 
use. 

2. Gradients were centrifuged for 4 h at 
154,400 g in a Beckman SW40 rotor. 

3. Fractions of 0.4 ml were collected 
beginning from the bottom of the 
gradient and their absorbance at 
280 nm measured. Antigen-positive 
fractions were pooled and dialyzed 
against 10 mM-Tris (pH 7.0)/50 mM 
NaCI. 

Hepatitis B core antigen is composed of an 
envelope carrying the surface antigen and an 
internal capsid containing the circular, partially 
dsDNA genome and the viral polymerase. 
Empty cores have been produced in baculo- 

virus and one cycle of CsCI gradient centrifu- 
gation was used for their purification. Three 
species were found in sedimentation velocity 
studies of a 3 mg m1-1 solution. These had 
migrations of 71.3S, 62.5S and 11.0S respec- 
tively (Hilditch et al 1990). 

Hepatitis delta virus antigen was expressed 
in a eukaryotic cell line (Macnaughton et al 
1990) and the density of the antigen was 
found to be 1.19 g cm -3 by equilibrium cen- 
trifugation in caesium chloride. The procedure 
was as follows: 

1. A 200 ~1 sample of ammonium 
sulphate precipitated recHDAg was 
overlaid on a 10 mi gradient of 
preformed caesium chloride (1.1- 
1.5 g cm -3 and centrifuged 
(120,000 g) for 25 h at 20~ and 
0.5 ml fractions collected). 

2. Fractions were tested for HDAg 
activity by RIA and its density was 
estimated from the refractive index. 
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Positive density/negative 
viscosity g radients 
Rationale 
Positive density/negative viscosity gradients 
were first proposed by Barzilai et al (1972) as 
a means of effectively separating viruses from 
cytoplasmic components with similar densi- 
ties. His studies used CsCI to provide density 
and glycerol for viscosity, and the gradients 
were employed to purify foot-and-mouth dis- 
ease virus, a picornavirus, from the host cell 
milieu in which it was grown. The method 
described here is patterned after Obijeski et 
al (1974), who found that potassium tartrate 
provided a gentler chemical environment than 
caesium or rubidium salts for enveloped 
viruses. 

The gradients are constructed such that the 
potassium tartrate yields increasing density 
from the top of the gradient to the bottom, 
while the glycerol yields decreasing viscosity 
from the top to the bottom; thus the designa- 
tion 'positive density/negative viscosity'. The 
method is gentle and does not destroy labile 
viruses either by pelleting them or by a harsh 
chemical milieu, it has been found particularly 
useful for purifying enveloped viruses such as 
rhabdoviruses (Obijeski et al 1974), corona- 
viruses (Hierholzer 1976), parainfluenza and 
mumps viruses (Hierholzer et al 1993), and 
respiratory syncytial virus (Hierholzer et al 
1994), and non-enveloped but nonstable 
viruses such as caliciviruses and astroviruses 
(Ashley and Caul 1982). In the 30% (v/v) gly- 
cerol-to-40% (v/v) potassium tartrate gradi- 
ents used for enveloped viruses, the top of 
the gradient after centrifugation contains a 
band of flocculent material with a refractive 
index of--1.356; followed by a faint, hazy 
band (--1.377); a sharp, compact virus band 
(--1.379); another faint, hazy band just below 
the virus (--1.380); and two very flocculent 

bands near the bottom of the tube (RI 1.381 
and 1.385, respectively). The RI values corre- 
spond to a range of 15-32 % sucrose. For non- 
enveloped viruses, the gradient is constructed 
with 30% glycerol and 60% tartrate to provide 
the greater density needed for these viruses 
(Ashley and Caul 1982). 

Protocol and 
interpretation 

1. Construct gradients in cellulose nitrate 
centrifuge tubes holding at least 10 ml. 
The directions here will be for the 
Beckman SW41 tubes, which hold 
12.5 ml to the top, and allow for 10 ml of 
gradient and 2.5 mt of previously- 
concentrated virus. The tubes should be 
situated vertically, as with all gradients. 

2. To make three identical gradients, 
place 16 ml of 40% di-potassium 
tartrate in TES buffer, pH 7.2 (see page 
176), in the right-hand cylinder to 
prevent an air trap, and then lead it 
into the three lines of tubing leading to 
the pump and centrifuge tubes. This 
provides a small cushion of 40% 
tartrate (highest density) which will 
prevent viruses with densities around 
1.18 gcm - 3  from passing through. 

3. Commence stirring in the right-hand 
cylinder, either with a stainless steel 
agitator rod or a magnetic mixing bar. 
Adjust the stirrer so that excessive air 
bubbles are not formed and forced 
into the tubing going to the pump and 
centrifuge tubes. Excessive bubbles 
can create air traps and also disrupt 
the linearity of the gradients. 
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4. Add 15 mi of 30% glycerol in the 
same TES buffer to the left-hand 
cylinder, open the stopcock at the 
bottom of the chamber joining the 
two cylinders, and allow the glycerol 
to begin feeding into the mixing 
chamber as the pump is slowly filling 
the tubes. 

5. The linear gradients are best formed 
over a 40-50 minute period at 
ambient temperature. 

6. Gently load the gradients with 2.5 ml 
of concentrated virus per tube. 

7. Load the tubes onto the SW41 rotor 
and spin at 41,000 rpm 
(208,000 avg. g) for 18 h at 3~ 
(Alternatively, for larger volumes, 
Beckman SW27.1 cellulose nitrate 
tubes can be filled with 15 ml of 
gradient and 3 ml of virus 
concentrate, and spun in an SW28 

rotor at 27,000 rpm (130,000 avg. g) 
for 18 h at 3~ 

8. After centrifugation, study the tubes 
with a strong, narrow-beam light 
aimed upward from below the 
bottom of the tube in a darkened 
room. The virus band should stand 
out as a narrow, condensed band 
sandwiched between two hazy 
bands of cellular material of the same 
density. 

9. Harvest the virus band, either by 
careful pipetting from the top of the 
gradient downwards, or by 
puncturing the bottom of the tube 
and collecting the bands dropwise. 

10. Verify the virus band by refractive 
index, electron microscopy, some 
appropriate antigen or nucleic acid 
test, or preferably by all three. 
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Filtration methods 
Gel filtration, also referred to as size exclusion 
liquid chromatography (SEC), gel chromato- 
graphy or gel permeation chromatography 
has proven to be one of a number of methods 
of choice for the purification of viruses and is 
extensively used in the purification of subviral 
components including antigens and virally 
encoded enzymes often expressed in either 
prokaryotic or eukaryotic systems. SEC is 
used in the separation of simple mixtures con- 
veniently and rapidly when the components of 
the mixture have a sufficient difference in size. 
The technique uses a solid phase composed 
of a column packing of beads with pores of a 
defined average size. The beads have a spe- 
cific size exclusion so that the separation of 
solute entering the column is dependent on its 
ability to enter the pores. The smaller compo- 
nents are able to enter the pores and are 
retained in the column and are eluted first. 
Solutes of intermediate size are less able to 
approach the walls of the pores and spend 
less time in the pores. These move through 
the column at speeds dependent on their rela- 
tive size. Thus separation in SEC is strictly on 
the basis of molecular size. The retention of 
solutes by adsorption is undesirable and 
usually does not occur with the correct 
combination of substrate and mobile phase. 
A differential elution, proportional to the par- 
ticle size (and consequently to the particle 
molecular weight) can be obtained. 

The beads are composed of various materi- 
als. The ideal surface must be neutral and 
hydrophilic to minimize the possibility of 
adsorption. Highly cross-linked, mechanically 
stable, macroporous matrices from neutral, 
hydrophilic polymers such as dextrans or agar- 
ose have been used for such purposes. The 
commercially available Sepharose CL (Phar- 
macia) is a beaded agarose matrix which has 
been cross-linked. However, cross-linking 
agents introduce hydrophobic character into 
the matrix. Pore diameter and pore volume 
can also be reduced during cross-linking. 

Sepharose gel filtration media give a broad 
range of fractionation (10,000-40,000,000 Mr) 
and have a high exclusion limit for the separa- 
tion of biomolecules. The particle size is from 
45-200 t~m. The beaded agarose matrix 
shows low non-specific binding and the 
cross-linked forms have good chemical and 
physical stability. Sepharose is available with 
three different agarose contents: 2%, 4% and 
6%. Increasing the agarose concentration 
decreases matrix porosity thus altering the 
fractionation range while increasing the rigidity. 

Operating instructions and gel selection 
depend on the application and the desired 
resolution. The technique can be broadly 
separated into two categories, desalting or 
group separation and fractionation. For desalt- 
ing, the molecule of interest is eluted in the 
void volume whilst smaller molecules are 
retained. Thus the exclusion size should be 
smaller than the molecule of interest. For 
fractionation, molecules of varying molecular 
weight are separated within the gel matrix 
and thus the molecules of interest should fall 
within the separation range of the gel. Gel 
filtration is a non-interactive technique which 
means that the conditions can be chosen to 
maintain the stability of the molecules being 
separated. This is a valuable means of separ- 
ating unknown samples but, more pertinent 
here, can also be used for the purification of 
viruses such as poliovirus or rabies virus (van 
Wezel et al 1979). Filtration on Sephacryl $300 
has also been used for the purification of influ- 
enza neuraminidase fragments. 

The more efficient method of high perfor- 
mance SEC (HPSEC) is now frequently used 
where the system is closed and operated at 
high pressures. Thus separations take 10- 
20 min compared to hours. High pressure, 
rapid flow rates and sophisticated equipment 
are characteristic of this procedure. However, 
small more rigid porous particles will be used 
for column packing as opposed to the ones 
used for SEC which would collapse at high 
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pressure. For details on these systems see Sny- 
der and Kirkland (1979) and Yau et al (1979). 

t 

The steps involved in gel filtration are: 

a) bed preparation; 
b) sample application; 
c) sample flow-achieved by gravity feeding of 

the column; 
d) detection and quantitation of the purified 

virus particle or protein. 

Some applications of SEC are given below. 
McGrath et al (1978) used a Sepharose 4B 
chromatographic method for the purification 
of a retrovirus. This method gave increased 
purified virus yields, conserved the virus 
glycoprotein and the preparation had an 
increased recovery of biological infectivity in 
comparison with the previously used method 
of sucrose density gradient centrifugation. 

1. Viruses are harvested from infected 
cells and cell debris pelleted by 
centrifugation at 10,000 g. 

2. Clarified supernatant is concentrated 
10-50 fold in an Amicon ultrafiltration 
apparatus using a PM10 membrane at 
an ultrafiltration rate of 1 ml/min. The 
concentrate is spun through a 
discontinuous sucrose gradient (25% 
to 40% w/w)in TEN buffer (20 mM Tris, 
1 mM EDTA, 0.1 M NaCI, pH 7.5) for 
2.5 h at 90,000 g and the virus band 
collected. 

3. The supernatant concentrated by 
ultrafiltration corresponding to 5% of a 
pre-sterilized Sepharose C1 4B 
(Pharmacia) column bed volume is 
chromatographed at 4~ in TEN buffer. 
Virus appears in the void volume at a 
flow rate of 0.5 to 1.0 ml min-1. The 
fractions containing the virus peak are 
monitored by optical density at 
280 nm and by radioactivity. 

Pinto et al (1991) used gel filtration techniques 
for the recovery and purification of a virus from 
the erythrocytes of sea bass. 

1. Red blood cells from 40 ml of blood 
are collected by centrifugation at 
2000 g for 20 min and resuspended in 
40 ml of TNE (50 mM Tris-HCI, 150 mM 
NaCI and 1 mM EDTA, pH 7.4) buffer 
with 0.1% SDS. 

2. Samples are freeze--thawed and 
sonicated three times and clarified by 
two centrifugation steps at 3000 g 
and 6000 g for 10 min. 

3. The supernatant is concentrated to a 
final volume of 8-10 mi by 
ultrafiltration through CX30 immersible 
units. The complete removal of 
haemoglobin is accomplished by 
Sephadex G-100 gel filtration in a 
20 x 6.5 cm column, with TNE/0.1% 
SDS as the eluent. 

4. The volume of the first peak of UV light 
absorbing material to emerge 
corresponds to the first 10 ml of the 
void volume. The eluted volume is 
reconcentrated to 1 ml by 
ultrafiltration through immersible 
filters. The presence of virus particles 
is determined by staining with 2% 
phosphotungstic acid and electron 
microscopy. Protein concentration 
determined by the Lowry's method 
ranges from 25-250 ILtg mi -1. 

Whilst being useful for the purification of whole 
virus particles, gel filtration can be manipu- 
lated so that subviral components can be 
obtained in a pure form. One such example is 
work carried out on the oligomeric form of the 
gp160 glycoprotein of simian immunodefi- 
ciency virus. It is possible to purify oligomeric 
forms of SIV gp160 to greater than 90% purity 
using a simple gel filtration method (Rhodes et 
al 1994). Concentrated samples of CHO super- 
natants from cells expressing gp160 are fil- 
tered through Sepharose 6B (Sigma). 0.5 ml 
volumes from the column are collected and 
analysed for the presence of gp120/160 by 
ELISA. These results demonstrated that the 
major form of sgp160 existed as a 660 K 
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species (tetramer). Gel filtration was then used 
to purify this further. To do this, protein from 
one-litre batches of supernatant was precipi- 
tated with 85% ammonium sulphate, resus- 
pended in 30 ml of water and dialyzed for 
24 h against 3 changes of PBS. Six-millilitre 
aliquots (0.5 mg gp160) were separated by 
gel-filtration chromatography using a Sepha- 
cryl S-400HR column (90 x 2.5 cm). Three- 
millilitre fractions were collected and each 
screened for gp 160 by ELISA. Fractions con- 
taining gp160 were pooled and concentrated 

by ultrafiltration centrifugation through a Cen- 
tricon filter with a 10 K size exclusion. Protein 
was stored at -20~ in 50 mM Tris-HCl pH 7.6. 

For further applications of gel filtration tech- 
niques for the purification of viral proteins see 
HSV-1 UL8 protein (Parry et al 1993), Epstein- 
Barr virus Nuclear Protein 2A (Tsui and Schu- 
bach 1994), HTLVl recombinant protease 
(Daenke et al 1994), HIV-1 reverse transcrip- 
tase (Sharma et al 1994), HIV-2 Nef Protein (Du 
Bois et al 1993). 
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Criteria of purity 
When designing a purification protocol it is uninfected cells can be reacted with virus 
essential to apply stringent tests to ensure preparation. 
that the virus particles produced are pure. Another method designed to detect free 
Once the protocol has been tried and tested antigen contaminants in the purified virus is 
the purity of each batch of virus should be non-SDS electrophoresis, where pure virus 
assessed by at least one criterion, should yield no detectable stained bands 

Protein/particle ratios are good indications moving into the gel. 
of purity. Estimations of particle weight and Comparison of radioactively labeled poly- 
percent protein allows the calculation of a 
target protein/particle ratio, e.g. for herpes 
simplex approximately 13.5 ~g/10 l~ particles. 
Whilst such figures are not totally accurate 

peptide profiles with stained profiles on SDS 
polyacrylamide gels can also be a useful 
monitor of purity. 

Finally, another method of assaying virus they do give a valid target for which to aim. 
The observation of particles in the electron purity is to use prelabeled cells. Cells are 
microscope, whilst not a good criterion of labeled with e.g. 14C-amino acids for a con- 
purity, does allow the detection of 'unwanted siderable period prior to infection and then 
structures', chased with unlabeled amino acids. Following 

It would be expected that constituents of the infection, infected cells are labeled with 3H- 
medium would form a major part of the con- amino acids. The degree of incorporated label 
taminants of purified virus preparations. This is monitored throughout the purification proce- 
can be monitored by gel diffusion tests, where dure. This method, again, is a rough guide to 
antisera raised against e.g. calf serum, or the degree of purity. 
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Electron microscopy 
I. L. Chrystie 

The aim of this chapter is to provide a detailed 
methodology of some of the basic electron 
microscopic (EM) techniques currently used 
in virology. It does not, however, cover opera- 
tion of the electron microscope or of other 
equipment for which the manufacturers' 
instructions would be more appropriate. The 
chapter is subdivided into four sections: a 
general introduction (detailing necessary 
equipment, safety precautions, etc); negative 
staining procedures; thin sectioning proce- 
dures; and briefly scanning EM. Following a 
brief discussion of the principles, each techni- 
que is given in sufficient detail to be followed 
as a recipe. Modifications are included within 
the methodology or in a following paragraph. 
However, it is not intended to be a comprehen- 
sive text and readers are directed to the biblio- 
graphy for more complex techniques. Finally, it 
must be stated that the total novice should 
ensure that they receive their initial instruction 
from a competent electron microscopist, 
ideally on a recognized academic or manu- 
facturer-run course. 

Safety 
Most of the chemicals used in EM are hazar- 
dous and should be handled with appropriate 
precautions. 

All fixatives are poisonous by ingestion, 
inhalation or contact, and some are volatile, 
especially osmium tetroxide (OsO4) and acro- 
lein. Many are flammable. The majority of 
resins are thought to cause dermatological 
problems and some are known carcinogens. 
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When mixed with solvents (e.g. during infiltra- 
tion procedures) they are absorbed into the 
skin much faster. Solvents are flammable and 
propylene oxide is carcinogenic. Some buffers 
are poisonous (veronal contains barbiturate 
and cacodylate contains arsenic). Stains con- 
tain heavy metals Which are cumulative 
poisons and uranyl salts are radioactive as 
well as toxic. 

Sensible precautions involve: adequate 
storage (small amounts, safety containers, 
labeling); appropriate personal protection 
(laboratory coat, gloves, safety goggles); 
appropriate containment (fume cupboards, 
working over absorbent paper); spark and 
flame free environment; spillage protocols; 
correct (and legal!) disposal procedures. 

In addition to the above it must be remem- 
bered that viruses are potentially pathogenic 
and must be handled accordingly. 

Basic equipment 
The size, equipment and organization of an 
EM unit will naturally vary according to the 
service requirements. However, there are 
some basic requirements which need to be 
considered. At least three separate rooms 
will be required, a microscope room, a pre- 
paration room, and a photographic dark room. 
An additional room for ultrathin sectioning has 
considerable advantages. Necessary equip- 
ment includes a ~ume hood (for resins, sol- 
vents, etc.), a safety cabinet (for handling of 
infectious material), a vacuum evaporation 
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unit (for preparation of carbon-coated grids), a 
bench and ultracentrifuge, 30-90~ oven (for 
curing blocks), glass knifemaker, an ultrami- 
crotome, a sonicator (for cleaning EM parts), 

an enlarger, and a photographic processor. 
Some companies provide 'starter kits' of che- 
micals and/or basic equipment such as grids 
and tweezers. 

92 Chapter  5 



Negative staining 

Negative staining 
Principles 
Simplicity and rapidity, coupled with high res- 
olution, have ensured that the negative stain- 
ing technique is of major importance in virus 
morphology and diagnosis. 

Virus particles do not scatter electrons to 
any appreciable extent and thus are not vis- 
ible in the electron microscope. Negative 
stains provide an electron opaque back- 
ground against which particles can be visual- 
ized. The penetration of the stain into the virus 
reveals its morphology. Negative stains must 
contain an electron dense element (a heavy 
metal), be water soluble, and, on drying, 
must form a non-crystalline sheet. Ideally 
they should not react with virus particles. 
Table 5.1 lists a number of commonly used 
negative stains. 

Support films 
Plastic films tend to decompose under the 
electron beam and move somewhat when irra- 

diated. Carbon films are more rigid but very 
fragile. Carbon coating of plastic films pro- 
vides an ideal compromise for all but very 
high resolution work, for which carbon films 
are to be preferred. Specialist literature 
should be consulted for methods of produc- 
tion of carbon films, carbon/carbon-platinum 
films for cryo EM, and holey carbon films. 

Preparation of carbon- 
coated, plastic films 

1. Clean a microscope slide with 
detergent, rinse with distilled water 
(dH20), and dry. 

2. Place the slide in a solution of plastic. 
Suitable plastics include Formvar 
(0.1-0.5% in chloroform); Butvar (0.2- 
0.4% in chloroform), pioloform (0.3- 
1% in chloroform) and collodion (0.5- 
1.5% in amyl acetate). 

3. Remove the slide and allow it to drain 
vertically until all the solvent has 
evaporated. 

Table 5.1. Negative stains commonly used in routine electron microscopy of viruses. 

Stain* Conc. pH Comments  

Phosphotungstic acid 1-3% 5.0-8.0 

Uranyl acetate 1.0-2.0% 4.4 
Uranyl formate 1.0-2.0% 4.4 
Uranyl nitrate 0.5-1.0% 4.4 
Uranyl oxalate 0.5-1.0% 5.0-7.0 
Ammonium molybdate 1-4% 6.0-8.0 

Sodium silicotungstate 
Methylamine tungstate 

2-4% 5.0-8.0 
1.0-2.0% 6.0-8.0 

Stain most commonly used by animal virologists. Can 
tolerate relatively high concentrations of salts in the virus 
suspension. Has detrimental effect on some viruses (Fig. 
5.1). 
pH can only be altered over very narrow range. Sensitive to 
salts in virus suspension. Often preferable to use two-step 
staining technique. 

Useful for negative staining of whole cell preparations and 
osmotically sensitive structures (Figure 5.2). 
Adjust pH with ammonium hydroxide. 

Low buffering capacity 

* All stains will benefit from the addition of bacitracin (0.1%) as a wetting agent to aid spreading. 
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Figure 5.1. Tubules formed from viral capsid material are often present in preparations of rotavirus and 
papovavirus. Such tubules are rarely seen with phosphotungstate (PTA) stains but are readily visible with 
other stains. A. Faecal preparation containing rotavirus stained with 1% methylamine tungstate pH 6.5 (inset 
stained with 3% PTA pH 6.5). B. Sample of urine containing polyomavirus stained with 1% methylamine 
tungstate pH 6.5 (inset stained with PTA pH 6.5). Bar = 50nm 

Figure 5.2. Spumavirus (SFV 11) from an orang-utan growing in Sup-T1 cells. A. Stained with 4% ammonium 
molybdate pH 6.0 showing virus budding from cell membrane. B. Thin section electronmicrograph of the 
same preparation. (Inset negatively stained as A. showing distinct virus fringe which is not easily visible when 
stained with PTA). Bars = 50nm 

Figure 5.3. A. Negatively stained immune complex of HIV-2 cores and a serum from an HIV-2 positive patient 
(3% PTA pH 6.0). B. Negatively stained immune complex of BK virus from urine and patient's serum (3% PTA 
pH 6.0). IgM molecules can easily be visualised (arrows). Bar = 50nm 
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4. Score a rectangle in the film along 
one surface about 5 mm in from the 
edge and insert the slide, scored side 
uppermost, into a dish of dH20 at a 
shallow angle. The film should float on 
the surface of the water. Breathing on 
the film may facilitate release. 

5. Place grids on the film. Opinion varies 
as to whether grids should be matt or 
shiny side down. The author's 
personal opinion is that it does not 
matter. 

6. Cover the film and grids with a square 
of filter paper. When the paper is fully 
wetted remove it gently. The film, plus 
grids, should remain attached to the 
filter paper, which should be allowed 
to dry, grids uppermost, at room 
temperature. 

7. When dry, the coated grids, on the 
filter paper, are placed into a suitable 
vacuum coating apparatus, and a thin 
film of carbon is evaporated onto the 
grids. No further details are given as 
different machines vary and all that is 
necessary is to follow the 
manufacturer's instructions. The 
thickness of the carbon film may be 
estimated by observing its deposition 
on a thickness indicator (a piece of 
white porcelain with a drop of vacuum 
oil on it). The carbon is only visible on 
the porcelain - not the oil. 

8. The grids are then ready for use. 

Carbon films are notoriously 
hydrophobic. This can be reduced by 
subjecting the films to ion bombardment 
in a glow-discharge apparatus (see 
manufacturer's instructions), by exposing 
to UV light for 30 min, or by treating with 
1% Alcian blue for 5 min. The use of 
wetting agents (e.g. bacitracin)in stains/ 
buffers is also recommended. 

The plastic film often sticks to the glass 
surface, its release can be facilitated by 
abrading the glass with scouring powder 
while cleaning or by polishing the glass 
with a small amount of detergent rather 

than washing and rinsing. Alternatively, 
freshly cleaved mica can be used instead 
of glass. 

As an alternative to casting films on a 
solid surface, collodion films may be cast 
directly on the surface of the water by 
allowing one drop of the plastic in amyl 
acetate (which floats on water) to drop 
onto the surface. Once the solvent has 
evaporated the grids may be placed on 
the resultant film. 

Negative staining 
methods 
The more frequently used techniques are 
described below. Specialist literature should 
be consulted for such methods as the nega- 
tive staining carbon film technique developed 
by Horne and Pasquali-Ronchetti (in which 
suitable virus preparations are simultaneously 
crystallized and negatively stained), shadow- 
ing, and low temperature techniques such as 
freeze drying, freeze etching, and examination 
of viruses frozen in thin layers of ice. 

One step method 
This is the simplest and most widely used 
method. 

1. Using fine, clean forceps and fine- 
bore pipettes, mix equal amounts 
(approximately 25 #1) of virus 
suspension and negative stain on a 
glass slide or a waxed surface. 

2. Place a drop on a coated EM grid or 
flo&t grid on surface of stain/virus 
drop. 

3. After a few seconds remove the bulk 
of the fluid with the edge of a strip of 
filter paper. The longer the grid is in 
contact with the suspension the more 
virus will be absorbed. However, the 
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need for any greater sensitivity must 
be balanced against any deleterious 
effects of the stain on the virus. 

4. Air dry the grid. 
5. Examine in the EM: an initial 

examination will indicate if more/less 
stain is required. 

Two step method 
Some specimens contain high salt concentra- 
tions which are likely to mask virus particles. In 
addition longer adsorption times might be 
necessary (e.g. with low virus concentrations). 

1. Apply virus suspension alone to the 
coated grid or float grid on a drop of 
virus suspension for from a few 
seconds to several hours (use a 
humidified chamber for adsorption 
times greater than 1 min). 

2. Wash the grid gently with one or more 
drops of distilled water. 

3. Add a drop of the negative stain. 
Penetration of stain into virus can be 
controlled by varying the staining 
time. 

4. Remove the bulk of the fluid with the 
edge of a piece of filter paper. 

5. Air dry the grid and examine in the EM. 

Agar technique 
This is another technique for either removing 
unwanted salts or increasing the adsorption of 
virus particles to the grid. 

microtitre plate which can be sealed, 
stored, and wells cut off as required. 

2. Slightly dry the agar/agarose block 
(15 rain in air) and place a drop of virus 
suspension onto the solidified agar or 
agarose. 

3. Invert a coated grid on top of the drop. 
(Some workers recommend placing 
the grid under the sample, coated side 
uppermost.) 

4. When the drop has been absorbed by 
the agar (up to 60 rain), remove the 
grid. 

5. Wash, stain, and examine as above. 

Pseudo-replica technique 
Yet another technique for reducing the effects 
of salt or improving virus adsorption. 

1. Prepare 1% agar or agarose on a 
glass side. 

2. Cut out a 1 c m  2 block, and dry slightly 
(15 rain). 

3. Place a drop of virus suspension on 
the block and allow to dry. 

4. Flood the block with 0.5% formvar in 
ethylene dichloride or chloroform and 
allow to dry. Any other suitable plastic 
may be used (see Support films, page 
93). 

5. Trim the block slightly to facilitate 
release of the film and float the film 
(which now contains the virus 
particles) onto a suitable negative 
stain. 

6. Pick up the film with a bare copper 
grid or place the grid onto the film and 
pick up both with filter paper. 

7. Air dry the grid and examine in the EM. 

1. Prepare 1% agar in dH20 on a glass 
slide. Agarose is equally useful. Gels 
can also be prepared in a disposable 
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Airfuge 
Beckman Instruments Inc. produce a rotor (the 
EM-90) for use in their Airfuge centrifuge. This 
rotor is specifically designed for sedimenting 
virus particles onto coated grids for subse- 
quent examination by EM. Sensitivity may be 
increased by up to 1000-fold over the usual 1- 
step technique, although cellular debris can be 
a problem with some clinical samples. In addi- 
tion the rotor must be scrupulously washed 
after use to avoid contamination. This is of 
particular importance if the rotor is used for 
diagnostic purposes. The manufacturer pro- 
vides excellent instructions. 

however the hazards associated with 
spraying pathogenic organisms must 
not be underestimated. 

4. Count the virus particles and latex 
particles per unit area. Counts may be 
performed either directly in the 
microscope or on electron 
micrographs. Measurements should 
be taken from different parts of the 
grid and from more than one grid. 

5. Determine virus concentration by the 
following equation 

concentration of virus = 

.concentration of latex x virus count 
latex count 

Particle counting 

A reasonably accurate determination of 
numbers of virus particles per unit 
volume requires a preparation of 
polystyrene latex particles of known size 
and concentration (commercially 
available). 

1. Dilute a commercial preparation of 
latex particles to a concentration of 
approx 108 particles per millilitre. 

2. Mix the virus preparation with an equal 
volume of latex particles. 

3. Carry out a standard negative staining 
procedure. Some workers recommend 
the use of spraying procedures, 

Table 5.2. 

Calibration 
The importance of an accurately calibrated EM 
cannot be overstated. One cannot accept the 
figures quoted by the manufacturer, and indi- 
viduals are encouraged to treat calibration as a 
routine procedure. 

Some commercially available calibration 
specimens are listed in Table 5.2. 

Preparative techniques 
To be detected by negative staining electron 
microscopy, the concentration of virus par- 
ticles must be over 106 per ml. Also, non-viral 
debris must not obscure the virus particles. 

Method Comments 

Diffraction grating replicas 

Polystyrene latex particles 

Holey single crystal gold film 
Negatively stained catalase crystals 

. , . .  

Most useful have 2160 lines mm-1 and are cross-hatched. 
Useful up to 50-100,000x magnification. 
Particles of certified diameter within the range of 20-1000 nm are 
available. A statistically significant number of particles should be 
measured. 
Can be usefully employed up to 900,000x. 
Lattice plane spacings of 8.75 nm and 6.85 nm are clearly visible. 
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However the major advantage of negative 
staining EM in the clinical environment is its 
rapidity, thus any preparative techniques used 
need to be considered in this light. Specimens 
may be examined: 

Directly, if virus is present in relatively high 
concentration and is unlikely to be significantly 
obscured by debris. Such specimens include 
preparations from vesicular lesions and faecal 
specimens. 

After concentration, if virus is present in low 
amounts. Such specimens include urine, 
blood, and CSF. Concentrative methods 
include ultracentrifugation (100,000 g for 
30 min) and Lyphogel. 

After semi-purification, if virus is likely to be 
obscured by non-viral material in the speci- 
men. Such specimens include faecal samples 
(especially when looking for the smaller 
viruses), and biopsy specimens. Techniques 
involve clarification by low speed centrifuga- 
tion (5000 g for 10 min) followed by uitracen- 
trifugation of the resultant supernatant. 

Preparation of clinical 
specimens 
Vesicular lesions 

Dry vesicular fluid or scrapings from 
vesicles onto the centre of a microscope 
slide. Transport to the EM laboratory in a 
sealed container. 

Resuspend the material in a drop of 
sterile distilled water. 

Negatively stain and examine. 

Viruses detected include herpes simplex 
and varicella zoster, molluscum 
contagiosum, and, rarely, Coxsackie 
virus (hand, foot, and mouth lesions). 

Faeces 

Resuspend faecal sample in dH20 to 
10% (the specimen may be examined at 
this stage with only a slight reduction in 
sensitivity). 

Centrifuge at 5000 g for 15 min. 

Centrifuge the supernatant at 100,000+ g 
for 60 min. Alternative concentration 
techniques include the use of Lyphogel 
and precipitation with ammonium 
sulphate. 

Resuspend the pellet in a drop of single 
distilled water (sufficient to form an 
opalescent suspension). 

Negatively stain and examine. 

Viruses detected include: rotavirus, 
adenovirus, calicivirus, astrovirus, an 
assortment of small smooth round 
viruses (SSRV) and small round 
structured viruses (SRSV, including 
Norwalk virus), coronavirus-like particles, 
and reovirus. 

Respiratory secretions 
Some authors have described techniques for 
examining respiratory secretions for such 
viruses as influenza, parainfluenza, adeno- 
virus, and respiratory syncytial virus. However 
such specimens are not examined by EM in 
the majority of laboratories. 

Serum, urine, CSF 

Centrifuge at -> 100,000 g for 60 min. 

Resuspend the pellet, negatively stain, 
and examine. 
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Hepatitis B virus and human parvovirus 
may be detected in serum. 
Cytomegalovirus and BK virus 
(papovavirus) may be detected in urine. 

Biopsy specimens 

Grind the sample in single distilled water, 
or disrupt by freezing and thawing. Either 
use the sample directly or following a 
brief clarification at 5000 g. 

Negatively stain and examine. 

Papillomavirus or molluscum 
contagiosum may be detected in skin 
lesions. Herpes virus has been detected 
in brain biopsy samples from patients 
with suspected herpes encephalitis. 

Cell culture 

Centrifuge cells plus culture fluid at 
_> 100,000 g for 60 min. 

Resuspend the pellet in dH20 (the 
osmotic shock releases the virus from the 
cells). 

Negatively stain and examine. 

Used to confirm cytopathic effect in cell 
culture. Routine screening of 
uninoculated cell cultures will often 
identify adventitious virions 
(paramyxovirus, foamy virus, 
polyomavirus), especially in simian 
cultures. Mycoplasma may also be 
detected. 

Electron microscopy 

Negative staining 

Immune electron 
microscopy 
Immune electron microscopy ( IEM)is the 
visualization of the reaction between an anti- 
gen, usually a virus, and an antibody, and may 
be used to detect either component of this 
reaction. Thus the technique has been used 
to detect serological responses to such 
viruses as Norwalk virus; has assisted in the 
identification of rubella virus; and has been 
used diagnostically to identify hepatitis B 
virus infection and viruses associated with 
diarrhoea. The technique is also used routinely 
by some workers to serotype such viruses as 
rotaviruses, enteroviruses and adenoviruses. 
(See Fig. 5.3. for examples of use) 

Classical technique 

Mix equal volumes of virus and antiserum. 

Incubate at 37~ for 60 min, then at 4~ 
overnight (although clumping can often 
be visualized after 15-30 min at 37~ 

Centrifuge at 20,000 g for 60 min, 
resuspend the pellet in single distilled 
water, stain and examine. 

Clumping of virus particles indicates a 
positive result. However, some virus 
particles may clump naturally and care 
must be taken in interpretation. 
Concentrations of virus and antiserum 
may need to be modified as too little 
antibody and clumping will not occur; too 
much and virus particles will be obscured 
by the antibody. 

Direct examination of clumping is often 
possible using the one or two step 
techniques, in addition, the agar 
technique (above) can be employed. 

Clumps may also be picked up with 
protein A-coated grids (see below). 
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Serum in agar 
This technique is a modification of the agar 
technique described above. 

Add antibody to molten agar or agarose 
(at approx. 40~ Antibody concentration 
will need to be determined for each 
batch. 

Add to disposable microtitre plates and 
seal (can be stored for several months at 
4~ 

Cut off the required number of wells and 
place a drop of virus preparation on agar 
surface. 

Continue as for agar technique, page 96. 
Clumping of virus denotes a positive 
result. 

Solid phase IEM (SPIEM) 
The attachment of antibody molecules to EM 
support films, and the use of such antibody- 
coated films to trap virus particles, was a 
logical development of solid phase enzyme 
immunoassays. 

Float a coated grid on a drop of 
Staphylococcus aureus protein A in PBS 
for 30 min at RT (0.25-2 mg ml-1 is 
normally adequate). 

Wash in 5 drops of PBS. 

Float grid on a drop of antiserum in PBS 
for 30 min. The technique can be started 
at this point but with less sensitivity. Time 
may be increased (although some have 
suggested that 5 min is adequate). 

Wash as before (some workers 
recommend adding 0.1-1% bovine 
serum albumin and/or gelatine to the 
wash at this stage). 

Grids may be dried and stored at this 
stage for later use. 

Place grid on a drop of the specimen for a 
further 30 min. Time may be increased to 
overnight for more sensitivity. 

Wash as before (final wash in dH 20)" 

Stain and examine. A positive result is 
indicated by a higher number of virus 
particles attached to the grid compared 
with suitable controls. 

The grid can be floated on a second 
antibody before staining (SPIEM with 
decoration). A positive result to the 
second antibody is indicated by a halo 
around each virus particle. 

Colloidal gold enhancement of 
IEM techniques 
Identification of the immune reaction can be 
enhanced by labeling antibody molecules 
with electron dense markers. Such markers 
include ferritin or colloidal gold (which is avail- 
able in a variety of well defined sizes). Although 
the primary antibody may be labeled, it is more 
usual, and more efficient, for a secondary anti- 
immunoglobulin to be labeled. Alternatively a 
cell wall component of S. aureus, protein A, 
which reacts with the Fc part of IgG, may be 
labeled. Colloidal-gold-labeled antisera (GLA) 
or protein A (PAG) may be used in the various 
protocols described above to enhance the 
visualization of the virus/antibody reaction. 

With the classical technique add GLA or 
PAG to reaction mixture for 10 min to 1 h 
after initial incubation, then proceed with 
the centrifugation or agar technique. 

With SPIEM use GLA as secondary 
antibody. 
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Thin section techniques 
While negative staining techniques provide the 
resolution necessary to study viral morphol- 
ogy, the many interactions between viruses 
and cells (adsorption, uptake, morphogen- 
esis, release) are best studied by thin section 
methods. In addition, viruses which do not 
demonstrate a well defined structure by nega- 
tive staining are often more readily studied in 
thin section (for example rubella virus or the 
Retroviridae). The following basic methodology 
should prove adequate for most situations. 
Not included are techniques involving ultra- 
thin cryosections. 

Sample preparation 
Tissue samples should be immersed in fixative 
and chopped with a scalpel or razor blade into 
cubes approximately 1 mm thick. Cell suspen- 
sions should be centrifuged gently (500 g for 
10 min). The resultant pellet, if handled care- 
fully, may be teased into 1 mm 3 'blocks' and 
treated as tissue. (Fixation will stabilize the cell 
pellet, especially if there was protein in the 
tissue culture medium.) Small pellets can be 
retained in centrifuge tubes and embedded in 
situ. A suitable cell pellet can also be formed 
with a haematocrit centrifuge. 

Fixation, dehydration and 
embedding 

Carry out primary fixation in 2.5% 
glutaraldehyde in phosphate buffer 
(pH 7.2) for 60 min. 

Wash in PBS (three washes of 10 min 
each) and then post fix in 1% osmium 
tetroxide in PBS for 60 min. 

Wash with three changes of dH20 
(10 min each). 

Dehydrate in an ethanol series of 50%, 
75%, 95%, 100%, 100%, each stage for 
15 min. 

Following 10 min in propylene oxide, 
infiltrate with resin/propylene oxide 
mixtures of 1:1 for 1 h followed by three 
changes in neat resin for 1 h each. Note 
that a variable speed rotator assists 
greatly in infiltration of specimi~ns with 
resin. Blocks of tissue will sink when fully 
impregnated. 

Place in capsules/trays with fresh resin, 
label. 

Polymerize at 60 ~ for 24 h. 

Trim block and cut sections. 

Modifications to the above procedure 

A variety of fixative formulations have 
been employed. For example some 
workers recommend the use of 0.2 M 
cacodylate buffer for glutaraldehyde 
fixation and 0.2 M cacodylate, s-collidine, 
or veronal acetate buffers may be used 
with OsO4. Other commonly used 
primary fixatives include glutaraldehyde/ 
formaldehyde, glutaraldehyde/ 
formaldehyde/acrolein, and 
glutaraldehyde/osmium tetroxide 
mixtures. 

Treatment of tissue with 1% tannic acid 
in cacodylate buffer for 15-45 min prior 
to postfixation can both improve fixation 
quality and enhance electron contrast, 
especially of viral surface projections. 
The use of phosphate buffers is not 
recommended for this procedure and 
tissues should be washed (2 x 30 min)in 
cacodylate buffer prior to tannic acid 
treatment. A post treatment wash in 1% 
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sodium sulphate (5 min)is often 
employed. Tannic acid treatment may 
also be employed post-OsO4 fixation. 

Tissue may be stained with 0.5% uranyl 
acetate prior to dehydration (from 15 min 
to several hours) or with 2% uranyl 
acetate in the first (50% ethanol) 
dehydration step from 15 min to 1 h. 

Dehydration may also be carried out by 
using acetone or by immersing the 
samples in 2,2-dimethoxypropane (DMP) 
for 2 x 15 min. (But note that block 
staining with uranyl acetate cannot be 
used with DMR) 

Infiltration times may be shortened with 
the use of low viscosity resins. For 
example, infiltration with Spurr's resin 
may be accomplished within 30 min and 
the resin will cure in 2-8 h at 70~ 

Sectioning 
A full description of sectioning techniques is 
outside the remit of this chapter, indeed, the 
methodology can only really be learnt from an 
experienced microscopist. Briefly, the cured 
resin block is trimmed to reveal the 
embedded sample. Semi-thin sections are 
cut to establish specimen orientation and mor- 
phology, and the block re-trimmed as neces- 
sary (to a surface area of approximately 
1 mm2). Ultrathin sections are cut with dia- 
mond, sapphire, or glass knives, and the sec- 
tions are stained and examined. 

Staining 
Contrast is enhanced by staining sections. The 
commonest staining protocols utilize double 
staining with a uranyl salt followed by a lead 
salt. Staining is best performed on drops of 
stain placed on dental wax or parafilm in a 
small petri dish. Placing several NaOH pellets 
in the dish will ensure a CO2-free environment 

which will avoid contamination of lead stains. 
A suitable schedule follows: 

Filter or centrifuge all stains before use. 

Place grid (with sections) face down on a 
drop of 1% uranyl acetate in single 
distilled water for 2 min. 

Wash with 20 drops of single distilled 
water (boiled to remove C02). 

Place grid face down on a drop of lead 
citrate (e.g. Reynold's) for 4-6 min. 
Dilution of the stain may be necessary to 
avoid overstaining. 

Wash with 20 drops of boiled single 
distilled water. A first wash in 0.02 N 
NaOH assists in preventing 
contamination. 

A double lead staining protocol of lead 
citrate (up to 10 min), uranyl acetate (up 
to 60 min), lead citrate (up to 30 min) has 
been recommended for poorly staining 
sections. 

Immune EM 
As with negative staining techniques, the 
visualization of the immune reaction is widely 
used for the detection of virus particles and 
antigens, and is of particular use in determin- 
ing stages of viral morphogenesis. Both gold 
and ferritin labeled markers may be employed. 
In addition, enzyme labeled markers may be 
detected by visualizing the reaction product. 
There are two basic techniques, labeling 
either before or after embedding procedures. 

Labeling prior to embedding 
Surface antigens may be labeled prior to fixa- 
tion and embedding (although a brief, mild 
fixation may assist in stabilizing antigens). The 
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following protocol is for cells in suspension 
tissue culture. 

Prefix in 0.5% glutaraldehyde for 5- 
10 min (not essential). 

Wash cells in PBS. 

Add a suitable dilution of primary 
antibody in PBS for 30 min. 

Wash three times in PBS. 

Add a suitable dilution of gold-labeled 
conjugate for 30 min. Gold labeled 
protein A can be used. 

Wash in PBS. 

Fix and embed as described above. 

Post embedding labeling 
Internal antigens are best detected by staining 
sections. However fixation and embedding 
techniques must be adjusted to retain antige- 
nicity. The following technique is recom- 
mended. 

Prepare formaldehyde freshly from 
paraformaldehyde. 

Fix in 3% formaldehyde/0.1% 
glutaraldehyde in PBS for 30 min. 

Wash in PBS. 

Embed in LR White resin. Infiltration 

schedule is: 75% ethanol/resin 3:1, 
60 min; 100% resin, 60 min; 100% resin, 
12h. 

Polymerize at 55~ for 24 h. 

Cut sections. Collect on carbon coated 
plastic films (nickel grids are 
recommended). 

Float on a drop of 1% BSA in PBS (PBSA) 
for 2 h to overnight (1% non-fat dried 
milk or 1% bacitracin in PBS may be 
used). 

Float on a drop of antibody in PBSA for 
2h. 

Float on PBSA for 10 min (x3). 

Float on PAG for 1 h (GLA may also be 
used). 

Wash with PBSA (x3) then dH20. 

Stain with uranyl acetate and lead citrate 
and examine. Note that post-fixation with 
2.5% glutaraldehyde, washing with 
dH20, and staining with 1.8% uranyl 
acetate containing 0.2% methylcellulose 
has also been recommended. Note also 
that, for visualization of gold particles, 
overstaining at this stage must be 
avoided. 

Lowicryl resins may also be used. Their advan- 
tage is that tissues may be embedded at low 
temperatures ( -  30~ 
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Photography 
Photographic techniques are an essential 
aspect of EM. Although specific details are 
impossible to give, the following general 
recommendations should be considered. 

Micrograph quality is a function of: negative 
size (the larger the negative, the less the enlar- 
gement required), emulsion type (must be fine 
grain and provide sufficient contrast), develop- 
ment (timing and temperature are vital for con- 
sistency), fixation and washing (if not 

performed correctly negatives will deterio- 
rate), and enlargement procedures (the use of 
a point light source, condenser enlarger and 
glossy paper will increase print contrast). The 
use of poly-contrast paper, coupled with a 
print processor is most useful, however many 
electron microscopists prefer hand-produced 
prints, especially for publication purposes. The 
production of prints by non-electron micros- 
copists should be discouraged. 
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Scan n ing EM (S EM) 
Although available for some time, SEM has 
only recently been recognized as an effective 
technique for visualizing viruses budding from 
cell membranes. Of the many methods pub- 
lished, the following has produced some 
excellent results. 

The technique requires the use of poly-L- 
lysine coated coverslips. These are 
prepared by floating coverslips on poly-L- 
lysine (1 mg m1-1 in dH20) for 10 min 
and air drying. 

Pellet ceils gently (500 g for 5-10 min), 
resuspend in a small volume of 
medium. 

Flood a poly-L-lysine coated coverslip 
with cells, leave for 5 min (note that cells 
may be grown on coverslips and fixed in 
situ). 

Fix in 2.5% glutaraldehyde in isotonic 
cacodylate buffer (pH 7.4) for 1 h at 37~ 
and overnight at 4~ 

Processing is best performed in a 

continuous flow apparatus to avoid 
drying artifacts. 

Wash in PBS. 

Post-fix in 1% Os04 in isotonic 
cacodylate buffer (pH 7.4) for 1 h. 
Treatment with 1-5% tannic acid in dH20 
for 30 min followed by a further post- 
fixation in 1% Os04 for 30 miri has also 
been recommended. 

Dehydrate rapidly in ethanol (25%, 50%, 
75 %, 100 %, 100 %; 1-2 min each stage). 

Critical point dry in CO2 following the 
manufacturer's instructions. Air drying 
has been used but with considerable 
shrinkage. 

Mount coverslip on a specimen stub. 

Sputter coat with gold/palladium (5 nm) 
(again following the manufacturer's 
instructions). 

Examine. 
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Traditional serological 
tests 

M. A. Chernesky 

Serological tests have the dual capacity to be 
used for diagnosing recent infection or deter- 
mining a patient's immunity status. Both struc- 
tural and nonstructural components of viruses 
usually induce antibodies during infection. 
Over the past 30 years many traditional tech- 
niques have been developed and applied for 
several viruses. The following tests could be 
considered traditional: neutralization, comple- 

ment fixation (CF), hemagglutination inhibition 
(HI), single radial hemolysis (SRH), particle 
agglutination with latex (LA) or labeled 
erythrocytes (called passive hemagglutina- 
tion - PHA), immunodiffusion, counter immuno- 
electrophoresis (CIEOP). Some of these have 
been replaced as routine tests by immuno- 
assays but they are still often used as 
reference tests. 
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Neutralization 
Neutralization tests can be performed with 
any virus and especially with those which 
neither hemagglutinate nor react in CF tests 
(Schmidt 1979). In principle, virus and anti- 
serum are mixed and allowed to react for an 
appropriate time. The mixture is then inocu- 
lated into a susceptible host system which is 
observed for signs of infection. By the use of 
specific antisera, unknown viruses may be 
serologically identified. Conversely, specific 
viruses may be used to test for serum anti- 
bodies. Cross-neutralization tests between 
two viruses and their antisera may be used 
for antigenic comparison of the viruses, for 
which they are particularly suitable because 
neutralization tests are usually more narrowly 
specific than other serological tests. Variations 
of the test are possible, utilizing different hosts 
and indicator effects. Examples of systems for 
demonstrating neutralization are as follows: 
counting 'pocks' on the chorioallantoic mem- 
brane of embryonated eggs inoculated with 
vaccinia serum-virus mixtures; counting 
deaths in groups of newborn mice inoculated 
intraperitoneally with Coxsackie group A 
serum-virus mixtures; observing inoculated 
tubes of cell cultures for the development of 
specific cytopathic effects (CPE), hemaggluti- 
nins (HA) or hemadsorption (HD) effects, or 
counting focal 'plaques' of cell degeneration in 
monolayers of cell cultures overlaid with agar 
gel medium after inoculation (see page 33). 

Methods 
Most viruses grow in one or other type of cell 
culture, usually producing CPE, and can be 
conveniently tested by inoculation of culture 
tubes either as a 'constant virus-varying 
serum method' or 'constant serum-varying 
virus method'. The first method, in which a 
constant predetermined dose of virus is 
allowed to react with various dilutions of one 
or more sera, allows the antibody level to be 

expressed as a 'titer' (calculated as the final 
dilution of serum in initial serum-virus mixture 
at endpoint). The second method makes serial 
dilutions of virus which are mixed with a single 
dilution of serum. The virus is titrated in the 
presence of control non-immune serum, and 
unknown or specific antiserum. The difference 
between these titers is the 'neutralization 
index' (NI), usually expressed as the Ioglo NI. 
It is calculated by subtracting the Ioglo titer 
with the test serum from the Iog~0 titer with 
non-immune control serum. 

Materials and reagents 

Viruses 

The most commonly used neutralization 
test measures protective antibodies or 
recent infection with enteroviruses (by 
showing a four-fold or greater rise in titer 
between acute and convalescent sera in 
a paired test). A pool of infectious virus 
suspension is prepared in cell cultures, 
clarified and freed of aggregates by 
centrifugation, divided into aliquots, and 
preserved by freezing. For each 
neutralization test, a fresh aliquot of virus 
is thawed and diluted as indicated by 
preliminary titration. As a routine, one 
hundred 50%-infectious-units (ID5o) per 
inoculum is used for constant virus- 
varying serum tests. 

Sera 

Suitable initial dilutions of sera are heat- 
inactivated (56~ 30 min) before use in 
order to destroy complement and other 
labile non-specific neutralizing or 
potentiating factors. When testing some 
weakly reactive viruses or nonavid sera, 
higher titers may be achieved by adding 
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fresh, unheated, antibody-free guinea- 
pig serum before mixing with virus. 
Specificity of reference antisera should 
have been established by previous tests 
against homotypic and heterotypic 
viruses. 

The neutralization reaction 

Equal volumes of serum and virus are 
mixed and held for an appropriate time 
and temperature to allow virtually 
complete reaction to take place without 
significant thermal destruction of virus. 
As a rule, 1 h at room temperature (or in a 
refrigerator for labile viruses) is sufficient. 

Controls 

(a) Virus controls are always required to 
check the infectivity of virus 
suspensions used in the test. 

(b) Specificity controls: the possibility of 
nonspecific neutralization of viruses is 
controlled by testing them with several 
different antisera or with 'normal' 
nonimmune serum of the same 
species. These conditions are easily 
satisfied in the preliminary 'screening' 
test of an unidentified virus isolate 
since it is then tested against several 
antisera. Errors of identification or 
deterioration of reference reagents can 
be controlled by testing the prototype 
virus and corresponding antisera 
against one another. This can be done 
in the confirmatory test of identification 
of an 'unknown' virus isolate. 

(c) Serum toxicity controls may be 
necessary, especially in cell cultures, 
and sometimes with other host 
systems. 

Assay for neutralization 

After completion of the reaction, mixtures 
should be inoculated immediately, or held 

in the refrigerator for a short time if delay 
is unavoidable. Significant differences in 
time from preparation of mixtures to their 
inoculation should be avoided. Control 
virus titrations should be inoculated last 
as a check on deterioration during the 
test (intelligible results may often be 
obtained with too high a virus dosage, 
but rarely with too low). The standard 
volume of the various mixtures 
inoculated into appropriate test-hosts are 
as follows: 0.2 ml per cell culture tube, 
0.03 ml intraperitoneal or intracerebral 
per day-old mouse, 0.1 ml on to the 
chlorioallantoic membrane of a 12-day 
egg. 

Quality control 
Inoculated eggs, animals or cultures are held 
under appropriate conditions until the indicator 
effect has fully developed (this is judged by 
previous virus titrations, and is indicated by 
the behaviour of virus controls in the test run). 

Interpretation 
Inoculated animals are scored for paralysis, 
death, etc., eggs for numbers of chorioallan- 
toic pocks, etc. cell cultures for specific CPE 
or for HA or HD reactions or other appropriate 
indicator effect. Provided the controls are 
satisfactory, interpretation of the test is 
usually straightforward. Titers are conveni- 
ently calculated by simple methods such as 
the Karber or the Reed and Muench, both of 
which can be found in most text books on 
statistics (also see page 37). The presence of 
neutralizing antibodies is the best measure of 
viral immunity. A change in neutralizing anti- 
body titers between paired sera from a patient 
tested in the same test on the same day is 
indicative of recent infection. 
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Complement fixation 
The complement fixation (CF) test measures 
CF antibodies to a particular virus in a 
patients' serum by mixing the serum with an 
optimal amount of antigen. If antibodies are 
present they will attach to the CF antigens. 
When this occurs in the presence of added 
complement the immune complex 'fixes' it 
and eliminates it from solution, so that it is 
not available to react with an added indicator 
system consisting of sheep erythrocytes sen- 
sitized with antiserum to self (hemolysin). Elim- 
ination of the free complement by the virus- 
antibody complexing prevents lysis of the 
sheep erythrocytes. The test is made quanti- 
tative by diluting serum specimens in serial 
two-fold steps and then testing each dilution 
for CF activity. 

Materials and reagents 

Hemolysin 

Hemolysin is anti-sheep erythrocyte 
antiserum produced in rabbits or homes 
and is normally supplied as a 50% 
solution. It is used as a 1/100 working 
stock solution which can then be further 
diluted on the day of the test. 

Complement 

Complement is supplied lyophilized in 
ampoules and must be reconstituted 
immediately before use to 1/8 which 
corresponds to a dilution of 1/10 of the 
original guinea-pig serum. 

Erythrocytes 

Sheep erythrocytes are supplied washed 
and stabilized as a 10% suspension of 
packed cells which can be stored for up 
to 2 weeks at 4~ if formalinized or up to 

4 weeks if preserved in Alsever's solution 
(dextrose-citrate buffer). On the day of 
the test the cells are washed and 
resuspended in veronal buffer to a 
concentration of 4%. 

Buffer 

Veronal (sodium barbital) buffer is pH 
neutral, in the range 6.8-7.4, and 
contains Mg 2+ and Ca 2§ ions. The 
cations are important for complement 
binding and allow the reaction to occur 
even at high dilutions of serum when the 
naturally occurring divalent salt 
concentration would be suboptimal. 
Correct formulations for veronal buffer 
are available commercially in the form of 
tablets which are dissolved in sterile 
distilled water. 

Antigens 

Antigens for diagnostic serology are 
available commercially in lyophilized 
form. CF antigens can be prepared from 
laboratory animals, embryonated eggs or 
cell cultures of high potency. They must 
have a minimum amount of host cell 
material which might give anti- 
complementary activity and other non- 
specific reactions. Viruses such as 
rubella, the herpes viruses and 
arboviruses require extraction in alkaline 
buffer (glycine or borate) to improve 
potency. Some viruses such as 
respiratory syncytial virus and 
adenoviruses release antigen into the 
medium of infected cultures to a 
sufficiently high titer to allow the use of 
the culture medium as CF antigen. 
Control antigens should be prepared in 
the same manner from the same lot of 
uninfected cells that are used for viral 
antigens. Well prepared antigens should 
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have a titer in the region of 32-128. Anti- 
complementary activity can usually be 
removed by heat treatment or absorption 
with guinea-pig complement. 

Sera 

Test sera must be collected in sterile 
containers containing no preservatives or 
anti-coagulants. Ideally 5-10 ml blood is 
collected which should yield at least 
2-3 ml serum for testing. Plasma cannot 
be used in the CF test since it will be 
anti-complementary. When collecting 
and separating the blood, hemolysis 
should be avoided. In order to make a 
diagnosis using the CF test, it is usually 
necessary to obtain two specimens. The 
first (acute phase) blood should be taken 
as soon as possible after onset of illness, 
the second (convalescent) blood should 
be taken 10-14 days later. Standard sera 
with known antibody titers to specified 
antigens are included in the test as 
positive control sera. They are supplied in 
lyophilized form and should be 
reconstituted to 2-4 times the stated titer 
for the test. 

Microplates 

Plastic plates as 96-well ('U'-shape) 
microplates, using multiwell diluters and 
disposable plastics for convenience and 
safety are used for the test. 

Methods 
Reagent standardization, (complement, hemo- 
lysin, antigen and control sera)is performed 
before carrying out the test. Both the sensitiv- 
ity and the specificity of the test are affected 
by the relative concentrations of the reagents 
used. The optimum concentrations for all the 
reagents are determined in 'checkerboard' 
titrations and each new batch of the reagents 
has to be standardized. 

Tradi t ional  sero log ica l  tests  

C o m p l e m e n t  f ixat ion 

1. Determination of the optimum 
concentrations of hemolytic serum 
(hemolysin) and complement is 
performed as follows: 
(a) 2 volumes of diluent are added 

to the wells of a 96-well 
microplate. (This represents 1 
volume of serum and 1 volume 
of antigen in the test proper.) A 
third volume of diluent is added 
to the wells of one of the 
columns in place of 
complement control wells. 

(b) Dilutions of complement are 
prepared in tubes containing 
veronal buffer and 1 volume of 
each dilution is added to the 
appropriate wells. The plates 
are incubated overnight at 4~ 
or at 15~ 

(c) The next day, a series of 
dilutions of hemolysin are 
prepared in tubes from the 
1/100 stock solution and mixed 
with a series of dilutions of a 4% 
suspension of sheep RBCs in a 
checkerboard titration. The cells 
and the hemolysin dilutions are 
mixed 1:1 and placed at 37~ 
for 10-30 min. After the plates 
are warmed to 37~ the 
hemolytic system is added to 
the appropriate wells, covered 
and incubated at 37~ for 
30 min with intermittent 
shaking, then read. Complete 
hemolysis is scored as 0 and no 
hemolysis as 4. The optimal 
sensitizing concentration (OSC) 
of the hemolysin is defined as 
the dilution which gives 
complete lysis with the highest 
dilution of complement. 
Similarly, the minimum 
hemolytic dose (MHD) of 
complement is defined as the 
dilution of complement giving 
complete lysis with 10SC of 
hemolysin. Some laboratories 
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read the CF test at 50% 
hemolysis and 1 unit of 
complement is then defined as 
the dilution giving 50% lysis 
(HD5o) with 10SC of hemolysin. 

2. Titrations of antigen and standard 
serum are carried out, using a similar 
procedure as that used for 
complement and hemolysin as 
follows: 
(a) Before serum specimens are 

diluted for testing they are heat- 
treated at 56~ for 30 rain to 
inactivate native complement. 

(b) The test procedure is started by 
adding 3 unit volumes of 
barbitone buffer to the first 
column of wells of a 96-well 
microplate and 1 volume of 
buffer to each of wells 2-12 in 
each row. One volume of heat- 
inactivated patient's serum is 
added to the first well and 
dilutions are then made across 
the plate to column 10 to give a 
series of doubling dilutions from 
1/4 to 1/2048. One volume of 
serum dilution is drawn from 
well 1 and transferred to well 11 
and a further volume is likewise 
transferred to well 12. These 
wells provide the serum control 
and the control antigen. 

(c) The freeze-dried antigens are 
reconstituted with sterile 
distilled water and diluted to 
double their optimal 
concentration (2 units). One 
volume is added to each of the 
wells up to column 10 as 
appropriate. One volume of 
diluent is added to well 11 in 
place of antigen as the 'serum 
control'. Control antigens are 
diluted and added to well 12 as 
appropriate. 

(d) In addition to serum and antigen 
controls, a control titration of 
standard positive serum, with 
the matching antigen, is set up 
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as for the test sera, including a 
control for anti-complementary 
activity. 

(e) The complement is diluted to 
working strength and 1 volume 
is added to all the wells, 
including the control wells. The 
complement controls are set up 
in three wells to contain 
dilutions of the complement 
from working strength, e.g. 3, 1, 
0.5 HD5o. 

(f) A fourth well containing just 4 
volumes of buffer without 
complement) is prepared as the 
sensitized erythrocyte control 
for autolysis. The plate is 
covered with a lid or adhesive 
film and incubated overnight. 

(g) The next morning a 4% washed 
erythrocyte suspension is 
prepared in barbitone buffer, 
mixed with hemolysin (10SC) 
and placed at 37~ The test 
plate is removed from the 
incubator and allowed to warm. 
The sensitized cells are added 
to each well, including all the 
controls, and the plate is sealed 
and placed at 37~ for 30 min. 
During incubation the plate 
should be agitated at 10-rain 
intervals on a shaker. 

(h) The plate is removed from the 
incubator and read immediately 
if the 100% end-point is used 
or, after allowing the 
erythrocytes to settle, if the 
50% end-point is used. 

Quality control 
Thecell control must show no lysis. The serum 
controls and control antigen wells should show 
lysis. The standard antiserum control should 
give the right titer and the complement con- 
trol should show the right potency. Inaccura- 
cies in the titrations of antigen (or antibody), 
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complement or hemolysin or in the standard- 
ization of sheep erythrocytes may be com- 
pounded by errors during test performance. It 
may be necessary to titrate complement in the 
presence of test antigen at the concentration 
to be used in the test. Commercially prepared 
complement should be tested for the presence 
of specific antibodies to certain viruses. Com- 
plement obtained in lyophilized form after 
reconstitution, should be divided into samples 
large enough for one run and kept frozen, 
preferably at -70~ Each sample must be 
thawed only once just before use. Sheep ery- 
throcytes must be washed and standardized 
carefully to prevent cell lysis or enhanced sen- 
sitivity of the cell membrane to complement. A 
hemolysin titration should be performed each 
time a new lot of hemolysin is used. If heat 
inactivation is ineffective, to eliminate inherent 
anticomplementary activity in sera, absorb 
them by mixing 150 #1 of serum with 50 NI 
undiluted complement. The mixture is left for 
30 min at 37~ and then 1 ml of veronal buffer 
is added to make a 1/8 dilution of the serum. If 
the serum continues to be anticomplementary, 
an additional serum specimen should be 
requested and tested. 

Interpretation 
Results of the CF test are meant to confirm 
the physician's provisional clinical diagnosis 
and should be considered within the larger 
context that includes the epidemiologic 
background, past medical history, previous 
immunizations, pertinent laboratory data, and 
current physical examination findings. 

The antibody titer of a serum is expressed as 
the reciprocal of the highest dilution of serum 

showing 100% or 50% lysis, whichever is used 
in the test. An infection is diagnosed using the 
CF test by demonstrating a seroconversion in 
antibody status or a greater than 4-fold rise in 
the antibody titer, between paired sera col- 
lected during the course of the illness. The 
use of high CF titers as a method of diagnosis 
generally must be regarded as unreliable in 
individual patients. Complement-fixing anti- 
bodies in many cases appear later than those 
detected by other tests (e.g. hemagglutination 
inhibition and neutralization) and are generally 
short-lived, becoming undetectable after a few 
years in most cases. This characteristic 
regarding the kinetics of CF antibodies can 
be useful in timing the activity of certain infec- 
tions (e.g. rubella). Timing of infectious activity 
can also be ascertained by the use of different 
preparations of CF antigens. In mumps, for 
example, antibodies to the soluble antigens 
(i.e. mixture of virion components and virus- 
directed proteins released upon the disintegra- 
tion of viral particles or infected cells) appear 
and disappear earlier than those produced 
against the viral antigens (i.e. intact virions), 
which rise later and persist for years. Another 
approach to determining the recent onset of a 
primary infection is the detection of IgM CF 
antibodies after the removal of IgG by a num- 
ber of procedures (e.g. staphylococcal protein 
A or G). This approach does not always lead to 
conclusive results, since IgM antibodies may 
recur upon reactivation of a latent infection 
(e.g. cytomegalovirus), remain for more than 
a year (e.g. rubella virus), or persist at very 
low levels for many years in chronic carriers 
(e.g. hepatitis B virus). In any case, IgM anti- 
bodies against viral antigens can rarely be 
detected in the CF test. 
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Hemagg I uti nati on-i  n h i bition 
The principle of the hemagglutination-inhibition 
(HI) test is to measure, by dilution, the level of 
inhibiting antibodies in a patients' serum that 
will prevent agglutination of susceptible ery- 
throcytes by viruses that are able to attach to 
erythrocyte receptors. It is really a neutraliza- 
tion test with erythrocyte agglutination as the 
indicator system. The classical HI test is best 
described for measuring rubella antibodies 
(Chernesky and Mahony 1995). 

Materials and reagents 

Microtiter plates 

The test is conveniently performed in 
disposable plastic or vinyl V or U-bottom 
microtiter plates. 

Antigen 

Rubella hemagglutinating (HA) antigen is 
titrated each time the test is performed. 
HA antigen is available commercially but 
to prepare it infect monolayers of BHK-21 
cells grown in 32-oz (960 ml) bottles with 
5-10 ml of rubella stock containing 104 
or more 50% tissue culture infective 
doses per ml. After the virus has 
adsorbed for 2 h at 37~ the monolayers 
are covered with Eagle medium 
containing 2% fetal calf serum that has 
previously been adsorbed with kaolin. 
The medium is changed after 24 h and 
then harvested for HA antigen after days 
5 and 7 of incubation. High-titered 
antigen can be extracted from the 
monolayers by extracting the cell- 
associated antigen with alkaline buffers 
(e.g. 0.1M glycine buffer, pH 9.6). 

Erythrocytes 

Whole blood is collected by drawing a 
sample from a pigeon wing vein into 

modified Alsever solution. The 
erythrocytes are washed three times in 
HEPES (N-2-hydroxyethyl pi perazi ne-N- 
2-ethanesulfonic acid)-saline-albumin- 
gelatin buffer (HSAG) (pH 6.2), and the 
packed cells are suspended in an equal 
volume of HSAG to make a 50% 
suspension. 

Buffer 

HSAG is made from three different stock 
solutions: (i) 5X HEPES-saline, (ii) 2X 
BSA, and (iii) 100X gelatin. HEPES-saline 
is made by adding 29.8 g of HEPES 
powder, 40.95 g of NaCI, and 0.74 g of 
CaCI2 to 1 liter of water and adjusting the 
pH to 6.2. BSA is made by adding 20 g of 
BSA powder to 1 liter of water. Gelatin is 
made by adding 25.0 mg of gelatin to 2 
liters of water. All solutions are filtered. A 
working solution of HSAG is made by 
adding 200 ml of HEPES-saline to 500 ml 
of BSA solution and 100 ml of gelatin 
stock solution. The volume is made up to 
1 liter by adding 200 ml of sterile distilled 
water. The pH of the working solution 
should be 6.25. The solution can be 
stored for 2 months if it remains sterile. 
HSAG may be purchased from 
commercial sources. 

Test sera 

Test sera are pretreated with kaolin. 
Acid-washed kaolin powder can be 
purchased from most scientific supply 
companies. Kaolin (25 g) is washed with 
Tris buffer until a pH of 7.0 or greater is 
achieved. The Tris buffer is made by 
mixing 12.1 g of Trizma base, 80 ml of 
1 N HCI, and 0.85 g of NaCI and bringing 
the volume to 1 liter. This solution is then 
further diluted 1:10 in distilled water for 
washing the kaolin. After the final wash in 
Tris buffer, the kaolin pellet is suspended 
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in 100 ml of Tris-bovine albumin buffer. 
Tris buffer is made by adding to 96.67 ml 
of Tris buffer the following ingredients: 
0.33 ml of a 35% sterile solution of 
bovine serum albumin, 1 ml of a 0.5% 
MgCI2 6H20 solution, 1 ml of an 8% 
NaN3 solution, and 1 ml of a 0.5% CaCI2 
solution. 

H e m a g g l u t i n a t i o n - i n h i b i t i o n  

Methods 

Dilution of antigen and calculation of HA 

Serial twofold dilutions of the antigen are 
made in 0.025 ml of HSAG (pH 6.2) to 
which 0.05 ml of a 0.25% washed 
suspension of pigeon erythrocytes is 
added. Control cups containing no 
antigen are included. The plates are 
sealed and placed at 4~ for 1 h, after 
which time they are placed at room 
temperature for 15 min before being 
read. The highest dilution that produces a 
pattern of complete hemagglutination is 
considered 1 HA unit; 4 HAU are used in 
the HI test. 

Washing and absorption of 
erythrocytes 

Part of a 50% suspension of a pigeon 
erythrocytes suspension is used to 
absorb nonspecific agglutinins from the 
test sera. A 10% working suspension is 
made in HSAG, from which the 0.25% 

allowed to sit at room temperature for 
20 min with frequent agitation. The kaolin 
is pelleted in a clinical centrifuge, and the 
supernatant fluid is transferred to a clean 
tube containing 0.05 ml of a 50% 
suspension of pigeon erythrocytes. After 
60 rain of incubation at 4~ the 
erythrocytes are centrifuged; the 
supernatant fluid is removed and heated 
at 56~ for 30 min. This final sample, 
which represents a dilution of 1:8, is 
ready to be incorporated into the test. 
Alternatively, nonspecific inhibitors may 
be removed by precipitation with heparin 
and manganous chloride. The serum 
sample is diluted 1:4 with 0.15 M NaCI. To 
each 0.8 ml of diluted serum are added 
0.03 ml of sodium heparin (200 U) and 
0.04 ml of 1 M manganous chloride. The 
sample is held at 4~ for 20 min, and the 
precipitate which forms is pelleted by 
centrifugation. The supernatant fluid is 
then absorbed with pigeon erythrocytes 
as described above. Known positive and 
negative control sera are treated similarly. 

Performing the HI test 

Serial twofold dilutions of each serum are 
made in 0.025 ml amounts of HSAG. An 
area of the plate is reserved for 
duplication of the first three dilutions of 
each serum. These dilutions receive 
HSAG in place of antigen and serve as 
serum controls. To each other dilution of 
serum is added 4 HAU of antigen in a 
volume of 0.025 ml. The antigen is back- 
titrated in a separate section of the plate 

suspension to be used in the test is 
prepared. 

Removal of nonspecific inhibitors 

Before the HI test is performed, 
nonspecific inhibitors of 
hemagglutination and nonspecific 

by doubling dilutions in 0.025 ml of 
HSAG to represent 4, 2, 1 and 0.5 HAU. 
The plates are incubated for 1 h at room 
temperature, after which 0.05 ml of a 
0.25% suspension of pigeon 
erythrocytes is added to each well and 
the plates are mixed on a plate vibrator. 
The hemagglutination pattern is read 

agglutinins must be removed from sera. 
Test serum (0.1 ml)is added to 0.1 ml of 
HSAG and 0.6 ml of a 25% suspension of 
kaolin. The suspension is mixed and 

after 1 h at 4~ The highest dilution of 
serum that completely inhibits 
hemagglutination is taken as the 
endpoint or rubella titer. 
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Quality control 
Quality control of the HI test is not as crucial as 
in the CF test but care needs to be taken in the 
use of fresh reagents. All reagents used in the 
HI test must be carefully controlled from one 
test to the next. The World Health Organization 
provides HI antibody standards which can be 
used for the rubella HI system. All pretest 
procedures and appropriate controls 
described above must be observed to enable 
valid testing and interpretation. 

Interpretation 
Interpretations are made for the declaration of 
immunity, or in the case of paired sera testing, 
recent infection. The presence of HI antibodies 
to a dilution of at least 10 international units is 
generally accepted as immune to rubella. Cor- 
rect interpretation of HI results at lower dilu- 
tions requires inhibition in at least the first two 
wells of the tray and an accurate back titration 
of antigen in the test. A four-fold difference in 
titer between acute and convalescent sera 
performed in the same test on the same day 
is required to be declared representative of a 
recent infection. All other controls in the test 
must be as expected. 
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Particle agglutination 
Materials and methods 
Particle agglutination tests come in several 
forms. Most commonly used in the clinical 
laboratory is the slide agglutination proce- 
dure, in which the particle reagents are added 
to the surface of a slide. Generally, the par- 
ticles are white and the background slide is 
black. After the particle reagent which is 
coated with antigen, is added to the slide, 
the serum or cerebrospinal fluid sample is 
placed next to it and the mixture is shaken. 
Clumping represents the combination of anti- 
gen and antibody. 

Slide agglutination reactions have several 
major advantages; they are very fast and 
easy to perform, their use in the laboratory 
can be decentralized so that they may be 
performed as needed without interference 
with the work flow, and they are usually cost 
efficient. Disadvantages of the slide test 
include the need for reading skills, the particu- 
lar care needed to ensure that clumping is not 
due to nonspecific interactions or that anti- 
body is missed because of a prozone effect. 
Many antigens will directly adsorb onto the 
surface of latex particles or erythrocytes. 
Erythrocytes are subject to degradation and 
must be treated to provide stability and to 
enable optimal adsorption of antigen onto the 
surface. Formalin can be used to increase the 
adsorption of polysaccharides, proteins, and 
haptens. Tannic acid and pyruvic aldehyde 
can be used to stabilize the cell membrane 
through the tanning process. 

Quality control 
Commercial manufacturers follow quality con- 
trol production procedures to ensure consis- 
tency of their products, and it is important that 
users follow the protocols in the package 
insert for obtaining quality results. Reagents 

should be stored appropriately and not used 
beyond the expiration date unless steps have 
been taken to ensure accuracy of results. In 
the daily performance of these tests, the 
laboratory protocol must allow for appropriate 
controls to be performed. Alongside each spe- 
cific reagent (i.e. carrier with detecting antisera 
or antigen), the patient specimen must be run 
with a nonspecific control reagent (i.e. carrier 
with irrelevant antisera or antigen). Care must 
be taken to ensure that the control reagent 
used is similar in immunoglobulin compo- 
nents to the specific or test reagent (e.g. 
equine polyclonal antisera for both or mouse 
monoclonal IgG1 for both). 

It is also important that both test and control 
reagents be tested with positive and negative 
controls. 

An additional potential problem is lot-to-lot 
variation in sensitivity and specificity. It is good 
laboratory practice to make limited in-house 
evaluations of each new lot of materials. This 
can easily be done either by making serial 
dilutions of the positive control from each lot 
and running a comparison with both lots or by 
maintaining a laboratory-standardized pool of 
specimen and determining the titer of this pool 
with each new lot of reagents. 

Interpretation 
Interpretation of the pattern of agglutination is 
subjective and hence an additional source of 
error. Most manufacturers provide instructions 
that use a 1+ to 4+ grading system as com- 
pared with either the positive or negative 
controls. Strict adherence to the labeling, 
package inserts, and recommendations of the 
manufacturer for interpretation is important for 
both accurate and consistent results. In 
laboratories in which more than one technolo- 
gist performs these tests, each positive finding 
in body fluids should be confirmed by an 
additional reader. 
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When used to detect the presence of anti- 
body, agglutination tests are screening tests; 
that provide a yes or no answer to the presence 
of antibody. In some circumstances, this result 
can be interpreted as immune or susceptible 
(e.g. in determining immune status to rubella 
virus). Although IgM is a very good agglutinat- 
ing agent, the methodology for determining this 
specific class of antibody is generally not 
performed for agglutination tests. 

Serial dilutions of patient serum can be used 

to obtain a semi-quantitative concentration of 
antibody. This has some clinical value if one 
has performed epidemiological studies to 
determine normal limits. As with many other 
serological tests, demonstration of a change 
in titer can provide evidence for a recent infec- 
tion. The decision to use most agglutination 
tests generally rests on the need for rapid 
results or the nature of a particular clinical 
setting. The issue of cost may at times also 
be decisive. 
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Single radial hemolysis 
(SRH) 
Radial hemolysis can be used to screen large 
numbers of sera by preparing plates in 
advance and storing them at 4~ The most 
widespread use of this test is for rubella 
serology. 

Material and methods 

punched in the agarose, and allowed to 
diffuse overnight at 4~ in a humidified 
atmosphere. Plates are then incubated 
for 2 h at 37~ Plates with incomplete 
hemolysis are flooded with 4 ml of guinea 
pig complement (diluted 1:3) and 
reincubated. 

Freshly drawn sheep erythrocytes are 
washed with dextrose-gelatin-Veronal 
buffer, treated with 2.5 mg of trypsin per 
milliliter in dextrose-gelatin-Veronal for 
1 h at room temperature, and sensitized 
with rubella HA antigen (240 HAU in 
HSAG buffer, pH 6.2, for 1 h at 4~ 
Sensitized erythrocytes (0.15 ml of a 
50% suspension) are mixed with 0.4 ml 
of guinea pig complement and then 
added to 10 ml of 0.8% agarose 
preheated to 43~ and poured into a petri 
dish (100 mm by 15 mm). Plates can be 
stored at 4~ and used for up to 14 days. 
Prepoured radial hemolysis plates are 
available from commercial sources. Sera 
are inactivated at 56~ for 30 min, 
pipetted into 3-mm-diameter wells 

Quality control 
All sera are tested in control plates containing 
unsensitized erythrocytes to monitor non- 
specific hemolysis. Zones of hemolysis in con- 
trol plates may range from 3.5 to 5 mm in 
diameter. 

Interpretation 
Zone diameters of > 5 mm are taken to indi- 
cate immunity for rubella. Significant differ- 
ences in zone diameters between acute and 
convalescent sera may suggest titer change. 
Sera may also be titrated in the system. 
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I m m u  n o d  iffusi o n 
This method permits the comparison of 
antigen-antibody reactions between an anti- 
genic solution and various antisera or anti- 
serum and various antigenic solutions on the 
sample plate. Through the agar-gel medium 
contained in a petri dish, antigen and anti- 
body diffuse towards each other from sepa- 
rate wells. One well is centrally located and 
the others are peripheral to it at equal dis- 
tance. The antigen solution may be placed in 
the central reservoir and the various antisera in 
the others, or vice versa. Patterns of lines of 
precipitate form between the central and one 
(or more) of the peripheral wells containing 
serologically related materials. The number of 
precipitate lines indicates the minimum num- 
ber of antigen-antibody reactions present. 

Materials and methods 

harden at room temperature. Cups of 
7 mm in diameter, 7 mm apart are cut 
from the agar with the aid of a cutting 
template. Each cup is filled with 0.05 ml 
of antigenic solution[s] and antisera. The 
plates are incubated at room temperature 
or at 35~ in a humidified chamber and 
observed daily for signs of precipitation 
bands for a period up to two weeks. 

Quality control 
Sera with any particulate matter should be 
clarified by centrifugation before testing. 
Optimal antigen and antibody concentration 
should be determined previously for the 
system. 

Agar-gel diffusion medium is prepared to 
contain 1.0-1.5% agar in PBS solution, 
pH 7.4. After autoclaving and cooling to 
45~ merthiolate and methyl-orange are 
added in a final concentration of 0.01% 
and 1:300,000 respectively. Portions of 
agar-gel diffusion medium (15 ml) are 
poured into petri dishes and allowed to 

Interpretation 
A precipitation line between the serum test 
well and the antigen well joining in identity 
(position in the agar) witl~ a known serum 
reacting with the diffused antigen indicates 
the presence of antibody to the antigen. 
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Immunoelectrosmophoresis (IEOP) 

I m m u noe lec t rosmophores  is 
(i EOP) 
In this technique, antiger~ and antibody are 
electrophoresed toward each other in agar or 
agarose so that they interact and form a pre- 
cipitate. At pH 8.6, negatively charged anti- 
gens will have anodic mobility, whereas the 
electroendosmotic effect will give antibody 
molecules cathodic mobility. Thus, under the 
influence of the electric field, the antigen and 
antibody molecules will migrate toward each 
other. However, because the reactants are 
being forced to move, once they meet there 
will be little time available for the lattice to 
develop. Consequently, the antibodies used 
must be of high affinity. 

Material and methods 
IEOP kits have been provided from commercial 
sources which contain clear instructions for 
performing the test and interpreting the 
results. Internal controls are provided and the 
instructions of the package insert should be 
followed carefully. 

Quality control 
The ionic strength of the buffer should be low 
to promote precipitation (barbital buffer, pH 
8.6, with ionic strength of 0.05 is appropri- 
ate). Since the reactants will be close to their 
original concentrations when they meet, they 
need to be at near equivalence ratio to begin 
with; the reactants cannot diffuse to achieve 
equivalence ratio as in double diffusion. Anti- 
gen excess can therefore be a serious prob- 
lem. When the antigen concentration is 
unknown, several different antigen/antibody 
ratios should be used to try to bracket the 
equivalence ratio. The plate should be 

watched closely during electrophoresis. A pre- 
cipitate may become visible within 10 min of 
the start; the power should then be switched 
off and the lattice allowed to build up. If no 
precipitate is seen, the electrophoresis should 
be continued for a limited time only, usually 
30 min, and the plate should then be left for 
10-20 min to permit any lattice to form. It is a 
mistake to continue electrophoresis beyond 
about 30 min, since the reactants will have 
moved through each other. The advantage of 
this procedure is that the time taken for 
precipitation is decreased greatly. In addition, 
there is considerably less dilution of each re- 
actant per unit distance travelled than in pas- 
sive immunodiffusion, and this procedure is 
thus more sensitive than simple diffusion 
procedures. 

Interpretation 
According to the instructions in the kit pack- 
age insert, a precipitation line after appropriate 
electrophoresis indicates the presence of anti- 
bodies at a unit dose in the serum tested, or 
antigen present if a clinical specimen is 
assayed. 

Comments 
Although these traditional serological tests 
have been replaced by enzyme immuno- 
assays and therefore have been eliminated 
from many working laboratory manuals, they 
will continue to serve as reference standard 
tests for comparative purposes. This is espe- 
cially true for the neutralization test which 
remains the closest measurement of humoral 
immunity for any viral infection. 
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Immunoassays: 
principles and assay 
design 
M. A. Chernesky 
J. B. Mahony 

Immunoassays may be constructed as liquid 
phase (LPIA) or solid-phase (SPIA) types. LPIA 
were popularized in the field of chemistry but 
have not been extensively explored for micro- 
biology. Most LPIA are competitive between 
assayed sample and labeled sample. After 
determination of the fraction of labeled 
sample bound by antigen or antibody the 
concentration of sample can be calculated by 
comparison with results for appropriate 
standards. In the absence of a solid phase to 
separate labeled and unlabeled samples the 

procedure depends upon a change in the 
specific enzyme activity when antibody- 
antigen complexes form. SPIA for the detec- 
tion of antigens or antibodies use as reaction 
indicators: a radioactive label for the radio- 
immunoassay (RIA), an enzyme which will 
react with a substrate in an enzyme immuno- 
assay (EIA), or a fluorescent dye used in a 
fluorescent immunoassay (FIA). The sub- 
strate to be acted on by an enzyme may be 
fluorescent, radioactive, chemiluminescent or 
chromogenic. 
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Antigen detection 
Most SPIAs for the detection of antigen 
employ one of three methods: (1) competi- 
tive; (2) direct (double-antibody sandwich 
method); or (3) indirect (double-antibody sand- 
wich-antiglobulin method). In competitive 
assays, labeled antigen is mixed with the test 
sample that may contain antigen and they 
compete for a limited amount of antibody 
attached to the solid phase. A negative con- 
trol sample containing only labeled antigen is 
included. Unbound antigen is washed away 
and the difference in indicator activity 
between the specimen and control is mea- 
sured. A direct SPIA for detection of antigen 
involves adding the clinical specimen to a 
capture antibody (CA) attached to the solid 
phase. Unbound antigen is washed away 
before the addition of a labeled detector anti- 
body (DA). The DA is measured and the more 
labeled substrate detected, the more antigen 
is present in the sample. The indirect test is 
similar to the direct assay employing a CA and 
DA, but the DA is not labeled. Instead, a third 
indicator antibody (IA) that is anti-species to 
DA is labeled; the remainder of the assay is 
similar to the direct procedure. This approach 
has become the most popular because of the 
availability of IA conjugates from commercial 
sources. The indirect test provides some ampli- 
fication of the binding reactions. They may 
create some problems, however, as they are 
very sensitive and anti-species antisera may 
cross-react nonspecifically. 

Competitive assay 
Specific antigen present in a test specimen 
inhibits the binding of a predetermined amount 
of labeled antibody to antigen immunobilized 
on a solid phase. The detector antibody can be 
labeled with enzyme, 1251 or biotin and the solid 
phase can be beads, plates or tubes. 

The following protocol describes the detec- 
tion of rat rotavirus using biotinylated antibody 

and peroxidase labeled avidin-biotin complex 
(Vonderfecht et al 1985): 

1. Coat wells of a polystyrene microtiter 
plate (immulon 2; Dynatech 
Laboratories Inc., Alexandria, VA) with 
100 I~1 of either rat rotavirus antigen or 
control antigen diluted optimally in 
carbonate buffer, pH 9.6 overnight at 
4~ The optimal concentrations of 
viral antigen and biotin-labeled 
antibody are determined by 
checkerboard titration. 

2. Mix an equal volume (50 i~1) of the test 
specimen, diluted 1:5  in fetal bovine 
serum (FBS), with biotin-c0njugated 
antirotavirus antibody diluted in 
phosphate buffered saline (PBS) 
containing 0.05% Tween 20 and 0.5% 
gelatin and incubate for 1 h at 37~ 
then place into precoated microtiter 
plate wells. Incubate for 1 h at 37~ 
then wash wells three times with PBS. 

3. Add 0.1 ml of preformed peroxidase- 
avidin-biotin complex (Vector 
Laboratories, Burlingame, CA) and 
incubate for 1 h at 37~ 

4. Wash the wells, add the substrate 
(0.4 mg OPD and 0.4 ~1 of 30% H202 
per ml of 0.01 M citrate buffer, pH 5) 
and read at 450 nm. Subtract the OD 
of wells with control antigen from the 
OD of wells with rotavirus antigen to 
determine specific activity and 
determine percent inhibition as 100 x 
(1 - net specific activity divided by 
negative control). The specificity of the 
inhibition reaction can be verified by 
blocking with specific immune serum. 

C o m m e n t  

Despite the relative ease of performing 
the competitive assay and its excellent 
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sensitivity this assay has not been widely 
adopted in clinical laboratories. 

Sandwich assay 
The assay can be either a direct (using an 
enzyme-labeled detector antibody as the indi- 
cator) or an indirect (using a second enzyme- 
labeled anti species antibody following the 
detector) assay and employ either polyclonal 
or monoclonal antibody reagents. Assays with 
the combination of polyclonal capture and 
monoclonal detector antibodies usually pro- 
vide the best performance. Sandwich assays 
have been developed for a number of viruses 
(rotavirus, influenza, RSV) and several are 
available as commercial kits. The following 
protocol describes the detection of rotavirus 
antigen in stool specimens using 96-well 
microtiter plates (Yolken et al 1980). 

and incubate for 30 min at room 
temperature. 

5. Calculate specific reactivity by 
subtracting the mean activity of the 
specimen in wells coated with non- 
immune serum from the mean activity 
of wells coated with antirotavirus 
antiserum. A specimen is considered 
positive if its mean reactivity is greater 
than 2 standard deviations above the 
mean of the negative controls. 

Comment 

The direct assay has the advantage of 
requiring only a single detection 
antibody. The indirect assay may be more 
convenient if the laboratory is doing a 
number of different EIAs and wants to 
use a single enzyme-labeled indicator 
antibody. The indirect assay is generally 
more sensitive than the direct EIA. 

1. Coat alternate rows of microtiter 
plates with goat antirotavirus 
antiserum and non-immune goat 
serum (0.1 ml) diluted 1:10,000 in PBS 
(0.5 t~g ml-1) and incubate overnight 
at 4~ Wash plate five times with 
PBST. 

2. Add 50 !~1 diluted stool filtrate and 
50 !~1 N-acetylcysteine (to decrease 
binding of stool material to non- 
immune globulin)in duplicate to the 
antirotavirus antibody and control 
antibody coated wells, and incubate 
for 2 h at 37~ Wash the plate five 
times with PBS. 

3. Add 100 #1 enzyme-labeled 
antirotavirus antibody optimally 
diluted (approximately 1:2000)in PBS 
containing 2% fetal bovine serum and 
incubate for 1 h at 37~ Wash five 
times. 

4. Add freshly prepared substrate (p- 
nitrophenyl phosphate for alkaline 
phosphatase or OPD for peroxidase) 

Immunodot assay 
The immunodot assay (IDA) for antigen is simi- 
lar to Western blotting for antibody as both use 
nitrocellulose membranes. In IDA viral antigen 
in a clinical specimen is detected by dotting 
the specimen onto nitrocellulose and reacting 
the strip with antiviral antibody in either a 
direct or indirect format. IDA has been used 
to detect HIV following amplification of virus 
in H9 cell culture (Blumberg et al 1987) and to 
detect rotavirus antigen in stool specimens. A 
modification of IDA called immune complex 
dot assay (ICDA), whereantigen is allowed to 
react with specific antibody and the antigen- 
antibody complex is spotted onto nitro- 
cellulose and detected with colloidal gold- 
labeled anti species antibody, has been 
described (Wu et al 1990). ICDA was more 
sensitive than IDA for detecting rotavirus 
antigen in stool specimens. 

The following protocol describes the detec- 
tion of rotavirus antigen by IDA: 
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1. Spot 1 ~1 of stool specimen (10% 
stool filtrate in dH20) together 
with positive and negative controls 
onto nitrocellulose strips with a 
Drummond microdispenser and 
allow to dry for 15 min at room 
temperature. 

2. Block the strips with 2 ml of 1% BSA- 
0.5% gelatin in PBS for 20 min at 
37~ 

3. React the strips with rabbit anti- 
rotavirus antiserum diluted 1:1000 in 
blocking solution for 90 min at 37~ 

then wash strips with PBS twice for 
5 min each. 

4. React the strips with gold labeled-anti 
rabbit IgG antiserum (GAR G15, 
Janssen Chimica) diluted 1:10 for 2 h 
at room temperature on an orbital 
shaker (50 rpm). Wash twice with PBS 
and once with dH20. 

5. Place the strips into silver 
enhancement solution (Janssen 
Chimica) for 20 min then wash with 
tap water and air dry. 
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Antibody detection 
Competitive 
measurement 
in a competitive assay format human antibody 
against a viral antigen(s) can be measured by 
combining the sample with a predetermined 
amount of conjugated antibody directed 
against the same viral antigen(s) and incubat- 
ing the mixture with the antigen-coated solid 
phase. Specific antibody, if present in the 
sample, will compete with the conjugated anti- 
body for binding sites on the solid phase and 
lead to a reduction in signal. The signal gener- 
ated will be inversely proportional to the 
amount of sample antibody. 

Antibodies against the antigens of interest 
can be prepared in animals or purified from 
human serum. Alternatively, specific mono- 
clonal antibodies can be developed. The anti- 
bodies must be purified, conjugated with tl'ie 
appropriate label (fluorochrome, enzyme, 
lanthanide, or radioisotope), and rigorously 
evaluated before use. An important aspect of 
conjugate evaluation involves the serial titra- 
tion of the conjugate against serial dilutions of 
antigen to measure activity and define the 
titration curve of the conjugate across several 
antigen concentrations. Each conjugate titra- 
tion curve will exhibit a point at which the next 
dilution of conjugate will exhibit a substantial 
drop in signal (Fig. 7.1). Several conjugate- 
antigen dilution pairs that meet the basic cri- 
teria should be selected then further charac- 
terized with respect to sensitivity, using 
preparations containing known amounts of 
antigen-specific antibody. The goal is to 
select the conjugate antigen pair that con- 
tains the highest dilution of conjugate and 
antigen which will: 

(i) permit the generation of high signal 
(ii) exhibit a substantial reduction in signal in 

the presence of sample antibody 
(iii) allow the measurement of small amounts 
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Figure 7.1. Titration of anti IgG conjugate. BK 
virus antigen (top line) or control antigen (bottom 
line) were coated onto wells of a 96-well microtiter 
plate. Mouse anti BK virus antiserum diluted 1:1000 
was the detection antibody. Goat anti-mouse IgG 
antibody conjugate was serially diluted and 
detected with OPD substrate. 

of sample antibody against all important 
antigenic determinants. 

Competitive assays are based on a limiting- 
reagent concept where solid-phase antigen 
and conjugate concentrations are minimized 
so that even small quantities of sample anti- 
body can effectively block the binding of con- 
jugate. An advantage to using the competitive 
format for antibody measurement is the rela- 
tive ease with which highly specific antibodies, 
especially monoclonal antibodies, can be puri- 
fied and conjugated. In general, antibodies are 
easier to purify than antigens, and since the 
specificity of the test is conveyed by the con- 
jugate relatively impure antigen can be used on 
the solid phase. Another advantage is a reduc- 
tion in the number of procedural steps since 
sample and conjugate can be incubated with 
the antigen on the solid phase. Competitive 
assays are generally more sensitive than indi- 
rect assays. Competitive RIAs and EIAs have 
been used to measure antibody to HB core Ag 
(anti-HBc). The anti-HBc assay has been com- 
mercialized by Abbott Diagnostics and has 
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been used extensively in clinical laboratories 
for over twenty years (Mushahwar et al 1978; 
Purcell et al 1984). 

The following procedure describes the 
detection of anti-HBc by competitive RIA 
using plastic beads. 

1. Viral antigen is used to coat 6 mm 
polystyrene beads by passive 
adsorption using carbonate buffer 
pH 9.6 (with or without the use of 
initial capture antibody coated to the 
solid phase). 

2. An aliquot of serum undiluted (0.1 ml) 
is mixed with 0.1 ml of 1251-anti-HBc 
solution, the mixture is added to an 
antigen coated bead and incubated 
overnight at room temperature. 

3. The bead is washed with water and 
counted in a gamma counter. A 
reduction of 50% in the count 
compared to a negative control 
sample is considered positive for anti~ 
HBc. 

Comment 

The format of this assay has been 
changed over the years from RIA to EIA 
and more recently to microparticle EIA 
but the principle of the assay has 
remained unchanged. The competitive 
assay format can be used to measure 
antibody to any virus and provides a 
simple (one-step) sensitive assay. 

Non-competitive IgG or 
total antibody 
measurement 
Either direct or indirect approaches may be 
used to construct a SPIA to measure anti- 
bodies in a patient's specimen. The solid 
phase is usually coated with either antigen(s), 
or anti-immunoglobulins (anti-total or anti- 

class, i.e. anti-lgG, -IgM, -IgA etc.). If the solid 
phase is coated with antigen all classes of 
antibodies in the specimen will be trapped. A 
conjugated DA which is anti-species can then 
be used to detect all antibody classes trapped 
or the DA can be specific for a class such as 
anti-human IgM or IgG. This approach usually 
requires the pre-adsorption of the sample with 
anti-rheumatoid factor (RF) or aggregated IgG 
to eliminate RF interference (described in more 
detail below). When anti-species antibodies 
are used on the solid phase they are usually 
anti-lgM. This approach will capture only IgM, 
which will be available for the DA which can be 
labeled antigen available to act on an added 
substrate. Alternatively at this stage an unla- 
beled antigen is added then detected by a 
virus-specific DA (which may be labeled for a 
direct assay) or followed by a labeled anti- 
species antibody. 

A further modification of the antibody class 
capture assay, and one that will permit 
the measurement of antigen-specific IgG, 
involves the use of labeled antigen and a 
solid phase coated with RF-IgM. A sample 
containing antigen-specific igG is mixed with 
labeled conjugate and incubated with the 
solid phase coated with RF-IgM. Only anti- 
gen-specific IgG complexed with labeled anti- 
gen is bound by the RF-IgM; therefore, only a 
single incubation step is required. Antigen 
quality, as well as the quality of RF-IgM coat- 
ing the solid phase, must be carefully 
assessed. 

The noncompetitive technique has been 
widely used to measure specific anti-viral anti- 
body because it requires only a few reagents, 
is easy to perform and provides an objective 
quantifiable result. The assay is most often 
performed in microtiter plates or on plastic 
beads although it can be adapted to plastic 
tubes, microparticles, paramagnetic beads or 
other solid surfaces. This format has allowed 
commercial companies to develop automated 
instrumentation with increased throughput for 
processing several hundred specimens per 
day. 

The following procedure describes the detec- 
tion of BK papovavirus antibody (Mahony et al 
1989) but it can be used to detect either IgG or 

128 Chap te r  7 



A n t i b o d y  de tec t ion  

igM antibody to any virus for which antigen can 
be obtained: 

Procedure 

1. BK virus purified by CsCI 
ultracentrifugation from infected cell 
culture is diluted in carbonate buffer, 
pH 9.6 and passively adsorbed to 
wells of 96 well polystyrene microtiter 
plates for 2 h at 37~ 

2. The plates are washed with phosphate 
buffered solution (PBS) and blocked 
with PBS containing 10% FBS for 2 h 
at 37~ The blocking reagent is 
removed and the plate dried by 
tapping on paper towels. Control 
antigen-coated wells are prepared in 
the same way using mock-infected 
cultures. 

3. Serial two fold dilutions of sera to be 
tested (50 ~1) diluted in Buffer G 
(0.01 M phosphate buffer pH 7.2, 0.3 M 
NaCI, 0.001 M MgCI2, 0.5% gelatin, 
0.1% FBS) are incubated in duplicate 
in BKV antigen and control antigen 
coated wells for 3 h at 37~ 

4. BKV IgG or IgM antibody is detected 
by adding 50 ILtl of HRP-conjugated 
goat anti human IgG or IgM 
immunoglobulin diluted optimally in 
buffer G (usually 1:400-1:1200 
depending on the supplier) for 1 h at 
37~ 

5. OPD substrate (50 ~1)is added and 
the plates are incubated for 30 min 
followed by 3 N HCI stop solution 
(50 !~1). The plates are read in a 
microtiter plate ELISA reader at 
492 nm. The cutoff for positivity is 
established as twice the mean (or X + 
3 SE) of 5-10 representative negative 
specimens (obtained from a similar 
patient population). 

Comment 

There are many variations of this EIA 
protocol. Some use blocking solutions 

and diluents containing Tween-20 or 
NP40 detergents, some incubate at room 
temperature, 37~ or 4~ some use 
HRP-conjugate, while others use alkaline 
phosphatase conjugates (see below). We 
have successfully used the above 
protocol with minor modification to 
measure specific antibody to BKV, 
Chlamydia trachomatis, Parvovirus B19 
and CMV. 

Immunoblotting 
Immunoblotting or Western blotting has been 
used to detect specific antibodies to a number 
of viruses. Viral proteins are first separated by 
polyacrylamide gel electrophoresis and trans- 
blotted to nitrocellulose or nylon membranes 
then reacted with clinical specimens usually 
sera, but saliva or urine can be tested. Recom- 
binant immunoblot assays (RIBA) use recom- 
binant proteins expressed in prokaryotic or 
eukaryotic expression systems instead of viral 
polypeptides in the form of purified viral anti- 
gen prepared from infected cell culture. Wes- 
tern blot and RIBA have been successfully 
commercialized and supplementary or confir- 
matory kits are available for detecting antibody 
to a number of viruses including HIV-1, HTLV-I 
and HCV. These assays can also be used for 
typing herpes simplex virus and HIV. The follow- 
ing protocol describes a Western blot assay for 
detecting HSV-1 and HSV-2 specific antibody as 
described by Ashley and Militoni (1987). 

1. HSVol (strain KOS) and HSV-2 (strain 
333) viruses are used to infect 
separate cultures of human diploid 
fibroblast ceils (MOI of 1). Cells are 
harvested at 3+ CPE by gently 
scraping with a rubber policeman. 

2. Cells are washed in PBS, collected by 
low speed centrifugation (5 min at 
500 g) and suspended in a small 
volume (0.25 ml for each 75 cm 2 flask) 
of lysis buffer (0.125 M tris, pH 6.8, 
20% glycerol, 8% SDS, 10% 
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2-mercaptoethanol, 0.025% 
Bromphenol Blue) and frozen in 
aliquots at -70~ 
Aliquots of HSV-1 and HSV-2 are 
thawed, boiled for 10 min, and 
electrophoresed on a 9% 
polyacrylamide gel with a 4~ stacking 
gel at 100 volts for 2 h. Proteins are 
electrophoretically transferred to 
nitrocellulose at 100 V for 1 h (Bio Rad 
mini Protein gel transblotter). 
Reactive sites are blocked by 
incubating the NC paper in 5% (w/v) 
Blotto in PBS for 1 h at room 
temperature on an orbital shaker. 
Rinse with 0.1% Tween-20 in PBS 
(PBST) twice for 10 min each and cut 
NC into strips 3 mm wide. 
Dilute serum to be tested 1:50 in PBS 
and incubate for 1 h at room 
temperature with one HSV-1 and one 
HSV-2 strip. Rinse the strips twice in 
PBS then incubate in HRP-conjugated 
goat anti human IgG antibody diluted 
1:500 in PBS for 1 h with gentle 
shaking. Rinse the strips again and 
incubate in freshly prepared 4-chloro- 
1-naphthol (0.5 mg m1-1) substrate 
containing 0.025% hydrogen peroxide 
in PBS and allow color to develop for 
5-10 min then stop with distilled 
water. Dry and store strips in the 
dark. 

Comment 

For the detection of HSV-1 and HSV-2 
specific antibody each serum must be 
tested on an HSV-1 and HSV-2 strip (Fig. 
7.2). Interpretation is based on the 
following criteria (Ashley et al 1993). A 
predominance of antibody to either 
HSVol or HSV-2 blots is interpreted as 
infection with HSVol or HSV-2 
respectively. HSV-1 positive sera will 
contain antibodies to 11-18 HSV-1 
proteins (gB, gG, gC-GE, VP16, gD, p45) 
and lack antibody to the 92 kDa HSV-2 
glycoprotein G (gG-92) on the HSV-2 
blot. HSV-2 positive sera generally show 
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Figure 7.2. Immunoblot detection of HSV-1 and 
HSV-2 type-specific antibody. Serum from two indi- 
viduals with culture-documented HSV-1 and HSV-2 
infections were reacted with immunoblot strips of 
HSV-1 (1) or HSV-2 (2)infected cell lysates. Anti- 
bodies were visualized with HRP-anti human IgG 
antibody conjugate and 4-chloro-l-naphthol. 

fainter bands than HSV-1 positive sera 
therefore, some sera showing strong 
reactivity on the HSV-2 blot will require 
preadsorption to clarify the HSV-1 type. 
HSV-2 positive sera react primarily with 
proteins in the HSV-2 strip, have a gG-92 
band and will show 16-24 HSV-2 bands 
(major bands of 150 kDa, gG-92, gG-70, 
52 kDa, 49 kDa, 47 kDa, 45 kDa) and 
fewer than 6 HSV-1 bands. Sera with 
both HSV-1 and HSV-2 antibodies have 
full antibody profiles on both strips and a 
clear gG-92 band. Some sera will require 
adsorption with type 1 or 2 virus for 
typing. 
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Radioimmuno- 
precipitation (RI PA) 
in RIPA specific anti-viral antibodies are 
detected by immunoprecipitation of radio- 
labeled viral proteins followed by either scintil- 
lation counting of washed precipitates or 
immune complex dissociation, polyacryla- 
mide gel electrophoresis and autoradiography 
to identify specific proteins. This method has 
not had widespread application in virology but 
is still used by some laboratories in place of 
Western blotting as a confirmatory test for HIV. 
The following protocol for HIV antibody has 
been adapted from Tersmette et al (1988). 

1. HIV-1 is propagated in H9 cells in the 
presence of 35S-methonine or 3SS- 
cysteine (10 ILtCi m1-1) for 8 h and a 
cell lysate is prepared by scraping and 
homogenizing cells in 0.125 M TFis- 
HCI, pH 6.8, 8% SDS, 0.1 M 
2-mercaptoethanol. 
An alternative approach is to purify 
HIV on a sucrose gradient, treat with 
0.2% Triton X-100 and label with 1251 
using chloramine-T (the preparation 
can be enriched for HIV glycoproteins 
by adsorption to lentil-lectin 
sepharose beads and elution with 
0.3 M 0~-methyI-D-mannoside). 

2. An aliquot of viral lysate containing 
5 x 104 cpm of labeled protein is 
incubated with 5 ~1 of serum for 16 h 
at 4~ 

3. An aliquot of protein A-Sepharose 
beads (5 mg)is added and the mixture 
incubated 90 min, pelleted and 
washed four times with PBS followed 
by a final wash in 10 mM Tris-HCI, pH 
6.8. 

4. Bound immunoprecipitates are eluted 
with 8% SDS and 0.1 M 
2-mercaptoethanol and analyzed by 
polyacrylamide gel electrophoresis 
and autoradiography. 

Comment 

RIPA is a labour intensive test employing 
metabolic or surface radiolabeling and 
immunoprecipitation techniques that are 
usually restricted to research 
laboratories. It has the advantage of 
being more sensitive and specific than 
Western blot especially for the detection 
of high molecular weight glycoproteins of 
HIV. 

IgM measurement 
The most common assays for IgM use a 
standard indirect solid-phase ELISA with the 
antigen immobilized and an IgM-specific sec- 
ondary DA. As mentioned above false positiv- 
ity is common due to the presence of IgM 
rheumatoid factor (RF) in the patient sample. 
False negativity can also occur from competi- 
tive inhibition of IgM binding in the presence of 
high levels of specific IgG. One way to 
approach these problems is to use an isolated 
IgM preparation from the patient sample, 
removing IgG which acts as a substrate for 
IgM RF and competes with the specific IgM 
for binding to the antigen or remove all of the 
IgG with the addition of a precipitating anti- 
igG. An alternative approach is to remove the 
RF itself by using an aggregated IgG prepara- 
tion. RF false positives can be eliminated by 
treatment of serum with commercial adsor- 
bents such as RF sorbent (Behringwerke) 
(Zapata et al 1984). 

A second approach is to modify the type of 
immunoassay by using an igM capture assay. 
In this procedure, a polyclonal anti-lgM anti- 
body is bound to the solid phase. Upon incu- 
bation of the patient sample, all IgM will be 
captured on the plate. The test antigen is 
then added, binding any specific IgM present 
on the plate. An enzyme-labeled secondary 
antibody is then added, and the reaction is 
completed. This assay obviates the problems 
with false-negative results due to competitive 
inhibition with IgM, as all of the IgG in the 
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patient sample is washed away in the first 
step. False positive results, however, may still 
occur as a result of bound IgM RF either react- 
ing with the IgG conjugate or binding any 
antigen-specific IgG in the sample. One way 
to avoid the problem with conjugate binding is 
to use F(ab')2-conjugated antibodies. Alterna- 
tively, the assay can be modified to a direct 
technique by employing enzyme-labeled anti- 
gen in the second step, thus eliminating any 
immunoglobulin that could bind RE Even with 
these modifications, problems can still occur 
with borderline and low positive IgM results. 

Antibody capture assays can be used to 
measure antiviral IgG, IgM or IgA antibody. 
The following RIA procedure has been used 
to detect IgM antibody to parvovirus B19 
(Cohen et al 1983), but the method can be 
modified to detect either IgG or IgM antibody 
to other viruses. 

Procedure 

1. Wells of microtiter plates are coated 
with sheep anti-human IgM antibody 
diluted 1:200 in carbonate buffer, pH 
9.6 for 2 h at 37~ All reagent 
volumes are 50 ILtl per well and washes 
are with PBS containing 0.5% Tween- 
20 (PBST). 

2. Serial serum dilutions beginning at 
1:200 are prepared in buffer G (as 
above but containing 2% normal 
sheep serum) and inoculated in plates 
overnight at 4~ 

3. Parvovirus B19 antigen is prepared by 
ultracentrifugation of viremic serum is 
diluted optimally in buffer G (usually 
1:200-1:800) and added to the wells. 
The plates are incubated for 3 h at 
3~ 

4. A mouse monoclonal antibody to 
parvovirus B19 viral capsid protein 
diluted in buffer G is added at optimal 
dilution and the plate is incubated for 
1 h at 37~ 

5. HRP-conjugated affinity purified goat 
anti mouse IgG antibody optimally 
diluted in buffer G is added and the 

plate is incubated for 1 h at 37~ 
followed by OPD substrate. 

6. The plates are read in an ELISA plate 
reader and the cut-off determined as 
twice the mean absorpance of 5-10 
IgM negative sera. IgM antibody titers 
are determined as the highest serum 
dilution with an absorpance greater 
than the cut-off. 

Comment 

Capture assays can be formatted as an 
EIA or RIA. For RIA, a 1251-labeled anti 
species antibody (2-10 #Ci ug-1; usually 
10,000 cpm per assay)is substituted for 
enzyme-labeled conjugate and the assay 
is run on other polyvinyl chloride plates 
and individual wells are cut apart with 
scissors or on plastic beads and the 
beads counted in a gamma counter. 
Specific reactivity is expressed as a 
Binding Ratio (cpm for viral antigen 
divided by cpm for control antigen). 

Solid phases 
A number of surfaces can be used for SPIAs: 
plastic, polyvinyl chloride, nitrocellulose, agar- 
ose, glass, cellulose, polyacrylamide, and dex- 
tran. Plastic is by far the most popular, 
especially with the frequent use of 96-well 
microtiter plates. These plates can be pur- 
chased in intact form or as 8- or 12-well indi- 
vidual strips for running a small number of 
samples. Plastic beads are also popular, espe- 
cially with some commercial companies. Most 
antigens and antibodies are bound through 
hydrophobic interactions. Proteins generally 
are used at a concentration of 1-50 ~tg mi-1. 
A high-pH (9.6) carbonate coating buffer is 
often used as the diluent (1.59 g of Na2CO3; 
2.93 g of NaHCO3; 0.2 g NaN3 made up to 1 I 
distilled water and stored at 4~ for 2 weeks); 
however, the optimal buffer should be deter- 
mined experimentally for each system. In addi- 
tion to passive absorption, immunoreactants 
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can be coupled covalently by a variety of 
methods. 

Absorption depends on the concentration 
and type of antigen, surface characteristics 
of the plastic, time, and temperature. Several 
studies have shown that use of too much 
antigen may actually result in the stacking of 
several layers of antigen, which results in a 
protein-plastic layer that is subsequently cov- 
ered by a second layer formed by protein- 
protein interactions. To avoid this problem, at 
least three washes, and preferably more, 
should always be performed between assay 
steps. Both the isoelectric point and chemical 
composition of the antigen may affect its abil- 
ity to adhere to the solid phase. Lipid antigens 
may pose difficulties in obtaining reproducible 
coating to the wells of the solid phase. It is 
critical with these types of antigens that sev- 
eral plates be screened for optimal coating. In 
addition, the physical characteristics of 96- 
well microtiter plates have important variables 
such as an 'edge effect' in which the perimeter 
wells of plates may absorb more protein than 
the inner wells, thereby causing an assay bias. 
Different plates from several manufacturers 
should be screened for this effect when an 
assay is set up. When the lot of a plate is 
changed, they should be reevaluated to 
ensure that none of the assay parameters 
need to be modified. Coated plates generally 
are stable for a few weeks to several months, 
depending on conditions. Most antigens have 
the greatest stability when dessicated in a foil 
pack. Commercial kits usually have plates 
packaged in this way, providing a longer shelf 
life. For in-house assays in which stable 
packaging may be more difficult to achieve, 
the integrity of the solid phase should be 
closely monitored. A procedure which should 
always be conducted is to wash stored plates 
prior to use so as to remove any free antigen 
that may have desorbed during storage. 

Conjugate 
Depending on the assay, if it is an EIA it must 
contain either an antibody or an antigen con- 
jugated with an enzyme. The desirable proper- 

ties of such an enzyme include a high turnover 
rate, stability, low cost, ease of conjugation, 
lack of endogenous enzyme in the patient 
sample, easy detection, and compatibility 
with the standard conditions used. The most 
popular enzymes are alkaline phosphatase 
(AP) and horseradish peroxidase (HRP). A vari- 
ety of other enzymes are also available, but 
they are not as frequently used. These include 
B-galactosidase, glucose oxidase, urease, and 
carbonic anhydrase, which are primarily used 
in immunohistochemistry and for assays with a 
fluorometric or other end point. 

There are a number of choices available for 
an antibody conjugate: whole polyclonal anti- 
bodies, immunoglobulin G (IgG) fractions or 
F(ab')2 fragments of polyclonal antibodies, 
affinity-purified polyclonal antibodies. It is best 
to screen several antibody preparations and 
choose the conjugate that provides optimal 
results for the least cost. The least purified 
antibodies, such as whole polyclonal conju- 
gates, are inexpensive, but they frequently 
give a high background. This problem can 
often be alleviated with the use of an IgG 
fraction of the same antisera. If one is perform- 
ing an IgM assay or using an antigen source 
containing Fc receptors, use of F(ab')2 anti- 
bodies may significantly improve results. Over- 
all, affinity-purified antibodies often give the 
best results, with high detectability and low 
background levels. In addition, they are avail- 
able from several commercial companies and 
are relatively inexpensive. AP conjugated affi- 
nity-purified antibodies are generally more 
expensive than HRP conjugates. Monoclonal 
antibodies are the most expensive but some 
assays require the specificity that they offer. 

In choosing the proper dilution of an anti- 
body conjugate, one can run a checkerboard 
titration using a high and low positive standard 
along with buffer alone. The optimal conjugate 
dilution is one in which the absorpance of the 
high positive control is 1.0 or greater, coupled 
with background levels of less than 0.1 absor- 
pance unit. A checkerboard titration is per- 
formed as follows: 
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1. The plate is coated horizontally. Four 
different antigen or antibody coating 
concentrations can be tested, with 
each concentration added to 
duplicate horizontal rows. 

2. Following this coating step, unreactive 
sites are blocked by using a 
nonspecific protein, i.e. BSA, gelatin, 
or nonfat dry milk. For test samples, 
we use a high positive patient control, 
negative control, and PBS alone. For 
control specimens, a 1:100 dilution is 
often used since most analytes can be 
measured at this level and nonspecific 
binding is decreased. 

3. Following an incubation of 1-2 h at 
RT, the plate is washed 3-6 times with 
PBS. 

4. The conjugate is added in a vertical 
fashion to the plate. Four dilutions in 
triplicate wells can be used per 
96-well plate, in rows 1 to 12. The 
conjugate dilution will vary greatly with 
the type of antibody used (dilutions 
may range from 1:50 to 1:100,000). 

5. After incubation for 1-2 h, the enzyme 
reaction is developed with the 
appropriate substrate. The optimal 
choice for the assay is a combination 
of antigen concentration and 
conjugate dilution that gives a PBS 
value of < 0.05, a negative control of 
<0.2, and a high positive control value 
of >1.0 absorpance unit. 

6. This checkerboard titration may have 
to be modified if a positive control 
serum is not available. In this case, the 
antibody conjugate titration can be 
performed by coating the solid phase 
with the immunoglobulin protein to 
which the antibody conjugate is 
directed. Following determination of 
an appropriate conjugate dilution, the 
solid phase can be coated in a range 
from 1 to 50 l~g m1-1, as this is the 
most commonly used range of 
concentrations in all EIAs. 

7. Once these optimal concentrations 
are determined, a large number of 

patient samples can be screened and 
a pool of positive controls can be 
obtained. 

Excellent enzyme-labeled antibodies of var- 
ious specificities are available from several 
commercial sources. However, in some cir- 
cumstances it may be necessary to label anti- 
bodies in the laboratory. The procedure begins 
with enrichment of the antibodies from serum 
or ascites fluid. This initial step is required so 
that proteins other than antibodies will not be 
labeled and give false-positive results. Anti- 
body enrichment is conveniently performed 
by using ammonium sulfate fractionation, ion- 
exchange chromatography, or protein A col- 
umns. The second stage represents coupling 
of the enzyme to antibody. Several methods, 
including periodate oxidation and gluteralde- 
hyde procedures are widely used. The condi- 
tions used ordinarily result in optimum labeling 
of the antibody. Blocking solutions and wash 
buffers containing detergent are required to 
decrease nonspecific color intensity in EIA 
procedures. When the concentration of pro- 
tein in the coating solution is suboptimal for 
saturation of microwell binding sites, an immu- 
nologically irrelevant protein is used to occupy 
(block) the remaining plate surface. Buffers 
containing bovine serum-albumin or gelatin 
are commonly used for this purpose. To pre- 
vent nonimmunological interactions in the 
microwell plate wells, all subsequent reagents 
are added in buffers containing detergent 
(usually 0.1% Tween-20). In addition, all wash- 
ing steps between reagent additions are also 
done in buffers with Tween-20. 

An example of an enzyme antibody conjuga- 
tion is the periodate method. 

To 4 mg of peroxidase in 1 ml of distilled 
water, add 0.2 ml of freshly prepared 
0.1 M Nal04 and stir gently for 20 min. 
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(On addition of the periodate, the solution 
should change color from gold to green; 
if it does not do so, additional NalO4 is 
required.) Dialyze the mixture against 
1 mM sodium acetate buffer, pH 4.4, 
overnight at 4~ Raise the pH by 
addition of 20 #1 of 0.2 M sodium 
carbonate-bicarbonate buffer (pH 9.5). 
Immediately add 8 mg of antibody in 1 ml 
of 0.01 M sodium carbonate buffer, pH 
9.5. Stir for 2 h at room temperature. Add 
0.1 ml of freshly prepared sodium 
borohydride (4 mg ml-1 in distilled 
water). Leave for 2 h at 4~ Precipitate 
with saturated ammonium sulfate. 

Substrates 
When deciding on a substrate for an enzyme 
conjugate, there are several factors to con- 
sider. First, the substrate must produce a 
measurable soluble reaction product. For 
most EIAs this is a colored reaction product, 
although fluorescent substrates can be used. 
Other variables to consider include sensitivity, 
background absorpance, stability of the com- 
pound, toxicity, and cost. Toxicity is a particu- 
lar concern, since a number of substrates have 
been suggested to be potentially carcinogenic. 
if the color will be monitored spectrophoto- 
metrically, the maximum wavelength of the 

absorpance is also a factor, since readers 
generally come with a limited number of filters. 

A variety of substrates are available for HRP 
(Table 7.1). The enzyme reduces hydrogen 
peroxide (H202) and oxidizes a second sub- 
strate, which produces a colored reaction pro- 
duct; thus, H202 is always required along with 
another substrate. The most popular sub- 
strates include o-phenytenediamine (OPD), 
5-aminosalicylic acid, 2,2-asinodi-(3)-ethyl- 
benz-o-thiazoline-6-sulfonate, and 3,3',5,5 'o 
tetramethylbenzidine (TMB). Although various 
studies have shown some substrates to be 
preferable to others, generally they all perform 
adequately in most assays. In setting up a new 
procedure, several substrates may be evalu- 
ated to determine the optimal compound. 
Regardless of the secondary substrate used, 
the most critical variable in catalyzing HRP is 
the concentration of H202. This is usually kept 
as a 30% solution; however, it has limited 
stability and may account for significant inter- 
assay variability. 

For AP, the most popular substrate is p- 
nitrophenyl phosphate (pNPP), which absorbs 
strongly at 405 nm. pNPP is generally dis- 
solved in a high-pH diethanolamine buffer 
with magnesium added. Use of phosphate- 
buffered saline (PBS) as a wash buffer in AP- 
based EIAs may result in low optical density 
(OD) values. Phosphate is a potent inhibitor of 
AP, so any phosphate left in the plate wells 
after washing may cause an inhibition of the 
enzyme reaction. Although many laboratories 
report few problems with use of PBS as the 

Table 7.1. Commonly used enzymes and substrates for enzyme immunoassays. 

Enzyme (Source) Substrate Colour Change~Reading 

Peroxidase 
(Horseradish) 

Alkaline phosphatase 
(Calf intestine) 

Beta lactamase 
(B. cereus or E. coil) 

Urease 
(Jack bean) 

o-phenylenediamine (OPD) 
5-5'-tetramethylbenzidine ('I'MB) 
5-aminosalicylic acid 
p-nitrophenylphosphate 

starch-potassium iodide 

urea and a pH indicator 
bromocresol purple 

Clear to yellow (490 nm) 

Clear to yellow (405 nm) 

Purple to clear (590 nm) 

Yellow to purple (590 nm) 
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wash buffer in AP-catalyzed EIA, it is a variable 
to consider if the color reaction does not 
develop sufficiently. One can substitute a Tris 
buffer for PBS, as Tris may actually increase 
AP activity. 

Enhancement of SPIA 
signals 
Bacterial proteins 

Cell wall proteins in Cowan strains of Staphy- 
lococcus aureus bind to immunoglobulins from 
several species in a nonimmunological fash- 
ion. Each protein A molecule has four regions 
that bind to the Fc portion of immunoglobulins. 
The immunoglobulin-binding properties of pro- 
tein A make this molecule useful as a develop- 
ing reagent in enzyme immunoassays. Protein 
A covalently bound to enzymes is available 
from several commercial sources and can sub- 
stitute for enzyme-labeled second antibodies 
in EIA. Protein A binds poorly to human IgG3 
and some immunoglobulins from other mam- 
mals. Protein G, a cell wall constituent of some 
Streptococcus strains, exhibits high-affinity 
interactions with these immunoglobulins. Pro- 
tein G is used in EIAs much like protein A and 
is available in a genetically engineered form 
designed to reduce nonspecific interactions. 
It is also used to detect IgA and IgM 
responses to microbial antigens. In this 
method, igG is removed from sera by using 
protein G coupled to agarose. The residual 
antibodies are then incubated with the target 
antigen. The use of enzyme-labeled second 
antibodies that recognize the heavy chain of 
IgM or IgA allows a resolution of immune 
responses of these isotypes. 

Avidin-biotin 

The strong interaction between avidin from 
egg white protein; and biotin, a low-molecu- 
lar-weight vitamin, has been used to amplify 
the sensitivity of EIA. Each of the four subunits 
of avidin contains a site that interacts with the 

ureido ring of biotin. The remaining valeric acid 
side chain of the biotin molecule can be che- 
mically modified to generate reactive groups 
without altering avidin interactions. The length 
of the spacer between the ureido group and 
the chemically reactive group is sufficient in 
several commercially available forms of biotin 
to allow attachment of the biotin to antibodies 
or enzyme and still permit interactions with 
avidin. Avidin itself may be covalently linked 
to enzyme reporter molecules by using sev- 
eral available methods. Streptavidin from 
Streptomyces avidinii as a result of its lower 
isoelectric point, is used more widely than egg 
white avidin because of lower background 
intensity. EIA using avidin-biotin interactions 
is performed in two major variations. The first 
method makes use of a biotinylated second 
antibody. Avidin-enzyme conjugates are then 
used to detect bound biotinylated antibodies. 
The increase in sensitivity over standard EIA 
methods results from a pyramid-like enhance- 
ment of reporter group molecules. The other 
major format of avidin-biotin EIA takes advan- 
tage of the multivalency of avidin. In the pro- 
cedure, unconjugated avidin serves as a 
bridge between biotinylated antibody and 
biotin-enzyme conjugates. Alternatively, com- 
plexes of avidin and biotinylated enzyme can 
be used to detect the biotinylated antibody. 

Use of chemiluminescent 
substrates 

The cyclic hydrazide luminol (5-amino- 
2,3-dihydro-1, 4-phthalazinedione) can be 
employed directly as a label (for example to 
avidin) in SPIA or as a substrate to interact 
with peroxidase enzyme. Oxidation of luminol 
to a chemiluminescent product is catalyzed by 
free iron ions or chelated iron in peroxidase. 
The electronically exited aminophthalate anion 
decay provides the more sensitive signal. Per- 
oxidase conjugated to antibody may act more 
effectively on luminol than on chromogenic 
substrates because conjugation of the per- 
oxidase may destroy substantial amounts of 
enzymatic activity but still allow the large 
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heme(iron) donation for allowing luminol oxida- 
tion to take place in a chemiluminescent test. 

Use of radioactive isotopes 

Although the use of isotopes for diagnostic 
tests has fallen from popLtlarity the principles 
are worth discussing. The use of a radioactive 
conjugate in a SPIA may facilitate the provision 
of a more sensitive assay based on the 
kinetics of reaction of the components in the 
test. The most commonly used isotope is 1251, 
a weak gamma-emitter with a half-life of 60 
days. 1251 can be incorporated effectively into 
protein molecules of high specific activity by 
several methods without markedly affecting 
the immunological activity and specificity of 
the proteins. 

The most commonly used conjugation pro- 
cedure is the chloramine-T method of Hunter 
and Greenwood (1962). 

in this method, the protein to be labeled 
is added to a mixture of 1251 and 
chloramine-T (a mild oxidizing reagent). 
After an incubation of 2 min the reaction 
is stopped by the addition of NaHSO3 or 
by the direct application of the reaction 
mixture to a Sephadex G 25 column, 
which is used to separate the labeled 
protein. Other methods are also used. To 
a lesser extent, beta-emitters 3H and ~4C 
also have been used in solid-phase RIAs. 

Highly specific activities of labeled immuno- 
globulins have been obtained by using the 
method of reductive methylation with titrated 
sodium borohydride. Due to the long half-life 
of these isotopes, the labeled reagents can be 
stored and used for years. However, because 
the liquid scintillation counting is considerably 
more complicated than the gamma-counting, 
these istopes have not found wide use in 
diagnostic virus antibody assays. 

The labeled immunoglobulins are usually 
diluted in a buffer containing protein and deter- 

gent to decrease their nonspecific binding. 
Eagle minimum essential medium (E-MEM) 
supplemented with 10% heat-inactivated calf 
serum 0.5% lactalbumin hydrolysate, anti- 
biotics, and 1% Tween-20)is usually used. 
Because the activity of the labeled immuno- 
globulin preparations decrease continuously 
due to radioactive decay, frequent standard- 
ization is necessary. This is done by diluting 
the preparations to give a standard cpm value 
(e.g. 5000 cpm) bound when 200 #1 of the label 
is incubated with the solid phase coated with 
the homologous antigen. 

RIA can be used to determine antibodies 
from all body fluids. Nonspecific inhibitors of 
hemagglutination, anticomplementary factors, 
etc. which seriously disturb some serologic 
antibody tests, do not interfere in the RIA. 
Like the labeled immunoglobulins, the speci- 
mens should be diluted in a buffer containing 
protein and detergent; PBS containing 0.5% 
bovine serum albumin and 0.5% Tween-20 
(PBS-BSA-Tween) is often used. The expres- 
sion of serum antibody concentration with an 
endpoint titer value is the most commonly 
used method of expressing RIA results. The 
specimens are tested in several serial 
dilutions, and the titer value is interpolated 
from the cpm versus serum dilution curve as 
the highest dilution where the cpm value of the 
test specimen is 2.1 times higher than the cpm 
value of the negative control at the same 
dilution. As the negative control, either the 
test specimen incubated with an uninfected 
control antigen or a standard negative 
specimen incubated with the virus antigen is 
used. Similar creation of standard curves 
mentioned above for EIA apply to providing a 
measurement of antibodies in a single tested 
serum. 

Measuring responses in 
SPIA 
Each SPIA will have characteristic methods for 
measuring and interpreting the reaction. We 
have selected a typical EIA to illustrate the 
complexity involved. The color reaction of an 
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EIA can be monitored visually for a qualitative 
result. For quantitative readings or a more 
sensitive qualitative assessment, a spectro- 
photometer is used. Photometers can be inter- 
faced with a microcomputer equipped with a 
data reduction package for direct calculation 
of results. 

It is adequate for most assays to blank the 
OD measurement with air. However, some 
investigators prefer to blank the plate by 
using a well containing either substrate or 
substrate-antibody conjugate alone. If this 
procedure is used, it is important to document 
the absolute absorpance of these wells used 
for blanking. An OD value much greater than 
0.1 may indicate a deterioration in some of the 
assay components. For reporting the analyte 
in an absolute amount per ml, a reference 
preparation is used as the source of calibra- 
tion. A number of these preparations are avail- 
able from commercial companies, professional 
organizations, and government agencies. 
Instead of utilizing a valuable reference pre- 
paration, the test can be calibrated against a 
standard and used for regular assays. A dose- 
response curve is made, consisting of the 
concentration of the reference preparation ver- 
sus its absorpance. When making this curve, 
one must carefully evaluate the characteristics 
of the data. Although a standard curve can 
often be constructed by simply plotting the 
absorpance against a log of concentration 
and performing linear regression, this may 
not be the best treatment for all systems. A 
variety of computer software packages offer 
a range of curve-fitting techniques for evaluat- 
ing EIA data. 

One common method of expressing data is 
to determine the mean absorpance of samples 
for normal individuals and report patient 
samples as positive when they are two or 
three standard deviations above this value. 
Although this method requires running only 
one dilution of the patient sample, a number 
of problems can arise. From a statistical point 
of view, it may not be correct to apply a mean 
and standard deviation to this type of data, as 
they are often not normally distributed and 
there may be an insufficient sample size to 
apply nonparametric statistics. The greatest 

problem with use of absolute absorpance 
values is the poor reproducibility of results. 
To deal with this problem, one can use an 
adjusted absorpance in which the patient 
value is presented as a ratio or a percentage 
of a positive control. These methods are 
simple and incorporate an internal control, but 
must be carefully standardized. It is important 
to monitor the level of absolute absorbancies 
to ensure that they are relatively constant from 
day to day and within the linear range of the 
assay. One can use a reference pool of sera 
with assigned arbitrary units to establish a 
dose-response curve and then determine 
patient values from the curve. In addition to 
extrapolating the values directly from the 
curve, some investigators have suggested 
determining the ratio of the area under the 
dose-response curve of the test serum and 
the reference serum. These techniques offer 
much improved reproducibility and a quan- 
titative answer but the required calculations 
are more time-consuming and may neces- 
sitate several dilutions of patient sera to 
obtain a value falling on the linear portion of 
the curve. Use of a microcomputer interfaced 
with the reader greatly simplifies the calcula- 
tions. 

Controls and assay 
standardization 
The basic controls in all assays should include 
PBS, a negative control, and low and high 
positive controls. However, additional con- 
trols should be incorporated when the assay 
is set up. Initially, one should assess the back- 
ground absorpance of all reagents alone. One 
important control is to assess the binding of 
patient sera to the uncoated solid-phase ma- 
terial. In a minority of samples, one can find 
significant binding to the solid phase even 
when it is coated with a nonspecific protein. 
This may be a problem, especially in IgM 
assays, and may require running all samples 
in both coated and uncoated wells, with sub- 
traction of the OD reading in the uncoated 
wells. Whenever any new reagents are used, 
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comparative studies should be performed. 
There can be significant variability within 
different lots of the plates and the conjugate, 
and one can never assume that the assay 
parameters will remain unchanged. Factors 
such as alterations in RT and the quality of 
the water can also significantly affect day-to- 
day variability in assays. For this reason, 
reliance on standard curves will yield more 
reproducible results. 

The absorpance in PBS control wells should 
be less than 0.1 (optimally less than 0.05) OD 
unit. If the absorpance is higher, the most likely 
reasons are either inadequate washes or a 
problem with the enzyme conjugate. It may 
be important to increase the number and effi- 
ciency of the wash steps. If this is not effective, 
the dilution and purity of the enzyme conjugate 
should be evaluated. If the conjugate cannot 
be diluted further without affecting the sensi- 
tivity of the assay, one should look for either a 
higher-avidity or an affinity-purified conjugate. 
Another way to deal with the problem is to add 
normal serum (1-5%) of the same species as 
the conjugate to the conjugate dilution buffer. 
In addition, use of 1-5% bovine serum albumin 
(BSA) or another nonspecific protein to bind 
unreacted sites on the solid phase may cor- 
rect the problem. Another problem may occur 
with a high absorpance (>0 .20D unit) of a 
negative patient sample and can be dealt 
with in the same manner as with the PBS 
control. 

An unexpected fall in the amount of an ana- 
lyte at the high end of the dose-response 
curve, (hook effect) resulting in a gross under- 
estimation of the analyte may be a problem in 
sandwich immunoassays with patient samples 
that contain an extremely high level of an 

analyte. The patient samples will give a low 
to moderately high result when the standard 
assay dilution is used. Upon further dilution of 
the sample, the result will either be out-of- 
range high or, if it is diluted far enough, will 
give an extremely elevated value. Therefore, if 
the laboratory ran the sample only at the rou- 
tine dilution, significant underestimation of the 
value would be reported. This problem may 
arise from low-affinity antibody, inadequate 
washing, and suboptimal concentrations of 
labeled antibody. Always ensure that ade- 
quate washing is performed between all 
steps, especially between the steps following 
the addition of each antibody. When one is 
performing new kit evaluations, testing speci- 
mens with high levels of the analyte is impor- 
tant, as the frequency of the hook effect with 
different kits may be variable. 

,Heterophile antibodies may interfere with 
sandwich EIAs. These antibodies can be 
found directed to several different species 
(i.e. sheep, goat, mouse, and rabbit). Their 
presence can have a variable effect on 
SPIAs. If the analyte is not present, a false- 
positive result may arise from the heterophile 
cross-linking the two antibodies of the sand- 
wich. As monoclonal antibody-based assays 
are often used for diagnostically important 
analytes, erroneous results can cause signifi- 
cant problems in patient care. Addition of non- 
immune immunoglobulin from the appropriate 
species will eliminate this interference; how- 
ever, the amount and source of the normal 
serum may be crucial. By employing a sys- 
tematic approach using some or all of these 
tactics, the majority of background problems 
can be solved. 
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Quality control 
Quality control is important because of the 
complexity and sensitivity of the procedures. 
These factors tend to magnify errors in perfor- 
mance or materials, and exacting control stan- 
dards are needed to ensure accurate and 
precise test results. Critical elements of a con- 
trol program are standardization of the sero- 
chemistry, continuous monitoring of the test 
processes, and pre-test inspection of test 
specimens. 

Optimum antigen-antibody concentrations 
are established by conventional block titra- 
tions with reference specimens. From these 
experiments, the test reagent concentrations 
for maximum specific reactivity and minimum 
nonspecific signal are established. Test proto- 
cols are further validated by testing of known 
positive and presumed normal specimens from 
the target-diagnostic population. From these 
developmental studies, the test findings that 
correctly differentiate reactive-positive speci- 
mens from nonreactive-negative specimens is 
identified. This cutoff value is expressed as: (i) 
a fixed absorpance value determined on the 
basis of the experience of the test developer; 
(ii) an absorpance value that is a multiplier of a 
number of standard deviations above the 
negative population absorpance; (iii) a fraction 
or percentage of a known positive reference 
value; or (iv) a combination of these. In every 
instance, specimens with absorpance values 
greater than the cutoff are reactive or posi- 
tive, and those with values less than the cutoff 
are nonreactive or negative. Some manufac- 
turers establish a 'grey or equivocal' zone 
which is neither positive or negative. This 
approach complicates test interpretation and 
patient management. 

The equipment manuals provided by manu- 
facturers must be consulted for performance 
characteristics, calibration specifications, and 
operating procedures of all instruments used 
with EIA tests. These techniques are very sen- 
sitive and therefore require accurate fluid mea- 
surements. Pipetting devices, plate washers, 
and well readers must be calibrated, and sche- 
dules for calibration checks and routine main- 

tenance must be established and recorded. 
Special attention must be paid to pipetting 
devices. Accuracy for these devices is maxi- 
mized by, ensuring correct fit of the tips to the 
device barrel, prewetting tips, and keeping 
volume delivery below a reagent level so as 
not to contaminate the pipette. Washers, like 
reagent delivery devices, must perform exactly 
as specified. Vacuum and fluid delivery must 
be set for and matched to the plate test wells. 
A simple measure of wash efficiency is a plate- 
to-plate inspection for residual wash fluid. 
Either excess residual fluid or excessive 
aspiration in wash cycles, and thus excessive 
drying, may adversely affect test reactivity. 
Since all EIA reactions are temperature and 
time sensitive, technical protocols must 
include clocks and thermometers as standard 
monitoring devices to ensure compliance with 
the parameters established for each test. 

Each EIA run should include controls from 
the reagent manufacturer, a set prepared in- 
house or obtained from other sources (exter- 
nal or supplemental controls), as well as, 
whenever possible, a set of primary standards 
from a recognized reference laboratory. This 
set is used initially, and at appropriate inter- 
vals, to ensure the optimum level of reactivity 
in consensus with other laboratories. The 
control set provided by the manufacturer 
describes the optimum performance charac- 
teristics of the test. The results of this control 
set, however, apply only to the potency of the 
reagents in the set in use. Variations in 
reagents, kit to kit or lot to lot, are monitored 
by the external control set, which should 
consist of multiple (duplicate or triplicate) 
high- and mid-range reactive specimens or 
specimen pools and a nonreactive specimen 
or specimen pool. This external control thus 
serves not only to detect immediate failure 
but also to monitor both excessive run-to-run 
variation and long-term trends. Values 
obtained at each test run are efficiently moni- 
tored by charts that show, for example, non- 
reactive or background as well as levels of 
specific reactivity over time. 
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Cell mediated 
immunity 

A. C. Mawle 

The measurement of the cell-mediated 
response to viruses has become of major 
importance over the last few years. The ability 
to measure T cell responses is critical to the 
understanding of pathogenesis and in the 
design of potential vaccines, it is now poss- 
ible to determine the major T cell epitopes for a 
given viral protein and study the characteris- 
tics of both a helper T cell and cytotoxic T cell 
response to that epitope. Recently two sub- 
sets of T helper cells have been described, 
based on the cytokine profiles and function 
of T cell clones responding to a particular 
antigen. TH1 cells produce interferon-7 and 
TNF-13, and are responsible for delayed-type 
hypersensitivity responses. TH2 cells produce 
interleukin (IL)-4, IL-5 and IL-10, and are 
responsible for delivering B cell help and anti- 
body class switching (Mossman and Coffman 
1989). These two subpopulations both down- 
regulate each other and enhance their own 
activity. Their discovery has allowed a better 

understanding of pathogenesis in diseases 
such as leishmaniasis (Sher and Coffman 
1992) where there is a wide spectrum of dis- 
ease, and the potential for modulating the 
immune response to favor either cell- 
mediated or an antibody response may 
become important for future therapies or vac- 
cines. 

This chapter will describe methods useful for 
measuring the cell-mediated response to 
viruses in humans. All of the techniques are 
applicable to mouse (or other animal) sys- 
tems, though obviously the specific reagents 
and conditions will be different. For further 
information the reader should refer to Current 
Protocols in Immunology (Coligan et al 1991), 
which is the definitive practical reference in 
this field. 

All of the following procedures should be 
carried out under sterile conditions at room 
temperature, unless otherwise indicated. 
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Preparation of lymphocyte 
populations 
Source of lymphocytes 
The usual source of human lymphocytes is 
peripheral blood. However, lymphocytes can 
be isolated from other tissues such as lymph 
nodes, tonsils or spleen, if they are available. 
These have the advantage that a large number 
of cells can be obtained and frozen for future 
use. Lymphocytes can also be obtained from 
infected lesions, though the number of cells 
obtained this way is usually small. 

All human material must be handled as 
though it were infectious. The possibility of 
Human Immunodeficiency Virus (HIV) infec- 
tion is always present, as well as other 
blood-borne pathogens. Biosafety level 2 
practices are recommended for all work, and 
anyone routinely working with human blood 
should receive hepatitis B vaccine. 

Isolation of peripheral 
blood lymphocytes (PBL) 
from whole blood 

PBL are isolated using density gradient centri- 
fugation on FicolI-Hypaque (F/H). During cen- 
trifugation, the red cells and granulocytes pass 
through the F/H and the lymphocytes remain 
on the surface of the gradient. Most of the 
platelets remain in the supernatant. The cell 
population isolated will typically contain 10- 
20% monocytes, 0-5% granulocytes and 
some platelets. The granulocyte contamina- 
tion will increase with the age of the blood. 
Platelet contamination does not pose a prob- 
lem unless the subject has an abnormally high 
platelet count. 

Experimental 
1. Place heparinized blood into a 50 ml 

conical tube and add an equal volume 
of Hanks balanced salt solution 
(HBSS). Carefully underlay 10 ml F/H, 
using a pipette. 

2. Centrifuge at 400 g for 30 min with no 
brake. 

3. Remove most of the plasma above the 
interface and discard. This contains 
most of the platelets. Carefully 
aspirate the interface layer and 
transfer to a 50 ml conical tube. Fill 
the tube with HBSS to dilute out 
contaminating F/H. 

4. Centrifuge for 10 min at 300 g. Wash 
ceils twice more by centrifugation in 
20 ml HBSS. 

5. Resuspend cells in appropriate culture 
medium and count using trypan blue 
exclusion. Cell viability should be 
>95%. 

Preparation of 
lymphocyte subsets 
There are many reasons to study PBL subsets. 
These include dissecting a cytotoxic T lym- 
phocyte (CTL) response into CD8- and CD4- 
T cell-mediated components, removing the 
non-specific natural killer (NK) cell response 
from a MHC-restricted virus-specific assay, 
or using a purified CD4 § T cell population to 
study TH1 and TH2 responses. There are two 
basic techniques used for purifying PBL sub- 
sets; the traditional method using antibody 
and complement, and the immunomagnetic 
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cell depletion method, which is the method of 
choice due to its speed and convenience. Both 
target the cell to be removed using a mono- 
clonal antibody, and in the latter technique, the 
monoclonal antibody is attached to a magnetic 
bead. The cells bound to beads are trapped by 
a magnet, and the remainder washed free and 
used for study. Both techniques employ nega- 
tive selection to separate subpopulations, 
though it is possible to use a positively 
selected cell population without removing the 
beads if the beads do not interfere with the 
assay. It is also possible to remove cells from 
the beads if necessary. Negative selection is 
greatly to be preferred over positive selection 
when isolating lymphocyte subpopulations, 
since the cell may be affected in some way 
by the binding of antibody to its surface, 
which could interfere with subsequent 
assays. There will be appreciable cell loss 
with both techniques due to the multiple 
steps involved, and this should be taken into 
account when determining the initial number of 
cells needed for a given assay. 

Cell depletion using 
immunomagnetic beads 

1. All procedures must be carried out on 
ice using cold reagents to prevent 
phagocytosis of the beads. 

2. The beads are stored in preservative 
containing azide and must be washed 
before use. The wash buffer used 
throughout should be phosphate- 
buffered saline pH 7.2 (PBS) 
containing 2% fetal calf serum (FCS). 
Place the desired volume of beads in a 
conical tube. Add wash buffer and 
place on the magnetic particle 
concentrator (MPC) for 1 min. 
Remove supernatant and repeat 
twice. Reconstitute the beads to their 
original volume in wash buffer. 

3. Add the washed beads to separated 
PBL (2-4 x 106 ml-1) at a ratio of 
10:1. Incubate for 15-60 min on a 

mixer at 4~ The time necessary will 
depend on the particular monoclonal 
antibody being used. 

4. Place the tube in the MPC for 2-3 
minutes and carefully remove the 
supernatant containing the unbound 
cells. 

5. Add wash buffer and repeat step 4. 
6. Centrifuge unbound cells at 300 g for 

5 min and resuspend in the desired 
medium. The purity of the cell 
population can be determined by 
immunophenotyping (page 154). For a 
highly purified celt population, a 
second round of cell depletion may be 
required. 

7. For positive selection, a lower bead to 
cell ratio can be used in step 3. The 
supernatant would be discarded and 
the bead-bound population retained. 

Cell depletion using antibody 
and complement 

1. Isolate PBL and make up to 5 x 
106 ml-1 in cold, serum-free RPMI 
1640 (RPMI). 

2. Add monoclonal antibody at a 
previously titrated concentration and 
incubate for 30 min on ice. 

3. Wash twice by centrifugation in 
serum-free RPMI. 

4. Make a 1:4 dilution of rabbit Lo-Tox 
complement (Cedarlane)in serum-free 
RPMI and resuspend cells at 2 x 
106 m1-1. Incubate for 1 h in a 37~ 
waterbath. 

5. Wash twice by centrifugation, and 
determine efficiency of cell depletion 
by immunophenotyping. 
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Cell preservation 
Most assays of immune function can be per- 
formed on frozen cells. These include prolifera- 
tion assays, immunophenotyping and cytokine 
production. The results will differ from those 
obtained with fresh cells, but if they are made 
the standard for a given set of experiments, 
they will give acceptable results. PBL can be 
stored for several years in a liquid nitrogen 
(LN2) freezer. Assays of cytotoxic function do 
not work well with frozen cells, and fresh cells 
should be used. 

Experimental 

1. Isolate cells on F/H and make up to 
2-10 x 107 ml-~ in ice-cold FCS. 

2. Add an equal volume of ice-cold RPMI 
1640 + 20% dimethyl sulfoxide 
(DMSO) dropwise, while gently 
vortexing the cell suspension. This will 
give a final mixture of 1-5 x 10 7 

cells ml-1 in RPMi 1640 + 50% FCS + 
10% DMSO. 

3. Aliquot cells into previously chilled 
freezing vials at a minimum of 0.5 ml 
per vial. 

4. To freeze, place the vials in an 
insulated container (double bookbag 
or styrofoam). Place the container in a 
-70~ freezer overnight and transfer 
vials to a LN2 freezer the next day. If a 
controlled rate freezer is available, 
cool at 1~ min-1 to -30~ then at 
5~ min-1 to -80~ Transfer the vials 
to a LN2 freezer. 

5. To thaw cells, place the vials in a 37~ 
water bath immediately on removal 
from the freezer. As soon as the cells 
are thawed, transfer them to 10 ml 
RPMI 1640 + 10% FCS to dilute out 
the DMSO. Wash the cells three times 
by centrifugation (7 min at 300 g) and 
count using trypan blue exclusion to 
determine the cell viability. This will 
usually be 85% or greater, as most 
dead cells do not survive intact. 

146 C h a p t e r  8 



Lymphocyte proliferation assays 

Lymphocyte proliferation 
assays 
Lymphocyte proliferation in response to an 
antigenic stimulus is used as a measure of 
the recall response to that antigen and is con- 
sidered an in vitro correlate of the delayed- 
type hypersensitivity response (DTH). Thus 
only individuals exposed to a given virus 
either by natural infection or vaccination 
would be expected to have a proliferative 
response to it. However, not everyone who 
has been exposed to a particular virus will 
have a detectable proliferative response. 

When a lymphocyte is activated through its 
specific receptor, several immediate activation 
events occur, including receptor-induced 
phosphorylation of tyrosine kinases, leading 
to an influx of calcium, which is induced 
through the phosphatidyl inositol pathway 
(Rudd 1994). These initial events lead to the 
appearance of activation molecules on the cell 
surface, the release of cytokines and the 
induction of cell division. Although all of these 
events can be measured and used as an indi- 
cator of lymphocyte activation, the most com- 
monly used technique has been to determine 
the incorporation of tritiated (3H) thymidine into 
DNA during the DNA synthesis required for cell 
division. However, with the availability of com- 
mercial ELISA kits, interleukin 2 (IL-2) produc- 
tion is increasingly being used to measure 
antigenic activation of T cells instead of, or 
as an adjunct to, a proliferation assay. 

The lymphocyte response to viral antigen is 
T cell dependent, and requires the presence of 
antigen-presenting cells (APC) in the culture. 
When using PBL separated on F/H for an 
assay, monocytes will be present in sufficient 
numbers to perform this function. However, 
when using purified T cell subpopulations, 
one must titrate in sufficient APC to obtain a 
response. If Tcell clones (page 155) are used to 
investigate the response to a specific antigen, 
then autologous or HLA-compatible B cell 

lines transformed with Epstein-Barr virus 
(EBV-B) can be used as antigen-presenting 
cells (page 150). 

In a clinical situation, proliferative assays 
can be performed using whole blood 
(Fletcher 1987). This has the advantage of 
requiring very little blood. However, for 
research purposes, separated PBL are prefer- 
able since they allow greater control over the 
actual number of cells in the assay. 

Sources of antigen 
Many different sources of antigen can be used 
to stimulate lymphocytes in vitro, and the 
choice for a given virus will depend both on 
availability and the nature of the research 
question. Whole inactivated virus is a good 
stimulus when studying the population 
response to a virus, so that the responses to 
all viral proteins are detected. However, puri- 
fied viral proteins are needed to determine the 
immunodominant response to the virus. These 
can be prepared using conventional biochem- 
ical techniques or by using recombinant viral 
proteins. A useful screening technique for viral 
proteins capable of stimulating a proliferative 
response involves separating a preparation of 
whole virus into its constituent parts on a 
western blot, and using the individual protein 
bands to stimulate PBL (Lamb et a11988). 

Mapping of immunodominant epitopes 
within a viral protein requires the use of pep- 
tides to stimulate a response. This can be 
done using a series of overlapping peptides 
spanning the protein of interest, or by using 
predictive algorithms to identify potential T 
cell epitopes (Berzofsky 1993). The former 
method is more comprehensive, since none 
of the currently available predictive tech- 
niques identifies all empirically determined 
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epitopes. Peptide mapping can be done using 
PBL from several individuals with different HLA 
haplotypes, in order to detect as many differ- 
ent epitopes as possible. However, it is often 
easier to generate a series of T cell clones 
directed against the protein of interest and 
use these to determine the M HC restriction 
of potential epitopes. 

Experimental 

6, 18h: prior toharvest. :add 0;05ml of 
::: :10 gCiml~ 1.aN thymidineto eachwell  :: 

/~-~  P . _ . _ ~ ; "  " :  ' ' " ' . _ ~ - .  _ . . _ ~ 1 i ~ "  ' " ' " " " ' " "  . " . "  " " "  . . .  �9 " : " " . "  " �9 " I I I  ~u.:~ i~01 per Well). .... �9 . . . . . .  

7. Harvest the cell cultures onto aglass 
fiber filter using a semi.automated ~ Cell 

i : harvester. : : �9 . 
�9 . . . .  . .  �9 . . .  .. . 

8. Transfer filter dots to scintillation vials. 
�9 a d d " s c i n t i l l a t i o n  ftuid. .and. ,  c o u n t  . o n  . a 13.. 
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. . . . .  

�9 . . . . . .  . . 

1. Human AB �9 is used for 
proliferation assays, This can either be 
�9 obtained commercially or from a blood 
bank, Sera Should: be heat-inactivated �9 .. 

in a water bath at 56~ before u s e .  
Since different lots of sera can 
potentially have either a stimulatory or 
a suppressive effect on lymphocyte 
proliferation, it is advisable to screen 
several lots separately in a 
proliferation assay and pool those that 
have no obviouseffect on the 

�9 . 

responses. This pool can thenbe  
�9 frozen inappropriateatiquotsand a 

fresh aliquOt used for each 
�9 . . . .  . �9 . . . �9 . 

�9 . .  . . . .  . . .  experiment.~ 
2,  Separate the PBL and resuspend at 
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10% heat,inactivat:ed ~human: A B  
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: 100 # g  ml-!::: streptomycin (RPMI/AB). 
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round,bottomed microtiter plate, 

4. Add 0.1 mlof  the ~ appropriate ant igen 
suspension. Assays should be set up 
wi th a minimum of three replicates fo r  
each antigen concentration, Control 
wells have 0.1 ml RPMI/AB added:to 

.. 

t hem,  . . . . . . .  
5. tncubate theplate for six days in a 

humidified incubator at 37~ in5% 
.. 

C02. 

Calculation of results 
. . .  . .  . .  . . 
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8cpm* or as a stimulation index (SI). 
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factor in p0pulation studies, 
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.. 
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Virus-specific cytotoxic 
T lymphocyte assays 
Cytotoxic T lymphocytes (GTL) are considered 
to be the major line of defense against virally 
infected cells, and as such, their measurement 
is an important component of defining the 
virus-specific immune response. T cell recog- 
nition of antigen occurs via the ~/j3 T cell 
receptor, which recognizes processed viral 
peptides bound to MHC class I or class II 
molecules on the target cell. CD8+ CTL are 
class-I restricted and CD4+ CTL are class-II 
restricted. The MHC restriction of the CTL is 
determined by the antigen presentation path- 
way. Endogenously processed antigen is 
presented by class I molecules, whereas 
exogenous antigen, which is taken up into 
endosomes and subsequently processed by 
protease digestion, is presented by class II 
molecules. There are occasional exceptions 
to this, but in general, these relationships hold. 

Since viruses necessarily grow within cells, 
and since class II molecules have a limited 
tissue distribution, most viral antigens are 
endogenously processed and CTL directed 
against them are CD8+ and class-I restricted. 
However, there are notable exceptions. In par- 
ticular, the CTL response in humans to herpes 
simplex virus 1 (HSV-1)is predominantly class- 
II restricted (Schmid 1988). Interferon-T, which 
is produced by T lymphocytes in response to 
virus, can induce class II expression on many 
cells that do not normally express this mole- 
cule, and this may play a role in the generation 
of CD4+ CTL. Class-II restricted CTL have 
been described more frequently in human sys- 
tems than in mouse systems. 

CTL activity is usually measured using a 
51 chromium (5~ Cr) release assay. 5~ Cr is taken 
up non-specifically by living cells and released 
very slowly. Dying cells release it much more 
rapidly, and the level can conveniently be mea- 
sured in the supernatant fluid. Since natural 
killer (NK) cells can kill virally infected cells 

non-specifically, it is important to either 
remove them from the CTL population, or to 
determine the contribution of NK cell activity to 
the total by assaying killing of a virus-infected, 
MHC-mismatched target. This can be sub- 
tracted from the total CTL activity. Uninfected 
target cells, or target cells infected with an 
irrelevant virus should be run as a control in 
each assay to ensure that the killing observed 
is virus-specific. 

Selection and generation 
of target cells 
There are two considerations in the choice of 
target cells for a CTL assay. Firstly, the targets 
must be syngeneic with the effector cells, 
which in the human system usually means an 
autologous target cell. Secondly, it must be 
possible to infect the target with the virus of 
interest. In practice, the easiest target cell to 
use is an EBV-B cell line. However, this pre- 
supposes that the individual under study is 
available for repeat blood donations. If this is 
not possible, then autologous PBL stimulated 
with phytohemagglutinin (PHA) can be used. 
These have several disadvantages compared 
with EBV-B. They do not label well with 51Cr, 
PHA makes the cells very sticky and therefore 
hard to separate into a single cell suspension, 
and the blasts need to be generated 2-3 days 
before they are required, which usually means 
that PBL must be frozen and then thawed at 
the appropriate time to generate targets. 
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Generation of an EBV-B cell 
line 

1. isolate PBL on Ficoll/Hypaque. Make 
up to 106 m1-1 in RPM! 1640, 20% 
FCS and 2 pg m1-1 cyclosporin A. 

2. Add EBV-containing supernatant 
(from B95.8 marmoset cell line) at a 
1:10 dilution and plate cells in 24 well 
plates at 2 ml per well. 

3. Incubate the plates for two weeks at 
37~ and 5% CO2 in a humidified 
incubator without feeding. 

4. After two weeks, the cells should be 
growing in visible clumps. Transfer to 
25 cm 2 flasks and feed with RPMI 
1640, supplemented with 20% FCS, 
2 mM glutamine, 100 U ml-1 penicillin 
and 100 ILtg ml- 1 streptomycin. 

5. Expand the line by splitting weekly at 
1:5 and freeze down for future use. 
Cells can be used as targets as soon 
as there are a sufficient number. 

virus to be studied. It is generally necessary to 
use PBL from an individual who has been 
exposed to the virus under study, either by 
contracting the virus naturally, or by receiving 
a vaccine. This can be determined serologi- 
cally or by taking an appropriate history. Even 
if the individual has been recently exposed to 
the virus, it is usually necessary to restimulate 
in vitro in order to expand the virus-specific 
population sufficiently to obtain a measurable 
response. This is true even for latent viruses 
that are frequently reactivated, such as EBV 
and herpes simplex. A notable exception is 
HIV-1, where virus-specific CTL can be 
detected in fresh PBL from asymptomatic 
seropositive individuals without further stimu- 
lation. Presumably this is a reflection of con- 
tinuous viral replication providing a continuing 
antigenic stimulus in vivo. 

Generation of virus-specific 
CTL 

Generation of PHA blasts 

1. Using either fresh or frozen PBL, 
suspend cells in RPMI 1640/AB at 2 x 
106 m1-1. Add PHA (Gibco) at a final 
concentration of 1:1000 and transfer 
to a 25 cm 2 flask. 

2. Incubate for 48-72 h at 37~ and 5% 
CO2 in a humidified incubator before 
using as targets. 

Cytotoxic T lymphocyte 
assay 
The conditions for generating virus-specific 
cytotoxic T cells must be determined for each 

1. In order to stimulate CTL in vitro, cells 
are incubated with whole virus, 
soluble viral antigen, virally infected 
irradiated autologous cells or peptide- 
pulsed autologous cells for 3-14 days, 
though approximately seven days is 
usually optimal. The optimal antigen 
concentration is determined by 
titration. If the virus of interest is 
cytopathic in lymphocytes, then it 
must be inactivated for use as an 
antigen. Low levels of recombinant IL-2 
(rlL-2) (5-10 IU ml-1) may improve the 
yield of antigen-specific CTL. 

2. To generate virus-specific CTL, isolate 
PBL and adjust to 2 x 106 ml-1 in 
RPMI/AB. Dispense 1 ml into each 
well of a 24-well plate. 

3. Add the predetermined amount of viral 
antigen in 1 ml RPMI/AB. Control 
wells receive 1 ml RPMI/AB. Incubate 
at 37~ and 5% CO2 in a humidified 
incubator for seven days (or optimal 
time for CTL generation). 
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4. For use in CTL assay, harvest the ceils 
and wash once by centrifugation in 
HBSS. If necessary, NK cells can be 
removed at this point by antibody and 
complement lysis or by magnetic 
beads. Separation into CD8+ and 
CD4+ populations for assessment of 
HLA Class I and Class II restriction 
can also be performed. 

Generation and S Cr labeling of 
virus-infected target cells 

1. Both EBV-B cells and PHA blasts can 
be infected overnight with virus to 
generate CTL targets. The optimal 
amount of virus must be titrated. This 
also works for vaccinia constructs 
containing a particular gene of 
interest. If the targets are to be pulsed 
with peptide, this can usually be 
achieved during the 51Cr labeling step, 
with a peptide concentration of 
10 l~g ml -~. 

2. To label the target cells, add 200 l~Ci 
51Cr to 106 target cells in 0.5 ml RPMI 
and incubate for 2 h at 37~ 

3. Wash three times with HBSS and 
count the cells. Resuspend at 
105 m1-1 in RPMI/AB for use. 

CTL assay 

1. There will be a minimum of two 
= 

effector cell populations (stimulated 
and unstimulated), and two target 
cells (infected and uninfected)in each 
assay. There may be considerably 
more if different viral epitopes are 
being assessed as targets or if HLA 
restriction analysis is performed. 

2. Resuspend stimulated and 

unstimulated effector cells at 5 x 
10 s ml-1 in RPMI/AB. Distribute 
0.2 ml into each well of row A of a 96- 
well round-bottomed microtiter plate. 

3. Make three doubling dilutions of 
effector cells by adding 0.1 ml RPMI/ 
AB into the next three rows (rows B-D) 
and using a multi-channel pipetor to 
transfer cells. This will give four 
effector to target (E:T) ratios; 50:1, 
25:1, 12.5:1 and 6.25:1. Each E:T ratio 
should be set up in triplicate. 

4. Add 10  4 labeled target cells in 0.1 ml 
to each well containing effector cells 
and to the wells at the bottom of the 
plate (rows E-H). 

5. Add 0.1 ml RPMI/AB to six wells with 
target cells only (spontaneous release) 
and 0.1 ml 1% Triton X to six wells 
with targets only (maximum release). 

6. Incubate for 5-8 h at 37~ and 5% 
CO2 in a humidified incubator. 

7. To harvest, transfer 0.1 ml 
supernatant from each well to a plastic 
tube, taking great care not to disturb 
the cell pellet. 

8. Count tubes on a gamma-counter. 

Calculation of results 

1. Results are expressed as percentage 
killing at each effector:target (E:T) 
ratio. 

% killing = 
specific lysis (cpm) - spontaneous release (cpm) 

maximum release (cpm) - spontaneous release (cpm) 
x 100% 

2. Comparisons between individuals can 
be made by comparing virus-specific 
killing at each E:T ratio. Virus-specific 
killing is calculated by subtracting the 
percentage killing on uninfected 
targets (or targets infected with an 
irrelevant virus) from the percentage 
killing on infected targets. 
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Natural killer cell and 
anti body-dependent 
cytotoxic cell assays 
Natural killer (NK) and antibody-dependent 
cytotoxic cell (ADCC) activity is mediated by 
the non-B, non-T fraction of PBL. These cells 
are large granular lymphocytes (LGL) and are 
CD56+ and/or CD16+. A small percentage of 
this population are CD3+ and express the od13 
T cell receptor. This is a heterogeneous cell 
population and it is not yet clear which sub- 
populations are responsible for the various 
functional activities associated with it. 

NK function was first described as the ability 
to kill tumor cells non-specifically. It was sub- 
sequently found that cells not normally sus- 
ceptible to NK lysis could be rendered 
susceptible by viral infection. This ability is 
greatly enhanced by preincubation of the NK 
cells with IL-2 to generate lymphokine- 
activated killer cells (LAK cells). ADCC is 
mediated through the Fc receptor (CD16) on 
the effector cell. Virus-specific antibody binds 
to the infected target, and the cytotoxic cell 
then interacts with the target via its Fc recep- 
tor. NK cell function is usually assayed on a 
human tumor cell line, while ADCC can be 
assayed using any NK-resistant cell line that 
can be infected with the virus of interest. 
EBV-B cells (page 150) usually work well. 

NK cell assay (including 
LAK cells) 

1. Infect and label target cells (tumor cell 
line K562) as described for cytotoxic T 
cells. Make up to 105 cells ml -~ in 
RPMI/FCS. 

2. Make effector cells up to 5 x 106 ml- 

in RPMI/FCS. To assay NK cell 
activity, use fresh PBL. To generate 
LAK cells, incubate PBL for 18 h in 
RPMI/AB with 100 U m1-1 rlL-2 and 
wash twice with HBSS before use. 

3. Set up six doubling dilutions of 
effector cells as described (page 151, 
step 3), starting at a 50:1 
effector:target ratio. Add 104 target 
cells in 0.1 ml to each well. Each 
effector cell concentration should be 
set up in triplicate. 

4. Set up spontaneous and maximum 
release for each target as described 
for cytotoxic T cells (page 151, step 5). 

5. Incubate for 4 h at 37~ and 5% CO2 
in a humidified incubator. 

6. Harvest and count as described in 
page 151, step 7. 

ADCC assay 

1. Infect and label target cells as 
described for cytotoxic T cells and 
make up to 105 cells ml-1 in RPMI/ 
FCS. 

2. Dispense 20 ILtl aliquots of sera to be 
tested into 96-well round-bottomed 
microtiter plates. This will give a final 
concentration of 1:10. For lower 
concentrations, dilute the sera 
appropriately in PBS. The sera must 
first be heat-inactivated to avoid any 
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possibility of killing due to 
complement. 

3. Add 104 target cells in 0.1 ml to each 
well and incubate plate for 30 min at 
37~ and 5% CO2 in a humidified 
incubator. This allows antibody to bind 
to the virally-infected cell. Control 
wells should contain serum that is 
antibody-negative for the virus in 
question. 

4. Isolate fresh PBL and make up four 
cell concentrations in RPMI/FCS; 
5 x 10 6 ml-~, 2.5 x 10 6 ml-~, 1.25 x 
106 ml-~ and 0.625 x 106 ml-~. Add 
0.1 ml of each cell suspension to the 
serum/target mixture, setting up 
triplicate wells for each cell 
concentration. This will give E:T ratios 
of 50:1, 25:1, 12.5:1 and 6.25:1. 

5. Incubate for 4 h at 37~ and 5% CO2 
in a humidified incubator. 

6. Harvest and count as described on 
page 151. 

Calculation of results 

1. The percentage killing at each E:T ratio 
is calculated as described on page 
151. For ADCC, the specific killing is 
calculated by subtracting the 
percentage killing on virally infected 
targets incubated with effectors alone 
from the percentage killing on infected 
targets incubated with virus-specific 
antibody. 

2. Results from NK assays are often 
expressed as lytic units (Bryant et al 
1992). This method of expressing the 
results allows data from all E:T ratios 
to be combined into one number, and 
if immunophenotyping has been 
performed on the effector cell 
population, then the result can be 
expressed as lytic units per NK cell, 
which is useful for population studies. 
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i mmunophenotyping 
Cell surface markers are used for many pur- 
poses in immune analysis. In the assays 
described in this chapter, the predominant 
use would be to determine the purity of cell 
populations after depletion of a specific cell 
type. However, the monitoring of cell surface 
markers during the course of an illness can 
provide useful insights into the disease pro- 
cess. This is seen most clearly in HIV infec- 
tion, where the number of CD4+ T cells is used 
as a marker of disease progression. However, 
in any infectious illness there are characteristic 
changes in the CD4+ and CD8+ populations, 
and the appearance of activation markers such 
as CD38, DR and the IL-2 receptor can also be 
monitored. In clinical situations, marker analy- 
sis is done on whole blood and a complete 
blood count (CBC) performed in order to 
express the results as absolute lymphocyte 
counts. For examining experimental cell popu- 
lations, separated PBL are used. Three differ- 
ent monoclonal antibodies are routinely used 
in a single staining procedure, and a standard 
2-color panel for clinical use is available from 
Becton Dickinson. 

Experimental 

1. Place 0.1 ml whole blood or 2-5 x 106 
separated cells in 0.1 ml in a 12 x 
75 mm tube. 

2. Add appropriate monoclonal antibody 
(or antibody mixture) and incubate for 
20 min at room temperature. 

3. Add 2 ml lysing solution (Becton 
Dickinson) and incubate 10 min at 
room temperature. 

4. Centrifuge for 3 min at 300 g. Aspirate 
supernatant without disturbing the cell 
pellet. 
(Steps 3 and 4 are not necessary for 
separated cells.) 

5. Add 2 ml PBS containing 1% sodium 
azide and centrifuge for 3 min at 
30O g. 

6. Add 0.5 ml 1% paraformaldehyde to 
fix cells and read on a flow cytometer 
within 24 h. Store cells in the dark until 
read. 
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T cell cloning 
T cell clones are most valuable for dissecting 
the fine detail of the immune response to a 
particular viral protein. A series of clones spe- 
cific for one protein allows different epitopes to 
be mapped to different MHC class I or class II 
molecules. They may also allow the immuno- 
dominant epitope for each to be determined. 
With the description of TH1 and TH2 helper 
subsets, generating a series of CD4+ clones 
and determining their cytokine profile may 
allow one to determine whether a given 
response is predominantly TH1 or TH2. In 
general, T cell clones are a tool most useful 
for studying the detailed mechanics of a lym- 
phocyte/target interaction rather than for elu- 
cidating a population response (Feldman et al 
1985). 

Experimental 

1. Stimulate PBL for seven days using 
conditions known to stimulate a 
proliferative (T helper) or cytotoxic T 
cell response to the virus of interest. 

2. Prepare feeder cells. Irradiate 
autologous PBL at 4000 rads and add 
10 s to each well of a 96-well round- 
bottomed microtiter plate in RPMI/AB 
with 10 U ml -~ rlL-2, and an 
appropriate concentration of antigen. 

3. Plate the antigen-stimulated cells at 
limiting dilution on the feeder cells. Set 
up one plate each at 0.3, 1, 3, 10 and 
100 cells/well. The final volume in 
each well should be 0.2 ml. 

4. Incubate at 37~ and 5% CO2 in a 
humidified incubator. 

5. Feed every 4-5 days by replacing 
0.05 ml of the culture medium. Clones 
should be visible at the higher cell 
concentrations after 7-10 days. The 
lower concentrations should be grown 
for 20-30 days. 

6. Transfer visible clones to 24-well 
plates containing 104 irradiated feeder 
cells in 30 U ml-1 rlL-2, RPMI/AB and 
antigen. 

7. After seven days, assay clones for 
activity, either by a proliferation assay 
or by a CTL assay. Functional assays 
should be performed 5-7 days after 
antigen stimulation and at least 48 h 
after addition of rlL-2 to minimize any 
non-specific activity. Clones can be 
further characterized by 
immunophenotyping and by their 
cytokine profiles. 

Note 

T cell cloning is an art. The above is a 
general protocol from which to begin. All 
the parameters, including rlL-2 
concentration, serum concentration, 
feeder cell concentration and time 
between restimulation may be changed 
to optimize growth of a particular clone. 
Careful observation of clone growth at 
each stage is the secret of success. 
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Cytokines 
There are so many cytokines currently 
described that it is beyond the scope of this 
chapter to deal with all their different assays. 
Although historically most cytokines have 
been detected using a functional assay, the 
advent of readily available commercial ELISA 
kits has changed this practice. A biologic 
assay ensures that only active material is mea- 
sured. The disadvantage is that so many cyto- 
kines have overlapping functions that the only 
way to be sure that one is measuring the 
cytokine of interest is to demonstrate that the 
activity being measured is blocked by an anti- 
body directed against that cytokine. Biologic 
assays tend to be time-consuming compared 
with an ELISA. However, there is no certainty 
that the material measured in an ELISA is 
biologically active and an ELISA may not be 
as sensitive as a biologic assay. Both of these 
concerns can be addressed by careful stan- 
dardization, if cost is a consideration, it is 
usually much cheaper to perform a functional 
assay than to buy ELISA kits. 

There are several cytokines of particular 
interest to virologists. Production of inter- 
feron-c~,-13 and -7 is induced in response to 
viral infection and can conveniently be mea- 
sured using their anti-viral activity. Discrimina- 
tion of the different types of interferon can be 
performed by using the appropriate antibody 
to block the assay. Cytokine production is the 
technique used for discriminating between 
TH1 and TH2 helper subsets by a given viral 
protein or peptide. Interferon-y and TNF-13 are 
used as TH1 cytokines and IL-4, IL-5 and 
IL-10 are used as TH2 cytokines. Commercial 
ELISAs are available for all of these. Recently a 
technique known as ELISPOT has been 
applied to cytokine detection. This measures 
the production by individual cells using a 
monoclonal antibody bound to a membrane. 
The cells are then washed away and the plate 
developed like a regular ELISA. This allows 
each cell's cytokine 'footprint' to be stained 
and counted, which gives an estimate of the 

total number of antigen-specific T cells. A gen- 
eric ELISPOT protocol is given below, which 
will need to be adapted for the cytokine of 
interest. The most critical component is the 
selection of antibody pairs for cytokine cap- 
ture and detection. A list of appropriate pairs 
for several cytokines can be found in Current 
Protocols in Immunology, Unit 6.19. 

Anti-viral activity of 
interferon 
Preparation of virus 

1. Grow Vero cells to confluence in 
Eagle's minimum essential medium 
(EMEM) supplemented with 2 mM 
glutamine, 100 U ml-1 penicillin, 
100 ~tg ml-1 streptomycin and 10% 
FCS (EMEM/FCS). 

2. Infect monolayers with vesicular 
stomatitis virus (MOi 0.1-0.01)in 
minimal volume. Incubate for 45 min 
at 37~ in 5% CO2 humidified 
incubator. 

3. Add EMEM/FCS sufficient to cover 
cells, then incubate for 24 h at 37~ in 
a 5% CO2 humidified incubator, or 
until the monolayer is predominantly 
destroyed. 

4. Collect the supernatants and remove 
the cell debris by centrifugation 
(10 min at 50 g). 

5. Aliquot the virus on ice in 0.5-1 ml 
aliquots and store at -170~ Do NOT 
store at -120~ since the virus is 
unstable at this temperature. Do not 
refreeze viral aliquots after use. 

6. The virus should be titrated in a 
standard plaque assay to determine 
its titer. 
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Interferon assay 

1. Any human diploid cell line such as 
WISH (human amnion), or A549 
(human lung carcinoma) should be 
suitable for this assay. 

2. Prepare a single cell suspension in 
EMEM/FCS from a confluent culture 
and adjust the concentration to 2 • 
106 m1-1 

3. To make dilutions of the samples to be 
tested, add 50 p.I EMEM/FCS to all 
wells of a 96-well flat-bottomed 
microtiter plate. Add 0.05 ml of each 
interferon sample to be tested to one 

Cy tok ines  

well of row 1 of the plate and 0.05 ml 
of the reference interferon (NIH, 
Bethesda) to one well of this row. Thus 
one plate allows seven samples and 
the reference to be assayed. Using a 
multi-channel pipettor, make doubling 
dilutions through row 10, discarding 
0.05 ml from this last row. 

4. Add 0.05 ml cell suspension to all 
wells and mix gently to distribute cells 
evenly. 

5. Add 0.1 ml virus stock diluted in 
EMEM/FCS to give an MOI of 0.1, to 
all wells except row 12. Add 0.1 ml 
EMEM/FCS to this row. This serves as 
the negative control while row 11 
serves as the positive control. 

6. Incubate at 37~ in a 5% CO2 
humidified incubator for 24 h, or until 
the cells in the positive control wells 
are destroyed (100% CPE). 

7. Aspirate the supernatants and wash 
with cold EMEM/FCS. Add 0.1 ml 
0.13% crystal violet in formalin to 
each well and incubate 10 min at 

. 

interferon, whereas one with an 
endpoint one well greater will have 
twice that of the standard. 
To determine which type of interferon 
is present, titrate the appropriate 
reference antibody (NIH, Bethesda), 
into the interferon sample and 
measure the reduction in titer. 

ELISPOT 
Lymphocyte stimulation 

. 

1. Before isolating PBL on F/H, remove 
the plasma and reconstitute blood to 
its original volume with PBS. Separate 
PBL and resuspend at 2 x 106 m1-1 in 
RPMI 1640 supplemented with 2 Mm 
glutamine, 100 U m1-1 penicillin, 
100 p.g m1-1 streptomycin and 20% 
autologous plasma (RPMI/aut). 

2. Dispense 2 ml cell suspension into 
24-well plates and add virus or viral 
antigen to stimulate. Leave several 
wells unstimulated as controls. 

3. Incubate at 37~ and 5% CO2 in a 
humidified incubator for 24 h. 

4. Wash stimulated and unstimulated 
cells by centrifugation three times in 
PBS. 

5. Make cells up to 1 x 106 m1-1 in 
RPMI/aut for use in ELISPOT assay. 

room temperature. Rinse plate with 
tap water and invert to dry. 
To read, compare the endpoint for 
each sample (100% CPE) with the 
reference standard. Since doubling 
dilutions are performed, a sample with 
an endpoint one well less than the 
standard will have half the amount of 

Plate preparation 

. Use 96-well microtiter plates with a 
nylon membrane on the bottom 
(Biodyne, Silent Monitor type A, 
0.451~). 
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2. Add 0.1 ml capture antibody diluted in 
PBS pH 7.2 and incubate overnight at 
4~ Wash the plate three times with 
PBS. 

3. Add 0.1 ml sterile skimmed milk (5% 
w/v in PBS) to each well and incubate 
for 1 h at 37~ Wash the plate three 
times with PBS before use. 

ELISPOT assay 

1. Add appropriate dilutions of 
stimulated and unstimulated PBL to 
the coated plate. 105 cells per well in 
0.1 ml is a good number to try for 
antigen-stimulated PBL. Set up at 
least three cell dilutions, with 
duplicate wells for each dilution. 

2. incubate the plate for 48 h at 37~ and 
5% CO2 in a humidified incubator. 

3. To develop the plate, wash twice with 

PBS, followed by two washes with 
PBS + 0.05% Tween 20 (PBS/Tween). 

4. Add 0.1 ml of a different anti-cytokine 
antibody diluted in PBS/Tween and 
incubate for 1.5 h at 37~ and 5% 
CO2 in a humidified incubator. 

5. Wash three times with PBS/Tween 20 
and add developing antibody, 
conjugated to alkaline phosphatase. 

6. Incubate 1.5 h at 37~ and 5% CO2 in 
a humidified incubator. Wash twice 
with PBS, followed by two washes 
with PBS + 0.05% Tween 20 (PBS/ 
Tween). 

7. Add substrate (NBT & BCIP), incubate 
10-30 min at room temperature, then 
wash plates with tap water. The 
optimum time for developing must be 
determined for each assay. 

8. Allow plates to dry, then peel off the 
nylon membrane and count the spots 
in individual wells using a dissecting 
microscope. Results are expressed as 
number of cytokine-secreting cells per 
106 input cells. 
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Addendum 
Media 
All reagents necessary for making the media 
used in these protocols can be obtained from" 
GIBCO BRL, P.O. Box 68, Grand Island, New 
York 14072-0068. 

Cell lines and viruses 
All cell lines and viruses used in these proto- 
cols can be obtained from: 
American Type Culture Collection (ATCC), 
1,2031 Parklawn Drive, Rockville, Maryland 
20852, USA or European Cell Culture 
Collection- (Porton Down, Salisbury, UK). 

Radioactive reagents 
Sodium 51chromate in saline, 1 mCi ml-1 
[methyl-3H]-thymidine, 6.7 Ci mM -1 aqueous 
solution, mCi m1-1 
Available from" 
DuPont NEN, E.I. Du Pont de Nemours and 
Co. Inc., Medical Products Department, Bio- 
technology Division, Wilmington, Delaware 
19898, USA. 

Stains 
Crystal violet is available from: 
Sigma Chemical Company, P.O. Box 14508, St 
Louis, Missouri 63178, USA. 
For use: Dissolve 1.3 g crystal violet in 50 ml 
95% ethanol. Make up to 700 ml with distilled 
water and add 300 ml formalin. 

NBT/BCIP, p-nitroblue tetrazolium chloride 
(NBT), and 5-bromo-4-chloro-3-indolyl phos- 
phate p-toluidine salt (BCIP), are supplied by: 
BioRad Laboratories, 2000 Alfred Nobel Drive, 
Hercules, California 94547, USA. 

Stock solutions: 
Dissolve 250 mg NBT in 3.5 ml dimethyt for- 
mamide and 1.5 ml distilled water. 
Dissolve 125 mg BCIP in 5 ml dimethyl forma- 
mideo 
Store at 4~ 

Working dilution: 
120 ILtl BCIP stock solution 
120 pl NBT stock solution 
20 ml carbonate buffer pH 9.5 (Current Proto- 
cols in Immunology, section 10.10). 

Generation of EBV-B cell 
lines 
Cyclosporin A is available from: 
Sandoz Pharmaceuticals Corporation, East 
Hanover, New Jersey 07936, USA. 
To use, make a stock solution of 2 mg ml-1 in 
100% ethanol, and store at -20~ Dilute for 
use in culture medium. 

To generate a stock of infectious EBV, culture 
B95.8 cells at 105 ml-1 in RPMI 1640 supple- 
mented with 20% FCS, 2 mM glutamine, 
100 U ml-1 penicillin and 100 pg ml-1 strep- 
tomycin, at 37~ and 5% CO2 in a humidified 
incubator. Leave for 10-14 days without feed- 
ing, then harvest the cell supernatant and ali- 
quot. Store at -70~ Do not refreeze virus 
after use. 

Cell separation 
Ficoll-hypaque lymphocyte separation med- 
ium (LSM)is supplied by: 
Organon Teknika Corporation, Durham, North 
Carolina 27704, USA. 

Cedarlane rabbit Lo-Tox complement for use 
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with human cells is supplied by: 
Accurate Chemical and Scientific Corporation, 
100 Shames Drive, Westbury, New York 11590, 
USA. 

Antibody-conjugated magnetic beads and mag- 
netic particle concentrator are available from: 
Dynal Inc., 475 Northern Boulevard, Great Neck, 
New York 11021, USA. 
Advanced Magnetics, Inc., 51 Mooney Street, 
Cambridge, Massachussets 02138, USA. 

I mmunophenotyping 
A wide range of monoclonal antibodies are 
available from: 
Becton-Dickinson, Immunocytometry Sys- 
tems, 2350 Qume Drive, San Jose, California 
95313, USA. 

There are many other companies that supply 
monoclonal antibodies, and it is generally 
worth testing several sources to determine 
the best reagent for a particular purpose. 

Cytokines 
ELISA kits for cytokine detection and anti- 
cytokine antibodies for use in the ELISPOT 

assay are available from: 
Genzyme Diagnostics, One Kendall Square, 
Cambridge, Massachussets 02139, USA. 
Bisource international, 950 Flynn Road, 
Camarillo, California 93012, USA. 
R & D Systems, 614 McKinley Place N.E., 
Minneapolis, Minnesota 55413, USA. 

Other suppliers of anti-cytokine antibodies are: 
PharMingen, 10975 Torreyana Road, San 
Diego, California 92121, USA. 
Immunotech, Inc., 160B Larrabee Road, West- 
brook, Maine 04092, USA. 
T Cell Sciences, Inc., 840 Memorial Drive, 
Cambridge, Massachussets 02139, USA. 

Recombinant IL-2 can be obtained from any of 
the above suppliers. 

Reference standards for interferon-y, -o~ and -13 
can be obtained from the National Institute of 
Allergy and Infectious Diseases, Bethesda, 
Maryland 20892, USA. 

Biodyne Silent Monitor type A (0.45 ~) nylon- 
backed 96-well microtiter plates for ELISPOT 
assays are available from: 
Pall Corporation, 2200 Northern Boulevard, 
East Hills, New York 11548, USA. 
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RNA: transcription, 
transfection and 
quantitation 

J. E. Novak 
T. C. Jarvis 
K. Kirkegaard 

R NA t ran sfectio n into 
mammalian cells 
When viral infections can be initiated with 
RNA, RNA transfection can be used to test 
the phenotype of mutants constructed in 
vitro. If the transfection efficiency is high 
enough, even the defects of mutations that 
do not give rise to viable viruses can be stu- 
died following transfection (Marc et al 1990). 
RNA transfection is also useful for starting an 
infection in cell lines that lack a specific virus 
receptor (Ball et al 1992), for studying replicat- 
ing subviral RNAs (Kaplan and Racaniello 
1988), for studying the translation of RNAs 
(Hambidge and Sarnow 1991), and for allow- 
ing viral proteins to be expressed. The follow- 
ing methods cover transcribing in vitro the 
RNA to be introduced, checking RNA yield 
and quality, and three methods for introducing 
the RNA into cells. 

Because RNases are common and excep- 
tionally stable proteins, care must always be 
taken to prevent RNA degradation. For those 
not accustomed to working with RNA, a guide 
for keeping solutions, glassware, etc. free of 
Virology Methods Manual 
ISBN 0-12-465330-8 

RNases can be found in Sambrook et al (1989). 
Keeping long RNAs intact present special 
challenges. If RNA molecules 1 kb or longer 
are to be stored for any length of time, they 
should be stored in aliquots precipitated in 
ethanol at -20~ For short periods, RNAs 
may be stored in aqueous solution at -70~ 
While working with long RNAs, it is best to 
keep them on ice, in the presence of an 
RNase inhibitor, or both. 

Transcription in vitro 
The following protocol is designed to give a 
high yield of RNA, using T7, T3, or SP6 RNA 
polymerase. A typical yield is 4-10 pg RNA per 
100 pl transcription reaction. If quantitation of 
the transcript is desired, label the RNA with 
(z-32p labeled nucleotide at a low specific 
activity. The labeling conditions given below, 
if used to transcribe a 10 kb RNA, would 
result in only 0.2% of the RNAs containing a 
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radiolabeled nucleotide, so radioactive decay 
would not cause significant RNA degradation. 
For transcription of RNA labeled at high spe- 
cific activity, as for hybridization probes, see 
page 174. 

Reagents 

The following reagents should be 
RNase-free: 

TE" 10 mM Tris-HCI (pH 8.0), 1 mM 
EDTA 

TE with 100 mM NaCI (optional) 
DNA to be transcribed (digested with 
the appropriate restriction enzyme, 
extracted with phenol, ethanol 
precipitated, and resuspended in 
RNase-free TE at 1 mg m1-1) 

10x transcription buffer: 
400 mM Tris-HCI (pH 7.5 at 25~ 

110 mM MgCI2; 20 mM spermidine 
trihydrochloride (store in aliquots at 
-20~ 

1M dithiothreitol (DTT; store at -20~ 
Human placental ribonuclease inhibitor 
Nucleotide solution: 25 mM each ATP, 
CTP, GTP, and UTP (adjust pH to 7.0; 
store in aliquots at -20~ 

Cap analog: m7G(5')ppp(5')G, sodium 
(Pharmacia or Boehringer Mannheim; 
optional) 

[~-32p]UTP, at least 10 mCi mmol- 
diluted to 0.02 mCi m1-1 (optional) 
T7, T3, or SP6 polymerase 

DNase I, RNase-free (Boehringer 
Mannheim or GIBCO-BRL) 

10 M ammonium acetate (optional) 
3 M sodium acetate (pH 5.0-5.5) 

ethanol 
RNase-free distilled water 

The following reagents need not be 
RNase-free: 

Phenol, equilibrated to pH 7.8-8.0 
(either commercially prepared or 
equilibrated according to Sambrook 
et al (1989). 

Sephadex G-50 spin column (5 Prime- 
3 Prime Inc.). 

Protocol 

1. Mix the following, in the order given 
and at room temperature: 
RNase-free water to 100 ~1 
10 I~1 10 x transcription buffer 
1 ~1 1 M DTT 
placental RNase inhibitor, to 0.8 

units pl- 1 
4 I~1 nucleotide solution 
4 pl linearized DNA template 
2 I~1 [e~-32p]UTP at 0.02 mCi m -1 

(optional) 
T7, T3, or SP6 RNA polymerase, 40 

units 
If capped RNA is desired, reduce the 
final concentration of GTP to 0.2 mM 
and add cap analog to a final 
concentration of 0.4 I~M. 

2. Incubate at 37~ 60-120 min. 
Remove 1 !~1 and count in a 
scintillation counter (optional). 

3. it is usually unnecessary to purify the 
RNA from the DNA template. 
However, if removal of the DNA 
template is desired, add RNase-free 
DNase and incubate according to the 
vendor's instructions. Save an aliquot 
before DNase treatment to ensure that 
the DNase was truly RNase free. 

4. If it is not necessary to purify the RNA 
from the unincorporated nucleotides, 
phenol extract the sample. Add an 
equal volume of phenol, vortex, and 
spin in a microcentrifuge for 3 min at 
12,000 g. Aliquot the aqueous phase, 
then add sodium acetate to 0.3 M and 
2.5 volumes of ethanol to precipitate 
the RNA. 

5. If removal of unincorporated 
nucleotides is desired, either ethanol 
precipitate with ammonium acetate or 
use a G50 gel filtration column. The 
first method is cheaper, the second 
gives purer RNA. 
(a) Ethanol precipitation with 

ammonium acetate 
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(b) 

Dilute the RNA with TE to 320 1~1. 
Add 320 ~1 equilibrated phenol 
and extract. To the aqueous 
supernatant, add 0.25 volumes of 
10 M ammonium acetate, then 2.5 
volumes of ethanol. Chill for 5 min 
on dry ice, then spin at 12,000 g 
for 10 min. Remove the 
supernatant, resuspend the pellet 
in 320 ~1 TE, and perform the 
ethanol precipitation twice more. 
This procedure will remove >95% 
of the unincorporated 
nucleotides. 
G-50 spin column 
Equilibrate the column with TE 
containing 100 mM NaCI by 
draining 3 ml through the column. 
Spin for 4 min at 1000 g at 4~ or 
according to the manufacturer's 
instructions. Discard flow- 
through. Pipette the transcript 
onto the column and spin for 4 min 
at 1000 g at 4~ The transcript 
will be in the flowthrough. Phenol- 
extract the flowthrough once, then 
aliquot the RNA and add 1/10 
volume sodium acetate and 2.5 
volumes ethanol to precipitate. 

Note 

Nucleotides bind Mg 2+ in a 1:1 molar ratio. 
This transcription reaction contains 
11 mM MgCI2 and 4 mM total NTPs, 
making the free Mg 2+ concentration 7 mM. 
If the nucleotide concentration is altered, 
adjust the MgCI2 concentration to keep 
the free Mg 2§ concentration at 7 mM. 

Visualization and 
quantitation of RNA 
transcripts 
Before transfecting, it is often useful to run an 
agarose gel to check the integrity of the RNA 

transcript and to quantify the yield of full- 
length transcript. This protocol calls for 
aurintricarboxylic acid as an RNase inhibitor 
(Gonzalez et al 1980). 

Reagents 

The following should be RNase-free: 

TE, dithiothreitol, placental RNase 
inhibitor, as above 

80% ethanol 
50% glycerol 
RNA markers (e.g. from GIBCO-BRL) 

The following need not be made 
RNase-free: 

Agarose 
aurintricarboxylic acid (ATA), 50 mM 
(store at -20~ use 'aluminon grade', 
Aldrich, Milwaukee, WI) 

ethidium bromide, 1 mg m1-1 solution 
10x TBE: per liter, 121.1 g Tris base, 
61.83 g boric acid, and 7.5 g EDTA, 
disodium salt 

6x DNA loading buffer: 30% glycerol, 
0.25% each xylene cyanol and 
bromophenol blue. 

Linearized DNA template 
DE-81 paper (Whatman) or other DEAE 
paper 

Glow-in-the-dark face makeup 
(available from party supply stores). 

X-ray film. 

Protocol 

1. Prepare gel: Melt agarose in 1/2x 
TBE. Just before pouring the gel, add 
ATA to 50 ~I,M and ethidium bromide to 
0.5 l~g ml-1. Also add ATA to 50 ~l,i to 
the gel running buffer. 

2. Prepare RNA: RNA transcripts should 
be loaded after phenol extraction or 
both phenol extraction and ethanol 
precipitation; RNA in untreated 
transcription reaction will stick in the 
gel wells. After ethanol precipitation, 
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rinse the pellet with cold 80% ethanol 
and dry under vacuum. Resuspend 
the RNA in a small volume of TE 
containing 2 mM D'I-I" and 0.8 i~g ml- 
placental RNase inhibitor. Loading 
10% of a 100 I11 transcription reaction 
usually yields a band visible both by 
ethidium staining and by 
autoradiography after a few hours 
exposure. 

3. Add glycerol to 10% to each sample. 
Useful controls to load are RNA 
markers, the DNA template, and 1 x 
DNA loading buffer. 

4. Heat RNAs to 42~ for 2 min before 
loading the samples. The gel may be 
run at up to 10 V cm-~. 

5. After electrophoresis, visualize the 
ethidium bromide-stained RNA with 
ultraviolet light. A rough estimate of 
RNA yield may be obtained by 
comparing the fluorescence intensity 
of the transcript with that of known 
amounts of RNA markers. 

6. For labeled transcripts, dry the gel on 
a gel dryer using a piece of DE-81 
paper as backing. DE-81 paper is 
preferable to Whatman 3 MM paper 
because, in unfixed gels, some 
fraction of nucleic acids pass through 
Whatman paper, whereas even small 
nucleic acids remain bound to DE-81 
paper. 

7. Mark the gel in several places with 
glow-in-the-dark face makeup. A spot 
will expose an autoradiograph nicely 
within 10 min, and even very long 
exposures will not cause spreading of 
the spot as would 32p ink. Cover the 
dried gel with plastic wrap and expose 
to X-ray film. 

8. To quantify RNA transcript, align the 
gel with the autorad and excise both 
the desired band and a blank area of 
the gel for background. Count both in 
a scintillation counter. To calculate the 
amount of RNA on the gel: 

l~g RNA on gel = 1.32 x cpm on gel/ 
cpm in 1 !~1 of reaction. 

This equation is independent of 
reaction size and specific activity of 
the labeled nucleotide added to the 
reaction, provided it was at least 
10 Ci mmol-1. The equation assumes 
that the transcription reaction 
contained 1 mM of UTP. If breakdown 
of UTP in the nucleotide stock 
solution has caused a significant 
decrease in the UTP concentration, 
the RNA yield will be overestimated. 
The total yield of RNA may be 
calculated from the fraction of the 
transcription that was run on the gel. 

Transfection methods 
Many methods have been developed to trans- 
fect DNA into mammalian cells. We present 
three methods that we have optimized for 
RNA. Lipofectin transfection and electropora- 
tion are useful when only a small quantity of 
RNA is available. Eiectroporation is particularly 
convenient for cells in suspension culture. In 
our hands, DEAE-dextran has proven useful 
for studying the replication of transfected 
RNAs (Novak and Kirkegaard 1994). 

Transfection with Lipofectin 

This protocol was adapted from Grakoui et al 
(1989) and JD Pata (University of Colorado, 
unpublished results). 

Reagents 

The following should be made or 
obtained RNase-free: 

TE, DTT, and placental RNase inhibitor, 
as above 

RNA to be transfected 
Lipofectin (GIBCO-BRL) 
PBS" per liter, 8 g NaCI, 1.14 g 
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anhydrous Na2HPO4, 0.2 g KCI, 0.2 g 
KH2PO4, brought to pH 7.0-7.2. 

The following need not be RNase-free: 

Cells to be transfected (on 60 mm 
plates; 60-80% confluent) 

Culture medium 
PBS for rinsing plates. 

Protocol 

1. Resuspend RNA in TE with 2 mM DTT 
and 0.8 I~g m1-1 RNase inhibitor. For 
each 60 mm plate of cells, use 
1-200 ng RNA in a 50 i~1 volume. 

2. Mix 540 I11 PBS with 10 I~1 Lipofectin. 
Add 50 !~1 RNA and mix gently. Let sit 
on ice for 10 min. 

3. Remove medium from cells and rinse 
plates twice with PBS. 

4. Add 600 I~1 transfection mix to each 
plate. Rock the plates to spread the 
mix. Let sit at room temperature for 
10 min. 

5. Remove the transfection mix. Rinse 
plates once with PBS, and add 
appropriate medium. Alternatively, a 
plaque assay for lytic viruses can be 
performed directly on the transfected 
cells by adding an agar overlay to the 
plate after rinsing. 

Notes 

1. This procedure has been optimized for 
HeLa cells. In adapting this procedure 
to other cell lines, check first the 
concentrations of Lipofectin the cells 
can tolerate by exposing them to 
various amounts of Lipofectin in PBS 
for 10 min. To achieve the best 
transfection efficiency with a given cell 
line, amounts of both Lipofectin and 
RNA should be optimized. 

2. Various other liposome transfection 
reagents are available, including 
Transfectam (Promega), DOTAP 
(Boehringer-Mannheim), and 
Lipofectamine and Lipofectace 

(GIBCO-BRL). For a given cell line, 
one reagent may be superior to the 
others. The protocol given above can 
be adapted for use of another 
liposome reagent. 

Transfection by electroporation 
In electroporation, cells are subjected briefly to 
high voltage, which creates transient disrup- 
tions in the membranes that allow macro- 
molecules to enter. Electroporation devices 
come in two types: those that generate a 
square wave and those that use a capacitor 
discharge to generate an exponentially decay- 
ing current pulse. The following protocol is 
designed for capacitor-discharge machines, 
which include instruments made by Biorad, 
GIBCO-BRL, BTX, and International Bio- 
technologies, Inc. 

Reagents 

The following should be RNase-free: 

TE, D'FI', and placental RNase inhibitor, 
as above 

RNA to be transfected 
Lipofectin (optional; GIBCO-BRL). 

The following need not be RNase-free: 

Cells to be transfected (on plates or in 
suspension culture) 

Culture medium 
PBS: per liter, 8 g NaCI, 1.14 g 
anhydrous Na2HPO4, 0.2 g KCI, 0.2 g 
KH2PO4, brought to pH 7.0-7.2 (at 
25~ and autoclaved 

Electroporation cuvettes, 0.2 or 0.4 cm 
gap length. 

Protocol 

1. For each transfection, use 5 x 10 s 
cells. Cells in suspension or adherent 

RNA: t ranscr ipt ion,  t ransfect ion and quant i ta t ion 169 



Viro logy me thods  manual  

ceils that have been removed from 
plates with trypsin may be used. 

2. Wash cells twice with PBS. 
Resuspend in PBS at 107 cells m1-1. 

3. Resuspend RNA in TE containing 
2 mM DTT and 0.8 I~g m1-1 RNase 
inhibitor. RNA for each transfection 
should be in 50 111. 

4. Add 10 I~1 Lipofectin to RNA. 
(Optional; Lipofectin can improve 
transfection efficiency 10-fold.) 

5. Set electroporator capacitance to 
- 1  25 I~F and voltage to 6250 V cm 

cuvette gap length. If a pulse 
controller is connected, set the 
resistance to infinite. 

6. Mix 500 iJI cells with 50 tll RNA. 
Immediately place in an 
electroporation cuvette. Pulse twice 
with the electric current; the second 
pulse should follow the first as quickly 
as the electroporator will allow. This 
process will probably lyse a 
substantial fraction of the cells. 

7. Dilute cells into culture medium and 
return to growth conditions. 

Notes 

1. This protocol has been optimized for 
HeLa cells. A similar procedure has 
been reported to give efficient DNA 
transfection in several mammalian cell 
types (Potter 1988). Many variables are 
available for optimizing transfection for 
a given cell line: voltage, capacitance, 
number of pulses, RNA concentration, 
and buffer in which cells are 
electroporated. Conditions for 
transfecting DNA into the cell line of 
interest can be used for guidance. DNA 
transfection protocols for a variety of 
cell types are available from BioRad. 

2. Cells are permeable to some viable 
dyes such as trypan blue immediately 
after electroporation, so allow several 
hours incubation in medium before 
using dyes to assay the fraction of 
cells that survive electroporation. 
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Transfection with 
DEAE-dextran 

Reagents 

The following should be made 
RNase-free: 

RNase-free water and placental RNase 
inhibitor, as above 

Buffer A: 10 mM Tris-HCI (pH 8.0), 
0.2 mM EDTA, 2 mM DTT, 0.8 U 1~1-1 
RNase inhibitor (add D'I-I" and RNase 
inhibitor just before use). 

RNA to be transfected (10 ng-1 pg) 
DEAE-dextran, average molecular 
weight 500,000; dissolved in RNase- 
free water at 10 mg ml-1 and 
autoclaved 

5x TD: per liter, 40 g NaCI, 15 g Tris 
base, 1.9 g KCI, 0.265 g anhydrous 
Na2HPO4, adjusted to pH 7.4 and 
autoclaved. (Because Tris-containing 
solutions cannot be prepared with 
diethylpyrocarbonate, this solution 
should be made up with RNase-free 
chemicals in RNase-free water. To 
adjust pH, remove small amounts of 
the solution and check on pH paper. 
The solution may then be autoclaved 
or filter-sterilized. Prepare a 5 x stock: 
a 1 x solution may not have sufficient 
buffering capacity for accurate 
readings with pH paper.) 

CaCI2-MgCI2 stock: 10 mg ml- 
MgCI2.6H20, 10 mg ml- ~ CaCI2. 

The following need not be RNase-free 

Cells to be transfected (on 60 mm 
plates; 60-80% confluent)culture 
medium 

TD: per liter, 8 g NaCI, 3.0 g Tris base, 
0.38 g KCI, 0.053 g anhydrous 
Na2HPO4, adjusted to pH 7.4 and 
autoclaved. 
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Protocol 

1. Prepare RNase-free TS (200 I11 per 
plate transfected) by diluting 5x TD 

"into RNase-free water, then adding 
1/100 volume CaCI2-MgCI2 stock. 
Prepare TS for washing cells by 
mixing TD (not RNase-free) with 1/100 
volume CaCt2-MgCI2 stock. TS 
should be prepared fresh for each 
experiment. 

2. Resuspend RNA in Buffer A; RNA for 
each transfection should be in 5 ld. 

3. Mix together, in this order: 
190 I~1 RNase-free TS 

5 I~1 RNA 
10 I~1 DEAE-dextran solution 

Let sit at room temperature for 10 min. 
4. Remove medium from cells and rinse 

plate once with TS. 
5. Add 200 1~1 transfection mix to each 

plate. Immediately shake the plate to 
distribute the solution evenly. Let sit at 

room temperature for 15 min, shaking 
the plates occasionally. 

6. Remove the transfection mix. Rinse 
plates once with TS. Add appropriate 
medium or agar overlay. 

Notes 

1. This procedure has been optimized for 
BSC-40 (monkey kidney) and HeLa 
cells. The optimum concentration of 
DEAE-dextran may be different for 
different cell lines. 

2. Transfection into some cell types can 
be improved by a treatment with 
glycerol or DMSO before adding 
medium (Lopata et al 1984). 

3. When transfecting a large amount of 
RNA with this method (i.e. around 
1 l~g per plate) it is important that the 
RNA be very clean. For RNA 
transcribed in vitro, purification on a 
G-50 spin column is recommended. 
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Detection and quantitation 
of RNA 
Several methods are available to quantify spe- 
cific RNAs in a mixed RNA population: PCR on 
reverse-transcribed RNA, RNase protection, 
Northern blots, and dot or slot blots. PCR is 
the most sensitive, able to detect as few as 10 
molecules of RNA (Piatak et al 1993). While 
PCR is thus the method of choice for detect- 
ing very rare RNAs, quantitative PCR often 
requires substantial effort in designing and 
executing appropriate controls. RNase protec- 
tion, though less sensitive, offers more 
straightforward quantitation. As few as 50,000 
molecules can be detected with RNase protec- 
tion (Novak and Kirkegaard, unpublished 
results). Northern blots and dot blots are 
around 10-fold less sensitive than RNase pro- 
tection, and background from nonspecific 
hybridization is often higher. These methods 
are, however, simpler than PCR or RNase pro- 
tection, and are suitable for some applications. 
Because Northern and dot blot protocols are 
widely available (Ausubel et al 1987; Berger 
and Kimmel 1987; Sambrook et al 1989; com- 
mercial suppliers of enzymes and support 
membranes), they are not included here. Pro- 
tocols and discussion of applications of RNase 
protection and PCR are provided, along with 
protocols for isolating RNA from cells and for 
preparing RNA probes suitable for RNAse pro- 
tection and Northern and dot blots. 

Extracting RNA from cells 
Cytoplasmic RNA 
This protocol uses hypotonic buffer and the 
non-ionic detergent Nonidet P40 to lyse cells. 
Nuclei are then removed by centrifugation; the 
RNA is purified by phenol extraction and etha- 
nol precipitation. RNases are inhibited during 
lysis and subsequent processing by vanadyl 

ribonucleoside complex (VRC, also called 
ribonucleoside vanadyl complex). VRC com- 
petitively inhibits many RNases by acting as 
a transition-state analog (Berger and Birken- 
meier 1979). Because VRC also inhibits other 
protein-nucleic acid interactions, removing 
the VRC can be important. In this protocol, 
the bulk of the VRC is removed during phe- 
nol extraction; the remainder is dissociated 
with EDTA and removed by ethanol precipi- 
tation. 

Reagents 

The following should be RNase-free: 

200 mM EDTA (pH 8.0) 
3 M sodium acetate (pH 5-5.5) 
ethanol 

The following need not be RNase-free: 

PBS and equilibrated phenol, as above 
Lysis solution: 10 mM Tris-HCI (pH 7.5), 

10 mM NaCI, 1% (v/v) Nonidet P40 
200 mM VRC 
10% sodium dodecyl sulfate (SDS) 

Protocol 

1. If cells are adherent, remove them 
from the plate by scraping with a 
sterile rubber police tool. 

2. Pellet the cells by centrifugation; wash 
twice with PBS. 

3. Add VRC to 5 mM to cold lysis buffer; 
resuspend the cells in 700 !~1 of this 
solution. Increase this volume if 
greater than 10 z cells are harvested. 

4. Freeze the sample, either briefly on 
dry ice or overnight at -20~ 
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5. Thaw the sample and spin at 1500 g 
at 4~ for 10 min to pellet the nuclei. 

6. Transfer the supernatant to a fresh 
tube. Add 35 I~1 10% SDS and 700 I~1 
phenol. Vortex vigorously, and spin 
the sample at 12,000 g for 3 min. VRC 
will turn the phenol layer gray-green. 

7. Remove the aqueous phase to a fresh 
tube. To ensure that no protein 
present at the interface is transferred, 
recover no more than 80% of the 
original volume, and ensure that no 
whitish material is collected from the 
interface. 

8. Put the sample on ice. Add EDTA to 
5 mi .  If the solution turns cloudy, spin 
the tubes briefly before aliquoting the 
RNA. 

9. Aliquot the RNA and add 1/10 volume 
sodium acetate and 2.5 volumes of 
ethanol to each tube. Chill to 
precipitate, either 5 min on dry ice or 
overnight at -20~ Store RNAs in 
ethanol at -20~ until ready to use. 

The following need not be RNase-free: 

Guanidinium solution: stir together 
250 g guanidinium thiocyanate, 
17.6 ml 0.75 M sodium citrate (pH 7), 
26.4 ml 10% N-lauroylsarcosine 
(Sarkosyl), and 293 ml distilled water. 
Heating to 65~ may help to dissolve 
the guanidinium. Store at room 
temperature for up to 3 months. 

Denaturing solution: guanidinium 
solution with 0.1 M 
2-mercaptoethanol (360 !~t per 50 ml 
guanidinium solution). Store at room 
temperature for up to 1 month. 

2 M sodium acetate, pH 4: dissolve 
16.4 g sodium acetate in 35 ml glacial 
acetic acid; adjust pH to 4 with acetic 
acid, then add water to 100 ml. 

Phenol, water saturated (do not use 
phenol equilibrated with buffer). 
Chloroform-isoamyl alcohol, 49:1 (v/v). 

Protocol 

Whole-cell RNA 

This procedure is a modification of the method 
of Chomczynski (Chomczynski and Sacchi 
1987). Cells are lysed in the presence of a 
powerful protein denaturant, guanidinium thio- 
cyanate, to inhibit RNases. By a phenol- 
chloroform extraction under acidic condi- 
tions, protein and DNA are extracted into the 
interface and the organic layer, while RNA 
remains in the aqueous layer. 

Reagents 

The following should be RNase-free: 

Isopropanol 
80% ethanol 

1. Remove medium from cells. Adherent 
cells maybe lysed directly on plates. 
To lyse, add 500 i~1 of denaturing 
solution per 5 x 106 cells. (Volumes 
are given for 5 x 10 s cells; if more or 
fewer cells are used, change the 
volumes in proportion to cell number.) 
Pipette the mixture up and down 
several times with a micropipettor as 
the cells tyse to shear their DNA. 

2. Transfer the lysate to an Eppendorf or 
Corex tube. Add 50 t~1 2 i sodium 
acetate; mix well by inverting the tube. 

3. Add 500 I11 phenol; mix well, then add 
100 I~1 chloroform/isoamyl alcohol and 
mix by vortexing. Place on ice for 
15 min. 

4. Centrifuge at 10,000 g for 20 min at 
4~ Aqueous and organic layers 
should be about equal in volume. If the 
volume of the aqueous phase is low, 
add slightly more chtoroform/isoamyl 
alcohol and repeat the centrifugation. 

5. Transfer the aqueous phase to a fresh 
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tube. Do not transfer any of the loose 
material at the interface. 

6. Add 1 volume isopropanol and chill 
at -20~ for 30 min to overnight to 
precipitate the RNA. 

7. Centrifuge at 10,000 g at 4~ for 
20 min. Discard the supernatant. 

8. Resuspend the pellet in 150 !~1 
denaturing buffer. If it is not already in 
one, transfer sample to an Eppendorf 
tube. 

9. Optional: if steps 5 and 6 did not 
cleanly separate the aqueous layer 
from the interface, add 15 #1 2 M 
sodium acetate, 150 I~1 phenol, and 
30 !~1 chloroform-isoamyl alcohol, 
mixing after each addition. Spin at 
12,000 g in a microcentrifuge and 
remove the aqueous phase to a fresh 
tube. 

10. Add 150 ~1 isopropanol or 300 ~1 
ethanol; store the RNA at -20~ 

Notes 

1. This procedure should produce RNA 
clean enough for most applications, 
including RNase protection, Northern 
blots, and cDNA synthesis. 

2. If the RNA is to be used in PCR 
analysis and was prepared from cells 
containing homologous DNA, RNase- 
free DNase treatment is 
recommended following the second 
alcohol precipitation. 

Transcription of RNA 
probes 
This procedure is designed for transcription of 
RNA labeled with 32p at high specific activity. It 
is similar to the transcription protocol on p 
165-166, except the total nucleotide concen- 
tration is reduced, and the specific activity can 
be varied according to the application. 

The lifetime of RNA labeled at high specific 
activity is limited by radioactive decay of 32p to 
sulphur, which causes strand breakage. For 
some applications, such as Northern or dot 
blotting, some RNA degradation presents no 
problem; for RNase protection, however, the 
majority of the probe must remain intact 
throughout the experiment. To obtain intact 
probe, a good strategy is to use a specific 
activity that results in an average of one or 
less 32p atoms per molecule RNA. Thus, 
RNAs that are degraded by radioactive decay 
will also lose their label, and will not contribute 
to the signal. If a higher specific activity is 
used, it is essential to use the probe quickly. 
To illustrate, if an RNA probe averages two 32p 
atoms per molecule, then 30 h after transcrip- 
tion, 11% of the counts will be in degraded 
RNA. 

In calculating how many labeled atoms per 
molecule a given specific activity will yield, the 
following numbers may be useful. The specific 
activity of pure 32p nucleotide is 9100 Ci 
mmol-1; typical specific activities of commer- 
cially available labeled nucleotides are 800 and 
3000 Ci mmol-1. If a 200 nucleotide RNA 
molecule contains 50 uridine residues, it is 
necessary to dilute the 32p-UTP with cold 
UTP to 182 Ci mmo1-1 so that only 1/50 of 
the UTP in the transcription reaction is 32p 
labeled. In the reaction conditions given 
below, labeled UTP at 800 Ci mmol -~ would 
contribute 3 ~tM UTP to the reaction; UTP at 
3000 Ci mmol-1 would contribute 0.8 pM UTP. 

Requirements for specific activity and quan- 
tity of the probe depend on the application and 
the concentration of the RNA being probed. To 
detect a fairly abundant viral RNA by dot or 
Northern blot, the probe specific activity 
should be around 200 Ci mmo1-1 UTP. For 
rare RNAs, the specific activity can be 
increased to as much as 3000 Ci mmo1-1 
UTP, as long as the background levels are 
acceptable. The RNA transcribed in one 20 ~1 
reaction is usually enough for several blots. 
For RNase protection to detect fairly rare 
RNAs, start with 2 fmol probe per sample, 
with the probe transcribed at 300 Ci mmol -~ 
UTP. For more abundant viral RNAs, try 
20 fmol probe at 30 Ci mmo1-1 UTP. For 
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ribosomal RNA, try 2 pmol probe at a specific 
activity of 0.2 Ci mmol-1 UTP. 

Glow-in-the-dark face paint (available 
from party supply stores) 

Reagents 

The following reagents should be made 
RNase-free: 

TE: 10 mM Tris-HCI (pH 8.0), 1 mM 
EDTA 

DNA to be transcribed (as on page 166) 
10 x transcription buffer (as on page 

166) 
100 mM dithiothreitol (D'FI'; as on page 

166) 
Human placental ribonuclease inhibitor 
Nucleotide solution: 2.5 mM each ATP, 
CTP, GTP (adjust pH to 7.0; store in 
aliquots at -20~ 

100 ~I.M UTP (store in aliquots at 
-20~ 

[c~-32p]UTP, 10 Ci ml- 1, 
i>800 mCi mmo1-1 

T7, T3, or SP6 polymerase 
10 M ammonium acetate (optional) 
Ethanol 
Distilled water 

For optional gel purification: 

80% ethanol 
KB: 300 mM sodium acetate (pH 
5-5.5), 20 mM Tris-HCI (pH 8.5 at 
25~ 1 mM EDTA 

1 mg ml-1 tRNA (store at -20~ 

The following reagents need not be 
prepared RNase-free: 

Equilibrated phenol 

For optional gel purification: 

Formamide loading buffer: 90% (v/v) 
deionized formamide, 0.01% xylene 
cyanol, 0.01% bromophenol blue, 

0.1 x TBE (store at -20~ for up to a 
month, at -70~ for longer periods; 
see page 167 for 10• TBE recipe) 

Denaturing polyacrylamide gel 

Protocol 

1. Mix the following, in the order given 
and at room temperature: 
RNase-free water to 20 1~1 
2 !~1 10 x transcription buffer 
2 !~1 DTT, 100 mM solution 
Placental RNase inhibitor, to 0.8 

units 1~1-1 
UTP, to desired concentration 
4 rtl nucleotide solution: 2.5 mM each 
ATP, CTP, GTP 

1 ~tl linearized DNA template, 
1 mg ml-1 

5 1~1 [(z-32p]UTP at 10 mCi m1-1 
T7, T3, or SP6 RNA polymerase, 

10 units 
Incubate at 37~ 60-120 min. 

2. If removal of the DNA template is 
desired, add RNase-free DNase and 
incubate according to the vendor's 
instructions. Removal of the DNA is 
not necessary if the probe is to be 
used for dot blots or Northern blots, or 
if the probe is to be gel purified. It is, 
however, essential for RNase 
protection probes used without gel 
purification. 

3. Dilute the reaction with TE to 320 HI. 
Remove 1 !~1 and count in a 
scintillation counter. Add 320 !~1 
equilibrated phenol, vortex, and 
centrifuge in a microcentrifuge at 
12,000 g for 3 min at room 
temperature. 

4. Remove the aqueous supernatant to a 
fresh tube. Add 0.25 volumes of 10 M 
ammonium acetate, then 2.5 volumes 
of ethanol. Chill briefly on dry ice to 
precipitate the RNA. Pellet the RNA in 
a microcentrifuge at 12,000 g for 
10 min and remove the supernatant. 

5. if the probe is not to be gel purified, 
resuspend the RNA pellet in 320 !~1TE, 
then perform the ethanol precipitation 
with ammonium acetate twice more. 
This procedure will remove >95% of 
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the unincorporated nucleotides. When 
the probe is resuspended for use, an 
aliquot can be counted to find the 
amount of radioactivity incorporated 
into RNA; this allows calculating the 
probe yield as described in step 7. 

6. Optional gel purification: (a) Rinse the 
RNA pellet with cold 80% ethanol, 
then dry the pellet under vacuum. 
Resuspend in 20 ~1 formamide 
loading buffer. Heat to 95~ for 3 min, 
then load onto a polyacrylamide-8 M 

urea gel. For efficient elution, choose 
the lowest percentage of acrylamide 
that will resolve nucleic acid of the 
relevant size (Sambrook et al 1989). 
Gels of 4% or less are slimy enough 
that handling gel slices is difficult. The 
capacity of polyacrylamide gels for 
RNA is large; the RNA may be loaded 
onto a gel as thin as 0.4 mm in a well 
1-2 cm wide. 
(b) After electrophoresis, mark the gel 
with several spots of glow-in-the-dark 
face paint and expose briefly to X-ray 
film. Align the gel with the autorad and 
excise the band representing full- 
length probe. 
(c) If the gel was more than 0.5 mm 
thick, crush the gel slice by passing it 
through a disposable 3 ml syringe 
with no needle. Place the gel slice in 
an Eppendorf tube and freeze on dry 
ice. Thaw and add 600 ~1 KB, 3 l~g 
tRNA and 600 ~1 phenol. Vortex to 
mix, then incubate at 4~ for 
2-16 hours. 
(d) Vortex the probe, then spin in a 
microcentrifuge at 12,000 g for 5 min. 
The gel material will be found at the 
interface. Remove the aqueous phase 
to a fresh tube. Add 200 ~1 KB to the 
original tube, vortex, and spin again. 
Pool the aqueous phases and phenol 
extract again. Note the volume of the 
aqueous phase; remove and count 
1 ~1 in a scintillation counter to allow 
calculation of probe yield. 
(e) Precipitate the RNA by adding 
2.5 volumes of ethanol; freeze on dry 
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ice or overnight at -20~ This 
procedure should elute 90-95% of the 
RNA from the gel slice. 

7. To calculate probe yield, find the 
fraction of radioactivity incorporated 
into RNA (F) and the I~M concentration 
of UTP in the transcription reaction, 
including labeled UTR RNA yield in 
fmol is then calculated using: 

RNA yield = 4F x (~1 reaction volume) 
x [UTP]/(probe length, nt) 

The accuracy of this calculation 
requires that the UTP concentration is 
accurate and that the uridine residues 
compose 25% of the RNA sequence. 

RNase protection 
For RNase protection, a labeled RNA probe is 
hybridized to the RNA of interest (Zinn et al 
1983). RNase digestion eliminates the single- 
stranded probe that is not hybridized; labeled 
probe protected by the RNA of interest is then 
displayed on a polyacrylamide gel. RNase pro- 
tection can be used to detect as little as 10-19 
moles of RNA (Novak and Kirkegaard, unpub- 
lished results), making it more sensitive than 
dot blots or Northern blots. 

Quantitation 
For quantitative RNase protection, a standard 
curve is needed to ensure that the signal is 
responsive to differences in RNA concentra- 
tion. A standard curve (cpm probe protected 
versus amount of s'pecific RNA) for a series of 
RNA standards allows one to find the linear 
range of the assay. Samples in which the 
probe is in moderate molar excess (greater 
than 4-fold) over the specific RNA being 
probed are usually in the linear range, but 
even if the standards show that the signal is 
not directly proportional to RNA concentration, 
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the relative amount of specific RNA in the 
experimental samples can be determined by 
interpolating from the standard curve. Finding 
the absolute concentrations of the specific 
RNA is possible if a known amount of specific 
RNA is used in the standards. Otherwise, a 
rough estimate can be obtained based on the 
amount of probe used and the fraction of 
probe protected in a given sample. 

For most virology applications, the stan- 
dards may consist of serial dilutions of RNA 
from infected cells. Either RNA from uninfected 
cells or tRNA should be added to the dilutions 
to make the total RNA concentration in each 
the same, so that the RNase digestion con- 
ditions are directly comparable. Preparing 
many aliquots of each dilution of the RNA 
standards allows the same standards to be 
used in multiple experiments. 

Including an internal control often improves 
the accuracy of quantitation by correcting for 
sample loss or gel loading inaccuracies. A 
mixture of two probes can be used, one for 
the RNA of interest, and one for a cellular 
RNA whose concentration is expected to be 
the same in all the experimental samples. Any 
cellular RNA may be used that is abundant 
enough to give a strong signal and will not 
vary in intracellular concentration under the 
experimental conditions. Ribosomal RNA is 
often useful as an internal control. Because it 
has a long half-life in the cell, its abundance is 
less likely to be affected by any alterations in 
transcription caused by infection. The probes 
for the experimental and internal control RNAs 
must result in protected fragments of different 
length so that they can be separated by elec- 
trophoresis. Probe lengths and specific activ- 
ities should be adjusted so that the protected 
band that tends to contain more radioactivity 
will migrate lower on the gel. Both bands will 
generate a fainter smear of degraded RNAs 
beneath them (Fig. 9.1), and quantitation is 
easier if the fainter band is not positioned in 
the smear below the darker one. When using a 
cellular RNA as an internal control, add tRNA, 
not cellular RNA, to equalize the amount of 
total RNA in the dilutions that generate the 
RNA standards. 

If the complement of the RNA of interest is 

< probe 

< R N A  I 

< R N A 2  

Figure 9.1. Simultaneous detection of two RNAs 
present in one sample by RNase protection. In this 
example, RNA 1 and RNA 2 were detected with the 
same probe; RNA 2 was approximately 100-fold 
more abundant than RNA 1. Quantitation of RNA 1 
was possible only because the band protected by 
RNA 1 migrates higher in the gel than that protected 
by RNA 2. The highest band is probe that escaped 
RNase digestion. 

also present in the cell, and the complement is 
more abundant than the RNA of interest, quan- 
titation by conventional RNase protection 
works poorly. Two-cycle RNase protection, 
described below, should be used for detec- 
tion and quantitation of an RNA in the 
presence of an excess of its complement. 

Distinguishing related RNAs 
RNase protection can be used to quantify two 
related RNAs separately, or to distinguish tran- 
scripts with different endpoints or processing 
characteristics. RNAs that differ by an inser- 
tion, deletion, or cluster of point changes can 
be distinguished easily if the difference is at 
least seven nucleotides; quantitative distinc- 
tion of RNAs with smaller differences may 
require optimizing RNase digestion condi- 
tions. In all such experiments, the probe must 
be designed so that some part is cut when 
hybridized to one RNA but not the other. 
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(B) Ineffective probe design 

Figure 9.2. Design of RNase protection probe to 
distinguish an RNA bearing an insertion relative to 
another RNA. (A) An RNA probe complementary 
to the insertion variant is shown hybridized to the 
variant lacking the insertion. The region of the RNA 
probe that is looped out provides a good target for 
RNase digestion, symbolized by arrows. (B) An RNA 
probe complementary to the RNA lacking the inser- 
tion is shown hybridized to the RNA containing the 
insertion. Distinguishing the inserted RNA depends 
on cutting the probe opposite the loop, which may 
not be efficient. 

Three considerations apply when designing 
such a probe. 

1. When quantifying two RNAs, one of which 
bears an insertion relative to the other, 
the probe should be complementary to the 
inserted RNA, not to the RNA lacking the 
insertion (Fig. 9.2). When the probe is com- 
plementary to the inserted RNA, a single- 
stranded loop that provides a good RNase 
target is generated during hybridization. 
When the probe is complementary to the 
RNA lacking the insertion, it hybridizes 
completely to both RNAs, and distinguish- 
ing the RNAs would require cutting the 
probe opposite the insertion loop. While 
this cutting can occur under normal RNase 
protection conditions, it usually is not com- 
plete. If the probe must match the RNA 
lacking the insertion, it may be necessary 
to adjust RNase digestion conditions to 
those of lower salt, higher temperature, or 
more RNase. 

2. The specificity of the RNases should be 
considered. Most RNase protection proto- 
cols use RNase A and RNase T1, allowing 
cutting after Cs, Gs, and Us. Therefore, if 
distinguishing RNAs depends on cutting 
within a small region of the probe, that 
region should contain several nucleotides 
that are not As. If this is not possible, 
RNase ONE (Promega) can be used, 
though it is more expensive and sensitive 
to inhibitors than RNase A and RNase T1. 

3. The less prevalent RNA should protect a 
band that migrates higher in the gel. 
RNase protection bands are always asso- 
ciated with a fainter smear extending 
beneath them on the gel (Fig. 9.1) which 
can be reduced, but not completely elimi- 
nated by gel purifying the probe. Thus, an 
RNA that is much less prevalent can be 
completely obscured if its protected band 
is located beneath that of the other RNA. 

Mapping the location of 
mutations 

RNase protection can be used to map the 
position of mutations within an RNA genome. 
Deletions are the most foolproof (Kirkegaard 
and Nelsen 1990), but some point mutations, 
insertions, and crossover sites for RNA recom- 
bination can also be mapped (Myers et al 
1985; Lopez-Galindez et al 1988; Kirkegaard 
and Baltimore 1986). This method requires a 
series of long RNase protection probes to 
span the genome. For many mutations, hybrid- 
ization of a wild-type probe to an RNA mutant 
in that region will result in cutting of the probe 
at the location of the mutation. The probe need 
not be completely cut at this site, simply 
recognizably cut compared to probe hybrid- 
ized to a wild-type RNA control. This test will 
show which probe covers the mutation and 
how far from an end of the probe the mutation 
lies. Using a probe with slightly different end- 
points will then serve to locate the site 
uniquely. 
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Reagents 

The following should be RNase-free: 

Ethanol 
1 mg/ml tRNA (store in aliquots at 

-20~ 
3 M sodium acetate pH 5.0-5.5 
Radiolabeled probe, precipitated in 
ethanol 

RNAs to be probed, precipitated in 
ethanol or isopropanol 

The following need not be RNase-free: 

Hybridization buffer: 80% (v/v) 
deionized formamide, 40 mM PIPES 
(pH 6.4 at 25~ 400 mM NaCI, 1 mM 
EDTA (store at -20~ for up to a 
month, at -70~ for longer periods) 

RNase cocktail: 300 mM NaCI, 10 mM 
Tris (pH 7.5), 5 mM EDTA, 15 llg ml-1 
RNase A, 1 pg m1-1 (or 
350 units mi -1) RNase T1 (store at 
4~ stable for 3-4 months; do not use 
RNase T1 supplied as an ammonium 
sulfate suspension) 

10% SDS 
1 mg m1-1 proteinase K (store at 

-20~ 
Formamide loading buffer: (see page 

175) 
DE81 paper (Whatman; optional) 

Protocol 

1. Prepare probe: pellet the labeled RNA 
probe, remove the supernatant, and 
rinse the pellet with cold 80% ethanol. 
Dry the pellet under vaccuum. 
Resuspend in hybridization buffer by 
heating to 37~ for 5 min and 
vortexing vigorously. Each sample will 
require 30 pl of probe. 

2. If the amount of probe has not already 
been quantified, count 1 lal of 
resuspended probe in a scintillation 
counter; calculate as described 
above. If necessary, add more 

hybridization buffer so that the 
desired amount of probe is in a 
volume of 30 ~1. 

3. Prepare the samples to be probed by 
pelleting, rinsing, and drying the 
RNAs. Useful controls may be tRNA, 
RNA prepared from cells lacking the 
specific RNA, and an RNA dilution 
series for constructing a standard 
curve. If two RNAs are being probed 
together in the experimental 
samples, it is useful to have controls 
in which each is probed separately. 

4. Add 30 !~1 probe to each sample. 
Resuspend the RNA by heating to 
37~ and vortexing vigorously, if 
20 I~g or more of RNA is in a sample, 
it may be necessary to pipet the RNA 
repeatedly to resuspend it. Save 
some probe for gel loading; this will 
probably have to be diluted with 
loading buffer by as much as 1:10 or 
1:100 to yield a signal comparable to 
that obtained from the protected 
samples. 

5. Heat the samples to 85~ for 5 rain to 
denature the RNA. 

6. Incubate at 60~ for 12-20 hours. 
The tubes must be closed tightly to 
prevent water condensing around the 
top of the tube from seeping in. 

7. Digest unhybridized probe by adding 
300 ~1 of RNase cocktail. For most 
applications, incubate either for 
15 rain at 37~ or one hour at room 
temperature. 

8. Digest the RNases by adding 10 I~1 
SDS and 10 ~1 proteinase K. 
Incubate at 37~ for 15 min. 

9. Add 350 IL[I phenol and vortex. Spin 
for 3 rnin at 12,000 g, then remove 
270 ~1 of aqueous supernatant from 
each sample to a fresh tube. 
Removing more supernatant can 
result in contamination of the sample 
with RNases present at the interface. 

10. Add 1 t~g tRNA, 30 111 sodium acetate, 
and 750 !~1 ethanol to each sample. 
Chill for 5 rain on dry ice, or overnight 
at -20~ to precipitate the RNA. 
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11. Pellet the RNA, then rinse the pellet 
with 80% ethanol and dry it. 
Resuspend in 10 pl formamide 
loading buffer. 

12. Denature the RNAs by heating to 
95~ for 3 min. Immediately load 
onto a denaturing polyacrylamide 
gel. Also denature and load a sample 
of probe diluted into loading buffer 
and labeled RNA or DNA markers; on 
a denaturing gel, DNA and RNA will 
have similar, though not identical, 
mobilities. 

13. After electrophoresis, dry the gel. To 
prevent RNA from leaching out of the 
gel during drying, it should be either 
dried on a backing of DE-81 paper, or 
fixed and dried on Whatman 3 MM or 
other backing paper. To fix, soak the 
gel in 7% acetic acid for 10 min, then 
rinse with distilled water. 

14. Expose the gel to X-ray film. 
Quantitation of the RNase protection 
signal may be done by densitometry 
of the autoradiograph (which can be 
nonlinear), by radioanalytic scanning 
(AMBIS Systems) or by 
phosphorimaging analysis (Molecular 
Dynamics, Fuji or Packard 
Instruments). 

recommended for demanding 
applications, such as detecting very 
rare RNAs or quantifying two RNAs of 
very different abundances. For any 
application, using gel-purified probe 
often reduces the abundance of 
spurious bands in the RNase 
protection pattern. 

4. RNase digestion conditions and 
hybridization conditions can be 
altered. RNase A and RNase T1 work 
well and are specific for single- 
stranded RNA in digests carried out at 
4-40~ and with 50-500 mM NaCI. 
Protection of A-U hybrids, for 
example, can be carried out at 7~ in 
500 mM NaCI with a 3-fold reduction 
in RNase A concentration. 

Troubleshooting 

Extra bands, both in experimental 
samples and in negative control 

1. Hybridization may not be stringent 
enough. Increase hybridization 
temperature or use a longer probe. 

2. RNase digestion may be working 
poorly. Replace RNase cocktail or 

Notes 

1. Probes should contain some 
sequences not complementary to the 
RNA of interest on one or both ends. 

increase RNase concentration. If it is 
suspected that the RNA samples 
contain contaminants that inhibit 
RNase, add an extra ethanol 
precipitation to the RNA preparation 
procedure. 

Often a small fraction of the probe is 
not digested by RNases; therefore, 
noncomplementary sequences are 
needed to distinguish undigested 
probe from probe protected by the 
RNA of interest. 

2. Probes 100-600 nucleotide long are 
desirable. Longer probes are 
acceptable as long as they are not 
excessively degraded. Shorter or AU- 
rich probes may require lowering the 
hybridization temperature for optimal 
signal. 

3. Gel purification of the probe is 

3. A large amount of probe may be 
protected by its DNA template. Gel 
purify the probe or optimize DNase 
digestion after transcription. 

4. The probe may be self- 
complementary. Check probe 
sequence using an RNA structure- 
prediction program; if stable 
secondary structure is predicted, use 
higher hybridization and RNase 
digestion temperatures or redesign 
probe. 

5. The probe may be contaminated with 
complementary RNA transcribed from 
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a cryptic promoter. Gel purify or 
redesign probe. 

Extra bands in experimental samples, not 
in negative control 

1. The samples may be overdigested. 
Lower RNase concentration, lower 
digestion temperature or increase salt 
concentration in the RNase cocktail. 

2. The sample RNAs may be degraded. 
Check solutions for RNase 
contamination or add extra phenol 
extraction in RNA preparation 
procedure. 

3. The probe may be degraded. Check 
solutions for RNase contamination or 
gel purify probe. 

4. Premature transcriptional stops may 
have yielded a heterogeneous probe. 
Gel purify probe or redesign probe to 
exclude the sequence generating the 
stop. 

5. Longer RNA may contaminate the 
probe. Optimize restriction digestion 
of template to linearize completely, or 
gel purify template or probe. 

No signal 

1. The hybridization temperature may be 
too high. Use a lower incubation 
temperature or a longer probe. 

2. The probe specific activity may be too 
low. Increase the probe specific 
activity; see suggestions on page 174. 

RNA remains in gel wells 

1. Protein may not be completely 
removed. Extract with phenol carefully 
after proteinase K digestion. 

2. The formamide in the hybridization 
and loading buffers may be impure. 
See Sambrook et ai (1989) for 
instructions on deionizing formamide. 

3. Ammonium sulfate may have been 
introduced with RNases. Check 
enzyme specification sheets. 

Two-cycle RNase 
protection 
During viral infection, complementary strands 
of RNA are often present in the same cell. The 
probe and the endogenous complementary 
RNA will then compete for hybridization to 
the RNA of interest, and the shorter of the 
two, usually the probe, will have a slower on- 
rate and a faster off-rate of duplex formation 
(Bloomfield et al 1974). Polio virus negative- 
strand RNA, for example, is found in infected 
cells with a 50-fold excess of positive strands 
(Novak and Kirkegaard 1991). Poliovirus nega- 
tive-strand RNA is nearly undetectable by dot 
blot. Conventional RNase protection yielded a 
low signal that varied erratically with viral RNA 
concentration (Novak and Kirkegaard 1991). 
Northern blots may avoid this problem, assum- 
ing that the positive- and negative-strand 
RNAs migrate differently in the gel system 
used. 

Two-cycle RNase protection (Novak and 
Kirkegaard 1991) can be used to quantify any 
RNA in the presence of a greater amount of its 
complement. The sample RNAs are subjected 
to hybridization in the absence of probe, leav- 
ing the RNA of interest completely hybridized 
to its complement. RNase digestion then 
removes the excess complementary RNA. 
With competition for hybridization to the RNA 
of interest thus reduced, the probe is added, 
and the samples are subjected to a second 
round of hybridization and RNase digestion. 
Poliovirus negative-strand RNA probed by 
this method gave a signal more than 100- 
fold higher than the signal from conventional 
RNase protection. More importantly, the sig- 
nal from two-cycle RNase protection was 
responsive to the amounts of negative- 
strand RNA in the samples and could be 
used to quantify these amounts (Novak and 
Kirkegaard 1991). 

Reagents 

Same as on page 179. 
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Protocol 

1. Precipitate the RNA samples to be 
probed by spinning in a 
microcentrifuge at 12,000 g for 
10 min. Remove the supernatants, 
rinse the pellets with cold 80% 
ethanol, and dry under vacuum. 

2. Add 30 !~1 hybridization buffer to each 
RNA sample and vortex to resuspend. 
Do not add probe at this step. 

3. Hybridize the RNAs by incubating at 
60~ for 12-20 hours, if the 
complementary RNAs are shorter than 
100 nt, reduce the hybridization 
temperature to 45-55~ 

4. Subject the RNAs to RNase digestion, 
proteinase K treatment and phenol 
extraction as described in steps 7-9 of 
protocol liB. 

5. Add 5 I~g tRNA, 30 !~1 sodium acetate, 
and 750 ILl ethanol to each sample. 
Chill for 5 min on dry ice or overnight 
at -20~ to precipitate the RNA. The 
samples are now ready to be 
subjected to the second round of 
RNase protection, identical to the 
standard RNase protection procedure. 
Follow the protocol on page 179, 
steps 1-14. 

Quantitative RT-PCR 
(reverse transcription of 
RNA and amplification by 
polymerase chain 
reaction) 
The legendary sensitivity of PCR, combined 
with its ability to amplify specific sequences 
when specifically designed deoxyoligonucleo- 
tide primers are used, make it an attractive 
technique with which to detect viral RNAs. 

Synthesis of cDNA from specific viral RNAs 
can be accomplished by the use of reverse 
transcriptase (RT) and specific primers; for 
example, positive strands, negative strands 
or subsets of viral RNAs can be selectively 
converted to cDNA. Once the cDNA is made, 
the combination of primers used for PCR 
amplification can be used, for example, either 
to amplify the entire cDNA population or to 
dictate which of any different RNAs present 
in the cDNA population will be amplified. The 
sensitivity of PCR can allow the detection of 
variant RNAs that might otherwise be present 
at too low a level for detection, either because 
of their low concentration in the cell or 
because of the background from wild-type 
RNA molecules. 

Primers can be designed so that RNAs or 
DNAs that differ by as little as a single nucleo- 
tide can be selectively copied by reverse tran- 
scription and PCR (Kwok et al 1990). However, 
the presence of at least two nucleotide differ- 
ences between the RNAs to be distinguished 
greatly increases the specificity (Jarvis and 
Kirkegaard 1992). The primers, either for 
cDNA synthesis, PCR or both, should be 
designed so that the extreme 3' end of the 
primer opposes the polymorphic nucleotides 
(Jarvis and Kirkegaard 1992). 

To measure the final amount of DNA product 
made by PCR, one can either include radiola- 
beled dNTPs among those to be incorporated 
during amplification, or end-label one of the 
PCR primers with 329. Following gel electro- 
phoresis to display the products of the PCR 
reactions, the amount of label in the bands of 
interest is then determined by excising the 
bands and scintillation counting, by using a 
radioanalytic scanner or by phosphorimaging. 
Use of an end-labeled primer has several 
advantages over body-labeling the PCR pro- 
ducts. First, the pattern on the ensuing gel is 
often less plagued by background bands, 
because only those DNAs that include the 
radioactive primer will be labeled. Second, 
the relative amounts of radioactivity in bands 
of different sizes will directly reflect their stoi- 
chiometry. Finally, the presence of the labeled 
primer on the gel following electrophoresis 
allows one to express the amount of PCR 
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Figure 9.3. PCR signal is displayed as a function 
of initial DNA template concentration. The PCR 
signal shown is the percentage of 32p-labeled 
PCR primer converted into full-length PCR pro- 
duct. The template for the PCR reactions was line- 
arized plasmid DNA containing poliovirus cDNA 
sequences. The DNA template concentration is pro- 
vided as the number of DNA molecules per 20 lul 
reaction. The amplification conditions were as 
described in the text for 20 or 35 cycles. Repro- 
duced from Jarvis and Kirkegaard (1992) with per- 
mission from the publisher. 

made by PCR became much less sensitive to 
the amount of input DNA. Regardless of the 
number of cycles, the amount of product DNA 
plateaued when approximately 20-30% of the 
primers had been incorporated at the polymer- 
ase concentration used. Only when 2% or less 
of the primers had been incorporated was the 
signal linearly responsive to the amount of 
input DNA. 

Thus, to quantify the amount of RNA origin- 
ally present in a reaction mixture, two condi- 
tions must be met. First, the amount of cDNA 
synthesized from the RNA must be reproduc- 
ible or internally controlled so that sample-to- 
sample variations in the amount of cDNA 
synthesis will not influence the final measure- 
ment. Second, the amount of PCR product 
synthesized from the cDNA must be within 
the sensitive range of the assay. 

Three different approaches to making RT- 
PCR a quantitative procedure have been out- 
lined in an excellent review (Foley et al 1993) 
and are discussed below. Then a detailed pro- 
tocol for an application of one of these 
approaches, taken from our own work (Jarvis 
and Kirkegaard 1992), is provided. 

product formed as a percentage of the primer 
converted into product, as shown in Fig. 9.3. 
This not only facilitates determination of the 
quantitative range of the assay, but provides 
an internal control for the amount of each 
reaction loaded on the gel. 

The exponential amplification of DNA mole- 
cules, although it accounts for the sensitivity of 
PCR, can also lead to wide variations in signal 
that depend on variables that are difficult to 
control rigorously. To ensure that variations 
in, for example, the temperature of different 
slots in the PCR machine do not unduly influ- 
ence the results, duplicate reactions can be a 
great help. An additional problem with quanti- 
tation of PCR signals is illustrated in the 
experiment shown in Fig. 9.3. At low cDNA 
concentrations, the amount of product 
increased linearly with the amount of DNA 
originally present in the reaction. However, at 
higher cDNA concentrations or larger numbers 
of amplification cycles, the amount of product 

Semi-quantitative RT-PCR 
To determine the approximate amount of a 
specific RNA in a sample, a simple method is 
to compare the RT-PCR signal obtained from 
that sample with that of a standard curve. The 
standards can be generated by transcribing 
the RNA of interest in vitro and making serial 
dilutions into a preparation of RNA from un- 
infected cells. Reverse transcriptase reac- 
tions on the experimental samples and the 
standards should be performed in parallel 
using the same deoxyoligonucleotide primer, 
nucleotide, buffer and enzyme mixes. Then, 
PCR should be performed using common pri- 
mer, nucleotide, buffer and enzyme mixes. 
Analysis of the amount of PCR product in the 
standards will identify the sensitive range of 
the assay and the approximate amount of 
RNA in the experimental samples that fall 
within this region can be determined by inter- 
polation. 
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This kind of assay is only semi-quantitative 
because it does not take into account possible 
variations in the" yield of RNA in different pre- 
parations, the efficiency of cDNA synthesis 
between different reactions, or variations in 
sample loading. If, for example, an inhibitor 
of reverse transcriptase were present in the 
RNA samples from infected but not unin- 
fected cells, the amount of RNA measured in 
the infected samples would be erroneously 
low. Given these caveats, however, this 
approach is suitable for many applications. 

Quantitative determination of 
relative amounts of RNAs 

If an RNA species that does not vary in amount 
from sample to sample can be identified, it can 
serve as an internal control for reverse tran- 
scriptase activity, RNA yield and gel loading. 
For virologists, candidate cellular RNAs are 
stable RNAs whose abundance does not 
change substantially during viral infection, as 
is often the case for ribosomal RNAs and 
mRNAs for ribosomal proteins; other potential 
internal controls may be known or established 
empirically. Useful primers for selected riboso- 
mal protein mRNAs from humans, mice, chick- 
ens, and Drosophila can be found in the review 
by Foley et al (1993). 

Synthesis of cDNA from both the experi- 
mental and internal control RNAs, using pri- 
mers specific for each RNA, should be 
performed in parallel using the same nucleo- 
tide, primer, buffer and enzyme mixes. 
Although cDNA synthesis from the two RNA 
species will differ in priming and elongation 
efficiency, these differences will presumably 
be the same in every sample and should not 
detract from the quantitation. The cDNA pre- 
parations are serially diluted and the PCR 
reactions performed under some standard 
condition for each of the two primer pairs. 
The difference in dilution required to give the 
same yield of PCR product for the experimen- 
tal and control RNAs will provide a relative 
experimental ratio of the experimental and 
control RNAs in that sample. Differences in 

the experimental ratios of these two products 
in different RNA preparations will reflect quan- 
titatively the differences in the ratios of these 
RNAs in the original RNA preparation. Deter- 
mining the sensitive range for both PCR pro- 
ducts by diluting the cDNAs is preferable to 
comparing them to standard curves because 
the dilution experiments are internally con- 
trolled for the efficiency of cDNA synthesis 
and RNA extraction. 

To obtain the absolute amount of viral RNA 
from these ratios, one can spike a preparation 
of RNA from uninfected cells that contain the 
internal control RNA with known amounts of 
the viral RNA of interest, transcribed in vitro. 
The experimental ratio of the PCR signals can 
then be used to generate a standard curve. 

When cDNAs from the experimental and 
control RNAs can be made from the same 
cDNA primer, assuming the efficiency of their 
cDNA synthesis is the same, one can deter- 
mine their absolute ratios by subsequent PCR 
analysis. This was the approach used by our 
laboratory (Jarvis and Kirkegaard 1992) to 
determine the ratio of recombinant to parental 
RNA present under different conditions in 
poliovirus-infected cells. This approach is 
applicable to any two RNAs that share a 
cDNA primer-binding site but differ suffi- 
ciently that the resulting cDNAs can be differ- 
ently amplified by PCR. In addition to 
measuring the percentage of viral recombi- 
nants or variants in a population, this method 
could be useful to quantify the products of 
alternative splicing or to measure the relative 
accumulation of mutant and wild-type gen- 
omes during coinfections. 

To use an RNA synthesized from the same 
cDNA primer as an internal control, the reverse 
transcriptase reactions for all the samples to 
be compared are run in parallel, using the 
same mix of nucleotides, primer, buffer and 
enzyme. Serial dilutions of the resulting 
cDNAs are subjected to separate PCR reac- 
tions with the two RNA-specific primer pairs of 
interest. The amounts of PCR product, when 
plotted as a function of the amount of cDNA 
dilution, should reveal the linear range for each 
primer pair (Fig. 9.3). The difference in dilution 
required to give an identical signal for the two 
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PCR products gives the experimental ratio of 
the two cDNAs in the sample. To determine the 
absolute ratio of these two cDNAs, their rela- 
tive PCR amplification efficiencies must be 
independently measured. Differences in ampli- 
fication efficiency of the two cDNAs could 
result from differences in annealing of the spe- 
cific primers, sequence-dependent variation in 
elongation by the thermostable polymerase, or 
different lengths of the PCR product. Relative 
amplification efficiencies can be measured by 
mixing together known ratios of the two 
cDNAs, presumably available from DNA plas- 
mids in the laboratory. Then, the relative ampli- 
fication efficiencies can be used to correct the 
measured experimental ratio to an absolute 
ratio. 

In the determination of recombination fre- 
quencies, the formation of PHLOP products 
(primer halt-mediated linkage of primers 
(Frohman and Martin 1990)) can artificially 
cause the appearance of recombinant cDNAs 
or PCR products. For a discussion of this 
problem and its experimental solution, see 
Jarvis and Kirkegaard (1992). 

both cDNAs. The condition at which equal 
amounts of the two PCR products are synthe- 
sized is the condition at which the concentra- 
tions of external control RNA and experimental 
RNA are identical (Wang et al 1989). Actually, 
the accuracy of this latter statement requires 
that the efficiencies of cDNA priming and PCR 
amplification are identical for these two related 
RNAs. This assumption can be explicitly 
tested by mixing experiments with known 
amounts of the two RNAs, synthesized in vitro. 

This method is somewhat erroneously 
termed 'competitive RT-PCR'. The added exo- 
genous control may or may not compete with 
the RNA of interest for primer and enzyme 
binding. Within the linear range of the RT and 
PCR assays, there will be no competition 
between these two RNAs or their products. 
Nonetheless, this method can be used to 
determine absolute concentrations of RNA 
molecules of interest both in the linear range 
of the PCR assay and at higher extents of 
amplification as well (Becker-Andre and 
Hahlbrock 1989; Gilliland et al 1990). 

Quantitative determination of 
absolute amounts of RNA 

This approach requires the addition to the RNA 
samples of control RNA molecules that contain 
binding sites for both the cDNA primer and the 
PCR primers that will be used to detect the 
RNA of experimental interest. The added 
RNA should be designed so that the PCR 
product made from its cDNA will be distin- 
guishable from the RNA of interest. Ideally, 
the two products will differ only slightly in 
size, so that their length difference will not 
cause a substantial difference in their PCR 
amplification efficiencies. 

First, various dilutions of a known amount of 
the external control RNA are added to aliquots 
of each RNA sample. Reverse transcription 
using a common primer will result in the synth- 
esis of cDNA from both experimental and 
control RNAs. Subsequent PCR reactions 
under a fixed set of conditions will amplify 

Reagents 

The following should be made or 
purchased RNase-free: 

Deoxyoligonucleotides for cDNA 
synthesis and PCR analysis 
(resuspended in water at 2.0 #M) 

5X cDNA buffer: 250 mM Tris-HCI (pH 
8.3), 375 mM KCI, 15 mM MgCI2, 
50 mM D'r-I" 

human placental ribonuclease inhibitor 
reverse transcriptase from Moloney 
murine leukemia virus (Superscript 
RNase H-; GIBCO-BRL) 

dNTP mix: 20 mM each dATP, dTTP, 
dCTP and dGTP 

8 M urea 
TE buffer: 10 mM Tris-HCI (pH 8.0); 

1 mM EDTA 
Centricon-100 microfiltration units 
(Amicon) 
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The following need not be RNase-free: 

T4 polynucleotide kinase 
DNase-free RNase (Boehringer- 
Mannheim) 

10x kinase buffer: 500 mM Tris-HCI 
(pH 7.6), 100 mM MgCi2, 50 mM Dl-I', 
1 mM spermidine trihydrochloride, 
1 mM EDTA 

[7-32p]ATP (approx. 3000 Ci mmo1-1) 
2 M potassium glutamate 
1 M HEPES (pH 8.4) 
100 mM MgCI2 
Acetylated BSA 
dNTP mix (20 mM each dATE dl-l'P, 
dCTP, dGTP) 

Amplitaq DNA polymerase (Perkin 
Elmer-Cetus) 

light mineral oil (Sigma) 
0.025 pM filters, 13 mm diameter 
(Millipore VSWP) 

formamide loading buffer (96% 
deionized formamide, 10 mM EDTA) 

formamide loading buffer with dyes 
(90% deionized formamide, 0.01% 
xylene cyanol, 0.01% bromophenol 
blue, 10 mM EDTA) 

Petri dish 
Whatman DE-81 paper 

Protocol 

cDNA synthesis 

1. Prepare 15 ~1 samples of each desired 
RNA sample. Prewarm to 47~ 

2. Prepare enzyme/primer mix. For 9-10 
reactions, mix in the order given: 
H20 to final volume of 350 BI 
100 I~1 5• cDNA buffer 
400 units placental ribonuclease 

inhibitor 
37.5 ILl dNTP mix 
2.5 ~1 deoxyoligonucleotide primer 
400-2000 units reverse transcriptase 

(to optimize specificity, the amount 
should be determined for each RNA/ 
primer pair and batch of enzyme) 

Prewarm the solution to 47~ 
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3. Add 35 BI enzyme/primer mix to each 
RNA sample. Incubate for 1 h at 47~ 

4. Add 50 ~1 8 M urea, then 1 unit DNase- 
free RNase to each sample. Incubate 
1 h at 60~ 

5. Add 400 ~1 TE to each sample. Place 
in Centricon-100 microfiltration unit, 
spin at 900 g for 15 ~nin. Add 1 ml TE 
to each unit and respin for 35 min at 
900 g. This procedure will remove 
nucleotides, primers, and small RNA 
molecules. Store the remaining 
volume (about 50 !~1), at -70~ until 
ready for further analysis. 

Labeling PCR primers 

1. Mix together in the order indicated: 
H20 to 50 I~1 
10 I~1 2.0 ~[M primer (enough for 20 
PCR reactions) 

40 llCi [T-32p]ATP 
5 1~1 10x kinase buffer 
5-10 units polynucleotide kinase. 
Incubate at 37~ for 30 min. 

2. To remove ATP and kinase buffer, 
'drop-dialyze' (Berger and Kimmel 
1987) the sample. Float the Millipore 
filter, shiny side up, in a Petri dish filled 
with 5-10 ml of TE. Carefully add the 
50 I~1 sample to the center of the 
floating filter. After 2-3 hours, remove 
the sample from the center of the filter; 
sample loss should be less than 10% 
(Marusyk 1980). 

3. The specific activity of the recovered 
deoxyoligonucleotide primer should 

-1 

be approximately 1 IICi pmol . Store 
the labeled primer at -20~ for no 
more than 1-2 days. 

PCR amplification 

1. For each pair of PCR primers, prepare 
a mix containing the primers, dNTPs, 
buffers and enzymes. The following 
mix is sufficient for 19-20 samples. 
H20 to 300 1~1 
10 !~1 2 i potassium glutamate 
10 t~1 1 i potassium HEPES (pH 8.4) 
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13.2 ILtl 1 M MgCI2 
40 #g acetylated BSA 
10 #1 solution of 20 mM each dNTP 
100 pl 2.0 ~M cold PCR primer 
50 ~1 32p-labeled PCR primer (now 
approximately 0.4 ILtM; see protocol 
above) 

40 units Amplitaq DNA polymerase 
For each PCR reaction, transfer 15 ~1 
of this mix to a 0.5 ml tube on ice. 

2. Set up DNA template samples; make 
serial dilutions of cDNA samples and 
plasmid controls in TE. Add 5 #1 of 
each desired DNA sample to one of 
the 15 pl aliquots of primer/enzyme 
mix. Then add 25 I~1 light mineral oil to 
the top of each sample. 

3. Subject samples to thermocycling in a 
programmable thermal cycler. The 
samples in Fig. 9.4 were subjected to 
a temperature profile of 1 min at 94~ 
1 min at 60~ and 2 min at 72~ for 
20-35 cycles. 

4. Remove 5 #1 from the bottom of each 
tube and transfer to a new tube. Add 

15 ILd of formamide loading buffer 
without dyes. Immediately before 
etectrophoresis, heat samples at 95~ 
for 1 min, then chill on ice before 
loading. 

5. Electrophorese samples in a 
denaturing polyacrylamide gel. 
Include a lane of labeled DNA markers 
of appropriate sizes, and a lane of 
formamide loading buffer that 
contains dyes so that the progress of 
electrophoresis can be monitored. 
Choose a gel percentage and 
electrophoresis conditions so that the 
labeled primer does not 
electrophorese off the bottom of the 
gel. 

6. Dry the gel onto DE-81 paper. Quantify 
the amount of radioactivity in the 
product and primer bands by 
radioanalytic scanning, 
phosphorimaging analysis, or by 
excising the bands and scintillation 
counting. 
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List of Suppliers 
5 Prime --> 3 Prime, Inc. 

AMBIS Systems 

Amicon 

Bio-Rad 

Boehringer Mannheim 
Corporation 
BTX, Inc. 

Fuji Medical Systems 
U.S.A., Inc. 
International Biotechnologies, 
Inc. 
Life Technologies, inc. d.b.a. 
Gibco BRL 
Molecular Dynamics 

Packard Instrument Company, 
Inc. 
Perkin-Elmer/Cetus 

Pharmacia LKB 

Promega 

Sigma Chemical Company 

5603 Arapahoe Avenue, 
Boulder, CO 80303, USA. 
3939 Ruffin Road, San Diego, 
CA 92123, USA. 
17 Cherry Hill Drive, Danvers, 
MA 01923, USA. 
3300 Regatta Boulevard, 
Richmond, CA 94804, USA. 
9115 Hagne Road, Indianapolis, 
IN 46250-0414, USA. 
3742 Jewell Street, San Diego, 
CA 92109, USA. 
333 Ludlow Street, Stamford, 
CT 06912-0035, USA. 
25 Science Park, New Haven, 
CT 06535, USA. 
3175 Staley Road, Grand Island, 
NY 14072, USA. 
928 East Arques Avenue, 
Sunnyvale, CA 94086, USA. 
2200 Warrenville Road, 
Downers Grove, IL 60515, USA. 
761 Main Avenue, Norwalk, 
CT 06859-0156, USA. 
800 Centennial Avenue, 
Piscataway, NJ 08854, USA. 
2800 Woods Hollow Road, 
Madison, Wl 53711-5399, USA. 
P.O. Box 14508, St. Louis, 
MO 63178, USA. 

800-533-5703 

800-882-6247 

800-343-0696 

800-227-5589 

800-262-1640 

619-597-6006 

800-431 - 1850 

800-243-2555 

800-828-6686 

800-333-5703 

312-969-6000 

800-762-4002 

800-526-3593 

800-356-9526 

800-325-3010 
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DNA viruses: 
DNA extraction, 
purification and 
ch aracterizat i o n 

D. J. McCance 

This chapter will deal with various techniques 
used when working with DNA viruses and in 
particular, viruses containing small molecular 
weight DNA, such as those contained within 
the papovavirus family. However, many of the 
techniques can be applied to the herpes and 
adenovirus families, in particular when working 

with subgenomic fragments of these larger 
viruses. In general the problems working with 
DNA are not so great as those with RNA, since 
the double-stranded species is less easily 
denatured. However, for many of the experi- 
ments to be carried out with DNA, the prepara- 
tion of pure, clean DNA is essential. 
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Ext ractio n of viral D N A 
With viruses that can be propagated in tissue 
culture DNA can be extracted from virus 
particles which have been purified as 
described in chapter 4. However, for papillo- 
maviruses, which cannot be propagated in cell 
culture, or for viruses with low molecular 
weight DNA, their genomes can be extracted 
directly from cells, without contaminating high 
molecular weight DNA, i.e. chromosomal DNA. 
in addition viral genomes, which may integrate 
into chromosomal DNA, can be detected by 
methods which extract chromosomal DNA. 

Low molecular weight 
viral DNA 
There are two methods of extraction, which 
have been used equally successfully to isolate 
small molecular weight viral DNA. The first is a 
method described by Hirt (1967) and the second 
is a method adapted from the extraction of 
plasmid DNA from bacterial cultures by an alka- 
line lysis protocol (Sambrook et al 1989). 

Method  1 

2. This is left at room temperature for 
15 min before adding 0.5 ml 5 M NaCI 
and scraping the cells into a 15 ml 
polystyrene centrifuge tube. 

3. After incubation for at least 2 h (it can 
be left overnight) at 4~ high 
molecular weight DNA and cell debris 
are pelleted by centrifugation at 
approximately 3000 g for 15 min. 

4. The supernatant is transferred to 
microcentrifuge tubes and extracted 
sequentially using phenol (saturated 
with 10 mM mris, pH 8; 1 mM EDTA 
['rE]) and phenol and chloroform (1:1 
ratio) and finally chloroform alone. 
Chloroform is always used as a 
mixture of chloroform:isoamyl alcohol 
(24:1). 

5. The DNA is precipitated by addition of 
a 0.6 volume of isopropanol and 
recovered by centrifugation in an 
Eppendorf microcentrifuge for 20 min 
at 4~ 

6. The precipitate of DNA is washed in 
70% ethanol and redissolved in TE or 
water. 

Note 

1. Cells in 100 mm petri dishes are 
washed in PBSA before adding 2 ml of 
Hirt mixture (Table 10.1). 

For long term storage it is best to 
redissolve in TE as DNA will denature 
over time in water. 

Table 10.1. Buffers for extraction of DNA from cells and tissue. 

Reagents A B Hirt Solution I Solution ii STE 

Tris-HCI, pH 8 10 50 50 (pH 7.5) - - 10 
EDTA* 10 10 10 - - 1 
NaCI 10 10 130 130 - 100 
SDS# 0.5% �82 10 0.67% 0.67% - - 
Potassium Acetate w . . . .  3000 

* EDTA, ethylene diamine tetra acetic acid is made up as a 500 mM solution adjusted to pH 7.5 with NaOH. 
" sodium dodecyl sulphate. 
�82 % expressed as w/v. 
w 60 ml of 5 M potassium acetate and 11.5 ml of acetic acid made to 100 ml with water. 
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Method 2 

1. 100 mm Petri dishes containing cells 
are washed in PBS and then 0.6 ml of 
solution I (Table 10.1) added and the 
lysates scraped into Eppendorf tubes. 

2. The contents are mixed with 0.3 ml of 
solution II (Table 10.1) and high 
molecular DNA precipitated by 
centrifugation at 10,000 g for 5 min. 

3. The supernatant is removed and DNA 
precipitated with 0.6 volume of 
isopropanol and the DNA recovered 
by centrifugation for 20 min at 
10,000 g at 4~ 

4. The DNA is dissolved in 20-30 #1 of TE 
(pH 7.5) and treated with an equal 
volume of 5 M lithium chloride (LiCI) on 
ice for 5 min, spun for 10 rain and the 
supernatant containing low molecular 
weight DNA removed. The pellet 
contains high molecular weight DNA 
and RNA precipitated by LiCI. 

5. The DNA in the supernatant is 
precipitated as above in method 1, 
step 5, washed in 70% ethanol and 
resuspended in water or TE. 

Note 

The DNA recovered by this method is 
more pure than method 1, however, in 
both cases it may be necessary to 
remove some contaminating small 
molecular weight RNA using DNAse-free 
RNAse (20 lLtg m1-1, for 1 h at room 
temperature) followed by proteinase K 
(100 ~g m1-1, with addition of SDS to 
0.5% and incubation at 37~ for 1 h) and 
then extraction with phenol and 
phenol:chloroform as described above. 

The DNA is ready to digest with restriction 
enzymes or for subcloning. 

High molecular weight 
DNA 
High molecular weight DNA can be extracted 
from cell culture and tissue by the same gen- 
eral method and is adapted from Gross-Bellard 
et al (1973). The buffers to be used are 
described in Table 10.1. 

1. Cells are washed in PBS and then 
5 ml of buffer A per 100 mm plate plus 
100 l~g ml-~ of proteinase K is added, 
the ceils scraped from the plate and 
incubated for 1 h at 37~ 

2. In the case of tissues, they are finely 
minced with scissors then 
homogenized in 5 ml of buffer A 
containing 100 l~g ml-~ of proteinase 
K in a tissue homogenizer and 
incubated overnight at 37~ This 
incubation time ensures that the 
tissue will be completely solubilized in 
the buffer. 

3. After the incubation period for cells or 
tissue, the homogenates are extracted 
with TE saturated phenol, followed by 
phenol:chloroform (1:1) and then 
chloroform alone and in each case, 
the aqueous phase is separated by 
centrifugation at 10,000 g for 15 min 
at room temperature. At this stage the 
aqueous phase will be quite viscous 
and care has to be taken not to take 
off the white protein interphase 
between the aqueous and organic 
phases. In addition, to ensure that the 
DNA is not sheared, wide mouthed 
pipettes should be used to remove the 
aqueous phase. Wide mouthed 
Pasteur pipettes can be made using a 
diamond point pencil to remove part 
of the tip. 

4. The aqueous phase is then treated at 
room temperature with RNase (20 #g 
ml-1) for 1 h, followed by proteinase K 
(100 l~g m1-1) plus SDS to 0.5%, for 
1 h at 37~ 
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5. The proteins are then extracted with 
phenol, phenol:chloroform and finally 
chloroform alone. Again it is important 
to use wide mouthed pipettes to 
prevent shearing of the high molecular 
weight DNA. 

6. To precipitate the DNA, 0.6 volume of 
isopropanol and 1/10 volume of 5 M 
ammonium acetate is added and the 
contents of the tube mixed very 
gently. At this stage, even at room 
temperature, chromosomal DNA will 
precipitate and will be seen as white 
fluffy strands. 

7. These strands can be removed with a 
wide mouthed pipette and washed in 
70% ethanol and then dissolved in TE 
or water. Lower molecular weight DNA 
can be precipitated from the 
remaining extraction by placing the 
tube at -20~ for I h and spinning the 
DNA out at 10,000 g for 15 min at 4~ 

Extraction of DNA from 
viral particles 
DNA can be extracted from virus particles by 
lysis of the virions and purification of the gen- 
ome by techniques described above. In some 
cases where the virus is very cell associated, 
such as varicella zoster, or some strains of 
human herpes virus type 6 (HHV-6), it may be 
necessary to extract the DNA from the cells. 
The following method has been used very 
successfully to extract DNA from HHV-6 
(Dewhurst et al 1992): 

1. Tissue culture cells (30-50 x 106 cord 
blood mononuclear cells) are 
harvested at maximal cytopathic 
effect and the cells spun out at 1000 g 
for 15 min at 4~ When using this 
technique for herpes simplex fewer 
cells will still give you workable levels 
of DNA. 

2. The supernatant containing the virions 
is removed and transferred to a 40 ml 
Oak Ridge tube and centrifuged at 
25,000 for 2 h. Any tube of 
approximately 40-50 ml will do, as long 
as it will withstand the centrifugal forces. 

3. All of the media apart from 
approximately 1 ml is removed and 
the-virions are resuspended in this 
volume and then transferred to a 
1.5 ml Eppendorf tube. 

4. The virions are briefly pelleted for 
1 min at room temperature in a 
microfuge, the medium aspirated and 
the virion DNA extracted by adding 
approximately 600 ~tl of STE (Table 
10.1) with 1% sarkosyl and RNAse 
(100 #g m1-1) and proteinase K 
(200 ~tg m1-1) and incubating the 
mixture at 56~ overnight. It may 
appear strange to have both 
proteinase K and RNAse in together, 
but the RNAse activity is so efficient it 
will digest any RNA present. 

5. Next day the DNA is extracted twice 
with phenol:chloroform (1:1) and once 
with chloroform before a 1/10 volume 
of 5 M NaCI is added and the tube is 
topped up with cold isopropanol and 
the DNA precipitated at -70~ for 
15 min. 

6. The DNA is spun out in an Eppendorf 
centrifuge for 20 min, washed in 70% 
ethanol, dried and resuspended in 
0.2 ml of TE. This method gives 0.1 to 
1 lug m1-1 of HHV-6 DNA. 

Quantitation of DNA 
preparations 
The concentration of DNA can be measured 
spectrophotometrically at 260 nm using the 
formula that 1 0 D  unit = 50 lug m1-1 (40 lug 
m1-1 for single-stranded DNA and RNA)o The 
purity can be estimated by also measuring the 
OD at 280 nm and the 260/280 ratio should be 
1.8 if the DNA is not contaminated with phenol 
or protein. 

194 C h a p t e r  10 



Sizing and analysis 

Sizing and analysis 
Gel electrophoresis 
The most direct way to determine the size of 
the isolated DNA is to run the preparation on 
an agarose gel containing ethidium bromide 
(0.5 lug ml-1), which will bind to the DNA and 
will enable its visualization after exposure of 
the gel to ultra violet light. An alternative to 
running the gel with ethidium bromide, is to 
soak the gel in an ethidium bromide solution 
(2 pg m1-1) for 30 min after electrophoresis. 
Ethidium bromide is carcinogenic, so care 
must be taken to reduce exposure of labora- 
tory personnel to this substance. The test DNA 
is run along with marker DNA of known size. 
This technique is used mainly for double- 
stranded DNA, which runs at distances pro- 
portional to size. For double-stranded DNA 
neutral buffers like Tris-acetate (Table 10.2) 
can be used to make the gel and for running 
buffer. For single-stranded DNA, alkaline gels 
and buffers are used to minimize the second- 
ary structures, which may cause the DNA to 
run abnormally. Typically for alkaline gels, 
agarose is dissolved in water by boiling, then 
cooled to around 60~ and NaOH added to a 
final concentration of 50 mM and EDTA to 
1 mM. The gel is poured and run in alkaline 
buffer (Table 10.2). Ethidium bromide does 
bind to single-stranded DNA as well as to 
double-stranded DNA and will not bind in the 
alkaline gels. Therefore the gels must be neu- 
tralized with a solution of 1 M mris (pH 7.6), and 
1.5 M NaCI for 1 h after electrophoresis, and 
then can be treated with ethidium bromide. 

Agarose gels are used to separate DNA 

Table 10.2. Electrophoresis buffers. 

bands of 0.5 to 10 kb in size. For analysis of 
smaller band sizes, then polyacrylamide gels 
are used. Polyacrylamide is usually used for 
protein separations, but is also used to sepa- 
rate DNA fragments of 10-500 bases, and can 
be used for band sizes up to 1000-2000. 
Nondenaturing gels, i.e. without SDS, are 
used and are run in a Tris borate buffer (Table 
10.2). Usually 10-12 % gels are used. For 10% 
gels: 

30% acrylamide (stock is 33.3 g of 
acrylamide and 0.87 g of bis [N- 
methylene bisacrylamide] made up to 
110 ml in distilled water) (10.6 ml) 

Tris buffer (pH 8.8) (18.5 g of Tris base to 
100 ml; adjust pH to 8.8 with HCI) (8 ml) 
distilled water (13.1 ml) 

10% ammonium persulfate (0.16 ml) 
TEMED (N,N, N1,N1- 

Tetramethylethylenediamine) (0.015 ml) 

Restriction endonuclease 
analysis 
Restriction endonuclease analysis is a way to 
determine if the DNA isolated is the same as 
prototypical viral DNA. For instance, the 
human papillomaviruses type 16 (HPV-16)is 
cut six times by the restriction endonuclease 
Pst I. Therefore, after isolation of the genome 
from biopsy material, testing with this and 

Buffer Concentration per liter* 

1 x Tris-acetate 
0.5 x Tris-borate 
I x alkaline 

4.8 g Tris base + 1.1 ml glacial acetic acid + 2 ml 1 mM EDTA (pH 8.0) 
10.8 g Tris base + 5.5 g boric acid + 4 ml 1 mM EDTA (pH 8.0) 
5 ml NaOH + 2 ml lmM EDTA (pH 8.0) 

* it is possible to make Tris-acetate at 10x and Tris-borate at 5x. 
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other enzymes will indicate if the viral DNA 
isolated is HPV-16. Other larger DNA viruses, 
such as herpes simplex types 1 and 2 can be 
differentiated by restriction endonuclease ana- 
lysis using, for instance, the Kpnlenzyme. In 
addition, HSV-1 types isolated from different 
individuals can exhibit different restriction pat- 
terns. The buffers used for restriction digests 
come with the enzyme from the manufacture, 
so these do not need to be prepared. However, 
several enzymes work best in different salt 
concentrations, and on some occasions it is 
desirable to digest with two enzymes at the 
same time. 

There is a buffer, called KGB (Sambrook 
et al 1989), which allows two enzymes 
with different salt concentration optima 
to function at 75-100% of activity in their 
respective optimum buffers. The make- 
up is 100 mM potassium acetate; 25 mM 
Tris-acetate, pH 7.5; 10 mM magnesium 
acetate; 50 #g m1-1 bovine serum 
albumin; 0.5 mM I~-mercaptoethanol. 
Note, this can be made 2x 
concentration. KGB works for 60-80 of 
the commonly used enzymes. 

Extraction of DNA bands 
from gels 
There are a number of ways of extracting 
bands from gels for use in cloning or labeling 
the fragment for hybridization studies. Once 
the band is visualized using ethidium bro- 
mide, it can be cut out from the gel using a 
sterile scalpel or razor blade. It is best to 
remove the band with as little extra gel as 
possible surrounding the DNA, since some 
agarose preparations contain inhibitory sul- 
fated potysaccharides, which may inhibit 
enzymes used for cloning and labeling. Ultra- 
pure preparations and low melting agarose, 
usually labeled for use with DNA are best if 
the bands are going to be used for subse- 

quent cloning or as radiolabeled DNA probes. 
Once the gel piece containing the band is 
removed, then the DNA can be extracted by 
the method of personal choice. 

Electroelution 

A common, simple, but time consuming tech- 
nique is to place the gel piece in dialysis tubing 
along with a small amount of electrophoresis 
buffer, and place the bag at right angles to the 
direction of the current and keep it in place 
with a glass plate. The DNA is then electro- 
phoresed from the gel into the surrounding 
buffer in the dialysis bag, at 100 V for 2-3 
hours. Just before removing the bag from the 
electrophoresis tank, reverse the current for 2- 
3 min to remove DNA adhering to the insides 
of the dialysis bag. The buffer is then extracted 
with phenol, phenol/chloroform and finally 
chloroform and precipitated with salt and etha- 
nol before being dissolved in an appropriate 
buffer for the next stage. 

Freeze/thaw method 

A quicker method is to take the gel slice and 
cut it into small pieces and place in an Eppen- 
dorf tube. The tube is frozen in liquid nitrogen, 
or an ethanol/dry ice bath and thawed three 
times. The tube is then spun in a microcentri- 
fuge for 5 min and the buffer containing DNA 
placed in a fresh tube. The gel fragments are 
removed and placed in a 0.5 ml Eppendorf 
tube which has a small hole made in the 
bottom with a syringe needle, and a small 
plug of glass wool. The glass wool should be 
siliconized prior to use. This is done by soak- 
ing the wool in Sigmacote (Sigma) for a few 
minutes, then rinsing in distilled water, drying 
and autoclaving. This 0.5 ml tube is placed 
inside a 1.5 ml tube and the tubes spun for 
5 min in the microfuge. The remaining liquid 
in the gel is spun into the lower 1.5 ml tube 
and then combined with the original super- 
natant. The second spinning is important as 
it may contain up to 30% of the DNA in the 
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gel slice. Extract the combined volume with 
phenol:chloroform and then with chloroform, 
precipitate the DNA and wash the pellet twice 
in 70% ethanol, and resuspend in water or TE. 
This method is particularly good for smaller 
fragments of 500-2000 bp. These methods 
will extract 20-50% of the DNA contained in 
the gel. 

There are a number of kits on the market 
for the extraction of DNA from gel slices and 

all claim a good deal of success in extracting 
over 50% quantities of the DNA fragment. 
The kits are used to extract DNA from agar- 
ose and polyacrylamide gels using solubiliz- 
ing agents and then usually some bead, 
column or filter purification system to give 
clean DNA preparations. If just starting work 
with DNA, it would be prudent to use a kit for 
the initial isolation of DNA fragments, 
plasmids or viral genomes. 
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Labeling of probes 
In this section the methods of labeling viral 
DNA genomes or fragments will be described 
and discussed. At present the most sensitive 
technique for DNA-DNA, or DNA-RNA hybrid- 
ization is using radiolabeled probes. However, 
the methods described can also be used to 
label DNA for non-radioactive detection 
systems. 

Nick translation and 
random primer labeling 
These methods, especially the latter, are the 
most commonly used methods for DNA label- 
ing and will give labeling of DNA throughout 
the length of the DNA molecule. Some meth- 
ods discussed below will only label the ends of 
DNA. 

Nick translation 
This method uses DNAse i to nick the DNA 
probe randomly through the two strands and 
then, with DNA polymerase I, radiolabeled 
bases are incorporated at the site of the 
nicked DNA (Rigby et al 1977). The tempera- 
ture of the reaction is 14~ since the polymer- 
ase activity of the enzyme is faster than the 
exonuclease activity. The result at 37~ would 
be a snapback reaction, where the potymerase 
will snapback and copy the new strand it has 
just synthesized rather then keep on the origi- 
nal template. The DNase concentration has to 
be such that the DNA probe is not completely 
digested and so testing of batches is neces- 
sary before starting the test reactions, but 
around 10 ng ml-1 of pancreatic DNase l is a 
good starting concentration. Stock solutions 
of the DNase I can be made in 0.15 M NaCI 
and 50% glycerol. In addition to the concen- 
tration of the DNase I, the amount of triphos- 
phates in the reaction mix is important. For 

radiolabeled probes one of the four triphosph- 
ates will be 32p_ or 35S-labeled and obtained 
from Amersham or NEN. The specific activity 
of the triphosphates sold varies, but for 'hot' 
probes high specific activity triphosphates are 
favored. A typical reaction mix would be the 
following: 

Reaction mix 
The following are added on ice: 

10 x Nick translation buffer (Table 10.3) 
(2.5 I~I) 

DNA probe (100-500 ng) 
unlabeled dNTPs (20 nmoles of each) 
G_32p dNTP (dCTP -> 3000 Ci 

mmole -1) (5 t11) 
DNase I (1 t~1 (10 ng ml-1)) 
DNA polymerase I (E. coh) (2.5 units) 
distilled water (added to total volume of 

25-50 !~1) 
The reaction is left at 14~ for 1 h. 

Random priming 
This method (Feinberg and Vogelstein 1983, 
1984) has largely superseded the nick transla- 
tion technique and uses the fact that if hetero- 
geneous oligonucleotides are added to a 
denatured probe DNA, they will form hybrids 
at regions of homology. The primers can be 
produced from salmon sperm or calf thymus 
DNA by DNase I activity, synthesized or more 
commonly purchased from one of the compa- 
nies that manufacture random priming kits. 
Once the primers hybridize then new DNA 
strands can be synthesized using the klenow 
fragment of DNA polymerase I since with this 
method the exonuclease activities of the poly- 
merase are not required. The radiolabeled 
bases are used as for the nick translation 
method. A typical reaction mix is: 
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Reaction mix is made up on ice 

Boil the following for 5 min: 
the probe (25-50 ng) 
water to make up volume to 25 !~1 

Quench on ice and add the following: 
20 mM dithiothreitol (1 !~1) 
10 x random primer buffer (Table 10.3) 

(2.5 1~1) 
dNTPs (0.5 mM) (1 t~1 of each) 
(x-32p dCTP (3000 Ci mmole -1) (5 i~1) 
klenow fragment (2.5 units) 

The reaction is carried out at 37~ for 
30 min. 

Note 

It is important to denature DNA by 
heating to create single-strands so the 
primers can hybridize. 

End-labeling of DNA 
probe 
Small DNA fragments of oligonucleotides too 
small to be efficiently labeled by the above 
techniques can be end-labeled using a kinase 
enzyme, or if the DNA has overhangs at the 
ends, e.g. a restriction site, then the overhang 

can be filled in with labeled bases using the 
klenow enzyme. End labeling with the kinase 
means that only two molecules of 32p are 
incorporated per DNA molecule, and y32p 
dATP has to be used for the transfer of the 
labeled phosphate to replace phosphate at 
the 5-prime end of each strand of DNA. For 
efficient transfer or the phosphate group, the 
DNA probe should be dephosphorylated prior 
to labeling (see the section on cloning). The 
filling in reaction is the same as the random 
priming without the primers and addition of 
one or more labeled bases that are comple- 
mentary to one or more bases at the ends of 
the fragment. It is possible, using this latter 
method, to label only one end of the fragment 
by choosing the appropriate base. End-label- 
ing is often used to label markers for gels. 

The kinase end-labeling has the following 
reaction mix: 

10x  kinase buffer (Table 10.3) (5 NI) 
DNA fragment (1-50 pmoles) 
7-32p dATP[3,000 Ci mmole -~] 

(50 pmoles) 
T4 kinase (10 units) 
distilled water to 50 I~1 

The reaction is allowed to proceed for 30 
to 45 minutes at 37~ 

Table 10.3. Labeling buffers. 

Buffers (• 10) 

Reagent Nick transtation Random primer Transcription End labeling* 

Tris-CI 0.5 M, pH 7.5 - 0.4 M, pH 7.5 0.5 M, pH 7.6 
MgSO4 0.1 M - - - 
D]-I- 1 mM - - 50 mM 
BSA 500 pg ml-1 _ _ _ 
HEPES - 0.9 M - - 
MgCI2 - 0.1 M 60 mM 0.1 M 
NaCI - - 50 mM - 
Spermidine - - 20 mM 1 mM 
EDTA - - - 1 mM, pH 8.0 

* When using the klenow fragment for filling in overhanging ends then a number of buffers can be used 
including restriction buffers. 
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Labeled RNA from DNA 
It is possible to transcribe labeled RNA from a 
DNA template using RNA polymerase. This is 
useful for RNA-RNA and RNA-DNA hybridiza- 
tions, which are more sensitive and with less 
background than Southern blots using DNA- 
DNA hybridization. This latter advantage is 
because the filters can be treated with 
RNAse, which will digest non-specific RNA 
bound to the filter leaving the double- 
stranded hybrid unaffected. The DNA frag- 
ment first has to be cloned into a vector con- 
taining cloning sites bounded by RNA 
polymerase promoters so that sense and 
anti-sense strands can be transcribed. There 
are a number of these vectors available from 
Promega, Wl, USA. There are a number of 
polymerases, T3, T4, T7 and SP6 which can 
be used (Studier and Rosenberg 1981). The 
other advantage of this system is that since 
mRNA is often only coded from one strand of 
the DNA it is possible to make a RNA probe 
from both strands of a fragment and use one 
as the test probe, homologous to the sense 
strand, and the other as a negative control, 
homologous to the anti-sense strand. 

Once the DNA of interest is cloned into the 
vector then both the sense and anti-sense 
strands can be transcribed. In the example 
given in Fig. 10.1, the plasmid should be line- 
arized by E. CoRI for T7 transcribed RNA 
and Barn HI for T3 transcribed RNA. Once 
linearized the DNA is extracted with phenol, 
phenol:chloroform and finally chloroform to 
remove the enzyme, and precipitated with 
ethanol and 3 M Na acetate before being redis- 
solved in RNase-free water. To make RNase- 
free water, diethyl pyrocarbonate (DEPC)is 

RNA polymerase promoters 

~ ~ -  T7 anti-sense 
- ~ ~  T3 sense 

added to distilled water at a final concentra- 
tion of 0.1%, the mixture shaken for a few 
minutes and the bottle left for an hour at 
37~ before being autoclaved for 15 min at 
15 PSI. It is important that all the tubes and 
solutions used for the transcription are RNase 
free. It is therefore best to use plastic dispo- 
sable tubes and handle only with gloved 
hands. The order of addition of components 
to the reaction mix is important and is given 
here: 

RNase free dH20 (up to 20 #1) 
10 x buffer (Table 10.3) (2 1~1) 
DNA template (0.4 pmole [equivalent to 

0.8 #g of a 3 kb piece of DNA]) 
100 mM DTT (2 I11) 
RNAsin (1 I~1) 
ATP, GTP and CTP mixture [5 mM each] 

(2 ~I) 
(x-32p-UTP[3000 Ci mrnole -~] (5 ~I) 
T7 or T3 RNA polyrnerase (5 units) 

Incubate the mixture at 37~ for 1 h. 

Incorporation levels 
In the above labeling methods the reactions 
are stopped by adding 5 lul of 0.5 M EDTA, or 
heating to 65~ for 5 min. Once the reaction is 
complete incorporation levels can be assessed 
by loading 1-2 !~1 of the reaction mix onto two 
filters (Whatman microfiber GF/A filters), drying 
and washing one of the filters with 7% TCA 
and then ethanol. The unwashed filter will indi- 
cate the total radioactive count and the 
washed filter just the radioactivity incorpor- 
ated into the DNA probe. For counting the 
filters can be placed in scintillation fluid and 
counted in the range for 329. 

Figure 10.1. RNA polymerase transcription. 
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Separation of labeled 
probe from 
unincorporated bases 
If necessary the unincorporated bases are 
removed from the probe by passing the probe 
through sephadex G50 equilibrated with STE 
buffer (10 mM mris CI, pH 8.0; 100 mM NaCI and 
1 mM EDTA). The high salt prevents the DNA 

from binding to the column. The labeled DNA 
comes out with the exclusion volume and if it 
is labeled with 32p then it can easily be mon- 
itored with a geiger counter. Alternatively the 
free bases can be removed by precipitating the 
DNA two or three times using ethanol and Na 
acetate (2 x volume of ethanol and 0.1 volume 
of 3 M Na acetate, pH 5.2). 

The above methods can be used to label 
DNA with 329, 35S and biotinylated triphos- 
phates. 
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Hybridization methods 
In this section DNA-DNA, DNA-RNA and 
RNA-RNA hybridization will be described and 
will predominantly concentrate on radiolabeled 
probes since they are the most sensitive 
detection system, although non-radiolabeled 
probes can be used in all the situations 
mentioned below. 

Southern blotting 
In most situations, hybridization takes place 
with the target DNA attached to a solid matrix 
such as nitrocellulose or nylon filters and the 
probe in solution. Southern (1975) devised a 
method to transfer the target DNA from an 
agarose gel to nitrocellulose filters and the 
method is the same for transfer to nylon filters 
and can be used to transfer RNA to filters, a 
process called Northern blotting (see next 
section). 

DNA to be hybridized is run on an agarose 
gel and, when the dye is near the bottom, the 
gel is removed from the electrophoresis tank 
and the DNA is denatured so that it is trans- 
ferred as single stranded molecules ready to 
form hybrids with the labeled probe. If the DNA 
to be transferred is of high molecular weight, 
especially if looking for integrated sequences 
in chromosomal DNA, then the gel is first 
depurinated. This is only necessary if it is 
known that the bands of interest are _> 10 kb. 
The full process is as follows: 

1. Depurination is carried out by soaking 
the gel in 0.1 N HCI for approximately 
15-30 min. A good test of the length 
of time is to soak for as long as the 
bromophenol blue dye takes to turn a 
yellow/amber color. This treatment 
depurinates the DNA creating strand 
breaks, so that the DNA is now made 
up of shorter lengths for ease of 

transfer. Treatment for too long may 
produce bands less than 1 kb and 
decrease efficiency of transfer. 

2. The gel is then washed twice in 
distilled water and then soaked in 1 M 
Tris-HCI, pH 8.0 plus 0.5 M NaOH for 
1 h, and then washed again in distilled 
water. 

3. Finally the gel is soaked in 
neutralization buffer of 1 M Tris/HCI, 
pH 8.0 plus 1.5 M NaCI for a further 
hour. All the soakings should be 
carried out with the gentle shaking. 
The gel is now ready for transfer to 
filters and is placed on a solid support, 
which straddles a tank containing 
transfer buffer (Figure 10.2). Across 
the support is filter paper (Whatman 
3MM) which dips into the transfer 
buffer and acts as a wick for transfer 
of the buffer up through the gel. On 
top of the nitrocellulose is the gel and 
then filter paper, or cheaper paper 
towels and on top a weight. The 
weight does not have to be very 
heavy, but just enough to apply a 
downward pressure (a 500 ml bottle 
full of water is quite adequate). The 
transfer buffer tracts up the paper 
wick through the gel, carrying the DNA 
in the flow. While the buffer goes 
through the filter, the DNA is trapped. 
Transfer takes 10-15 h, or overnight. 
After transfer the filter is air dried, 
placed in a filter paper pocket and 
baked at 80~ in a vacuum for 

Figure 10.2. Southern and Northern blotting. 
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15-30 min. The longer the baking 
time, the more brittle the filter 
becomes. The filter can now be used 
for hybridization, or stored under 
vacuum in a desiccator. Alternatively 
the DNA can be fixed to the 
membrane using short wave UV light 
and a number of types of apparatus 
are commercially available. 

Northern blotting 

The agarose gel system used for RNA is 
different from DNA, and the most 
commonly used technique is a 
formaldehyde/formamide method 
(Kopchik et al 1981). For a 150 ml 
agarose gel (usually 1% for most 
purposes) the following is added: 

Agarose (1.5 g) 
10x MOPS (3-[4-Morpholino] propane 
sulfonic acid) buffer (15 ml) 

200 mM MOPS, pH 7.0; 50 m i  Na 
acetate; 10 mM EDTA, pH 8.0; make 
up in DEPC treated water and pH 
with NaOH. 

distilled water (115 ml) 
Boil to dissolve and cool to 
approximately 60~ and add 24.5 ml of 
formaldehyde and pour the gel. It is best 
to pour the gel in a fume hood as 
formaldehyde gives off unpleasant and 
potentially dangerous fumes. Viral RNA 
can be prepared as described in chapter 
9 and then prepared for electrophoresis 
as follows: 

RNA (should be 5-10 ilg of poly A RNA 
or 30 l~g of total RNA) (5 I~1) 

formaldehyde (3.5 ~1) 
formamide (10 !~1) 
10 x MOPS (2 IJI) 

This mixture is denatured at 65~ for 
10 min, then 1 I11 each of ethidium 
bromide and loading dye are added and 
the sample loaded and run at 150 V. The 

18S and 28S ribosomal RNAs can then 
be visualized with UV light and the 
integrity of the RNA preparations judged 
by the extent of break down of the 
ribosomal RNAs. If the RNA integrity is 
high, then the gel can be blotted as for 
DNA gels. The gel does not need to be 
treated to denature the contents as the 
samples were denatured prior to loading. 
After blotting, the filter is treated the 
same way as for DNA filters except that it 
is briefly washed in transfer buffer to 
remove excess formaldehyde, then dried 
and baked as above. 

Note 

While there are other methods for the 
electrophoresis of RNA, this is the easiest 
and gives the best results. 

Dot blots 
Dot blotting does not require electrophoresis 
of the sample and the DNA, or RNA, is added 
directly to the filter in a denatured form, dried 
and the filter baked. There are commercially 
available manifolds for loading samples onto 
filters with the aid of a vacuum, but they can be 
added to filters by hand, drop by drop. When 
unable to use a manifold and vacuum then 
volumes should be kept to a minimum, i.e. 
20-100 lul. 

DNA 

Samples of DNA can be loaded onto filters in 
water or TE, but it needs to be denatured 
before the filter is baked. Once the DNA 
sample is added the filters are then laid on a 
piece of Whatman 3MM filter paper, which is 
soaked in the denaturation buffer for 10 min, 
as for Southern blot transfer. The filter is then 
transferred to filter paper soaked in distilled 
water for a few minutes and then onto filter 
paper soaked in neutralization buffer for 
10 min. The filter is then placed on distilled 
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water soaked paper, dried and baked at 80~ 
in a vacuum oven for 15-30 min as for the 
Southern blots. 

stringency by changing each of the 
three conditions. The stringency of 
hybridization can be worked out from 
the formula: 

RNA Tm = 81.5~ - 16.6(Ioglo[Na*]) + 
0.41(%G+C) - 0.63(%formamide). 

RNA samples are loaded onto the filter 
already denatured. The denaturation step 
is the same as for Northern blotting, with 
the sample of RNA mixed with: 

Formaldehyde (7% final) 
Formamide (50% final) 
20 x SSC (1 x final) 

This mixture is heated at 65~ for 10 min, 
cooled on ice and loaded onto a filter. 
The filter is dried and baked at 80~ as 
above. 

Hybridization conditions 
Filters used for hybridization are either nitro- 
cellulose, nylon or a combination of both. In 
this section hybridization conditions will be 
described for nitrocellulose, since there is 
very little change when using nylon filters, 
although the latter are more resistant to 
physical manipulations. 

Southern blot hybridization 

1. Filters are first wetted in distilled 
water. Hybridization can be carried out 
at high temperature or at lower 
temperatures in the presence of 
formamide. The temperature, 
formamide concentration and the salt 
concentration dictate the stringency 
of the hybridization reaction. The 
higher the temperature or formamide 
concentration and the lower the salt 
concentration then the higher the 
stringency of the hybridization. 
Therefore it is possible to alter the 

For a viral DNA fragment of 8 kb then 
the following hybridization mixes are 
for high stringency, i.e. Tm = -25~ 

Prewash: 

At 680(];: At 42~ 
SSC x3(or3xSSPE) x3(or3xSSPE) 
Denhardt's x 10 (or 0.2 % x 10 (or 0.2 % 

BLOTTO) BLOl-rO) 
SDS 0.5% 0.5% 
denatured 400 l~g m1-1 400 I~g ml- 
single-stranded 
salmon sperm 
DNA 
formamide none 50% 
distilled up to 10 to 20 ml 
water 

Denhardt's x 100 is: 
10g Ficoll (Type 400) 
10g polyvinyl-pyrrolidine 
10g bovine serum albunium (Fraction 
V) to 500ml with distilled water. 

(Single-stranded salmon sperm DNA 
[ssstDNA] is boiled for 5 min. before 
adding) 

For low stringency hybridization (Tm - 
-40~ 5xSSC should be used at 57~ 
and 5xSSC plus 20% formamide at 42~ 

Table 10.4. Hybridization buffers. 

Reagents 20• SSC 20• SSPE 

NaCI 3 M 3 M 
Na citrate 0.3 M - 
NaH2PO4.H20 - 0.2 M 
EDTA - 0.025 M 

Both 20x SSC [3 M Na chloride; 0.3 M Na citrate] and 
20• SSPE [3 M Na chloride; 0.2 M NaH2PO4; 0.02 M 
EDTA] are buffered at pH 7 and pH 7.4 respectively 
with 10 N Na hydroxide and sterilized by autoclave. 
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Note 

Nylon filters are usually hybridized with 
formamide present. Blotto is nonfat dried 
milk and should only be used for DNA- 
DNA hybridizations. It is a cheaper and 
easier alternative to Denhardt's. ssstDNA 
is used to block non-specific binding of 
the probe to the filter and it has been our 
experience that 400 l~g ml-1 will give 
very low background at high stringency 
(Fig. 10.3). 

Filters should be prewashed for 2 h in a 
plastic box or sealable plastic bag in a 
shaking water bath before addition of the 
probe. 

Hybridization 

The DNA probe, usually in 50-100 !~1 of 
TE, is boiled for 5 min before addition to 
hybridization mix. The whole 
hybridization mix can be replaced or the 
probe can be added to the prewash mix. 
If the prewash solution is used it is 
preferable that the prewash takes place 
in a sealable plastic bag as small 
volumes are necessary for the probe to 
make contact with homologous 
sequences on the filter in as short a time 
period as possible. There are now 
hybridization apparatus which usually 
use glass tubes and hybridization should 
be carried out as per manufacturers 
instruction. 

Washing 

Hybridization is usually carried out for 
12-15 h (or overnight), after which the 
filters are washed as follows: 

1. Twice with 2x SSC plus 0.1% SDS at 
room temperature for 2-3 min each. 

2. Then at least two washes in 0.5x SSC 
at 68~ for 30 min each. 

For low stringency washes the 
temperature is lower and the salt 
concentration higher than used above. 

The formula given above can be used to 
tailor the conditions to individual 
situations. 

Note 

It is important that the filters are not dry at 
any stage of the hybridization or washing 
process otherwise the probe remains 
permanently on the filters and they 
cannot be easily mused. 

3. Filters are now ready to be exposed to 
X-ray film. From the final wash the 
filters should be wrapped in Saran 
Wrap and placed in a X-ray cassette 
with intensifying screens to increase 
efficiency of exposure. Exposure is 
carried out at -70~ as this again 
increases the sensitivity of the 
intensifying screens. 

Figure 10.3 shows the hybridization 
of DNA from a number of cervical 
biopsies using human papillomavirus 
type 16 (HPV-16) full length genome at 
low stringency followed by a low 
stringency wash (Tm = -40~ Fig. 
10.3A) and exposure to X-ray film. The 
filter was then washed at high 
stringency ('rm = -10~ and re- 
exposed (Fig. 10.3B). The figure 
shows that at low stringency the 
HPV-16 probe hybridizes to HPV-6 and 
-11 virus DNA and an unknown HPV 
type (X, Fig. 10.3A), but after the high 
stringency wash only the homologous 
HPV-16 DNA is detected in the biopsy 
DNA. 

Note 

Before exposing nitrocellulose filters to 
such low temperatures during exposure 
to X-ray film they should be soaked in a 
solution of 50% glycerol and 2x SSC. 
This will keep the filters from becoming 
brittle at low temperature, so that they 
can be stripped of probe and mused for 
hybridization. 

DNA viruses: DNA ext ract ion,  pur i f icat ion and charac ter iza t ion  205 



Vi ro logy  m e t h o d s  manual  

Northern blot hybridization 
RNA filters can be hybridized with DNA or RNA 
probes, but the general procedure is similar to 
Southern filters. It should be remembered that 
RNA-RNA hybrids are more stable than RNA- 
DNA hybrids and in turn these are more stable 
than DNA-DNA hybrids. Therefore the hybrid- 
ization temperature will need to be higher for 
stringent conditions. For instance, the Tm in 
solution of a RNA-RNA hybrid will be approxi- 
mately 10~ higher than an equivalent DNA- 
DNA hybrid. It is convenient to keep hybrid- 
ization conditions similar and then wash at 
different stringencies for the RNA filters. 

Figure 10.3. A Southern blot of DNA extracted 
from premalignant lesions of the cervix, digested 
with P s t l a n d  probed with 32p-labeled HPV-16 
DNA at (A) low stringency ('rm = -40~ and (B) 
high stringency ('I'm = -10~ The numbers above 
the lanes indicates the HPV type detected with X 
being a related but unknown type. At low stringency 
the HPV-16 probe detects HPV-6, -11 and -X, but 
at high stringency only the homologous HPV-16 
genome is detected. The size markers at the right 
are in kilobases (kb). 

At low stringency hybridizations many 
different human papillomaviruses can be 
detected using only one probe. Even at 
high stringency certain probes of human 
herpes virus (HHV) 6 will detect HHVo7 
fragments, so care must be taken to 
identify the virus by other methods, such 
as by restriction mapping of the 
fragment. 

Prewash 

ssc (3x) 
Denhardt's (10x) 
dextran sulfate (10%) 
SDS (0.5%) 
formamide (50 %) 
salmon sperm (400 I~g m1-1) 
distilled water (to 10 ml) 

This is incubated in a plastic bag at 42~ 
for at least 2 h before addition of the 
probe. 

Hybridization 

The probe is added and the bag resealed 
and incubated overnight at 42~ 

Note 

The addition of dextran sulfate is 
optional, but it decreases the aqueous 
volume in which the probe is contained 
as it is excluded from the polymer phase. 
Therefore the rate of hybridization is 
increased and so is the efficiency of 
hybridization over a given time. If it is 
added, it is best to add the dextran to the 
water, SSC and Denhardt's and dissolve 
at 37~ before adding the rest of the 
components. After the wash the labeled 
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RNA or denatured DNA is added and 
hybridization is continued for 10-15 h. 

Washing 

This is the same for DNA-DNA 
hybridization, but can be carried out at 
lower salt concentration, especially for 
RNA-RNA hybrids. So for the latter, 
washes with 0.1 x SSC and 0.1% SDS at 
68~ are appropriate. In addition after the 
final wash RNA-RNA filters can be 
soaked in 1 ILtg ml-1 of RNase at room 
temperature for 15 min. This removes the 
single-stranded probe, which has bound 
non-specifically to the filter and therefore 
cuts down on background or noise to 
signal ratio. The filters are rinsed and 
exposed to X-ray film as for DNA-DNA 
hybridization. 

acetone at room temperature gives 
the least background and gives good 
penetration of the probe, but does not 
preserve tissue morphology as well as 
the methods below. Cells in culture 
can be fixed with methanol or acetone 
and morphology is adequate. 

2. Fixation of tissues in 4% 
paraformaldehyde and wax 
embedding gives very good tissue 
preservation, but because it is a 
cross-linking fixative it reduces probe 
penetration and gives higher 
background. Therefore the probe and 
the section need additional treatment 
to overcome these difficulties. 

3. 1% glutaraldehyde fixation has the 
same advantages and disadvantages 
as paraformaldehyde treatment. 

In situ hybridization 
In situ hybridization on tissue sections or 
tissue culture cells is usually carried out with 
3SS-radiolabeled or biotin-labeled probes. As 
above the nucleic acid probe can be DNA or 
RNA and the same advantages and disadvan- 
tages apply. For 35S-labeled RNA probes then 
a very low noise to signal ratio can be achieved 
using RNase treatment after hybridization. The 
background noise will depend on the method 
of fixation and can be reduced further by other 
manipulations. 

Fixation 
Cells or tissue sections are usually fixed by 
one of three methods, which have their own 
advantages and disadvantages. 

1. Freezing tissue in liquid nitrogen 
followed by sectioning in a cryostat 
and fixation in methanol at -20~ or 

Treatment of slides prior to 
addition of sections 

The sections need to be securely fixed to the 
glass slides since their treatment during the 
hybridization reactions can very easily cause 
them to lift off. Slides are usually treated with 
some kind of positively charged compound so 
that electrostatic forces wili help to keep the 
section attached throughout the following pro- 
cesses. One of the best methods is to use 3- 
aminopropyltriethoxysilane (TES, Rentrop et al 
1986) for slide preparation as follows: 

1. Acid clean slides for 2 h in 0.06 N HCI, 
rinse in distilled water and dry. 

2. Make up 2% TES in dry acetone (new 
bottle) with constant stirring. 

3. Dip slides into the solution for a few 
seconds, remove and wash twice in 
acetone followed by distilled water. 

4. Dry slides at 42~ and store in a slide 
box until used. Slides can be stored 
for several weeks before any 
noticeable deterioration is observed. 
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Treatment of sections and in 
situ hybridization 

DNA-DNA hybridization 

1. Dewax slides with two soakings in 
xylene for 5 min each. 

2. Then take the slides through a series 
of rinsings in alcohol 

5 min in absolute alcohol (I) 
2 min in absolute alcohol (11) 
2 min in 50% alcohol (111) 
Then into tap water 

3. Cover sections with 0.2 N HCI at room 
temperature for 20 min. 

4. Wash in distilled water. 
5. Wash in proteinase K buffer (50 mM 

10. Heat the slides to 95~ for 10 min to 
denature DNA and then leave the 
reaction at 37~ overnight. 

Note 

Paraformaldehyde or glutaraldehyde 
fixed tissue do not allow efficient 
penetration of the probe. Proteinase K as 
mentioned above is necessary, but using 
probes of 100-150 base pairs is 
important (Angerer et al 1987). Small DNA 
fragments from a large gene can be made 
with DNase treatment (Collins et al 1988). 
The concentration of DNase to use to 
create the desired sizes can be assessed 
using agarose gels. 

Tris, pH 7.8; 5 mM EDTA), warm the 
slides to 37~ and add proteinase K to 
a final concentration of 2 #g ml-1 and 
incubate for 5 min. (Proteinase 
treatment is essential for sections 
fixed with paraforrnaldehyde or 
glutaraldehyde in order to digest the 
tissue and allow penetration of the 
probe.) 

6. Wash well with stop buffer (100 mM 
Tris, pH 7.8; 100 mM NaCI; 2 mg m1-1 
glycine). 

7. Wash in distilled water dehydrate 
through the alcohols in the opposite 
direction to that above. 

8. Add approximately 25 #1 of the 
hybridization mix. The amount will 
depend on the size of the section, but 
as little as possible should be 
used: 

Washing slides 

1. The coverslip is removed by gently 
lowering the slide into a jar containing 
2x SSC warmed to 37~ 

2. Wash the slides twice at 37~ in 50% 
formamide and 2x SSC for 15 min 
each time, then twice in 2x SSC for 
15 min at 37~ 

3. Dehydrate sections and in the dark 
room carry out the following: 
(a) add 5 ml of Kodak liquid emulsion 

(prewarmed to 42~ to 5 ml of 
10% glycerol and mix gently with a 
pipette. 

(b) pour the mixture into a small slide 
box and gently dip slides into the 
emulsion to cover the section. 

(c) remove slides and dry completely 
20x SSC (10 rtl) 
100x Denhardt's (10 I~1) 
single-stranded salmon sperm 

(ssst) DNA (400 ILtg m1-1) 
50% dextran sulphate (20 !~1) 
deionized formamide (40 #1) 

before placing them in a light-tight 
box with a small bag of desiccant 
and exposing at 4~ The time of 
exposure will depend on the 
abundance of target and so 
various times should initially be 

1 M D-I-r (1 ~1) 
distilled water (to 100 ~1) 

9. Place a siliconized cover slip on top of 
the section and place the slides in a 
moist box. 

tested. 
(d) the slide can then be developed by 

placing in Kodak D19 developer 
for 4 min followed by washes in 
distilled water and fixation in 
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Kodak Hypam fixer for a further 
4 min. The slides are washed in 
distilled water and counter stained 
with a cell stain such as 
hematoxylin, dehydrated and 
mounted in depex. 

Figure 10.4 is an example of DNA-DNA 
hybridization on a section from a 
premalignant lesion from the cervix when 
hybridized with 35S-labeled HPV-16 DNA 
(Fig. 10.4A), while there is no signal 
detected when hybridized with HPV-6 
labeled DNA (Figure 10.4B). 

Figure 10.4. In situ hybridization of a biopsy sec- 
tion of a cervical intraepithelial neoplasia probed 

35 with either S-labeled HPV-16 (A), or 35S-labeled 
HPV-6 (B) DNA at high stringency, showing the 
presence of HPV-16 and absence of HPV-6 in the 
lesion. 

RNA-RNA hybridization 

1. The sections are dewaxed and 
rehydrated as above. 

2. The slides are then acetylated to 
reduce background due to 
electrostatic binding of the probe by 
neutralizing the positive charge on the 
section and glass slide. Place 0.25 ml 
of acetic anhydride in the bottom of a 
large coplin jar and then put slides into 
the jar. Then carefully pour in 100 ml 
of 0.1 a triethanolamine, pH 8.0. 
Incubate in acetylation solution for 
10 min. 

3. Wash slides in 2x SSC, and then in 
proteinase buffer as above. 

4. Warm proteinase buffer to 37~ before 
adding the enzyme to 1 l~g ml -~. 

5. Wash slides in stop buffer and then 
distilled water before dehydrating for 
the hybridization reaction. 

6. The labeled RNA probe is precipitated 
to eliminate unincorporated bases as 
described above. The precipitated 
pellet is resuspended in the following 
hybridization mix: 
50% deionized formamide (25 ml) 
2x SSC (5 ml) 
I x Denhardt's (0.5 ml) 
10% dextran (10 ml) 
100 mM D'FI" (5 ml) 
ssst DNA (400 I~g m1-1) 
distilled water (to 50 ml) 

Approximately 25 t~1 is placed on each 
section and a siliconized coverslip put on 
the top and the slide immersed in mineral 
oil and hybridized overnight at 42~ 
7. After hybridization the oil is washed off 

with three changes of chloroform. 
Surface tension will keep the coverslip 
in place during this procedure. 

8. The slides are then immersed in 2x 
SSC to remove the coverslips and the 
sections are washed twice for 15 rain 
each in 2 x SSC at room temperature. 

9. The sections can now be treated with 
RNAse (20 l~g ml -~) in 10 mM Tris, pH 
7.8; 0.5 M NaCI and 1 mM EDTA for 
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30 min at 37~ if desired. It may not 
always be necessary to treat with 
RNase. 

10. The sections are then washed twice 
in 0.1 x SSC and 10 mM D-I-r at 45- 
50~ and then dehydrated through 
the alcohols before photographic 
emulsion is applied as above. 

All of the above in situ hybridization tech- 
niques can be used with non-radiolabeled 
probe such as biotinylated triphosphates with 
very little adjustment to the methodology as 
laid out above. The sensitivity is lower but 
adequate for many applications. There are a 
number of kits on the market using these 
non-radioactive reagents. 
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Polymerase chain reaction 
(PCR) 
The polymerase chain reaction is a powerful 
tool to amplify specific regions of DNA using 
primers which are at either end of the region to 
be amplified (Fig. 10.5). The two primers 1 and 
2 are homologous to two different strands of 
the duplex at either end of the fragment to be 
amplified and are in the 5-prime to 3-prime 
direction of each strand. On denaturation of 
the double stranded DNA and on the addition 
of the polymerase enzyme two new double 
strands are synthesized between the primers. 
After the first round of amplification two new 
strands of DNA are made and after the second, 
four new strands are synthesized. After 30 
rounds, or cycles then 1.1 x 109 double 
strands will be made. If we take SV40 (Mr = 
3.4 • 106) as an example then 1011 molecules 
are equivalent to approximately 1 pg of DNA, 
so from one molecule 10 ng of DNA will be 
synthesized, which is more than sufficient to 
detect by hybridization techniques and suffi- 
cient to clone (see page 213). A review of the 
procedures can be found in Innis and Gelfard 
(1990). 

The polymerase used in the amplification 
reactions has to be stable at very high tem- 

1st round 
Primer 1 

I I  I I  I I  I 

I 

Target 
. . . .  DNA 

Primer 2 

2nd round 

~ -  Two 

~J?/J?A 

new 
strands 
of 
DNA 
are 
template 

Figure 10.5. PCR amplification. 

peratures of around 95~ because between 
each cycle the DNA has to be denatured to 
create single strands so that the primers can 
form hybrids and initiate the synthesis of two 
new strands. The DNA polymerase used is 
called Taq polymerase as it was first isolated 
from Thermophilus aquaticus, a bacterium 
which lives in hot springs. After the denatura- 
tion step at 95~ the reaction is cooled to 
around 55~ for annealing of the primer and 
then heated to 72~ for the primer extension 
reaction with the Taq polymerase. These tem- 
peratures will vary depending on the G-C con- 
tent of the primers and whether the primer is 
completely homologous to the target DNA. 
The reaction mix below is a good starting 
point for a PCR reaction with homologous 
primers with 45% G-C content. More informa- 
tion on PCR reactions and techniques can be 
found in Innis et al (1990). 

Reaction mix 

Template DNA (105 to 106 molecules 
[using SV40 means 1 pg to 10 pg]) 

Primers (20 pmol of each [this will give 
around 1015 molecules]) 

Tris-HCI, pH 8.3 (20 mM) 
MgCI2 (1.5 mM [can vary for different 
primers, range 0.5 to 2 mM]) 
KCi (25 mM) 
BSA (100 pg ml- ~) 
dNTP (50 pM of each) 
Taq polymerase (2 units) 

The reaction mix is covered in mineral oil 
to prevent evaporation during the high 
temperature cycles. There are now 
special PCR tubes which abrogate the 
use of mineral oil. This is an advantage as 
some sources of oil can be inhibitory to 
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the enzyme. Cycles are usually around 
thirty, with each having 1 min at 95~ 

4 

then 1 min at 55~ for annealing and 
1-2 min at 72~ for elongation. After the 
final cycle elongation is extended to 
5 min. The times and temperatures will 
vary for different primers, but these 
conditions would be a starting point for 
many different applications. 

As mentioned above, the sequence of 
the primer is important and it is best to 
aim for one with a content of at least 45% 
G-C. This is not always possible and so it 
is likely that the annealing temperature 

will need to be lowered to accommodate 
a high A-T ratio. Primers can also be used 
to place restriction sites at either end of 
the amplified fragment even though they 
are not part of the original template. After 
the first cycle these sites will be amplified 
with the rest of the fragment. The 
restriction sites are placed at the 5-prime 
end of the primers and the rest of the 
primer consists of at least 10 bases 
which are homologous to the template. 
This makes the PCR product easy to 
clone (see page 213). 
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Basic methods for cloning 
Cloning of a desired gene or fragments of DNA 
is a standard technique, however, the cloning 
vector that is used will depend on the applica- 
tion to which the DNA will be used. More 
extensive coverage of cloning techniques can 
be found in Sambrook et al 1989. If the DNA is 
to be used for transcription of the gene in 
mammalian cells then transcription vectors 
with a variety of promoters are available. If it 
is to be used to transcript and translate pro- 
teins in vitro then a vector which will transcribe 
and translate mRNA in vitro, such as the pGEM 
vectors from Promega should be used. The 
cloning techniques described will use a gen- 
eric vector although it will be relevant to spe- 
cific types of vector. An important point is that, 
for some vectors, particular bacterial cells may 
have to be used for successful cloning. In 
addition, for the cloning of PCR products, the 
TA Cloning Kit from Invitrogen is extremely 
useful. 

Ligation of insert to vector 
Cloning is the ligation of a fragment DNA 
(insert) of interest into a vector, usually a bac- 
terial plasmid. The ligated DNA plus plasmid 
can be placed into bacteria and amplified in 
cultures of a few milliliters up to several liters. 
For ease of ligation it is preferable to use DNA 
with restriction sites at either end. All cloning 
vectors contain a series of restriction sites in a 
short length of DNA called a polylinker. 
Restriction enzymes which produce overhang- 

EcoR[ BamHl 
~..-.-~h-..y_.-.-.~..7.-1.-..-.-_.-.~.-~ DNA for cloning 

~ k e r  

Figure 10.6. DNA cloning. 

ing ends (sticky ends) are the most effective 
when it comes to joining one piece of DNA to 
another. Purity of DNA is also a factor in effi- 
ciency and the methods of isolating DNA frag- 
ments described previously should give good 
results. Figure 10.6 illustrates the principle of 
cloning. The polylinker is part of the bacterial 
plasmid and will contain several commonly 
used restriction sites making cloning relatively 
easy. Cloning can be achieved with DNA that is 
blunt-ended, but this will need more DNA and 
some altered conditions to optimize efficiency. 
Some vectors have a built-in detection system 
to indicate if the fragment has been cloned into 
the vector. For example, plasmids may contain 
cloning sites, or a polylinker in the middle of 
the lacZ gene, which produces a blue color 
when induced by galactose or an analogue. If 
a piece of DNA is cloned into the polylinker it 
will disrupt the gene and white colonies will be 
produced on induction. Therefore the pre- 
sence of white colonies is a visual sign of 
successful cloning. However, it is always 
necessary to confirm this using Mini-Preps 
(see page 217). 

The DNA to be cloned is isolated and 
purified as described previously. The 
bacterial plasmid is also digested with 
the appropriate restriction enzymes and, 
to avoid any undigested plasmid 
remaining, the linear form can be run on 
an agarose gel, isolated and purified. If 
the vector is digested with only one 
enzyme and therefore has homologous 
sticky ends then it is possible that the 
plasmid will self ligate and give a large 
background of plasmids without the 
required insert. To minimize this the 
plasmid DNA is dephosphorylated after 
restriction enzyme digestion and before 
gel purification. This is done using calf 
intestine alkaline phosphatase (CIP) 
enzyme in the following protocol. After 
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restriction enzyme digestion the DNA is 
extracted twice with phenol/chloroform 
and precipitated as described. The DNA 
is then dephosphorylated in the following 
reaction mix: 

10x CIP buffer (10 ~1) 
10 mM ZnCi2; 10 mM MgCI2; 100 mM 
Tris CI; pH 8.3. 

DNA (10-20 pg) 
CIP enzyme (1 unit pmol-1 sticky ends, 
or 1 unit 2 pmol-1 for blunt or recessed 
ends) 

The reaction is incubated at 37~ for 
30 min and the enzyme is then 
inactivated at 75~ for 15 min in the 
presence of 5 mM EDTA followed by two 
extractions with phenol/chloroform and 
precipitated as above. The DNA can now 
be run on a gel, isolated and purified. 

Cloning of sticky-ends 

The two DNAs can now be ligated as 
follows: 

DNA fragment (100-200 ng [For sticky 
end ligation a ratio of insert to vector of 

3. More enzyme is required, up to 50 
Weiss units. 

Ligations can be incubated at a number 
of temperatures for different times, e.g. 
overnight at 14~ (10-15 h); 4-5 h at 
room temperature, or 1 h at 37~ The 
control reaction is to ligate just the vector 
to test the efficiency of the 
dephosphorylation reaction. After 
transformation of bacteria very few 
colonies should be seen with the vector 
alone. 

Cloning of PCR products 

If PCR products are produced with 
enzyme sites at the ends then the 
fragments can be isolated on gels, 
purified and digested with the 
appropriate enzyme(s) and cloned as for 
sticky-end fragments. However, 
situations arise when this is not possible. 
The most convenient way to clone PCR 
products in this case is to use the TA 
Cloning Kit from lnvitrogen*. This kit 
takes advantage of the fact that the Taq 

2:1 is usual]) 
Plasmid DNA (50-100 ng) 
10x ligation buffer (1 pl) 
Ligase enzyme (T4 ligase) (0.1-0.5 
Weiss units) 

500 mM Tris CI, pH 7.0; 100 mM 
MgCI2; 100 mM D'l-r; 10 mM ATP; 
500 ILtg ml-1 BSA. 

Cloning of blunt-ends 

Since blunt end ligation is much less 
efficient than for sticky ends, some 
alteration of the ligation conditions is 
necessary: 

polymerase (not other high temperature 
resistant polymerases used in PCR) adds 
an extra deoxyadenosine to the end of 
the fragments which is not template 
dependent. The kit provides a linear 
vector with an extra deoxythymidine at 
the ends to act as a complementary 
sticky-end. So any PCR product can be 
cloned into this vector and once 
amplified in bacteria can be removed 
from any of a number of cloning sites 
which straddle the original A-T cloning 
position, and cloned into the vector of 
choice. While the purchase of the vector 
can be costly ($12.5 per reaction) over 
time, it is extremely easy to clone PCR 
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1. Lower levels of ATP to a maximum of 
0.5 mM. 

2. To increase the concentration of blunt- 
ended DNA, polyethylene glycol (PEG) 
is added to a maximum of 15% to 
increase the macromolecular 
crowding without increase of actual 
numbers of molecules. 

products which, because they are often 
small, reduces efficiency. We have found 
that the time saved makes up for the 
expense. 

After ligation the plasmids are 
transformed into bacteria. To select for 
bacterial cells containing the plasmid the 
vector carries an antibiotic resistance 
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gene, which commonly will confer 
resistance to either ampicillin, 
tetracycline, or kanamycin. 

One common feature of cloning is that 
the bacteria have to be made competent 
for transformation of the ligated plasmid. 
There are basically two methods used to 
transform bacter ia- chemically and by 
electroporation. 

Production of competent 
bacteria 
Many companies such as Gibco-BRL sell 
competent bacteria, but only strains that are 
commonly used such as DH-5 and HB101. If it 
is necessary to use a specialized bacterial 
strain then the following methods can be used. 

Competent bacteria for 
electroporation 

Electroporation is the most efficient 
method for transformation of bacteria 
(Dower et al 1988; Taketo 1988), but it 
does necessitate the purchase of an 
electroporator, or Gene Pulser. This 
instrument passes an electric current 
through bacteria allowing passage of 
plasmid DNA into the organisms. A high 
electric field is required for bacteria and 
so bacteria should be suspended in a 
solution of low ionic strength compatible 
with survival of the bacteria. Preparation 
of the bacteria entails extensive washes 
in distilled water to remove salt from the 
broth cultures: 

1. A small overnight culture of bacteria is 
inoculated into a flask containing a 
liter of broth. The culture is grown until 
an OD of 0.45 is reached. 

2. Bacteria are pelleted and washed in 
100 ml of distilled water. 

3. Bacteria are pelleted and washed in 
50 ml of distilled water and this is 
repeated with decreasing amounts of 
distilled water, 25 ml, 10 ml and then 
the bacteria are resuspended in a 
volume of distilled water (1-3 x 101~ 
cells m1-1) plus 10% glycerol and 
aliquoted in 50 !~1 amounts and snap 
frozen in a dry ice alcohol bath and 
stored at -70~ until use. Each 
aliquot is sufficient for one 
electroporation or transformation. 

4. For electroporation an aliquot is 
removed from the -70~ and thawed 
on ice. 40 !~1 is removed and added to 
the electroporation cuvette and a 
small amount of the ligation reaction 
added. The ligation reaction should be 
diluted at least 1:5 and 1 tJi used for 
electroporation. The dilution is 
necessary because of the salt content 
of the ligation mix. 

5. The electroporation is carried out at 
2.5 V at 96 l~Fad in a cuvette 0.2 cm 
wide for many of the commonly used E. 
coil bacteria. These conditions are for 
the Biorad Electroporator with a Pulse 
Controller and so the voltage may 
change slightly for other instruments. 

6. Immediately after the voltage 
discharge 800 ~1 of SOC (Table 10.5)is 
added and the bacteria are incubated 
at 37~ for 1 h with shaking. 

7. The bacterial suspension is diluted 
(usually 10 -1 and 10 -2) and 200 HI of 
each is added to the LM plates 
containing appropriate antibiotics, it is 
usual to plate out 200 ill of the original 
culture along with dilutions. 

This method will give efficiencies of 109 
to 10 l~ transformants i~g -1 of DNA, at 
least 10-fold higher than any other 
method. 
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Table 10.5. Bacterial media. 

Compound LM SOB* SOC* 

Bactotryptone 1% (w/v) 2 % 2 % 
Yeast extract 0.5 % 0.5 % 0.5 % 
KCI - 2.5 mM 2.5 mM 
NaCI 10 mM 10 mM 10 mM 
MgSO4.7H20"# 10 mM 10 mM 10 mM 
MgCI2 - 10 mM 10 mM 
Glucose - - 20 mM 
Bacto agar 1.5% - - 

* SOB and SOC are prepared without magnesium and autoclaved. Add Mg 2+ salts from 
sterile solution adjusted to pH to 6.8-7.0 using KOH. 

For tetracycline plates omit Mg 2§ 

Competent bacteria by the 
hexamine cobalt chloride 
method 

This is the most efficient of the chemical 
methods and will give frequencies of 107 
to 108 transformants pg-1 of DNA 
(Hanahan 1983). 

The buffer for transformation is called 
TFB and is made as follows: MES (2-[4- 
morpholino]ethanesulfonic acid)is 
adjusted to pH 6.3 using KOH, sterilized 
by filtration and stored at -20~ 

10 mM MES 
100 mM KCI 
45 mM Mn2 CI.2H20 
10 mM Ca 012.2H20 
3 mM HACoCI3 [hexamine cobalt (111) 
chloride] 

All salts are added as solids and the final 
solution is filtered through a pre-rinsed 
220 nm Millipore filter and stored at 4~ 
TFB is stable for at least one year at 4~ 
(final pH 6.15). 

1. For preparation of bacteria, take a 
fresh overnight plate of bacteria and 
disperse one colony in 1 ml of SOB by 
moderate vortexing and then add to 
10 ml of SOB in a 500 ml flask for 
good aeration. 

2. incubate at 37~ at 275 rpm in an 
orbital shaker until the cell density is 
between 4 x 107 m1-1 and 7 x 
107 m1-1 (OD5so = 0.45-0.55 for 
DH-1). This usually takes 2-2.5 h. 

3. Collect cells in a 50 ml polypropylene 
tube and place on ice for 10-15 min, 
then pellet at 1500 rpm for 10 min at 
4~ 

4. Resuspend in 1/3 volume of ice-cold 
TFB by gentle vortexing and leave on 
ice for 10-15 min. 

5. Pellet at 1500 rpm for 10 min at 4~ 
and resuspend in 1/12.5 volume of ice- 
cold TFB and add fresh DMSO 
(dimethylsulfoxide) or DMF 
(dimethylformamide) to 3.5% (7 !~1/ 
200 #1), swirl and leave on ice for 5 min. 

6. Add DTT or ~mercaptoethanol to 
75 mM (7 ~tl/200 pl), swirl and leave on 
ice. 

7. Add a further 7 111 of DMSO as above 
and leave on ice for 5 min. 

8. Place 221 !~1 samples into prechilled 
Eppendorf tubes, add DNA (add a 
maximum of 10 iLtl), swirl and leave on 
ice for 30 min. 

9. Heat the tube at 42~ for exactly 90 s 
and immediately place on ice. This is 
for 1.5 ml Eppendorf tubes and the 
time may need to be adjusted for 
tubes of different thickness. Leave for 
2-3 min and then add 800 pl of SOC 
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and incubate tubes at 37~ for 1 h at 
225 rpm. 

10. Plate 200 I~1 of the appropriate 
dilution on LM plates plus antibiotics. 

If cells are to be stored rather than plating 
out immediately, they can be stored 
overnight in SOC. For longer storage 
periods dilute the cells with 40% 
glycerol/60% 1:1 SOB, chill on ice and 
snap-freeze in an ethanol dry ice bath. 
The bacteria are stored at -70~ In each 
case the viability is _> 90%. 

Note 

A fresh bottle of DMSO should be 
opened and 100 ~1 aliquots placed in 
Eppendorf tubes and frozen at -20~ 
Thaw an aliquot and use on that day and 
then discard. Oxidative products of 
DMSO are very inhibitory. The DMF 
alternative is not prone to oxidation and 
is stored at room temperature, although 
the efficiency of transformation is only 
50% of that using fresh DMSO. 

Competent bacteria for GaOl2 
method 

This method is the least efficient, giving 
106-107 transformants I1g-1 of DNA. It is 
easy to carry out and can be used when 
efficiency is not critical. 

1. A colony from a fresh culture plate is 
picked and transferred to 100 ml of 
SOB in a l- l i ter flask and grown for 
2-3 h at 37~ shaking at 275 rpm. 
Harvest cells when the OD is 
0.45-0.55 and transfer to two 50 ml 
polypropylene tubes and cool to 0~ 
on ice. 

2. Centrifuge cells at 1500 rpm for 
10 min at 4~ and resuspend the cells 
in 10 ml of ice-cold 0.1 M CaCI2 and 
store on ice. 

3. Pellet ceils at 1500 rpm for 10 min at 
4~ and decant supernatant and invert 
tube on a tissue to drain residual 
liquid. Resuspend cells in 2 ml of 
0.1 M CaCI2 for each 50 ml of original 
culture. The bacteria can at this stage 
be frozen in 200 #1 aliquots at -70~ 
and stored, with a small decrease in 
the efficiency of transformation. 

4. Add the DNA to the 200 ~1 aliquot, mix 
and store on ice for 30 min. 

5. Transfer the tubes to a 42~ water bath 
for exactly 90 s, then rapidly cool on 
ice and add 200 ~1 of SOC and 
incubate for i h at 37~ with shaking. 

6. Dilutions can then be plated on LM 
plates containing the appropriate 
antibiotic. 

Mini-preps to test for 
successful cloning 
If cloning has been successful, then a number 
of colonies should have grown on the plates. To 
confirm that the insert is in the vector, colonies 
are picked, grown overnight and the plasmid 
DNA extracted and analyzed by restriction 
enzyme digestion. If confirmation of cloning is 
the goal then the purity of the DNA is not so 
important, but if sequencing is the goal it is 
best to be more careful in the extraction pro- 
cess. Both methods are described below. 

General purpose mini-prep 

1. Take one colony and grow overnight at 
37~ with shaking, in 3 ml LB broth in 
a 15 ml tube. 

2. Spin down bacteria and resuspend the 
pellet in 100 !11 of lysis buffer. 

50 mM glucose 
25 mM Tris Cl, pH 7.0 
10 mM EDTA 
5 mg ml-1 lysozyme 
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Note 

The solution can be made and stored at 
4~ but the lysozyme should always be 
added just before use. 

10. 

3. Transfer to a 1.5 ml Eppendorf tube 
and incubate on ice for 5 min. 

4. Add 20 pl of the following alkaline 
solution, which is made up fresh: 

250 MI of 4 N NaOH 
250 MI of 20% SDS 
add water to 5 ml 

5. Mix gently by inverting the tube 
several times and then incubate for 
5 min on ice. 

6. Add 100 MI of a potassium acetate 
solution made up as follows: 

60 ml of 5 M potassium acetate 
11.5 ml of glacial acetic acid 
28.5 ml of distilled water 

7. Vortex briefly and incubate on ice for 
5 min. 

8. Spin for 10 min in a microfuge and 
remove the supernatant to a fresh 
tube. Extract twice with phenol/ 
chloroform. 

9. Precipitate DNA with 0.1 vol of 3 M 
Na acetate and 2 vol of ethanol. 
Wash pellet in 70% ethanol, dry and 
resuspend in 50 ~1 of distilled water. 
This method will give 20-30 pg of 
DNA, and is enough to carry out 
restriction analysis. The DNA can be 
used for further cloning. 

Mini-prep for high quality 
plasmid DNA 

This method is from Lee and Rasheed 
(1990). 

1. Colonies are picked and grown 
overnight as above except that the 
broth is called 'terrific broth' and is 
made as follows: 

1.2% bacto-tryptone (w/v) 
2.4% bacto yeast extract (w/v) 
0.04% glycerol (v/v) 
0.17 M KH2PO4 
0.072 M K2HPO4 

2. Of the overnight culture, 2 ml is taken, 
spun and the pellet resuspended in 
200 MI lysis buffer as for general 
purpose (step 2) and vortexed for 5 s 
and then incubated at room 
temperature for 5 min. 

3. Add 400 IJI of the freshly prepared 
alkaline solution as for general 
purpose (step 4), invert the tube five 
times and incubate on ice for 5 
min. 

4. Add 300 ~1 of ice-cold 7.5 M 
ammonium acetate (pH 7.6), mix by 
inverting the tube and place on ice for 
another 5 min. 

5. Spin in a microfuge for 5 min at room 
temperature, transfer the supernatant 
to a fresh tube and add 0.6 vol of 
isopropanol, incubate at room 
temperature for 10 min and spin in a 
microfuge for 10 min. 

6. Add 100 MI of 2 M ammonium acetate, 
pH 7.4, to the pellet, vortex and 
incubate on ice for 5 min. 

7. Centrifuge and save the supernatant, 
add 100 111 of isopropanol and 
incubate at room temperature for 
10 min and spin as before. 

8. Wash the pellet in 70% ethanol, 
remove the ethanol by centrifugation, 
dry the pellet and resuspend in 49 tll 
of TE and add 1 ~1 of RNAse (DNAse 
free), so that the final concentration of 
RNAse-A and RNAse-T1 is 100 Mg 
ml-1 and 1000 U ml-1 respectively. 
Incubate at 37~ for 15 min, then add 
25 pl of 7.5 M ammonium sulfate and 
75 MI of isopropanol and leave at room 
temperature before pelleting DNA in a 
microfuge. 

9. Wash the pellet in 70% ethanol, dry 
and resuspend in TE. Read the OD at 
260 nm and 280 nm for concentration 
and purity. This method should yield 
40-60 M g ml-1- 

218 C h a p t e r  10 



Basic  m e t h o d s  for  c lon ing  

DNA from either method can then be digested 
with restriction enzymes to determine the suc- 
cess of cloning. Sequencing of the fragment is 
only necessary if the sequence is unknown, or 
cloning was accomplished with an insert that 

was PCR amplified. If sequencing is necessary 
then it is best to use the second method 
described above and the DNA can be used 
directly. 
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DNA sequencing 
It is sometimes necessary to sequence cloned 
genes, especially if the DNA fragment cloned 
is unique, or the fragment was produced by 
PCR, to ensure it has been faithfully copied. 
The most commonly used method is the San- 
ger Dideoxy-chain termination method (Sanger 
et at 1977). This method uses dideoxynucleo- 
tides (ddNTPs) which do not have the hydroxyl 
group at the 3-prime position in the deoxy- 
ribose and so while they can be added to a 
chain, nothing can be added to them so they 
act as chain terminators. If there are four re- 
actions with the four different ddNTPs in each, 
then the result will be a series of chain 
terminations at A, T, C or G. 

For the sequencing of a hitherto unse- 
quenced piece of DNA, purified DNA is recom- 
mended, but if confirmation of a previously 
sequenced fragment is the goal, then mini- 
prep DNA will suffice. Sequencing by the San- 
ger method can be carried out with single or 
double stranded DNA with only minor, but 
important differences in the protocol. Both 
will be described below. 

Sequencing of single- 
stranded DNA templates 
Preparation of M13mp 
single-stranded template 
For single-stranded sequencing it is necessary 
to clone the fragment of interest into a vector 
which will give single-stranded DNA. Vectors 
such as Bluescript, or Genscribe-Z which con- 
tain the bacteriophage M13 origin of replica- 
tion inserted in opposite orientations into the 
commonly used plasmid, pUC, are used for 
production of single-stranded DNA. 

Cloning DNA fragments into 
M13 vectors 
The actual procedure for cloning into the M13 
vectors (Hu and Messing 1982; Messing 1983) 
is the same as described on page 213. With 
most of the M13 vectors the polylinker site is in 
the middle of the first 146 amino acids of the 13- 
galactosidase gene (lacZ). The enzyme activity 
of this part of the ~-galactosidase is comple- 
mented by a mutated lacZ gene on a F-factor 
plasmid carried by host cells of the M13 
phage. This F-factor codes also for sex pili 
by which filamentous phage enter the host 
cell. Therefore for M13 cloning bacterial host 
cells with the F-factor present are used (e.g. 
JM101, JM109, TG-1 and DH-5~F' are some 
of the commonly used bacteria). Cloning of a 
DNA fragment into M13 vector will disrupt the 
lacZ gene and successful experiments can be 
observed by the presence of white colonies on 
the petri dishes as opposed to blue colonies if 
no insert is present, when bacterial cells are 
plated on dishes containing IPTG (isopro- 
pylthio-13-D-galactoside) an inducer of 13-galac- 
tosidase and X-gal (5-bromo-4-chloro-3- 
indolyl-~-g-galactoside). 

To produce single-stranded DNA it is 
necessary to propagate the virus and this 
is accomplished as follows: 

1. Grow an overnight culture of plating 
bacteria in SOB at 37~ 

2. Remove an aliquot of competent 
bacteria from the -70~ freezer, or 
produce some fresh as described 
above, and transfer 40 t~1 to each of 
three 5 mt culture tubes. 

3. Add approximately 50-100 ng of the 
ligation mix to one tube, and to two 
control tubes add 5 pg of M13 
double-stranded DNA to one and no 
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DNA to the other. Store the tubes on 
ice for 30 min. 

4. Prepare a set of three tubes 
containing 3 ml of melted SOB agar 
and store at 47~ until later. 

5. Heat-shock the three tubes containing 
the competent bacteria for 90 s at 
42~ Depending on the tubes used 
this time may need to be varied. The 
time for Falcon 2054 (5 ml) has been 
found to be 90 s, but glass tubes or 
thicker plastic ones will need more 
time. 

6. Add aliquots of transformed bacteria 
to the SOB agar and add 4 I~1 of IPTG 
(200 mg m1-1) and 40 i11 of X-gal 
(20 llg ml-1), then add 200 111 of the 
overnight culture from (1). Mix by 
vortexing, and pour the contents of 
the tube onto LB agar plate and label. 

Plaques will appear at 12 h and 
recombinant white plaques should be 
picked and the virus amplified. 

Analysis of recombinants 

It is best to confirm the nature of the 
recombinant by isolation of the double- 
stranded replicative form (RF) of M13 
bacteriophage and analyze with 
restriction endonucleases. 

phage suspension prepared above 
and incubate for 5-6 h at 37~ with 
shaking (225 rpm). Do not culture for 
longer periods or else deletion 
mutations will be selected. 

3. Transfer 1.5 ml of the culture to a 
microfuge tube and centrifuge for 
5 rain at room temperature and 
transfer the supernatant to a fresh 
tube and store. The phage can be 
stored indefinitely at 4~ or -20~ 
without loss of infectivity. The 
remaining part of the culture can be 
used to isolate the double-stranded 
RF DNA. 

4. The amount of RF DNA isolated from 
the rest of the bacterial culture is low 
(200-500 ng), but should be sufficient 
to analysis the recombinants. 

5. The DNA is isolated essentially by the 
alkaline method described for plasmid 
DNA. One difference is that the 
lysozyme in solution l is unnecessary. 
In addition, it should be remembered 
that unlike plasmid isolation, there 
may be some contaminating single- 
stranded DNA in the RF DNA 
preparation. This may lead to 
confusing patterns upon restriction 
enzyme digestion. However, 
undigested controls should help 
interpretation. 

1. To isolate the double-stranded RF 
DNA, an isolated plaque is taken from 
the plate by touching the surface of 
the plaque with either a sterile tooth 
pick or micropipette tip and then 
vigorously shaking the tip into LB 
medium and incubating the small 
amount of agarose at room 
temperature for 1-2 h to allow the 
phage to diffuse out from the agarose. 

2. Add 50 !~1 of a culture of plating 
bacteria to 3 ml of LB in a tube (use at 
least a 15 ml tube for good aeration). 
To this add a one-tenth volume of the 

Preparation of the 
single-stranded template 

Once the recombinants have been 
confirmed it is then possible to culture 
sufficient single-stranded template for 
sequencing. 

1. Add 0.5 ml of the phage stock to 
2.5 ml of plating bacteria in LB broth 
and allow to sit at room temperature 
for 5 min to allow infection. 
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2. Add all of this culture to 250 ml of 
prewarmed LB and incubate at 37~ 
for 5 h. 

3. Spin down the cells, transfer the 
supernatant to a 500 ml flask and add 
10 g of polyethylene glycol (PEG 
8000) plus 7.5 g of NaCI. Stir for 1 h at 
room temperature. 

4. Pellet the phage particles by 
centrifugation for 10,000 g for 20 min, 
and drain the supematant well before 
adding 10 ml of buffer (10 mM Tris CI, 
pH 8.0; 10 mM NaCI and 100 m i  
EDTA) and resuspending the pellet. 

5. Add an equal volume of phenol (tris- 
saturated) and mix the contents 
vigorously by vortexing and then 
centrifuge at 3000 g for 5 min. 
Transfer the upper aqueous layer to a 
fresh tube and extract with phenol/ 
chloroform, spin and remove upper 
aqueous layer. 

6. Add 1 ml of 3 M Na acetate and 20 ml 
of ethanol, mix and stand on ice for 
l h .  

7. Recover the DNA by centrifugation at 
10,000 g for 30 min at 4~ discard 
the supernatant, wash the pellet with 
70% ethanol and spin briefly. 

8. Dry the pellet at room temperature and 
dissolve in 1 ml of TE. The DNA 
should be stored at -20~ for 
sequencing. 

Sequencing reactions 
There are a number of different DNA polymer- 
ase enzymes that can be used for sequencing 
and the template used will, to some extent, 
determine the type of enzyme. In addition 
there are a number of sequencing kits which 
supply all the reagents apart from the template 
and radiolabeled triphosphate. It is best to use 
one of these kits especially if your sequencing 
needs are limited. The DNA polymerase com- 
monly used is the Sequenase version 2.0, 
which has high processivity (average number 

of nucleotides synthesized before the enzyme 
dissociates from the template), and a high rate 
of polymerization (number of nucleotides 
added per second). The Taq polymerase also 
has high processivity and polymerization and 
is used for determining the sequence of DNA 
templates that form secondary structures, 
since the reaction can be carried out at high 
temperatures (70-75~ 

1. The sequencing reactions need two 
sets of solutions, one for the initial 
short polymerization reaction to add 
approximately 25 bases to the primer 
using low concentrations of bases, 
and one set for the chain extension 
and termination. 

2. Anneal primer (approx. 2 ng m1-1) to 
single-stranded template (0.1-0.5 pg 
~1-1) by placing both in a 0.5 ml 
microcentrifuge tube along with 2 pl of 
5x Sequenase buffer (200 mM Tris 
HCI, pH 7.5; 100 mM MgCI2; 250 mM 
NaCI) and distilled water to 10 ILtI. 
Warm to 65~ for 2 min and then 
place at room temperature and allow 
temperature to cool slowly. This will 
take 30-40 rain. 

Note 

Using M13 means that there are primer 
sites at either end of the cloning site so 
different DNA fragments can be 
sequenced with the same primers and in 
both direction. 

3. When cooled, add to the primer mix in 
the following order: 

Template primer reaction (10 Ill) 
0.1 M DTT (1 Ill) 
Diluted labeling mix (7.5 ~M dGTP; 
7.5 #M dCTP; 7.5 #M dTTP) (2.0 pl) 
[0(-35S] dATP (1000 Ci mmo1-1) 
(0.5 
Sequenase enzyme (diluted 1/8 in 

enzyme diluting buffer- 10 mM Tris CI, 
pH 7.5 5 mM DTT; 0.5 mg m1-1 BSA) 
(2.0 ~1) 

222 Chapter 10 



DNA sequenc ing  

4. Incubate at room temperature for 
4 min. 

5. While the primer is annealing in step 2 
make up the termination reactions 
ready to add to it the reactions from 
step 3. The four termination reactions 
each contain one of the dideoxy 
bases, so in four different tubes 
labeled A, G, T, C add 2.5 pl of ddATP, 
ddGTP, dd'l-rP, and ddCTP 
termination mixes. The termination 
mixes can be made up as stock 
solutions and frozen at -20~ and 
should be aliquoted and warmed to 
37~ before the next step. 

Termination mixes 

All the four different mixes contain: 
50 mM NaCI 
80 t~M of each dNTP except for the 
termination base added at 8 t~M. 
For ddG termination: 
50 mM NaCI 
80 tIM each of dTTP, dATP and dCTP and 
8 I~M ddGTP. 
For ddA: 
ddATP would substitute for dATP, and 
dGTP would be added at 80 I~M etc. for 
the other two termination reactions. 
6. To the termination mix add 3.5 I11 of 

the reaction from step 3, and incubate 
at 37~ for up to 20 min. 

7. Add 4 I11 of the stop buffer to each 
reaction and store on ice until loaded 
onto the sequencing gel. it can be 
stored for up to a week at -20~ if it is 
3sS-labeled, but must be run the same 
day if it is 32p-labeled. 

8. Heat the samples at 80~ for 2 min 
before loading onto the sequencing 
gel. 

Stop buffer 

95% formamide 
20 mM EDTA 
0.05% bromophenol blue 
0.05% xytene cyanol blue 

Note 

The bromophenol runs at 26 base pairs 
and the xylene at 106 base pairs in a 6% 
acrylamide gel. This gives an indication 
of resolution. 

Sequencing double- 
stranded DNA templates 
by the dideoxy-chain 
termination method 

1. Place 4 I~g of DNA in 500 I11 
microcentrifuge tube and add water 
up to 30 I~1. It will help if more template 
is used compared to single-stranded 
DNA. 

2. Add 3 t~1 of 2 N NaOH and incubate at 
room temperature for 5 min. 

3. To neutralize the reaction add 5 I~1 of 
3 M Na acetate and to precipitate add 
120 I11 of ethanol and leave at -20~ 
for 10 min. 

4. Pellet DNA in a microfuge for 20 min, 
wash in 70% ethanol, dry and 
resuspend in 7 i~1 of distilled water, 
2 I~1 of Sequenase reaction buffer and 
1 I~1 of primer. 

5. Add 2 I~1 of the sequencing reaction 
buffer and anneal for 45 min at 37~ 

Note 

At this point the protocol is the same as 
for single-stranded DNA sequencing. 
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Table 10.6. Polyacrylamide gel. 

Stock solution Final concentration For 100 ml gel 

Acrylamide (DNA sequencing grade) 40% 7% 17.5 ml 
N ' N r-methylbisacrylamide 2% 0.37% 18.5 ml 
Urea powder 7 M 42 g 
TBE 5x 0.7x 14 ml 
Ammonium persulfate (fresh) 0.1 g ml-1 0.8 mg ml-1 0.8 ml 
TEMED* 100% 0.05% 50 #1 
dH20 - - 18.2 ml 

* Before adding TEMED take 5-10 ml of the gel solution and add 20-30 IJl of TEMED to this small volume and 
pour to the bottom of the gel to seal the spacers at the bottom. Wait 10 min and add 50 !~1 of TEMED to the 
remaining gel solution and pour carefully, placing the glass plates at an angle of 30 ~ to the bench and avoid the 
creation of bubbles. 

Preparaton of sequencing 
gel 
Polyacrylamide gels are used to resolve the 
different band lengths and the standard 
method above will allow the sequencing of 
200-300 base pairs. Below are the compo- 
nents of a 7% gel of 0.4 mm thickness. Thin- 
ner gels of 2 mm can be used and give better 
resolution, but are fragile. 

Glass plates should be clean and one of 
them siliconized on one side to allow easy 
separation of the plates when the gel run is 
completed. This is done by placing several 
drops of Sigmacote (Sigma) onto the glass, 
spreading the drops over the plate's surface 
with a tissue, and then rinsing with distilled 
water. The plate is dried before use. The aver- 
age size of sequencing plates is 30 cm x 
40 cm and this size of plate can resolve 200- 
300 bases. Longer plates can be used to allow 
greater resolution. The glass plates are taped 
together with 3MM electrical tape, or any other 
brand of strong water resistant adhesive tape, 
and then large bulldog clips are placed over 
the tape as pressure to keep the plates tightly 
together during pouring. After pouring is com- 
plete, insert the comb in upside down and clip 
to make sure there is no gel between the glass 
plates and the comb. This can be achieved by 
placing bulldog clips at either side and along 
the top of the glass plates. Rest the gel at an 

angle to allow polymerization, which should 
take 30 min. The gel should be made at least 
2 h before running, and should be pre-run for 
30 min before loading. The gel can be left 
overnight, but to prevent drying Saran wrap 
should be placed around the top of the gel. 

To load the gel the comb is removed and 
placed the right way up. It is best to use 
shark-toothed combs as the wells are then 
close to each other, allowing easy reading of 
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Figure 10.7. DNA sequence of the non-coding 
strand of part of the upstream regulatory region of 
HPV-11 showing one of the E2-binding sites (E2BS, 
ACCN6GGT is the consensus sequence of the cod- 
ing strand, i.e. complimentary to the sequence 
shown on the gel) at the origin of replication. 
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the gel. The comb should be placed so that the 
teeth touch the top of the acrylamide gel. The 
boiled samples are loaded and the gel is run at 
around 1800 V. The high voltage causes heat 
generation which helps to prevent renaturation 
of DNA strands or formation of secondary 
structures. However, heat may crack the glass 
plates, so most new gel rigs now come with a 
metal backplate, which helps to dissipate the 
heat evenly over the glass. After completion of 
the run the glass plates are separated, and the 
gel washed in a buffer containing 10% acetic 

acid and 12% methanol, to remove the urea 
and fix the gel for drying. The gel is transferred 
to 3MM Whatman filter paper, covered with 
Saran wrap, dried and exposed to X-ray film. 
If the radiolabel is 35S then expose without 
Saran, but if it is 32p-labeled then the Saran 
can remain over the gel during exposure. Fig- 
ure 10.7 is an example of sequencing double- 
stranded DNA from the upstream regulatory 
region of HPV-11, showing one of the E2 bind- 
ing sites (E2BS, ACCGAAAACGGT) at the 
origin of replication. 
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Transfection of mammalian 
cells 
It is often desirable to transfect DNA into mam- 
malian cells. This technique is used if you wish 
to 

�9 transiently or stably express a viral gene in 
mammalian cells; 

�9 investigate the activities of certain elements 
of a viral promoter; 

�9 study the activities of a viral transactivation 
protein. 

There are a number of methods used to 
transfect cells, three of which are described 
below. 

Calcium chloride 
precipitation method 
This method was first used by Graham and van 
der Eb (1973), and modified by a number of 
individuals to increase the efficiency. These 
changes can be during the calcium precipita- 
tion where temperature and CO2 concentration 
are altered, or after calcium treatment, involv- 
ing addition of glycerol, or chloroquine. 

Cells 

Cells are seeded the day before 
transfection at a density of no greater 
than 104 cells cm -2. Typically 5 x 105 
cells are seeded onto a 100 mm diameter 
petri dish. Next day, 3 h prior to 
transfection, the media is changed and 
the transfection mix prepared. 

Preparation of precipitate 

1. DNA is diluted to 40 I~g ml -~ in 
distilled water, and calcium chloride 

(2 M CaCl.6H20 [10.8 g], made up to 
20 ml, filtered through a 0.22 ILtm filter 
and stored at room temperature)is 
added to a final concentration of 
250 mM. Typically 10 #g of DNA in 
0.25 ml of distilled water is added to 
62 #1 of 2 M CaCI2 in 0.25 ml of 
distilled water to make a final volume 
of 0.5 ml. 

2. Add 0.5 ml of 2x  HBS (280 mM NaCI 
[1.6 g]; 10 mM KCI [0.074 g]; 1.5 mM 
Na2HPO4.2H20 [0.027 g]; 50 mM 
HEPES [1 g]; dH20 [to 100 ml]; pH to 
7.05 with 0.5 N NaOH, stored at room 
temperature) to a separate tube. 

3. Now add dropwise the DNA/CaCl2 mix 
to the 2x HBS while the mixture is 
continually stirred by means of a jet of 
nitrogen directed onto the surface 
through a cotton plugged sterile 
Pasteur pipette, or mixed by gently 
tapping the tube after the addition of 
alternate drops. This procedure 
ensures adequate mixing and the 
formation of a fine precipitate. 
Precipitation should be carried out in 
plastic tubes, or siliconized glass 
tubes. 

4. Precipitates are allowed to form 
undisturbed at room temperature for 
15-20 minutes and then the mixture 
added to the 10 mm dish. If glycerol is 
going to be added (250 mM NaCl; 
50 mM HEPES, pH 7.0; 15% glycerol) 
then the plates are incubated for 3-5 
hours depending on the sensitivity of 
the cells to the CaCl2 treatment. 
Where no glycerol shock is included 
the precipitate is left on the cells 
overnight. 

5. If glycerol is used then the precipitate 
is removed and the cells washed twice 
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with serum-free medium and 2 ml of 
the glycerol solution is added for no 
more than 3 min. The time of glycerol 
treatment will depend on the cell type, 
and the optimum time will need to be 
assessed. After glycerol treatment the 
cells should be washed three times in 
serum-free medium, and then growth 
medium added for the remainder of 
the culture time. 

6. Chloroquine can be added to the 
calcium precipitate during the 
incubation. This compound is a weak 
base and can neutralize endosomal 
pH and inhibit the activity of lysosomal 
hydrolases which may degrade the 
DNA during passage to the nucleus. 
Concentrations will vary with the cell 
type, but are commonly 100 HM. 

7. Alteration of the temperature and CO2 
concentration during transfection can 
increase the efficiency nearly 100% in 
certain cell types as measured by 
stable transformants. Typically 
transfection is carried at 35~ in 2-4% 
CO2, depending on the cells, and is 
carried out overnight with no glycerol 
shock included (Chen and Okayama 
1987). 

After calcium treatment, the cells are 
incubated in growth medium until 
harvested. 

Electroporation 
Electroporation uses an electric field passed 
through cells (as for bacterial cells described 

Table 10.7. Electroporation conditions. 

earlier) in suspension, to introduce DNA into 
the cells. The voltage used varies between cell 
types, so it is best to try different settings 
when using a cell type not previously tested. 
Cells are placed in small cuvettes somewhat 
similar to those used in a spectrophotometer 
except that there are metal strips down two 
sides to conduct the electrical current. Gener- 
ally we have found that for transient transfec- 
tions with cells which can be electroporated 
with great efficiency (30-40%) then circular 
as well as linear DNA can be used with little 
difference in the number of cells transfected. 
However, for stable cell lines it is more efficient 
to use linear DNA. Since this method tends to 
kill many of the cells in suspension (up to 50% 
of cells at particular settings)it is usual to use 
1-2 x 106 per electroporation. 

The following methods are for use with the 
Biorad Gene Pulser, or electroporator plus a 
Capacitance Extender when 960 microfarads 
(IJF) is used and 0.4 cm wide cuvettes. 

1. Cells are trypsinized and placed in 
0.25 ml of either PBS or growth 
medium in small cuvettes ready for 
addition of the DNA. The cuvettes are 
placed on ice before DNA is added. 

2. A wide range of DNA concentration 
can be used, from 250 ng up to 10 Hg 
and DNA is added to the cells by 
mixing. 

3. The cells are electroporated and then 
immediately placed on ice before 
being plated. The higher the voltage or 
the longer the time to deliver the 
electrical pulse then the more cell 
death is observed. The conditions are 

Cells or cell lines pg of DNA Voltage Microfarads (pF) % efficiency 

NIH 3T3 0.5 lag 210 960 20-30 
Chinese hamster ovary 0.5 lug 220 960 20-30 
Human 293 0.5 lag 170 960 30-40 
Primary human 10 ILlg 1000 96 0.1-2 
keratinocytes 
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always a compromise between 
efficiency of transfection and cell 
death. Table 10.7 gives the conditions 
for some of the cell types we have 
used. 

The efficiency of transfection was 
measured using a ~-galactosidase 
expressing plasmid, and staining for 13- 
galactosidase activity. As a general rule 
the conditions for cell lines appear to be 
high microfarads ~F) and low voltage. So 
if testing a cell line for the first time then 
use 960 luF and vary the voltage between 
150 and 270. Most commonly used cell 
lines will fall into this voltage range. The 
situation for primary cells and 
lymphocytes may be quite different and 
will need to be tested over a range for 
both voltage and I~F. 

The high efficiency of this method and the 
smaller amounts of DNA needed make it an 
attractive technique if an electroporator is 
available. However, it is not always the best 
method for certain cells and alternative meth- 
ods have been developed as described below. 

Lipofection 
This method uses cationic lipids which, when 
mixed with DNA preparations, will form liposo- 
somes that will presumably transport the DNA 
into cells from fusion with the lipid-containing 
cytoplasmic membrane. There are a number of 
different lipid preparations commercially avail- 
able but because high concentrations of the 
lipids need to be used for certain cell types the 
experiments can cost as much as $2 per plate. 
Fortunately liposomes can be made very 
cheaply and the following is one method we 
have used (Rose et al 1991). This method gives 
20-30% transfection in a monkey kidney cell 
line (CV-1P), but only 2-5% with primary 
human keratinocytes. 
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Components 

L-a-phosphatidylethanolamine dioleoyl 
(PtdEtn) and 
dimethyldioctadecylammonium bromide 
(DDAB) from Sigma. The concentration of 
DDAB is important with the normal range 
between 0.4-1.0 mg m1-1 and toxicity 
should be tested on each cell type used. 
PtdEtn is supplied as a 10 mg ml- 
solution in chloroform. For keratinocytes 
the normal concentration for each are 
0.5 mg ml-1 for DDAB and 1 mg ml-~ for 
PtdEtn. 

Preparation of a 10 ml batch of lipids 

1. Add 5 mg DDAB to 1 ml of PtdEtn in a 
microfuge tube. 

2. Evaporate to dryness in speed-vac. 
3. Add 10 ml sterile distilled water to 

15 ml sterile tube and using sterile 
technique resuspend the pellet with 
the water. The pellet will not dissolve 
at this stage and it is sufficient to get it 
resuspended. 

4. Sonicate the lipid mix by placing the 
tube in a beaker of iced water. This 
sonication step is important and 
should be carried out until the solution 
is homogeneous and no large 
particles remain. This will take 1-2 
hours. 
This lipid mixture is stable for several 
months at 4~ 

Transfection 

The quantities used are for 60 mm 
dishes, but smaller or larger Petri dishes 
can be used as long as there is a 
proportional decrease or increase in the 
quantities of the components. 

1. Add together 1.5 ml of serum free 
medium, 45 I~1 of the lipid mix and 10- 
20 I~g of DNA. 

2. Mix gently and stand at room 
temperature for 5-10 min. 
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3. Rinse cells twice with PBS and then 
add the DNA/lipid mixture. 

4. Incubate cells at 37~ for 4 h, rocking 
every half hour to ensure an even 
distribution of the mix. 

5. After 4 h add an equal volume (1.5 ml) 
of medium containing serum. 

6. Incubate cells for a further 2 h, wash 
twice with PBS and then add the 
appropriate growth medium. 

The cells are then usually harvested 48- 
72 hours later. Lipofection is probably the 
most versatile transfection method in that 
it is very effective with a wide variety of 
cell types with efficiencies of up to 30%. 

Transfection using 
poly-l-ornithine 
This method has been successfully adapted 
for use with primary human keratinocytes 
(Nead and McCance 1995), which are refrac- 
tory to efficient transfection by most other 
methods (Table 10.7). This method was mod- 
ified from a previously published report of 
Bond and Wold (1987). Human keratinocytes 
are difficult to transfect, with a maximum of 
2% efficiency using electroporation (Table 
10.7). In our hands higher frequencies have 
not been obtained using other methods. The 
poly-l-ornithine method gives frequencies of 
15% to 20% and the method might be 
adapted to other cell types that are difficult 
to transfect by other methods. 

1. Primary human keratinocytes are 
plated on 60 mm dishes in KGM 
medium (Clonetics, Utah, USA). This 
is a medium specifically for growth of 
human keratinocytes. 

2. At 40% to 50% confluence the cells 
are washed twice with warm PBS and 
then warm Ham's F12 or KBM 
(Clonetics Inc. Utah, U.S.A.) 
containing 21 I~g poly-l-ornithine and 

10 #g of DNA are added. It is critical to 
keep the DNA/poly-l-ornithine ratio 
between 0.42 and 0.48. For example, 
we use 2.1 #1 of 10 mg ml-1 poly-i- 
ornithine and 10 I~g of plasmid DNA 
giving a ratio of 0.48. If the DNA 
amount is changed then the poly-I- 
ornithine concentration has to be 
altered to keep a ratio between 0.42 
and 0.48. Transfection frequencies 
decrease if the ratio is outside this 
range and at some ratios we observed 
toxicity. The volume of the final 
mixture is not critical, but 1.8 ml is 
optimal for 60 mm plates. 

3. The plates are placed at 37~ for 6 h 
with gentle rocking every hour. 

4. After the incubation period the KGM is 
aspirated off and 3 ml of 27.5% 
DMSO in KGM is added for exactly 
4 min. The percentage of DMSO is 
important and for keratinocytes 30% 
gives good results, but reduces 
significantly the viability of the cells. 
Therefore for other cell types the 
DMSO concentration may need to be 
altered to optimize transfection 
frequencies. 

5. Immediately aspirate off the DMSO/ 
KGM and wash three times with warm 
KGM and add fresh KGM and 
incubate cells until harvested. 

This method is best with supercoiled DNA and 
can be used for both transient assays and 
stable transfectants. This is the first inexpen- 
sive method that, in our experience, results in 
high transfection frequencies of primary 
human keratinocytes. 
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K. N. Leppard and C. R, Pringle 

Virus mutants have been of crucial importance 
in the elucidation of the function of virus gene 
products. Classically, such mutants have been 
isolated by random mutagenesis and screen- 
ing for phenotypic variants; only subsequently 
is the genetic defect characterized and the 
underlying basis for the phenotype deter- 
mined. More recently, reverse genetics has 
offered the opportunity to make planned, 

directed mutations in virus genomes, the phe- 
notypic effect of which can then be investi- 
gated. Whilst the latter is now the approach 
of choice, there remain situations in which it 
is necessary or desirable to follow the more 
classical route. The methodologies asso- 
ciated with these two approaches, together 
with further background information, are 
described in this chapter. 
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Isolation of mutants by 
classical genetic 
approaches 
Mutation can be defined as a discontinuous 
event that results in a change in information 
content. Mutation and recombination are both 
the means of classical genetic analysis and the 
sources of variation upon which the evolution- 
ary survival of viruses depends. However, in 
certain types of RNA viruses (mostly classi- 
fied in the Order Mononegavirales), recombi- 
nation and genome subunit reassortment do 
not occur, consequently mutation is the only 
process by which variation can arise. Perhaps 
as a consequence, the average rate of spon- 
taneous mutation in viruses'with RNA gen- 
omes tends to be high. High rates of 
mutation are achieved because RNA proof- 
reading and RNA mismatch repair systems 
are absent in both prokaryotes and eukary- 
otes. The average error frequency at indivi- 
dual sites in viruses with negative stranded 
RNA genomes, which are recombination- 
deficient, has been estimated by direct 
sequence analysis to be in the range 10 -4 
to 10 -5 (Parvin et al 1986; Steinhauer and 
Holland 1986; Steinhauer et al 1989). The 
error frequency measured by the same 
approach is about ten-fold lower in the 
recombination-competent positive-stranded 
poliovirus type 1 (Parvin et al 1986). Holland 
(1993) has argued from both theoretical con- 
siderations and observation that for most 
RNA viruses the mean replicase error rate is 
near maximal and approximately the recipro- 
cal of genome length. Thus during replication 
of a rhabdovirus such as vesicular stomatitis 
virus (VSV), which has a genome size of 
approximately 1.1 x 104 nucleotides, on aver- 
age one mutation will be generated per repli- 
cation event. Consequently in any VSV 
population in an infected animal or a culture 

vessel every possible base change may be 
represented at least once. Hence such 
viruses probably exist as an average (con- 
sensus) sequence maintained by positive 
selection. Another consequence is that the 
frequency of mutation at individual sites can 
only be increased slightly by mutagenesis. 
Several-fold increases were the maximum 
quantitative changes in mutation frequency 
observed at single sites in the VSV genome 
by direct nucleotide sequence analysis in 
response to treatment with a variety of che- 
mical mutagens (Holland et al 1990). None- 
theless, high frequencies of mutants following 
chemical mutagenesis of VSV have been 
observed (Pringle 1970), presumably 
because the reduced virus yields accompany- 
ing mutagenic treatment favour the survival of 
minority components in the population. Simi- 
larly, although the inherent mutation fre- 
quency in DNA-containing viruses is low 
because of the existence of efficient proof- 
reading and mismatch excision-repair sys- 
tems, observed mutation frequencies in DNA 
viruses are often high (Smith and Inglis 1987). 
This could come about by the selection of anti- 
mutator genes (Hall et a11984), by suppression 
of mismatch repair synthesis, by compartmen- 
talization of virus genome replication, by syn- 
thesis of single-stranded DNA, etc. 

The degeneracy of the genetic code means 
that not all nucleotide changes result in amino 
acid substitutions, and perhaps half of all 
nucleotide changes result in silent mutations. 
Missense, nonsense, frameshift, duplication 
and deletion mutants have been described 
for most types of animal viruses and these 
mutants can occur spontaneously or be 
induced by mutagenic treatment of either 
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extracellular non-replicating virus or of repli- 
cating virus in infected cells. Spontaneous 
deletion mutants of viruses are common and 
are frequently present in the form of defective- 
interfering (DI) particles whenever viruses are 
propagated by undiluted passage. 

Mutants of animal viruses may have specific 
phenotypes, such as resistance (to an inhibitor, 
an antiviral drug, or an enzyme), sensitivity (to 
heat, acidity), failure to be neutralized by par- 
ticular monoclonal antibodies (escape 
mutants), host range or tissue specificity 
(receptor-binding mutants), or cytopathology 
(plaque size mutants). Historically, such 
mutants have been less useful than con- 
ditional lethal mutants where a common 
phenotype (e.g. temperature-sensitivity or 
suppressor-sensitivity) has been used to iden- 
tify essential genes and analyze their func- 
tions. More recently the use of conditional 
lethal mutants has been superseded by the 
development of the more direct and definitive 
approaches of reverse genetics (see page 
241). As a consequence conventional genetic 
analysis is now focussed predominantly on the 
use of mutants with specific phenotypes, e.g. 
drug resistance and monoclonal antibody 
escape mutants. A selection of representative 
methods applicable to both aspects of con- 
ventional genetic analysis follows, together 
with a description of methods of direct deter- 
mination of mutation rates at specific sites in 
the viral genome. 

The mutagenic agents which have been 
used widely in animal virology are listed in 
Table 11.1; ultra-violet light or ionizing radia- 
tion have been used less frequently to induce 
mutations in animal viruses, except in special 
circumstances (e.g. radiation leukaemia virus). 

Direct measurement of 
mutation rate at specific 
sites in the viral g e n o m e  

The methodology and its applications are 
described in detail by Steinhauer and Holland 
(1986) and Steinhauer et al (1989). The site- 

specific analysis of base substitution frequen- 
cies in RNA viruses depends on the high 
specificity of RNase T1 for cleavage immedi- 
ately following guanine residues. A brief outline 
of the method as it applies to VSV will be given 
here; the original papers should be referred to 
for a fuller description and alternative proce- 
dures. 

Principle of the method 

It is necessary initially to identify target 
guanine sites at the junction between two 
large T 1-resistant oligonucleotides (i.e. 
guanine residues with no guanine 
neighbours) in the region of the genome 
chosen for analysis. Complete digestion 
of such sequences will yield two large 
oligonucleotides representing the 
consensus sequence. Nucleotide 
substitution at the target guanine 
(junction) site will yield a larger T1- 
resistant oligonucleotide product. 
Separation and quantitation of these 
oligonucleotides can provide an estimate 
of the ratio of the error oligonucleotide to 
the consensus oligonucleotides and an 
indication of the substitution frequency at 
that specific site. Synthetic cDNA is 
required which will anneal to and target 
the region of the genome chosen for 
analysis. The appropriate synthetic cDNA 
should be prepared and purified before 
proceeding further. 

Procedure 

1. Initially cells infected with wild type 
virus, which has been cloned by 
repeated cycles of reisolation from 
single plaques, are radiolabeled by 
incubation in the presence of 32p 
orthophosphate. When cytopathic 
effect is extensive, released virus is 
purified and genomic RNA extracted 
by standard procedures. 

2. The purified in vivo labeled RNA is 
then mixed with a large excess (100- 
500 l~g) of unlabeled viral RNA and 
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Table 11.1. Mutagenic agents suitable for use with DNA viruses, RNA viruses and retroviruses. 

Conditions of exposure/ Representative 
Class Mutagen Action Use effective concentration references 

Dearninating Nitrous acid Two-way transitions Treatment of virions or 1-10 min. exposure to Williams et al 1971 
agents nucleic acid 1 .O M NaN02 in 0.25 M 

Na acetate (pH 4.8) 
Hydroxylamine One-way transitions; Treatment of virions or 1-30 min. exposure to Williams et al 1971 

(CG -+ TA) nucleic acid 1.0 M H3N0 in 0.05 M 

Na phosphate buffer 
(PH 7.5) 

Base 5-Bromodeoxyuridine Misincorporation; two- Replicating DNA 5-30 pg ml-' Brown et al 1973; Bader 
analogues way transitions viruses; retroviruses and Brown 1971 

5-Fluorouracil (or 5- Misincorporation; two- Replicating RNA 10-200 pg ml-' Pringle 1975; Gharpure 
fluorouridine) way transitions viruses; retroviruses et al 1969 
5-Azacytidine Misincorporation: two- Replicating RNA 1-100 pg ml-' Pringle 1975; Wyke 

way transitions viruses; retroviruses 1973 
Ethyl methane Alkylation Treatment of virions or 1-30 min. exposure to Pringle 1975 
sulphonate (or ethyl (predominantly position nucleic acid 0.05% EMS in 0.25 M 

ethane sulphonate) N7 of purines) and Na acetate 
depurination - one-way 
transitions/ 
transversions 

N-methyl-N-nitro-N- Alkylation Treatment of virions or 1-10 min. exposure to Rettenmier et al 1975 
nitrosoguanidine (predominantly position nucleic acid 1 mg mlp' NTG in 

N7 of purines) and phosphate buffer (pH 
depurination - one-way 7.6)' 
transitions/ 
transversions 

Intercalating Proflavine, ICR Frameshifting in phage, Replicating DNA and 1-10 pg per ml Fields 1981 ; McKay et al 
agents compounds and other but probably indirect in RNA viruses 1988 

acridines animal viruses 

*NTG is also an effective mutagen when incorporated into culture fluid at a ten-fold dilution. 
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annealed to the synthetic cDNA at a 
three-fold molar excess of DNA in 
500 mM NaCI; 4 mM MgCI2 buffered at 
pH 7.5 with 10 mM Tris HCI. The time 
and temperature of annealing can be 
determined by reference to page 7.63 
of Sambrook et al (1989). 

3. Unprotected single-stranded RNA is 
then digested with 25 I~g of RNase T1 
per millilitre and 100 units of RNase T2 
per millilitre at 30~ for 2 h. (Digestion 
with RNase T1 and RNase T2 under 
these conditions will not digest single 
base mismatches in the hybrids). 

4. Samples are then deproteinized by 
proteinase K digestion and phenol- 
chloroform extraction, concentrated 
by ethanol precipitation, and purified 
on a 20% polyacrylamide gel. 

5. The purified hybrids are now treated 
with 100 ~g per ml DNase 1 for 45 min 
at 37~ followed by 5 min at 50~ 
The samples are then proteinase K 
digested, phenol-chloroform 
extracted three times (avoiding 
transfer of gel fragments and debris), 
and ethanol precipitated two to three 
times followed by a final 70% ethanol 
wash. 

6. After drying, the RNA should be 
suspended thoroughly in 20 bl of 
1 mg m1-1 RNase T1 buffered with 
10 mM Tris HCI (pH 7.6). The samples 
should be transferred to new 
microcentrifuge tubes before 
digestion at 37~ for 30 min. Mid-way 
through digestion the samples should 
be heated to 100~ for 10 s and again 
transferred to a new microcentrifuge 
tube. (This procedure is intended to 
denature any remaining double- 
stranded molecules and to achieve 
complete digestion; RNase T~ is 
resistant to 100~ for short periods.) 
The RNA is then loaded directly onto 
the first dimension of a large two- 
dimensional gel of the type described 
by de Wachter and Fiers (1972) and 
run in both dimensions as described 
by Holland et al (1979). The 

oligonucleotides are excised from the 
gel together with background gel 
slices and quantified by Cerenkov 
counting. (It should be noted that the 
error nucleotide will run as a laterally 
diffused broad band rather than single 
well-defined spot. This is a 
consequence of the presence of 
different base substitutions at the 
selected site and at adjacent sites.) 
The relative amount of 32p in the error 
versus the consensus RNA gives an 
approximate value for the error 
frequency. 

7. The error frequency has to be adjusted 
to take account of the proportion of 
guanine residues which escaped 
digestion. This can be achieved as 
follows. After quantitation, the error 
RNA is isolated from the gel slice and 
3'-end labeled by ligation to 
5'[32p]Cp. The end-labeled error 
nucleotides are then gel-purified and 
sequenced by the direct chemical 
method of Peattie (1979). An aliquot 
should be redigested with RNase T1 
by the foregoing procedure to 
estimate the quantity of undigested 
guanine residues. The value obtained 
is used to correct the error frequency 
estimate. 

Critical points 

The initial virus inoculum should be 
rigorously plaque purified to obtain a 
homogeneous stock by repeated (at least 
three) cycles of re-isolation from single 
plaques. 
All scintillation vials and microcentrifuge 
tubes used for sample counting should 
be precounted. Gel slices for counting 
should be of equal size and samples 
should be counted for a minimum of 
50 min to ensure a random error of less 
than 10% for background samples and 
5% for error RNA. 
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Isolation of conditional 
lethal mutants 
Temperature-sensitive mutants 
Temperature-sensitive (ts) mutants have proven 
their value in the analysis of gene function in 
virtually all groups of vertebrate viruses. The 
method described here is applicable to both 
DNA and RNA viruses and has been used suc- 
cessfully by one of us (C.R.P.) for isolation of 
temperature-sensitive mutants of pseudo- 
rabies virus, foot-and-mouth disease virus, 
VSV, Chandipura virus, respiratory syncytial 
(RS) virus, and several bunyaviruses. The 
advantage is that a single easily measured phe- 
notype can be used for isolation of mutations in 
any essential gene function. This version of the 
method describes isolation of ts mutants of RS 
virus and is adapted from Pringle (1985). 

Procedure 

mutagens used successfully in 
animal virology is given in Table 11.1. 
In the case of deaminating and 
alkylating agents, proceed to (3a), 
(4a) and (5a). In the case of base 
analogue and intercalating mutagens 
proceed to (3b), (4b) and (5b). 

3a. Expose aliquots of the cloned wild 

m 

type virus to the mutagen as 
indicated in Table 11.1: i.e. 1.0 M 
NaNO2 in 0.25 M Na acetate (pH 4.8); 
or 1.0 M H3NO in 0.05 M Na 
phosphate buffer (pH 7.5); or 0.025% 
ethyl methane sulphonate (EMS) in 
0.25 M Na acetate; or 1 mg m1-1 N- 
methyl- N-n itro- N- n itrosog uanidine 
(NTG) in phosphate buffered saline 
(pH 7.6). NTG is also an effective 
mutagen when incorporated into the 
culture fluid at 10-fold lower 
concentration; in this case steps 
(3b)-(5b) should be followed. 

1 

236 

Choose appropriate permissive and 
restrictive temperatures. As a guide, 
the restrictive temperature should be 
the highest temperature at which 
plaque formation occurs without 
appreciable (< 1 Ioglo unit) 
diminution of plaque count relative to 
the permissive temperature. For 
most viruses restrictive temperatures 

4a. Incubate at 4~ for varying periods 
and terminate reactions by dilution 
and rapid dialysis against the culture 
incubation medium. 

5a. The virus yields at each time point 
should be determined by titration on 
monolayers of susceptible cells at 
the permissive temperature. 
Inactivation curves should then be 
plotted and samples from the linear 
portion of the curve should be used 
for mutant isolation. 

3b. Inoculate monolayers of susceptible 
are in the range 37--42~ and 
permissive temperatures in the range 
31-33~ 
Produce a genetically homogeneous 
wild type stock of virus by repeated 
cycles of isolation and amplification 
of virus from monolayers with single 
plaques. (With certain 

cells (BS-C-1 ceils by preference for 
RS virus)in 50 mm Petri dishes or 
30 ml screw-capped flasks with the 
cloned stock of wild type virus. 
Adsorb at the restrictive temperature 
for 1 h. The multiplicity of infection 
should be low; 0.01 pfu cell -1 for RS 
virus. 

paramyxoviruses up to ten cycles 
may be required, but for most viruses 
three cycles will suffice.) This should 
be carried out at the restrictive 
temperature; 39~ for RS virus. The 
next step depends on the type of 
mutagen employed. A list of the 

4b. Wash off the inoculum with three 
washes of serum-free culture 
medium and add 3 ml of medium 
containing 2% serum, antibiotics 
and an appropriate base analogue 
mutagen. (The medium for RS virus 
by preference would be the Glasgow 
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version of Eagle's medium 
supplemented with 2% foetal calf 
serum, glutamine and antibiotics. 
Experience has shown that the 
composition of the culture medium 
and washing fluids is generally not a 
critical factor.) Base analogue and 
intercalating mutagens suitable for 
DNA viruses, RNA viruses and 
retroviruses are listed in Table 11.1. 
Choose 5-bromodeoxyuridine for 
DNA viruses and 5-fluorouracil for 
RNA viruses, or either of these for 
retroviruses, in the first instance, 
since they are known to be effective 
mutagens for most viruses at non- 
cytotoxic concentrations. A range of 
concentrations of mutagen should 
be chosen to determine the highest 
concentration of mutagen that can 
be tolerated by the host cell without 
loss of viability. (The optimal 
mutagen concentration within the 
ranges given in Table 11.1 has to be 
determined empirically because host 
cell sensitivity may vary). 

5b. Incubate cultures at permissive 
temperature until viral cytopathic 
effect becomes visible in control 
unmutagenized cultures. Harvest the 
culture fluids, clarify by low speed 
centrifugation, and reduce the 
concentration of the mutagen by 
rapid dialysis for 2 h at 4~ In the 
case of highly cell-associated 
viruses, the infected cells should be 
harvested into a small volume of 
culture fluid and lysed by two cycles 
of freezing to -70~ and rapid 
thawing, or by sonication. 

6. Plate out dilutions of the mutagen- 
exposed samples on replicate 
monolayers of susceptible cells such 
that the majority of plates will contain 
one or a few plaques. Six-well cluster 
plates are best for this purpose. 
Incubate under agar or agarose- 
solidified nutrient medium with 2% 
foetal calf serum and antibiotics until 
well defined plaques are visible. The 

plaques can be visualized by staining 
with neutral red stain applied in a thin 
second agar- or agarose-containing 
overlay. Diffusion will require 2-4 h 
and the cultures should be kept in 
the dark to limit the photodynamic 
activity of neutral red. 

7. Pick plaques using sterile Pasteur 
pipettes, removing an agar plug over 
the plaque and transferring it to an 
uninfected culture in a screw-capped 
flask. Plaques should only be taken 
from low-count or single-plaque 
plates as this will avoid the need to 
reclone plaque isolates before the 
next stage. 

8. Screening for temperature sensitivity 
is carried out by inoculating 
duplicate series of wells in pairs of 
96- or 24-well blocks, followed by 
incubation of one block at the 
permissive temperature and the 
other at the restrictive temperature. 
Alternatively, screening can be 
carried out by stabbing isolates onto 
corresponding sectors of agar- 
overlaid uninfected cells in 50 mm 
Petri dishes. After adsorption, a top 
layer of agar is applied to seal the 
plates and incubation at permissive or 
restrictive temperature is begun. 
Presumptive ts mutants are 
propagated by recovering virus from 
the wells or sectored plates incubated 
at the permissive temperature. 

9. Stocks of presumptive ts mutants 
should only be established after at 
least two cycles of reisolation of 
virus from single plaques, followed 
by confirmation of the ts phenotype 
by differential plaque counting at 
permissive and restrictive 
temperatures. Generally a difference 
of i> 4 Iog~o units in plaque count at 
the two temperatures is adequate. 
Differences of 2 Iog~o units are 
useable, however, and indeed may 
be the maximum difference 
obtainable depending on the nature 
of the gene product (Pringle 1987). 
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Isolation of cold-sensitive 
mutants 

Cold-sensitive (cs) mutants are the reciprocal 
of ts mutants. This phenotype tends to involve 
proteins that are incorporated into macromo- 
lecular structures in a temperature-dependent 
manner. Consequently the isolation of cs 
mutants can increase the spectrum of 
mutants obtainable. The procedure for isola- 
tion of cs mutants is the same as that for 
isolation of ts mutants, except that the restric- 
tive temperature is the lower temperature and 
the permissive temperature is the higher 
temperature. 

Isolation of temperature- 
dependent host range (tdCE) 
and non-temperature 
dependent host range (hrCE) 
mutants 

Mutants with a conditionally temperature 
dependent phenotype (tdCE) have been 
described for both VSV and influenza virus. 
The VSV tdCE mutants multiplied at 31~ and 
39~ in BHK-21 cells, but only at 31~ in 
secondary chick embryo cells. The tdCE 
mutants appeared to be present at higher fre- 
quency than ts mutants in stocks of 5-fluoro- 
uracil-mutagenized virus (Pringle 1978). The 
available evidence suggests that this pheno- 
type is determined by the interaction of speci- 
fic host factors with the viral polymerase 
(Szilyagi and Pringle 1975). Such mutants 
may have particular value in the study of 
virus-host interactions; e.g. the differentiation 
of pluripotent embryonal carcinoma cells to 
embryoid bodies was accompanied by a 
decrease in the restrictiveness of these cells 
for tdCE virus multiplication (Pringle 1978). 
Non-temperature dependent host range 
mutants (hrCE) were present at much lower 
frequency. 

Procedure 

(1) to (7) as for ts mutants. 
8. tdCE mutants can be screened by 

plating mutagenized virus onto mixed 
culture monolayers seeded with BHK- 
21 and secondary CE cells in the 
proportions 3:1; 1:1 and 1:3 
respectively. After adsorption and 
incubation at 31~ hazy and small 
diameter plaques should be picked 
preferentially in order to enhance the 
recovery of host range mutants. 
Plaque isolates obtained in this way 
can be screened on replicate BHK-21 
and CE monolayers at 31~ and 39~ 
to reveal simultaneously the presence 
of tdCE, hrCE and ts mutants. 
Presumptive mutants should be 
reisolated from plates with solitary 
plaques before further propagation. 

Comments 

This method depends on the existence of 
good facilities for cell culture since it 
requires the simultaneous availability of 
cell lines and secondary embryo cultures. 
However it is highly productive because 
mutants of different conditional 
phenotypes (ts, tdCE and hrCE) and non- 
conditional phenotypes (hr) can be 
isolated from a single mutagen treatment. 

Monocultures of BHK-21 and CE cells 
can substitute for the mixed culture 
selection system described above. This 
option is more demanding in terms of 
space and effort, but the frequency of 
isolation of mutants of the different 
phenotypes is unlikely to be very different 
from that obtained by the mixed culture 
approach. 

The spontaneous mutation frequency 
may be high enough in RNA-containing 
viruses to obviate the need for 
mutagenesis. 
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isolation of suppressor- 
sensitive (amber) mutants 

This approach has had little application in 
animal virology owing to the lack of cell lines 
expressing tRNA molecules able to suppress 
nonsense codons. However, in recent years a 
few cell lines have been engineered to express 
nonsense suppressor tRNA. Proven methods 
of isolating amber mutants will only be 
described in outline here as they depend on 
the use of non-standard cell lines. The L39 su § 
cell line stably expresses a tyrosine-inserting 
tRNA giving a 4% suppression of nonsense 
(amber) mutations. These cells and the paren- 
tal su- LMTK- cell line have been used suc- 
cessfully for isolation of amber mutants of VSV 
(White and McGeoch 1987). Sevidy et al (1987) 
have described an inducible suppressor sys- 
tem which has potentially greater discrimina- 
tory power. A human amber suppressor tRNA 
gene linked to the SV40 origin of replication 
and a second DNA with a ts SV40 large T 
antigen were cotransfected into monkey cells 
to obtain stably integrated cell lines (BSC- 
40supD). In cell line BSC-40supD12, transfer 
from restrictive to permissive temperature was 
accompanied by expression of a serine- 
expressing suppressor tRNA giving 50-70% 
suppression. A poliovirus amber mutant could 
be propagated efficiently in these cells at the 
permissive temperature. 

Procedure 

1. A mutagenized stock of virus is 
produced by growth in L39 su § cells 
(or in induced su § cells at their 
permissive temperature)in the 
presence of a base analogue or 
alkylating mutagen. 

2. The mutagenized virus is then plated 
out at limiting dilution in monolayer 
cultures of L39 su § cells (or induced 
su § cells at their permissive 
temperature) under agar- or agarose- 
containing overlay, and incubated 
long enough to obtain large well 

defined plaques on control plates 
inoculated with unmutagenized virus. 

3. Well isolated small or hazy plaques (or 
any plaques in the induced 
BSC40supD12 cells) should then be 
picked and screened directly by 
inoculation into cultures of L39 su § 
and LMTK- su- cells (or of cultures of 
BSC-4OsupD at permissive and 
restrictive temperature). Screening of 
these plaques may reveal the 
presence of partially suppressible 
amber mutants. 

4. Isolates which multiply in su § cultures 
and fail to multiply in su- cultures 
should be propagated in su § cells for 
recloning and verification of 
phenotype by differential plaque 
counting on su § and su- cell 
monolayers. In practice, isolates 
showing 30-fold or greater differences 
in plaque count proved to be genuine 
amber mutants in the case of VSV 
mutagenized in L39 su § cells. 

Isolation of mutants with 
specific phenotypes 
The procedure for mutagenesis and plaque 
isolation are similar to those described for ts 
mutants, on page 236, steps (1)-(5a) and (1)- 
(5b). The differences are in the screening, iden- 
tification and verification of mutants. Some 
specific examples are listed below. 

Monoclonal antibody escape 
mutants 

Usually the mutagenesis steps (ts 
mutants, 1-5) are omitted and 
spontaneous mutants are selected. 

6. Selection is carried out by incubating 
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a small volume of high titre virus with 
an equal volume of hybridoma fluid at 
37~ for 60 min. Susceptible cells are 
infected and incubated until 
cytopathic effect is observed in 
control unneutralized cultures, if no 
cytopathic effect is observed in the 
neutralized virus cultures, consecutive 
cycles of infection in the presence of 
the selecting antibody are continued 
until resistant virus appears. 
Alternatively, if escape mutants are 
present at high frequency, virus can be 
isolated directly from surviving 
plaques on monolayers overlaid with 
an agar overlay containing the 
selecting monoclonal antibody. 

7. Cloning by propagation of virus from 
individual plaques is carried out in the 
normal manner (page 237). 

Isolation of drug resistant 
mutants 

Mutants which are resistant (independent) or 
in some instances dependent on a particular 
anti-viral drug can be obtained by direct 
plating of mutagenized or untreated wild 
type virus under solid agar containing a 
range of non-cytotoxic, inhibitory concentra- 
tions of the drug in question. Resistant (or 
drug dependent) virus can be obtained by 
isolating and cloning virus from surviving 
plaques in susceptible cell cultures in the 
presence of the selecting drug. Resistant 
mutants can be distinguished from drug 
dependent mutants by differential plaque 
counting in the presence and absence of 
the anti-viral drug. 

Alternatively, if the frequency of resistant 
mutants is low, the wild type virus should be 
propagated in the presence of progressively 
increasing sub-inhibitory concentrations of 
the drug until good growth is obtained. After 
cloning in the presence of the drug, resistant 
and dependent mutants can be discriminated 
by differential plaque counting. This second 
procedure is less desirable than the first as 
the resistant virus obtained may be geneti- 
cally more complex than the resistant virus 
obtained by the first method. 

Other specialized methods 

More specialized methods which cannot be 
dealt with here include the isolation 'of the 
interference-resistant (Sdi-) mutants of VSV 
(Horodyski et al 1983); the specific protease- 
activation (pa) mutants of Sendai virus (Scheid 
and Choppin, 1976); the noncytopathic (nc) 
mutants of Newcastle disease virus 
(Madansky and Bratt, 1978); the thymidine 
kinase (Tk) mutants of vaccinia virus and the 
deoxypyrimidine kinase mutants of herpes 
simplex virus (Jamieson et al 1974); and 
many others. 

General comments 
The isolation and characterization of revertants 
should be an integral part of any experiment 
involving mutants obtained by the methods of 
random mutagenesis described here. 

Dohmen et al (1994) have described a 
method of inducing ts mutations in specific 
genes of yeast, which may become applicable 
in animal virology. Their technique would over- 
come the limitations of the random mutagen- 
esis approach of classical genetic analysis. 
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Construction of virus 
mutants by directed 
mutagenesis 
The possibility of designing and constructing 
an animal virus mutant carrying a specific pre- 
determined genetic change is presently avail- 
able only for certain virus types. These viruses 
are, in general, those whose naked genetic 
material is infectious and they include viruses 
with either single- (parvovirus) or double- 
stranded (polyoma, adeno, herpes and pox 
viruses) DNA genomes and those with posi- 
tive sense single-stranded RNA genomes 
(picornaviruses and retroviruses). The lack of 
suitable tissue culture systems presently pre- 
vents the application of these techniques to 
the papilloma and hepadna viruses. Tech- 
niques for directed mutagenesis in negative 
sense RNA viruses are only just emerging 
and it is not yet possible to generalize them. 

The methodology for the construction of 
virus mutants is similar for each of these virus 
systems. However, there is a distinction 
between those viruses where the genome is 
short enough to be cloned (as cDNA if neces- 
sary) and handled as a single entity (parvo, 
polyoma, picorna, retroviruses) and those 
where manipulations must be performed with 
a genome fragment which is then rebuilt into a 
complete genome (adeno, herpes, pox 
viruses), normally by homologous recombina- 
tion in vivo. A general method for the isolation 
of viral mutants by a directed approach is set 
out below. There are a number of alternatives 
at various points and these are described as 
fully as possible. This method should be read 
in conjunction with the relevant basic molecu- 
lar biology protocols (see e.g. Sambrook et al 
1989), since these have not been reiterated 
here in full detail. 

Isolation and cloning of 
viral genomic material 
The approach to genome isolation and cloning 
for each of the virus families under considera- 
tion is listed in Table 11.2. Viral nucleic acid 
may be isolated either from infected cultured 
cells or from purified virions. A key point is the 
structure of the ends of the genome (if linear) 
since these will require special steps to permit 
their cloning. Large genomes must be frag- 
mented with an appropriate restriction 
enzyme and cloned as a library of fragments. 
RNA genomes must be converted to cDNA for 
cloning. This can be achieved for picorna- 
viruses by reverse transcription of infected 
cell RNA primed with oligo dT; for retro- 
viruses, it is more convenient to clone the 
appropriate fragment of infected cell genomic 
DNA containing the viral genome in its inte- 
grated proviral form. 

Directed mutagenesis of 
cloned genetic material 
Once cloned as DNA, viral genetic material is 
amenable to the full range of directed muta- 
genesis techniques that have been described. 
These can be divided into methods where 
existing restriction sites in the DNA are 
exploited to alter the sequence in a planned 
way and methods where a synthetic oligonu- 
cteotide, largely homologous to a segment of 
the clone but having one or more planned 
mismatches with the sequence, is used to 
direct the alteration of the DNA sequence 
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Table 11.2. Strategies for the directed mutagenesis of viruses. 

Virus type Genome type Source material Cloning 

Parvovirus 

Polyomavirus 

Adenovirus 

Herpes virus 

Linear ssDNA (both 
strands present in 
particle populations). 

Circular dsDNA. 

Linear dsDNA. 

Infected cell DNA. 

Infected cell Hirt 
supernatant (Hirt 
1967). 
Purified virions. 

Linear dsDNA (circular Purified virions or 
form in infected cells), infected cell DNA. 

Pox virus Linear dsDNA. Purified virions. 

Picornavirus Linear (+) ssRNA. Infected cell RNA. 

Retrovirus Linear (+) ssRNA. Infected cell genomic 
DNA. 

GC tail vector and genome ends, 
hybridize and ligate; or use synthetic 
linkers. 

Linearize naked DNA by restriction 
and ligate to vector. 

Restrict, and ligate fragments to 
vector; genome ends need 
deproteination before cloning 
(Rekosh 1981). 

Restrict, and ligate fragments to 
vector; ends can be cloned as a 
junction fragment from infected cell 
DNA. 

Restrict, and ligate fragments to 
vector; genome ends are covalently 
closed and must be opened with $1 
nuclease and repaired before 
cloning. 

Standard cDNA cloning. 

Identify fragment for cloning by 
Southern analysis and screen 
appropriate genomic library. 

during in vitro DNA synthesis. Procedures of 
the latter type, being more general in their 
potential application, have largely displaced 
other methods. Methods utilizing a mis- 
matched oligonucleotide can be further sub- 
divided into procedures which exploit repair 
synthesis on a primed single-stranded DNA 
template and PCR-based procedures. The 
method described in detail here employs this 
latter approach. 

There are many published PCR protocols for 
directed mutagenesis. The one detailed here 
was described by Ito et al (1991) and has been 
applied successfully by one of us in the muta- 
genesis of adenovirus (L. Miersman and K. 
Leppard, unpublished); it offers the advantage 
that a series of mutations across an amplifiable 
region can be constructed for an initial outlay 
of three primers plus one further primer for 
each mutation desired. The amplification 
scheme is represented in Fig. 11.1 and 
described in detail below. 

Design of PCR primers 

The hybridization sites for the PCR 
primers should be positioned on the 
target DNA according to Fig. 11.1. 
Primers A and B flank the target region 
for mutagenesis. Primer M is designed to 
eliminate an existing restriction site, m, at 
one end of the target region; the method 
also requires a second restriction site, n, 
at the other end of the target region. 
These sites define the sequence within 
which mutagenesis can be achieved. 
Primer X is designed specifically to 
generate the desired mutation in the 
target region. Primers A and B need only 
be 20-25 nucleotides in length; primers 
M and X should be approximately 30 
nucleotides long and should have the 
mismatched nucleotide(s) at their centre. 
Ideally, all primers should be of 40-60% 

242 Chap te r  11 



Const ruc t ion  of virus mutants  by d i rected mutagenes is  

m 

A M 

X B 
n 

A 

v - -  

__A 4 

v 

-91 - - V  

f 
A _  IP- 

m f n 
. A . .  

_.. .= 

V 
v 

=. . . .= 
v 

Figure 11.1. A flow diagram of the products of the two-step PCR protocol for DNA mutagenesis of ito et al 
(1991) is shown below a diagram of the target DNA for mutagenesis. A, B, M and X are oligonucleotide 
primers with homology to the target DNA at the positions indicated, m and n are sites for restriction enzyme 
cleavage. All DNA strands are shown with arrow heads indicating their 3 ~ ends. 

GC content and should have either G or 
C at their 3' end. Selected primer 
sequences should be checked for 
chance alternative homologies to the 
target DNA prior to synthesis. Computer 
programs (e.g. Primer Design, Scientific 
and Educational Software, State Line, 
PA, U.S.A., for PC Windows, or OSP, free 
on anonymous ftp, for UNIX) are available 
which can aid PCR primer choice. A 
number of commercial organizations 
offer rapid delivery of synthetic 
oligonucleotides to order if 'in-house' 
synthesis facilities are not available. 

2.5 mM MgCi2 (if not included in stock 
buffer) 
2-4 units Taq polymerase 
to 25 !~1 final volume with sterile 
distilled H20, 

overlayed with paraffin oil and incubated 
through 20 cycles of denaturation, 
annealing and extension (94 ~ 1 min; 55 ~ 
1 min; 74 ~ 3 min; extension time 
increased to 7 rnin for the final cycle). The 
quality of the reactions should then be 
assessed by analyzing 2,5 1~1 of the 
reaction mix on a flat-bed agarose gel 
alongside appropriate DNA markers. 

First stage amplification Second stage amplification 

Two reactions are required. Each should 
be set up as follows: 

200 ng target DNA 
200 ng primer A (primer B) 
200 ng primer X (primer M) 
0,1 mM each dNTP 
1 x Taq polymerase buffer (use the 
stock supplied by the enzyme supplier) 

The reaction should be set up as follows: 
2.5 I~1 first stage reaction 1 (primers A 
plus X) 
2.5 !~1 first stage reaction 2 (primers B 
plus M) 
200 ng primer A 
200 ng primer B 
to 12.5 pl with sterile distilled H20 
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and denatured at 85 ~ for 2 min and 
allowed to cool to room temperature. The 
mix should then be further supplemented 
as follows: 

0.1 mM each dNTP 
1 x Taq polymerase buffer 
2.5 mM MgCI2 (if not included in stock 
buffer) 
2-4 units Taq polymerase 
to 25 ~tl final volume with sterile 
distilled H20 

overlayed with paraffin oil and incubated 
through 20 cycles of denaturation, 
annealing and extension (94 ~ 1 min; 55 ~ 
1 min; 74 ~ 3 min; extension time 
increased to 7 min for the final cycle). The 
quality of the reactions should then be 
assessed by analyzing 1-2 #1 of the 
reaction mix on a flat-bed agarose gel 
alongside appropriate DNA markers. 

Selective cloning of mutated amplified 
product 

the second stage PCR product at sites m 
and n should produce a homogeneous, 
mutated DNA fragment. Note that this 
procedure is also generally applicable, 
but requires two specific 
oligonucleotides for each mutation to be 
generated. 

Plasmid reconstruction 

In order to permit mutant virus 
reconstruction, it is necessary to transfer 
the mutated fragment into the appropriate 
viral genomic clone or subclone. Careful 
choice of the sites m and n (page 242) will 
facilitate this process. Ideally, sites m and 
n will be unique in the viral genomic clone 
into which the mutation is to be moved. 
Failing this, the sites should be chosen to 
minimize the number of reconstruction 
steps required. In the simplest case, the 
genomic clone is digested with enzyme(s) 
m and n and the fragment produced is 

Recover the amplified DNA from the 
reaction mix by extraction with 
phenol:chloroform and ethanol 
precipitation. Digest the product with 
restriction enzyme(s) cutting at sites m 

replaced with the mutated fragment 
produced above, to create the mutated 
cloned fragment for virus reconstruction. 
The sequence of the clone at the mutation 
site should be re-validated before 
proceeding further. 

and n and purify DNA of length expected 
for cleavage at these sites by agarose gel 
electrophoresis. Only amplified product 
mutated at site X should retain restriction 
site m. Ligate the recovered fragment to 
an appropriately cut plasmid or M13 
vector and recover clones. In theory, all of 
the clones should be mutated at the 
desired site; in practice, screening of 6 
clones by DNA sequencing should permit 
the identification of the desired mutant. 

Comment 

if only a single, defined mutation in a 
sequence is required, it may be more 
convenient to use a variation of the 
above procedure in which primers M and 
X overlap in the region of the mutation, 
and each carries the desired mutant 
sequence (or its homologue). Cleavage of 

Rescue of virus from 
mutated cloned genetic 
material 
If mutagenesis is being performed to define the 
function of a virus gene product, it is possible 
that the rescue will fail because of a lethal 
phenotype. The rescue of a mutation into 
virus particles demands either that the muta- 
tion is non-lethal or that the function affected 
can be provided in trans, either from a helper 
virus or from a helper cell line which expresses 
the relevant viral function(s) and in which both 
virus reconstruction and growth must be 
performed. Various helper cell lines that 
have been described are listed in Table 11.3. 
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Table 11.3. Cell lines which complement specific viral gene defects. 

Cell line Description Reference 

Cos1, Cos7 
Cop5 
293 

KB8, 16, 18 

gmDBP1, 2, 3, 4 
W162 

~-2 
w-AM 

D6 
L315328 
L65, Z4, 2--6 

C34 

from monkey CV1 cells; express SV40 T antigens 
from mouse C127 cells; express polyoma T antigens 
from human embryo kidney cells; express adenovirus 5 E la 
and E lb functions 
from human KB cells; express adenovirus 2 E1 a, E1 a and E1 b, 
or E1 b functions respectively 
from Hela cells; express adenovirus 5 E2a DNA binding protein 
from Vero cells; express adenovirus 5 E4 functions 

from NIH3T3 cells; express Moloney MuLV structural proteins 
as ~-2 but expressing amphotropic envelope proteins 

from Vero cells; express HSV 1 gB 
from Ltk- cells; express HSV 1 gC 
from BHKtk-, Ltk-aprt-, Vero cells respectively; express 
HSV 1 ICP4 (IE175) 

from 293 cells (above); express adenovirus capsid protein IX 

Gluzman 1981 
Tyndall et al 1981 
Graham et al 1977 

Babiss et al 1983 

Klessig et al 1984 
Weinberg and 
Ketner 1983 
Mann et al 1983 
Cone and Mulligan 
1984 
Cai et al 1987 
Arsenakis et al 1986 
Davidson and Stow; 
Persson et al 1985; 
DeLuca et al 1985 
Caravokyri & 
Leppard, 1995 

Direct rescue (parvo, polyoma, 
picorna, retroviruses) 
For each of these viruses, infectious progeny 
can be generated by transfecting cloned geno- 
mic material into appropriate cells. The trans- 
fected material must either have the same 
overall form as true viral genomic material or 
be capable of giving rise to that form in vivo. 
For the parvovirus, AAV, and for retroviruses, 
infectious progeny will result from transfection 
of complete genome plasmid clones without 
further manipulation (Hager et al 1979; 
Samulski et al 1982); for retroviruses, continu- 
ously producing cell lines can be isolated. 
Picornaviruses can be rescued by transfec- 
tion of cloned plasmid DNA (Racaniello and 
Baltimore, 1981) but the process is much 
more efficient if RNA is expressed in vitro 
from the clone and this material is then intro- 
duced into cells by electroporation (van der 
Weft et al 1986). For polyomaviruses, the 
cloned genome must be excised from the 

plasmid and recircularized by ligation before 
transfection. 

Any of the established protocols for DNA 
transfection may be used in these proce- 
dures. The most widely used method is 
calcium phosphate-mediated transfection 
(Graham and van der Eb 1973). 

1. Prepare the following transfection 
mixes: 

(a) 10 I~g cloned viral DNA 
10 I~g salmon sperm DNA 
250 mM CaCI2 
in 0.5 ml 

(b) 275 mM NaCI 
10 mM KCI 
10 mM glucose 
50 mM hepes, pH 7.08 
1.4 mM Na2HPO4 
in 0.5 ml 

Add mix (a) slowly to (b) over approx. 
1 min, then mix by gently blowing air 
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bubbles through the solution for a 
further 60 s. Leave at room 
temperature for 30 min. (Note that the 
components of these mixes must be 
sterile; DNA for transfection should be 
purified by phenol:chloroform 
extraction and ethanol precipitation 
under aseptic conditions and 
redissolved in sterile H20 before use.) 

2. Re-feed a monolayer culture of 
approx. 5 x 106 cells at 50% 
confluence (for direct plaque isolation, 
90-100% confluence) with fresh 
growth medium 3 h prior to 
transfection. (Transfection efficiency is 
maximized if the cells are growing 
rapidly.) 

3. Add the DNA precipitate to the culture 
and incubate under the appropriate 
growth conditions for the cells for 4 h. 
(The transfection efficiency may 
sometimes be enhanced if the volume 
of growth medium is reduced prior to 
adding the DNA precipitate. In this 
case, care must be taken to ensure 
that the monolayer remains moist 
throughout the incubation by rocking 
the culture dish at intervals.) 

4. Remove the medium and precipitate, 
and shock the cells with a solution of 
20% glycerol in isotonic buffer 
(prewarmed to normal growth 
temperature) for 1 min. Remove the 
glycerol solution and wash the 
monolayer twice with isotonic buffer; it 
is important that the glycerol is rapidly 
and completely removed from the 
cells. Return the cells to normal 
growth medium (for viruses which are 
able to give plaques on the chosen 
cell line, this growth medium may be 
substituted by a suitable nutrient 
semi-solid overlay under which 
discrete plaques can form). 

5. Incubate the culture until either 
cytopathic effect or plaques are seen 
(for continuously producing retroviral 
lines, harvest the culture medium at 
intervals) and then harvest the culture, 
or discrete plaques. 
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Rescue by recombination 
(adeno, herpes, pox viruses) 
For viruses with larger genomes, the general 
principle for reconstruction is to achieve 
recombination in vivo between the cloned 
mutated sequence and viral genomic mate- 
rial. This can be done by providing a sufficient 
length of viral sequence in the cloned frag- 
ment, flanking the mutated site on both 
sides, and introducing this DNA into permis- 
sive cells, either with viral genomic DNA or 
fragments thereof (adeno, herpes), or in the 
presence of wild-type virus (pox). Unless 
some selection against the wild-type is avail- 
able (e.g. select against tk § in construction of 
mutants in the tk gene of vaccinia), only a 
small proportion of the virus from such cul- 
tures is likely to be recombinant and so carry 
the mutation. 

For adenovirus, the genome is of a manage- 
able size such that its infectivity can be 
destroyed by digestion with a single-cutting 
restriction enzyme. This means that the prob- 
lem of high non-recombinant background 
mentioned above can be largely eliminated in 
this system. Enzyme(s)is/are chosen so that 
the fragment(s) resulting overlap(s) with the 
cloned mutated fragment. Only by homolo- 
gous recombination between these fragments 
can intact, potentially infectious, genomes 
result. When such a DNA mixture is trans- 
fected, a high proportion of the resulting pla- 
ques contain mutated virus. An example of this 
strategy, suitable for isolating viral mutants in 
the left 10% of the adenovirus genome is 
shown in Fig. 11.2. 

Alternatively, fragments are chosen so that a 
complete genome can be precisely reconsti- 
tuted by 3-fragment ligation in vitro. Unless 
the wild-type genome fragment equivalent to 
the cloned mutated fragment is removed 
by appropriate size-based purification tech- 
niques, it is crucial to treat the mixture of 
genomic fragments with alkaline phosphatase 
prior to adding the cloned mutated fragment to 
the ligation mixture. 
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Figure 11.2. Representation of the reconstruction strategy for adenovirus type 5 mutations within the left 
10-15% of the genome. Related strategies are available to introduce mutations into other parts of the 
genome. The cloned adenovirus fragment is shown as a heavy line and the position of the targeted mutation 
introduced into this DNA by in vitro manipulation is indicated by a filled box. The sequence of steps required 
to reconstruct virus from this DNA is indicated by numbers 1-4. 

1. Select an appropriate reconstruction 
strategy and prepare the necessary 
adenovirus genomic DNA fragment(s). 
(For herpes use intact wt viral DNA for 
co-transfection; for pox virus, 
superinfect with wt virus.) 

2. Perform transfection procedure as 
described for direct rescue, p 245, 
using a mixture of DNA fragments (or 
ligated DNA) to a total mass of 
10-20 lag. The ratio of fragments is 
important to the final outcome; the 
cloned, mutated fragment should 
generally be in a 2-3x molar excess 
over the wt DNA or DNA fragment(s)in 
the mix (or in the ligation). 

3. Incubate the culture until either 
cytopathic effect or plaques are seen 
and then harvest the culture, or 
discrete plaques. If a bulk lysate is 
obtained, this must next be used to 
generate an array of discrete plaques 
for further analysis. 

Comment 

Customarily, 293 cells (Table 11.3) are 
used for transfections in the 
reconstruction of adenovirus 2 or 5 
mutants and for plaque assays, unless 
the specific complementing ability of 
another cell type is required, since they 
have a high plaquing efficiency. 293 cell 
monolayers are fragile, especially during 
glycerol shock and subsequent 
application of the agar overlay. Great care 
is needed during these procedures to 
avoid major disruption of the monolayer. 
For direct isolation of recombinant 
adenovirus plaques on monolayers of 
293 cells, transfection efficiency is 
increased by maintaining cultures in 
medium containing 10% newborn calf 
serum and transferring to medium 
containing 10% fetal calf serum at the re- 
feeding which precedes transfection. 
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Validation and purification 
of isolated mutant virus 
Viruses reconstructed from 
infectious cloned mutated 
genetic material 

The principal origin of contaminants in such 
mutant virus stocks is recombination between 
the input nucleic acid or, subsequently, virus 
and endogenous sequences in the helper cells. 
Either individual plaques should be screened 
and selected mutant plaques grown on (see 
below) or, if this is not possible, the genomic 
nucleic acid of the mutant virus stock must be 
monitored on an ongoing basis to ensure 
retention of the desired mutation and absence 
of unexpected features that might indicate the 
evolution of variants in the culture. 

Viruses reconstructed by 
ligation or recombination 

The above procedures (page 247) will generally 
produce a background of non-recombinant 
virus against which the desired mutant must 
be identified. Either directly, or following ampli- 

fication of the virus stock, the viral genome 
content of individual plaques must be ana- 
lyzed for the presence of the desired mutation. 

la. If the frequency of mutants is 
expected to be high, this can be 
done either by applying traditional 
molecular techniques (restriction 
analysis, sequencing) to purified viral 
genomic material or to the products 
of PCR amplification, or by PCR- 
based assays wherein the 
production of an amplified band of a 
defined size is diagnostic of the 
presence of the expected mutation. 

lb. If the frequency is likely to be low, 
other techniques more suited to the 
throughput of large numbers of 
isolates may be appropriate 
(hybridization screening of infected 
cell nucleic acid; phenotypic 
screening- growth on non- 
complementing vs. complementing 
cells). 

2. Once a mutant plaque has been 
isolated, the virus must be further 
plaque-purified twice more to ensure 
homogeneity. 
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Proteins are the structural and effector com- 
ponents of a virus, and the characterization of 
viral proteins is a necessary step in studying 
viruses. It is often necessary to remove con- 
taminating proteins prior to such study. This 
chapter presents information on methods 
used to purify and characterize viral proteins. 
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Purification and 
characterization of viral 
proteins 
Numerous methods exist to remove contami- 
nating proteins and to enrich the protein of 
choice. These are summarized below. 

Chromatography 
Analytical and preparative chromatography 
use a range of matrices and solvent systems 
to separate proteins by different properties. 
The large number of separation criteria that 
can be used (size, charge, hydrophobicity, 
binding properties) make chromatography a 
very flexible approach to the separation of 
biomolecules. In a typical application, beads 
of a solid matrix (sepharose, agarose, etc.) 
are swollen in a solvent and poured into a 
columnar container. After equilibration with 
the solvent to be used, the sample is applied 
and solvent flows through the column either by 
gravity flow or under pressure. Pressurized 
solvent flow apparatus (HPLC) can give higher 
resolution with smaller sample volumes, and is 
better suited to analytical systems. For large 
scale purifications or crude samples, low pres- 
sure systems are more useful. Low pressure 
systems are also far less costly and complex, 
and allow columns to be prepared by the user 
to their specific requirements. 

As with most analytical systems, there is an 
increasing tendency for columns to be 
obtained in ready-to-use form, even for low 
pressure applications. 

Gel filtration (size exclusion) 
chromatography 
This uses beads with pores of a specific size. 
The solid phase does not actually immobilize 

any components of the sample. However, large 
proteins do not enter the pores, and pass 
through the column rapidly. Smaller proteins 
enter the pores and are delayed in their pass- 
age through the column. Elution order is by 
size and shape, with the range resolved deter- 
mined by the structure of the solid phase. 

Application 
Any system where separation by size is required 
(and the target protein may be resolved from 
others present on the basis of size). 

Hydroxylapatite 
chromatography 
Hydroxylapatite is a crystalline form of calcium 
phosphate which binds biological macromole- 
cules (including proteins) by interaction with its 
surface calcium groups. Low molecular weight 
biomolecules are not adsorbed and are eluted. 
Bound macromolecules are eluted by gradu- 
ally increasing the ionic strength of the solvent. 

Application 
The ability of this system to resolve different 
proteins is poor, and it is typically used for 
initial or final purification of proteins (or other 
biological macromolecules) from solutions 
containing high levels of low molecular weight 
material, with other methods used to resolve 
the target protein from other proteins. 

Ion exchange chromatography 
The matrix of the solid phase is charged (the 
strength and polarity of the charge can be 
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selected from a broad range), and binds 
(immobilizes) charged material in the sample. 
Uncharged material or material with the same 
charge as the matrix is eluted. The solvent 
used is then changed, by gradually altering 
the pH (which will alter the charge on a protein 
and release it from the matrix) or by increasing 
the concentration of salt (the ions of which 
compete out the charged protein and release 
it from the matrix). Individual proteins will elute 
at specific pH or salt levels. 

Application 
Separation of proteins in a mixture where the 
target protein may be resolved from others 
present on the basis of its charge. The pH of 
the loading buffer determines the charges of 
the different proteins in the mixture. 

Affinity chromatography 
The matrix of the solid phase is covalently 
linked to a group or molecule (often an anti- 
body) which specifically binds to the target 
protein, immobilizing it. Unbound proteins are 
eluted in the solvent flow. The solvent is then 
changed by altering the pH, using salt solu- 
tions or organic solvents or by addition of a 
competing molecule, all of which interfere with 
binding of the target molecule to the solid 
phase and result in its elution. Multiple bound 
molecules may be differentially eluted by the 
use of a gradually changing solvent. 

Application 
Where the protein to be separated has specific 
binding properties such as DNA binding pro- 
teins, receptor binding proteins, etc., the 
appropriate ligand will be bound to the solid 
phase. Where specific adsorbents are avail- 
able such as monoclonal or monospecific anti- 
bodies, lectins (for glycoproteins) etc., these 
may be bound to the solid phase. This does 
not require the target protein to have specific 
binding activity, it should be noted that linkage 
to a solid phase may inactivate some mono- 
clonal antibodies. 

Hydrophobic chromatography 
A hydrophobic solid phase adsorbs and immo- 
bilizes proteins with hydrophobic properties 
from a polar solvent. These are then eluted 
by gradually reducing the polarity of the sol- 
vent, either by reducing salt concentration 
(hydrophobic interaction chromatography, 
HIC) or by increasing the amount of organic 
components in the solvent (reverse phase 
chromatography). It should be noted that 
organic solvents may denature the target pro- 
tein. The bound proteins will elute in order of 
increasing hydrophobicity (the most hydropho- 
bic proteins eluting last). 

Application 
Separation of hydrophobic proteins, particu- 
larly from proteins which are less hydrophobic 
(or are hydrophilic). Used to purify large 
amounts of proteins. 

Electrophoresis 
Electrophoresis separates macromolecules by 
filtering them through a gel matrix (except in 
CZE, see p 254). The macromolecules are 
moved by the application of an electrical 
field. For protein separations, the gel matrix 
is almost always polyacrylamide (crosslinked 
polymers of acrylamide). 

SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) 
A development of electrophoresis where the 
presence of the negatively-charged detergent 
sodium dodecyl (or lauryl) sulfate linearizes 
polypeptides and coats them in a uniform 
charge dependent almost solely on size. 
Other denaturing agents are usually present 
(sulfhydryl reagents), ensuring excellent pro- 
tein solubility. It is important to note that pro- 
teins are highly denatured and may not retain 
epitopes or other properties of the native form. 
Also, proteins composed of subunits are 
usually resolved as individual polypeptides. 
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Application 
Probably the most widely used system of 
protein separation, often regarded as the defi- 
nitive system. Post-electrophoresis process- 
ing may involve staining of polypeptides, 
detection of radioisotopes, or transfer of pro- 
teins from the gel to an adjacent membrane 
('Western blotting'). 

Two-dimensional 
electrophoresis (2-D PAGE) 
A combination of an IEF separation followed 
by SDS-PAGE of the resolved proteins in a 
second dimension from the intact IEF gel. 
One separation will resolve thousands of indi- 
vidual pr.oteins. 

Native electrophoresis 
Non-denaturing, relies on the native charge to 
mass ratio of proteins. The charge is deter- 
mined by pH, and may not be sufficiently vari- 
able to allow good resolution. Many proteins 
will not resolve due to poor solubility. 

Appfication 
Rarely used for protein purification. May be 
used to resolve proteins with relatively intact 
epitopes, but resolution is poor. For very large 
protein aggregates, the gel matrix may be 
agarose. 

Isoelectric focusing (IEF) 
Relies on the formation of a pH gradient within 
a gel matrix when current is applied due to the 
presence of ampholytes (which define the pH 
gradient formed, and may be altered across a 
wide range). Proteins migrate to the pH at 
which they do not carry a charge. The migra- 
tion may be allowed to proceed to completion 
(isoelectric focusing) or be halted part way 
through the run (non-equilibrium pH gel 
electrophoresis, NEPHGE). 

Application 
Where proteins are to be separated on the 
basis of their isoelectric properties (that is, 
the pH at which they do not have an electrical 
charge). Large protein aggregates (up to the 
size of intact viruses) may be separated in an 
agarose matrix. 

Application 
This is the highest resolution etectrophoretic 
system, but is complex and difficult to per- 
form. Automation and standardization of 
reagents are reducing variability, although 
this is still a major problem. 

Capillary zone electrophoresis 
(CZE) 

This is a purely analytical system where mole- 
cules are separated by their native electrical 
properties in a liquid phase contained in a 
capillary tube. Due to the small size of the 
tube, separation is very rapid, and sample 
quantity can be extremely small (picograms). 
Apparatus for this application can be expen- 
sive. Capillary IEF is also possible using 
coated tubes. 

Application 
Usually used for smaller molecules such as 
oligopeptides, but can be used for some pro- 
teins. Very small structural changes can be 
detected (slight structural variation in hemo- 
globin or monoclonal antibodies can be 
detected easily). Proteins are usually detected 
by UV absorption. 

Summary 
Any of the above methods may be used to 
allow the preparation of purified proteins. 
This may involve removal of proteins from the 
gel matrix by digestion, elution, or protein 
blotting. Alternatively, scaled up systems may 
be used (except for 2-D PAGE and CZE) which 
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allow collection of buffer fractions as proteins 
exit from the end of the gel. 

Precipitation, 
centrifugation, filtration 
Radioimmune precipitation 
Specific antibodies are mixed with the target 
antigen and allowed to bind. The antigen-anti- 
body complexes are then precipitated either 
by high-speed centrifugation (direct immuno- 
precipitation) or, more frequently, by binding to 
an antibody-specific particulate material fol- 
lowed by low-speed centrifugation (indirect 
immunoprecipitation). 

Application 
Radioimmune precipitation to identify viral pro- 
teins present in radiolabeled cells. The par- 
ticulate phase is usually fixed bacterial cells 
with specific antibody binding proteins on the 
cell surface, or such proteins bound to agarose 
beads. 

Salt or solvent precipitation 
Proteins will precipitate from solution when the 
nature of the solvent is altered by increasing 
the amount of a salt or organic constituent in 
the solvent. The point at which an individual 
protein will precipitate varies according to their 
particular properties. 

Application 
The addition of specific concentrations of 
ammonium sulfate to concentrate antibodies 
from protein-rich solutions. The ability of this 
system to resolve individual proteins is poor, 
and it is most frequently used to concentrate 
the target protein rather than to purify it. 

Density gradient centrifugation 
This relies on differing densities in the material 
to be separated. A tube containing a range of 

solute concentrations (densest at the bottom, 
least dense at the top ) i s  loaded with the 
sample and centrifuged at high speed. The 
sample is resolved into bands of different den- 
sity which may be extracted individually. The 
solute may be sucrose (separation by the rate 
of sedimentation), caesium chloride (equi- 
librium density centrifugation) or another 
solute which allows the formation of a density 
gradient. 

Application 
Normally used for material of larger than mole- 
cular size, such as viruses or viral capsids. 
However, sucrose gradients may be used to 
separate IgG and IgM antibodies for serologi- 
cal testing. If correctly used, can give high 
resolution. Simple centrifugation (at different 
speeds to precipitate material of different 
sizes, such as cell nuclei and intact viruses) 
may be used for initial separations. 

Filtration 
Membranes are available which have relatively 
precise properties, and can be used to sepa- 
rate proteins by molecular weight. 

Application 
While useful, this method is not precise, and is 
normally used as an initial step to remove 
impurities of very different molecular weight. 
Membranes are often used in cartridge form 
where centrifugation is used to assist filtra- 
tion. Examples of molecular weight cutoffs 
are Mr of 10,000, 30,000 or 100,000. Mem- 
branes with a low molecular weight cutoff 
may be combined with absorbent materials 
to remove excess solvents ('concentrators'). 

Other methods exist, but the material 
presented above covers the systems most 
commonly used for protein purification. Most 
of these applications are also used for other 
biological and chemical separations. 
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Chromatography 
The range of chromatographic techniques is 
so vast that this chapter can make no attempt 
to do more than summarize the methods used. 
In all cases the manufacturer's instructions 
should be followed for the preparation and 
use of solid phases. Typical protocols are 
shown in Table 12.1. 

Table 12.1. Examples of chromatographic protocols. 

Technique Column Starting buffer 
= =  

Eluting buffer Notes 

Affinity 

Anion exchange 

Cation exchange 

Hydroxylapatite 

HIC 

Size 
exclusion 

Agarose beads with 
reactive surface groups 
(e.g. Bio-Rad Affi-Gels) 
to which specific 
adsorbents (such as 
monoclonal antibodies 
or enzyme ligands) are 
coupled by the user. 

Phosphate-buffered 
saline (PBS) or 
other physiological 
buffer. 

Quaternary amine Variable according 
e.g. MonoQ, 5 x 50 mm; to protein, e.g. 20 mM 
flow of 0.35 ml min-1, tris/HCI pH 7.5-8.0; 
20 ml total volume 20 mM piperazine/HCI 

pH 9.5-9.8. 

Carboxylic acids 
e.g. Mono S as above 

Variable e.g. 50 mM 
morpholinoethane 
sulfonic acid pH 
5.5--6.5. 

e.g. 25 x 160 mm, 
flow of 0.6 ml min-1, 
450 ml total 

10 mM sodium 
phosphate, pH 6.8. 

E.g. phenyl, hexyl 
and butyl columns: 
4.7 x 100 mm column 
run at 0.3 ml min-1 

Many size ranges 
e.g. Mr 2000-80,000 

1.5 M ammonium 
sulfate (enzyme 
grade) 0.1 M sodium 
phosphate pH 6.8. 

50 mM sodium chloride 
or phosphate, pH 7.0. 

0.1-2.0 M NaCI in 
linear 0.1 M steps; 
specific chaotropic 
or ligand-competing 
agents such as 
2-mercaptoethanol or 
NADP (all in starting 
buffer as solvent). 

0-0.3 M NaCI in 
starting buffer. 

0-0.3 M NaCI in 
starting buffer. 

10-400 mM sodium 
phosphate, pH 6.8. 

20 mM sodium 
phosphate. 

As starting 
buffer. 

Wide range of 
possible adsorbents 
makes generalized 
protocols difficult 
to specify. 

Equilibration 
essential; sample 
is concentrated 
onto column 
during loading. 

Prolonged 
equilibration 
essential. 

Equilibration 
is easy but 
sample must be 
concentrated. 

As samples elute 
in low salt, this 
is a desalting step. 

Desalting is 
possible using 
small columns. 
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Gel electrophoresis 
Gel electrophoresis relies on the sieving prop- 
erties of a gel matrix, retarding the migration of 
proteins in an applied electrical field in direct 
proportion to their size. There is a wide range 
of electrophoretic techniques, summarized in 
page 253, but owing to limitations of space, 
methods are given only for the most popular 
system, that of sodium dodecyl sulfate poly- 
acrylamide gel electrophoresis (SDS-PAGE). 
As described in page 253, this resolves SDS 
coated proteins in a matrix of crosslinked acryl- 
amide. The SDS prevents protein folding from 
affecting mobility and provides a uniform 
charge-to-mass ratio, ensuring that protein 
mobility is inversely proportional to protein 
size. While some groups on the protein (such 
as phosphate) may interfere with SDS binding 
and increase the apparent size of a protein, the 
relationship between mobility and size is gen- 
erally reliable when compared to 'marker' pro- 
teins of known size resolved on the same gel. 

Many manufacturers will supply 'pre-cast' 
gels, which simplify the procedures involved 
but increase the cost. The range available 
may also be limited. It is possible to run poly- 
acrylamide gels where the concentration of 
acrylamide increases down the gel, allowing 
the resolution of high and low molecular 
weight proteins on the same gel. However, 
these gradient gels are very awkward to pre- 
pare, and pre-cast gels provide a sensible 
alternative where such gels are required. 
Linear gels (with a constant concentration of 
acrylamide) are relatively easy to prepare. 

Where small proteins are being resolved, the 
concentration of acrylamide required (method 
below) may make the gel brittle. In such cir- 
cumstances, alternative systems may be used. 
Two examples are the use of tricine (N- 
tris[hydroxymethyl]methyl-glycine) instead of 
glycine in the reservoir buffer (Schagger and 
von Jagow 1987) or of a 10% acrylamide gel 
containing 50% (w/v) sucrose (Chambers and 
Samson 1982). Both of these methods allow 
resolution of proteins down to Mr 1000o 

General method for 
SDS-PAGE 

Stock solutions 

All water used should be of high purity. 
The level of ionic contaminants is 
particularly important, since high levels 
will result in rapid running and diffuse 
bands. 

Resolving gel buffer • 

90.6 g Tris base, 2.0 g sodium dodecyl 
sulfate, adjust pH to 8.8 with hydrochloric 
acid, make volume up to 1 litre with 
water. 

Stacking gel buffer • 

30.24 g Tris base, 2.0 g sodium dodecyl 
sulfate, adjust pH to 6.8 with hydrochloric 
acid, make volume up to 1 litre with 
water. 

Acrylamide/bisacrylamide 

200 g acrylamide, 4.4 g NN'-methylene 
bisacrylamide, make volume up to 
500 ml with water. 

Ammonium persulphate 

0.4 g ammonium persulphate,make 
volume up to 20 ml with water. Store at 
4~ and use within two weeks. 

NNN ' N '- Tetramethylethylenediamine 
('I'EMED): Used as supplied. 

Buffer-saturated n-butanol 

Shake 200 ml of n-butanol with 100 ml of 
resolving gel buffer x2 and 100 ml of 
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water. Allow phases to separate 
(approximately one hour minimum). Store 
at room temperature, use upper phase as 
gel overlay. 

Reservoir buffer 

6.05 g Tris base, 2.0 g sodium dodecyl 
sulfate, 28.8 g glycine, make volume up 
to 2 litres with water. 

Sample buffer 

2 g sodium dodecyl sulphate, 10 g 
glycerol, 2.5 ml 2-mercaptoethanol, 1 ml 
0.1% bromophenol blue in water, 25 ml 
Bx2, make volume up to 100 ml with 
water. Omission of 2-mercaptoethanol 
will leave sulfhydryt bonds intact but may 
result in poor resolution of proteins; 
samples with and without 2- 
mercaptoethanol should never be mixed 
on the same gel since the sulfydryl 
reagent will diffuse between lanes. 
Sample buffer may be made up as a 2x 
concentrate where the protein sample is 
already in solution, and mixed 1:1 to 
achieve the correct final concentration. 

Gel mixtures 

The amount of acrylamide/bisacrylamide 
used will vary with the final desired 
concentration of acrytamide in the gel. 
Resolving gels can range from 6% to 
20% acrylamide: a 10% gel will resolve 
proteins from Mr 12,000 to 200,000. A gel 
containing less than 6% acrylamide will 
be very difficult to handle, while with 
acrylamide concentrations above 15% 
the gel may become brittle, and 
alternative approaches may be used as 
described previously. 

Stacking gels are usually made with 
final concentrations of 4% acrylamide. 

Resolving gel (for 50 ml): 25 ml Ax2, 1 ml 
ammonium persulfate, acrylamide/ 
bisacrylamide as desired (25 ml for 10% 
acrylamide), water to 50 ml. 

Stacking gel (for 15 ml): 7.5 ml Bx2, 
0.4 ml ammonium persulphate, 1.5 ml 
acrylamide/bisacrylamide, 5.6 ml water. 
Polymerization and resolution will be 
improved if gel mixtures are degassed 
under vacuum for 5-10 min, prior to the 
addition of TEMED. The mixture should 
be swirled at intervals to help with 
degassing. 

Pouring the gel 

SDS-PAGE gels are normally 1-2 mm 
thick and are run vertically, using 
commercially supplied slab gel 
equipment such as the Bio-Rad Protean 
Ilxi or the Hoefer SE600. 

1. Set up the slab gel apparatus in 
accordance with the manufacturer's 
instructions, and test for leaks by 
filling with water. After leak testing, 
empty out water and remove residue 
with absorbent paper. 

2. Immediately before pouring the gel, 
add 40 i~1 100 m1-1 (resolving gel) or 
150 t~1 100 ml-~ (stacking gel) TEMED 
to initiate polymerization. 

3. Gently swirl the mixture, and pour the 
gel using a large-volume pipette. 

4. After pouring, the resolving gel should 
be overlaid (gently) with 1-butanol 
saturated with Axl to prevent uneven 
polymerization. 

5. When the gel is set (approximately 
30 min), a double meniscus will be 
visible under the butanol layer. Gel 
setting can be checked by gently 
tilting the apparatus. 

6. Remove the butanol and wash 
thoroughly with water before placing 
the well-forming comb in position and 
pouring the stacking gel around it. 

7. Setting requires approximately 30 min, 
after which the comb is gently removed 
and the wells washed with water and 
drained with a hypodermic needle. 
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Sample loading 

1. Samples are heated to 100~ for 
1-3 min immediately before loading 
to ensure thorough denaturation. 

2. Samples are loaded into the wells 
using an air displacement 
micropipette, changing the tip for 
each sample. 

3. After loading, gently fill each well with 
reservoir buffer, then fill the upper and 
lower chambers. 

Running the gel 

If the apparatus is water cooled, this will 
prevent heat-induced distortion of the 
band pattern and allow higher currents 
(and shorter run times) to be used. 

1. SDS-PAGE gels are normally run at 
constant currents, in the range of 15- 
35 mA per gel, giving run times from 7 
to 3 h in a typical apparatus. When the 
blue band of the dye front enters the 
resolving gel it can be seen to 
sharpen, and this also occurs with 
protein bands. 

2. When the dye front is approximately 
5 mm from the end of the gel, the 
current is switched off and the 
apparatus dismantled. The gel should 
be handled only while wearing wet 
gloves to avoid tearing (gels with a 
lower concentration of acrylamide tear 
more easily, below 7.5% handling is 
difficult). 

Gel staining 

There are a large number of protein stains 
available. If maximum sensitivity is 
desired, a high-resolution silver stain may 
be used, in accordance with the 
manufacturer's instructions. However, for 
routine and economical staining, the 
following system is suitable, giving blue 
bands on a clear background. 
Stain: 0.5 g Coomassie brilliant blue 

R-250, 250 ml 2-propanol, 100 ml acetic 
acid, 650 ml water, mix to dissolve stain. 
Destain: 250 ml 2-propanol, 100 ml 
acetic acid, 650 ml water. 
The gel is stained for 3-18 h, and 
destained until the background blue 
staining is removed (at least four hours). If 
using short staining or destaining times, 
the gel should be gently shaken. 

Autoradiography and fluorography 

If a gel is not stained prior to 
autoradiography or fluorography, the 
proteins should be fixed within the gel 
matrix. This can be achieved by 
incubation of the gel for 30 rain in 25% 
2-propanol/10% acetic acid. 

Radiolabeled proteins may be detected 
by drying the gel under vacuum (gel 
dryers should be used in accordance 
with the manufacturers instructions) and 
placing the gel next to an X-ray film 
(autoradiography). The exposure time 
typically ranges from 2 to 21 days, and is 
dictated by the level of radioactivity 
present. 

If the radioisotope is of low emission 
energy (such as 3H), or present in very 
low amounts, impregnation of the gel 
with a radiation-sensitive fluor prior to 
exposure to the X-ray film will greatly 
increase detection. However, if the 
isotope is of moderate energy and not 
present in very low amounts, 
fluorography will result in blurring of 
bands, so autoradiography is used. For 
high-energy isotopes, most emissions 
will pass through the film, and a solid 
fluor placed behind the film will enhance 
detection. These 'intensifying screens' 
work in a similar way to direct 
fluorography. Suggested detection 
Systems are shown in Table 12.2. 

Several convenient proprietary water 
based fluors are available (such as 
'Amplify' from Amersham international) 
and should be used in accordance with 
the manufacturer's instructions. An 
alternative system is as follows: 
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Table 12.2. Sensitivities of autoradiography and fluorography with different radionuclides. 

Radioisotope Method Temperature Preflashed Sensitivity Enhancement 
(~C) film (d.p.m.)* factor t 

Dried gel Filter or TLC 

3H Autoradiography, RT No > 2 x 10 s 
fluorog raphy - 70 Yes 5000 1000 100 

14C/35S Autoradiography, RT No 4000 
flu rography - 70 Yes 250 15 10 

33p Autoradiography RT No 1000 
32p Autoradiography, RT No 350 

intensifying - 70 Yes 30 10 14 
screen 

1 2 5 1  Autoradiography, RT No 1000 
intensifying - 70 Yes 60 16 17 
screen 

* Results obtained by loading samples into 5 mm gel slots, followed by electrophoresis and drying. Units are 
d.p.m, of acid-precipitable material needed to produce a detectable image (0.02 A4so) after 24 h exposure 
under the conditions shown. 

1" Enhancement factor = increase in sensitivity by use of fluorography or intensifying screen. RT, room 
temperature. 

This table is reproduced from Virology Labfax with permission from BIOS Scientific Publishers Ltd. 

1. The gel is dehydrated with three 
30 min incubations in dimethyl 
sulfoxide (a powerful hygroscopic). 

2. This is followed by incubation for 2 h 
in 20% (w/v) 2,5-diphenyl oxazole 
(PPO) in dimethyl sulfoxide. PPO is the 
radiation-sensitive fluor. 

3. PPO is precipitated by incubation for 
1 h in water. 

4. The gel is dried and exposed as for 
autoradiography. This method may 
cause cracking on drying with gels 
above 12% acrylamide. 
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Western (immuno)blotting 
and radioimmune 
precipitation 
Most immunoassays will indicate the presence 
of reactive antibodies, but both immunoblot- 
ting and radioimmune precipitation will also 
provide evidence of the specificity of those 
antibodies. Using either technique one test 
can identify thirty or more reactive antigens in 
a single assay. However, each technique has 
significant advantages and disadvantages. 

Proteins detected by immunoblotting are 
highly denatured, and configuration-sensitive 
epitopes will be destroyed. In practice this 
means that many antibodies will not bind, 
and some proteins may not be detected even 
with polyclonal sera. While blotting techniques 
do exist that are described as 'non-denatur- 
ing', this is not the case. Simply pulling the 
proteins through a gel and adsorbing them to 
a solid matrix will destroy many epitopes. As a 
result, it is important to remember that a nega- 
tive result by immunoblotting does not indicate 
that no specific antibodies are present. Due to 
the highly denaturing sample preparation, 
resolution of proteins is very high. Most viral 
and cellular structures are disrupted, and even 
poorly soluble proteins are solubilized. Anti- 
body binding occurs to individual proteins, so 
larger structures will not be detected. 

In contrast, radioimmune precipitation uses 
very mild solubilization conditions which pre- 
serve proteins in their native configuration and 
will retain most epitopes, even those which 
depend on protein folding or (some) protein- 
protein interactions. These gentle conditions 
mean that large structures such as whole viral 
nucleocapsids may not be disrupted and will 
be removed when the antigen is clarified, which 
may prevent the detection of proteins con- 
tained in such structures. Other poorly soluble 
proteins will also be removed on clarification. In 

addition, non-reactive proteins associated with 
antigenic proteins may remain associated 
throughout the procedure until resolved by 
SDS-PAGE and show up as separate bands, 
even though no specific antibodies are present. 

The relative advantages and disadvantages 
of each technique must be considered when 
using them. Using both methods in the same 
investigation can bypass these limitations and 
provide valuable comparative data. 

General method for 
immunoblotting 

Stock solutions 

Blotting buffer 

3.03 g Tris base, 14.4 g glycine, 200 ml 
methanol, make up to 1 litre with water. 
The addition of 0.15 g of sodium dodecyl 
sulfate per litre has been found in this 
laboratory to enhance the transfer of high 
molecular weight proteins. Variations in 
the concentration of methanol used may 
also enhance transfer, although this 
varies with the protein under study. 

Blocking solution 

1% (w/v) casein in phosphate buffered 
saline (Dulbecco 'A') (PBS). 

Reaction buffer 

1% (w/v) casein, 2% (v/v) normal rabbit 
serum, in PBS. 
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Method TANK SEMI-DRY 

Electrodes Platinum wire Conductive plates 
Transfer time 16 hours 1 to 3 hours 
Buffer required 2 to 3 litres 1 litre 
Maximum capacity 2 gels 6 gels 
External cooling Required Not required 

Figure 12.1 Comparison of tank and semi-dry electroblott ing systems. 

Wash buffer 

0.1% Tween-20 in PBS. 

Transfer 

After electrophoresis, the gel is 
equilibrated in transfer buffer for 
30 min. 

Transfer membrane is cut to the size 
required and soaked in transfer buffer for 
30 rnin. Most commonly, nitrocellulose is 
used, but polyvinylidene difluoride 
(Immobilon-P, Millipore) or nylon- 
supported nitrocellulose (Hybond C- 
super, Amersham International) may also 
be used. If polyvinylidene difluoride is 
used, the membrane must be pre-wetted 
in methanol, in accordance with the 

manufacturers instructions. 
Electroblotting may use either tank or 
semi-dry apparatus (Fig 12.1). 

Tank system 

Gel and membrane are inserted, between 
sheets of filter paper and absorbent 
pads, into clamping cassettes, then 
immersed in a tank of buffer between two 
platinum wire electrodes. Transfer is 
usually overnight at 30 V (constant 
voltage), with the option of an additional 
short, high intensity transfer (200 V, 
which requires extra cooling) to enhance 
protein recovery. Up to two gels may be 
transferred at the same time. 
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Semi-dry system 

Gel and membrane are placed in a buffer 
saturated filter paper stack, with sheets 
of dialysis membrane between the paper/ 
gel/membrane transfer units sandwiched 
between plate electrodes. Since reactive 
metal anodes will oxidize, the electrodes 
may be graphite, conductive plastic, or 
an oxide or platinum coated anode with a 
metal cathode. Transfer is usually at 
0.8 mA cm -2 cross-section for 1-2.5 h. 
Alternatively, transfer may be performed 
at 0.12 mAcm-  2 overnight. Semi-dry 
transfers may be performed on up to six 
gels simultaneously, and use far less 
buffer than tank transfers. 

All gel equipment should be assembled 
and used in accordance with the 
manufacturer's instructions. 

Electroblotting for protein sequencing 

In addition to the normal considerations 
for electroblotting of proteins, when 
using electroblotting to prepare proteins 
for sequencing it is necessary to ensure 
that: 

�9 The resolving gel is allowed to set for 
at least 12 h to ensure complete 
polymerization. 

�9 The membrane used is compatible 
with the sequencing protocol. 
Nitrocellulose membranes will 
dissolve and should not be used. 
Polyvinytidene difluoride (PVDF) 
membranes are generally suitable. 

�9 Tris buffers are removed during 
washing of the membrane, since the 
amino groups of Tris will interfere with 
sequencing. 

�9 There is enough protein present on the 
membrane to allow sequencing. As a 
general guide, a band which is clearly 
visible when stained as described with 
amido black will contain sufficient 

protein. Colloidal metal stains will 
interfere with sequencing and should 
not be used. 

�9 The membrane binding sites must not 
be blocked with additional protein (see 
below). 

Staining 

If staining is required, a number of 
methods are available. One system 
for nitrocellulose membranes is as 
follows: 

1. Stain for 5 min in 40% methanol/10% 
acetic acid/0.5% amido black, with 
gentle agitation. 

2. Destain for 2-5 min in 40% methanol/ 
10% acetic acid, with gentle agitation. 

For PVDF membranes, use the above 
solutions, staining for not more than one 
minute. 

Blocking 

Unused protein binding sites on the 
membrane must be blocked prior to 
immunodetection to prevent non-specific 
binding of antibodies. Blocking is 
performed by rocking for 1-2 h in a 
suitable blocking solution at room 
temperature. Alternatively, the membrane 
may be incubated overnight (without 
rocking) in blocking solution at 4~ 
Limited renaturation of proteins may 
occur during blocking. After blocking, 
antigen-bearing strips are cut using a 
fresh scalpel blade. These may be folded 
into foil and stored at -20~ for several 
months prior to immunoreaction, if 
desired. Blocking solutions normally 
contain high levels of non-reactive 
protein in a physiological buffer (e.g. the 
solution of 1% casein in PBS described 
on page 261), but 0.05% Tween 20 (a 
non-ionic detergent)in PBS may also be 
used (Baetteiger et al 1982). 
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immunoreaction 

Immunoreaction can take place in rolling 
drums, plastic boxes, or dedicated 
reaction trays. This last option is 
particularly suited to multiple 
immunoreactions. Volumes of reaction 
and wash solutions should be sufficient 
to thoroughly irrigate the strips, typically 
filling a flat-bottomed reaction container 
to a depth of 1-3 mm when stationary. All 
incubations require agitation, either on a 
rocking table or (for drums) by rolling of 
the reaction vessel. An effective 
procedure for immunoreaction is as 
follows: 

1. Antigen-bearing strips are incubated 
at 37~ for 2-3 h in reaction buffer 
containing a 1:150 dilution of the test 
serum. 

2. The strips are washed four times, for 
fifteen minutes each time. 

3. Labeled probe antibody, diluted to 
working concentration in reaction 
buffer, is added to the strips and these 
are then incubated at 37~ for 1.5-2 h. 

4. The strips are again washed four 
times. 

Detection of bound probe 

If the probe is directly stained, bands will 
be visible on the membrane. 

If a radiolabeted probe has been used, 
the strips are then dried, covered with 
clingfilm, and exposed to X-ray film, 
using fluorographic intensifying screens if 
the radiolabel is the gamma-emitting ~251. 
Exposure to film may require days or 
weeks. 

If an enzyme-labeled probe has been 
used, reaction with substrate must be 
allowed to occur. For the production of 
coloured bands [chromogenic detection, 
many substrates are available 
(Cunningham and Simmons 1993)]. A 
commonly used substrate is 4-chloro-1- 
naphthol, which gives purple bands and 

is used with probes conjugated to 
horseradish peroxidase. For this reaction, 
the procedure is: 

1. Strips are washed in 0.05 M Tris/HCI 
pH 7.4 + 0.2 M NaCI (TBS). 

2. The strip is incubated for 5 min in 
fresh TBS containing 0.6 mg ml-1 
4-chloro-l-napthol and 21~1 ml -~ 30% 
H202 solution. 

3. The reaction is stopped by rinsing in 
TBS. 

4. If required, the bands may be further 
developed by overnight incubation of 
the strip in the TBS rinse at 4~ 

5. With any chromogenic system, bands 
are visible only on the nitrocellulose 
strip itself, which is fragile when dry 
and becomes extremely fragile with 
age. The band pattern should be 
recorded by photography and/or 
photocopying. 

Luminescent immunodetection may use 
alkaline phosphatase or horseradish 
peroxidase, with a substrate such as 
AMPPD or luminol (respectively), which 
emit light during reaction (Cunningham 
and Simmons 1993; Stanley and Kricka 
1991). Commercial systems such as the 
ECL system from Amersham 
International use chemical enhancers of 
the reaction to give more intense and 
stable luminescence. The strip is 
exposed to X-ray film for a few seconds 
or minutes. However, light is a product of 
the ongoing reaction, and depletion of 
available substrate can cause bands to 
become less intense, which can give a 
relatively short 'window' for successful 
exposure. Luminescent systems give a 
durable film image, with the potential for 
multiple exposures, combining a major 
advantage of radiometric detection with 
the speed of chromogenic systems. 

Band quantitation 

Unlike most immunoassays, 
immunoblotting does not give results 
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which are easily reduced to numerical 
data. The varying background observed 
on membrane strips makes densitometry 
unreliable, and visual inspection is 
usually the method of choice. This 
contrasts with direct protein staining of 
gels, where variable background intensity 
is not usually a problem, and 
densitometry may be a useful method of 
quantitation. Where immunoblotting is 
used diagnostically, it has been found 
that detection of a single band should not 
be regarded as indicative of a positive 
result. If multiple bands are required, the 
incidence of false positives is greatly 
reduced. 

General procedure for 
radioimmune 
precipitation 

Stock solutions 

TD buffer 

100 ml phosphate buffered saline 
(Dulbecco 'A') (PBS) plus 1 g Triton X- 
100, 0.5 g sodium deoxycholate, 17.4 mg 
phenyl-methyl sulphonyl fluoride (PMSF), 
36.1 mg hydroxymercuribenzoate 
sodium salt (HMB), 0.1 g sodium azide. 

PBS-CR 

10 ml PBS, 0.1 g casein, 0.2 ml normal 
rabbit serum 

PBS-T 

100 ml PBS, 0.1 g Tween-20 

Antigen preparation 

1. Virus-infected cells must be 
radiolabeled (see page 267) 

2. Wash the cells with PBS. 

3. Put TD buffer onto cell sheet (adherent 
cells) or resuspend cells in TD buffer 
(non-adherent cells). Use 1 ml of TD 
buffer for 25 c m  2 of confluent cell 
sheet or 2 x 10 e to 4 x 108 cells. 

4. Freeze at -70~ overnight. 
5. Thaw at 37~ 
6. Scrape off cell sheet (adherent cells) 

and sonicate at 20 kHz for 15 s. 
7. Pellet debris at 40,000 g for 1 h. 
8. Assay radioactivity present in 5 Id 

aliquot of antigen. 
9. Store antigens at -20~ 

Radioimmune precipitation 

1. In a 1.5 ml centrifuge tube, mix 1 ml 
'Omnisorb' protein G (for IgG 
detection) (Calbiochem) and 0.5 ml 
PBS. Mix, spin for I min at 'slow' 
speed setting (3100 g)in an MSE 
Micro-Centaur centrifuge. Resuspend 
in I ml PBS, repeat spin. Repeat wash 
at least three times, until the 
supematant is clear. Take up the final 
pellet in 1 ml PBS-CR. Each vial will 
provide enough washed protein G for 
assaying five sera for IgG. 

2. Mix antigen containing 50,000- 
100,000 CPM with 100 I~1 washed 
protein G, make volume up to 200 I~1 
with PBS-CR if required. 

3. Incubate for 1 h at 37~ with mixing 
at least once by inversion. 

4. Spin for I min at slow speed setting, 
and mix 170 I11 of the supematant with 
15 I~1 of test serum. As a general 
guide, when using monoclonal 
antibodies use 10-20 I~1 of ascitic fluid 
or 100-200 I~1 of unconcentrated 
tissue culture supematant. 

5. Incubate for 2 h at 37~ with at least 
three mixings 

6. Add 100 1~1 of washed protein G, and 
mix. 

7. Incubate for 1 h at 37~ with at least 
one mixing. 

8. Add 1 ml PBS-T. 
9. Spin for 1 min at slow speed setting, 

resuspend pellet in 1 ml PBS-T by 
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pumping with a pipette tip. Repeat 
spin and wash three times, and 
resuspend pellet in 80 I11 reducing 
sample buffer for SDS-PAGE (see 
page 258). Place in a 100~ water 
bath for 2 min, cool in a room 
temperature water bath. 

Spin for 2 min at 'fast' speed setting 
(13,000 g) and take 60 !~1 of supernatant. 

Store at -20~ prior to analysis by 
SDS-PAGE. Owing to the low recovery of 
antigen by this technique, it is often 
necessary to use fluorography even for 
isotopes such as 14C and 35S which are 
usually detected by autoradiography 
(Table 12.2). 
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Radiolabeling of cells 
Radiolabeling is a versatile and simple method 
of identifying biological macromolecules pro- 
duced by cells. For viral proteins, the use of 
specific radiolabels makes possible: 

�9 Detection of particular classes of proteins 
(for example, use of sugars which are incor- 
porated only into glycosylated proteins). 

�9 Structural studies of proteins (for example, 
use of different radiolabeled amino acids 
(e.g. cysteine for studies of disulfide 
bonds) or of chemical groups which may 
be attached by post-translational modifica- 
tion (e.g. radiolabeled orthophosphate) to 
determine which are present in a particular 
protein). 

�9 Detection of proteins produced at specific 
times (for example, enhanced detection of 
viral proteins by adding radiolabel after cel- 
lular synthesis has been inhibited by the 
virus infection, use of short 'pulse' radio- 
labeling at different times after infection to 
obtain a 'snapshot' of viral and cellular 
synthesis at these times). 

�9 Studies of protein processing (for example, 
'Pulse-chase' analysis (see below) where 
proteins are labeled as they are produced 
and then analyzed at increasing intervals 
after their production, identifying process- 
ing or degradative events). 

�9 'Tagging' of proteins (for example, surface 
iodination, where the 1251 is chemically 
linked to the surface structures of a virus 
or cell, demonstrating their location). 

General procedure for 
radiolabeling of viral 
proteins 
Details of isotopes and commonly used radio- 
labels are given in Tables 12.3 and 12.4, 
respectively. Owing to the highly variable 
nature of viral infections of cells, it is only 

possible to give the most general of guide- 
lines for radiolabeling of viral proteins: 

�9 With those viruses that produce cytopathic 
effect, antigen production is likely to be 
maximal when cytopathic effect is rela- 
tively advanced, although not to the point 
where cells have stopped synthesizing 
proteins. 

�9 In order to maximize the labeling of viral 
proteins relative to those of the cell, label- 
ing should be for a relatively short period, 
late in infection. The period of radiolabeling 
with a particular molecule will be affected 
by the amount of the unlabeled equivalent 
in the cell. For example, amino acids and 
sugars are generally turned over rapidly and 
short labeling periods may be used, while 
fatty acids (which are present in large 
amounts in cellular lipids) require longer 
labeling periods. For amino acids labeling 
periods will generally vary from 0.5-6 h, 
although shorter or longer periods may be 
used if required, with appropriate altera- 
tions in the amount of label present: short 
labeling times require high levels of radiola- 
bel, longer labeling times can use reduced 
levels. 

�9 As a general guideline, for radiolabels 
where there is not a large cellular pool of 
the equivalent unlabeled molecule, a label- 
ing period of one twelfth of the time since 
infection (e.g. for harvest at 24 h post-infec- 
tion, label from 22-24 h post-infection)is a 
good starting point from which to investi- 
gate the optimum labeling time. 

�9 Incorporation of a radiolabeled molecule 
may be increased by starving the cell of 
the unlabeled form. This will usually involve 
the formulation of the label itself in depleted 
medium, and (where the labeling period is 
short, e.g. of 2 h or less) may also involve 
pre-incubation in depleted medium to 
decrease cellular reserves. Media lacking 
individual amino acids are available, and 
are used with dialyzed serum (from which 
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Table 12..3. Isotopes used for biological radiolabelling. 

Isotope Haft life Emission energy Detection on gel 

Beta emitters: 
3H 12.4 years 
14C 5740 years 
3SS 87.4 days 
33p 25 days 
32p 14.3 days 

Very low Fluorography 
Moderate Autoradiography 
Moderate Autoradiography 
Moderate Autoradiography 
High Intensifying screen 

Gamma emitters: 
12Sl 60 days High Intensifying screen 

Table 12.4. Details of commonly used radiolabels. 
. . . .  

Radiolabel Advantages Disadvantages 

Total protein: 
3SS methionine 

3H leucine 

14C amino acid 
mixture 

Glycoproteins: 
3H glucosamine 
hydrochloride 

14C glucosamine 
hydrochloride 

Phosphoproteins: 
32p orthophosphate 

33p orthophosphate 

Inexpensive, 
available at high 
specific activities. 

inexpensive, 
available at high 
specific activities, 
leucine is present 
almost all proteins, 
long half life. 

Will label all proteins, 
long half life. 

Long half life, 
inexpensive. 

Long half life. 

Cheap, high specific 
activities available. 

High specific 
activities available, 
moderate emission energy. 

Methionine is not 
a common amino acid, 
some proteins will label 
poorly while others will 
appear very intense, short 
half life. 

Low emission energy 
requires fluorographic 
detection. 

Very expensive, only available 
at low specific activities. 

Low emission energy 
requires fluorographic 
detection. 

Expensive, low specific 
activity. 

High emission energy 
requires stringent 
safeguards, short half life. 

Expensive, short 
half life. 

Many other radiolabels are used for specific applications, notably 1251 for 'tagging' of 
biomolecules 

268 Chapter 12 



Radio label ing of cel ls 

all low molecular weight compounds have 
been removed). Depletion of sugars, phos- 
phates or many other molecules is less 
simple since depleted media are not prac- 
tical, although dialyzed or lipid-stripped 
serum may still be used. Depleted media 
are often toxic to cells during prolonged 
exposure, and should not be used for 
more than 6-12 h in total. Methods should 
be optimized for individual systems. 

A radiolabeling protocol of this type has the 
general plan: 

Infect-  Incubate under complete media until 
cytopathic effect is advanced-  (starve)-  
Radiolabel- Harvest 

This is 'pulse labeling', where a short 'pulse' 
or radiolabel gives a snapshot of synthesis in 
the cell at a particular time. With 'pulse-chase' 
radiolabeling, the radiolabel is then removed 
and replaced with complete medium highly 
enriched for the equivalent unlabeled mole- 
cule (typically at least five times normal levels 
unless this would be toxic). This has the effect 
of swamping any residual label present, so that 
all proteins synthesized in the 'chase' period 
are unlabeled. As a result, any changes to 
proteins produced during the pulse can be 
observed. Pulse-chase radiolabeling is often 
used to determine precursor-product relation- 
ships, but can also be used to determine the 
half-life of a particular protein or proteins. 
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Expression of viral proteins 
in heterologous systems 
While many viruses grow well in cell culture 
and produce very high levels of proteins, this 
is not always the case. For those viruses which 
do not grow in culture, purification of viral 
proteins from natural sources may be poss- 
ible. However, it is often simpler to clone the 
viral gene of interest into an expression system 
designed to produce high levels of the cloned 
protein. Many such systems exist (Kinchington 
1993), and the procedures used for cloning 
and expression lie outside the concerns of 
this chapter. However, a brief summary of the 
major points of commonly used expression 
systems may be of value. 

In general, viral genes are usually cloned into 
gene libraries maintained in prokaryotic plas- 
mids, and then sub-cloned into expression 
systems. The range and number of cloning sys- 
tems available is huge, and many excellent 
systems are available in complete form from 

biotechnology companies such as Pharmacia, 
o 

Invitrogen, or Promega. Unless the investiga- 
tor has good contacts with another laboratory 
able to supply such systems it is usually easier 
to purchase them. 

Despite the ease of use of such systems, 
prokaryotic expression systems will produce 
proteins very different from those made by a 
virus infecting a eukaryotic cell. As a result, it 
may be better to use a eukaryotic expression 
system such as yeast, baculovirus or mamma- 
lian cell/plasmid systems. Unfortunately, the 
general principle that the more 'realistic' pro- 
ducts are produced by systems that are more 
difficult to use applies, and the importance of 
'authentic' post-translational processing must 
be balanced against the difficulties of expres- 
sion. The advantages and disadvantages of 
producing viral proteins in different expres- 
sion systems are summarized in Table 12.5. 

Table 12.5. Features of eukaryotic and viral proteins expressed in heterologous systems. 
Bacteria Yeast Insect cells Mammalian cells 

Correct protein folding - to +; may precipate 
Proteolytic cleavage No 
Glycosylation No 

Acylation No or different 
Phosphorylation No 
Secretion No, but may be 

engineered 
Compartmentalization n/a 
Functional activity Occasionally 
Major systems for (i) Fusion proteins 
high-level expression (ii) Strong/inducible 

promoters 
Effort required Easy; easy to scale-up 

Possible levels of Up to 30% 
expression (% wt) 

+_ to + Usually, may precipitate Yes 
_+ to + Usually Yes 
Usually, but different Usually, but different 
(unbranched, O-linked) (branched) 
Usually Usually Yes 
Usually, may be different Usually, may be different Yes 
Usually Usually Yes 

_ to + Usually Yes 
Often Often Usually 
Yeast shuttle and Baculovirus expression (i) Viral expression systems 
expression vectors systems (ii) Amplifiable cell lines* 

Considerable; easy to Considerable; possible Considerable; possible 
scale-up for scale-up for scale-up (CHO-DHFR) 
Up to 1% Up to 30%; usually less Up to 10%' usually much 

than 10% less than 1% 

Features in this table are to act as a general guide and should not be considered comprehensive. 
* Amplifiable cell lines are not detailed in this chapter, but are used for expression, particularly if large scale-up is required. The two most 

commonly used systems are chinese hamster ovary cells with dihydrofolate reductase amplification (CHO-DHFR) and plasmids bearing the 
SV40 replicon amplified in T-antigen-expressing cells, such as COS cells (SV40-COS). (This table is taken from 'Expression of Virus Genes in 
Heterologous Systems' by P. R. Kinchington, in Virology Labfax, D. R. Harper (Ed.), 1993, BIOS Scientific Publishers Ltd, and is presented 
here with the permission of the publishers). 
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Amino acid sequencing of 
polypeptides 
Amino acid sequence analysis is, at present, 
performed by highly sensitive, automated 
Edman degradation. In this technique the poly- 
peptide N-terminus is reacted with an aromatic 
isothiocyanate and the product then cleaved 
under acid conditions to yield a characteristic 
amino acid derivative with the concomitant 
generation of a polypeptide one amino acid 
shorter than the original. Sequential degra- 
dation and HPLC analysis of the amino acid 
derivatives establishes the sequence. Meth- 
ods for C-terminal analysis are not yet 
sufficiently developed to be of practical use. 

In practice, virologists will submit their 
samples to a protein sequencing service for 
analysis. 

The amount and reliability of amino acid 
sequence information is highly dependent 
upon the quantity of material, its purity and 
the sequence of the polypeptide chain itself. 
A prerequisite for sequencing is a free N-ter- 
minus and in many cases the N-terminus is 
covalently modified (Aitken, 1990). There is 
no easy way to 'free' the N-terminus of a 
polypeptide and in these cases peptides 
must be generated with free N-termini (see 
below). A second requirement is that the poly- 
peptide must be immobilized on an inert sup- 
port; either glass fibre or a polyvinylidene 
difluoride (PVDF) membrane. 

Quantitation 
Modern protein sequencers can detect as little 
as 0.2 pmol of amino acid. However, there is a 
threshold of approx. 0.5 pg below which no 
reliable sequence information is obtained. 

Any protein assay method may be used but 
none are reliable for dilute solutions and work- 
ers frequently greatly overestimate the amount 
of protein present. In practice, therefore, it is 

as good to use the UV absorption of a sample 
at 214 and/or 280 nm. A protein solution of 1 
mg/ml has an approximate A214 of 10 and 
A280 of 1 at 1 cm path length. Note that 
almost all impurities and buffers will affect 
this quantitation. For quantitation of bands 
blotted from gels use a dye stain (e.g. Coomas- 
sie blue or amido black) and judge the amount 
using a set of standards. The rule is - i f  you 
can't see it clearly with a dye stain there isn't 
enough material. 

Guidelines for preparation 
of samples for 
sequencing 
�9 Use the most highly purified reagents and 

water possible. 
�9 Avoid amine or ammonium salt buffers. 

Ammonium salts, primary and secondary 
amines will produce derivatives during 
sequencing. These will be in vast excess 
over peptide and may prevent successful 
analysis. Note that tris is a primary amine. 
(To some extent this problem can be over- 
come by concentration of samples onto a 
membrane.) 

�9 Avoid high salt concentrations e.g. > 0.5 M. 
Salt may precipitate during handling and 
cause problems. 

�9 Thiols and detergents are less of a problem 
than amines but use them judiciously. 
Consult the protein sequencer staff. 

�9 Avoid excessive dilution of samples (e.g. < 
1 ~tg ml-1). 

�9 Use concentrating conditions during purifi- 
cation if possible, e.g. desalting via a size 
exclusion column can lead to loss of poly- 
peptide due to dilution - an HPLC tech- 
nique may be suitable (see below). 
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�9 Use appropriately small columns and 
vessels; do not transfer samples from one 
vessel to another frequently; keep vessels 
in which polypeptides have been stored in 
case material remains bound to the vessel. 

�9 Do not store dilute samples, but work on 
them immediately. 

�9 Do not repeatedly freeze and thaw dilute 
samples. 

�9 Do not concentrate samples to dryness as 
recovery may be difficult (e.g. freeze drying 
and 'gyrovap' concentrators). 

�9 Be aware that concentration through a 
membrane may lead to sample losses. 
The use of a stream of nitrogen (with heat- 
ing to no more than approximately 37~ 
convenient as volume reduction is always 
visible. Small amounts of detergent may be 
added if essential, e.g. SDS to a final con- 
centration of less than 0.1%. 

Digestion of polypeptides 
it is frequently necessary to digest polypep- 
tides in order to gain sequence information 
away from the N-terminus. 

General procedure for enzymic 
digestion in solution 

1. Ensure that the polypeptide is in an 
appropriate buffer and check pH (see 
Table 12.6). 

2. Use the protease at at least 0.1 I~g 
m1-1. This may require a small 
volume to keep the protease/ 

. 

4. 

substrate ratio reasonable, i.e. 
< 1:10. 
Perform a protease blank. 
Isolate peptides by RP-HPLC (see 
below). 

Digestion with cyanogen 
bromide 

1. Work in an efficient fume hood, 
Hydrogen cyanide is a by-product of 
the reaction. 

2. Dissolve the polypeptide in 50-200 
t~1 of approx 60% formic acid in a 
small (5 ml) pear shaped flask with a 
ground glass joint. 

3. Add a small crystal of CNBr (approx. 
2 mg) and leave overnight at 4~ 

4. Remove formic acid and by-products 
with a rotary evaporator. Do not heat 
above 40~ and remove from the 
heat when solvent has been 
removed. 

5. Add 10 #1 of 100% trifluoroacetic 
acid and allow this to run around the 
flask to dissolve the peptides. 

6ao Add approx 200 I~1 of water (i.e. an 
appropriate volume for the HPLC 
setup) and purify by reverse phase 
(RP)-HPLC. 

6b. Add buffer for SDS-PAGE. Adjust the 
pH with bicarbonate buffer until 
correct and run on SDS-PAGE using 
the method for low MW peptides 
(Schagger and von Jagow 1987), 
followed by blotting onto PVDF 
membrane. 

Table 12.6. Protease digestion of samples for amino acid sequencing. 

Protease Sites of cut Buffer 

Trypsin K, R 
Chymotrypsin F, Y and hydrophobic regions 
S. aureus V8 protease E 
Lysylendopeptidase* K (+ 0.1% SDS) 

50-100 mM ammonium bicarbonate, pH 8.4 
50-100 mM ammonium bicarbonate, pH 7-9 
50-100 mM ammonium bicarbonate, pH 7.8 
100 mM tris, pH 9.0 

* From Endobacter. This protease retains complete activity in 0.1% SDS. It is obtainable from the WAKO 
chemical company. 
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Figure 12.2. HPLC separation of a sample of azo- 
reductase by HPLC. 
Approximately 8 lJg of protein was applied to an 
Aquapore RP 300 column (a 30 nm pore C-8 
reverse-phase column from Applied Biosystems) 
2.1 mm internal diameter and 100 mm long and 
eluted with a 70 rain linear gradient of 2-70% acet- 
onitrile in water, both solvents containing 0.1% tri- 
fluoroacetic acid. The flow rate is 130 !~1 min=l and 
the eluant was monitored at 214 nm. 
The negative peak at approx 7 min is the buffer 
which flows straight through the column. Sequence 
analysis of the sample prior to HPLC caused ambi- 
guity of sequence clue to the protein and buffer 
contaminants. These ambiguities were resolved by 
using the HPLC purified material. Note that from the 
peak height, flow rate and the cell path of 5 mm it 
can be estimated that the major peak contains 
approximately 6 pg of protein. 

Sequencing polypeptides 
bound to membranes 
Normal transfer methods should be used tak- 
ing note of the precautions given above. 

Digestion of polypeptides on 
PVDF membranes 

(Method taken from Pappin, personal commu- 
nication.) 

1. Cut out the band of interest and soak 
it for 5 min in the minimum volume of 
1% octylglucoside containing the 

appropriate pH buffer for the protease 
of choice (e.g. 20-100 I~t). Check pH. 

2. Prepare a control lacking polypeptide. 
3. Add protease to each sample so that 

protease concentration is at least 
0.1 t~g ml-1 and protease is at no 
more than one tenth the amount of 
polypeptide. 

4. Leave to digest at 20-25~ overnight. 
5. Remove supernatant and purify 

peptides by RP-HPLC. 

Note 

Octylglucoside acts as a detergent to wet 
the membrane and at the same time blocks 
protein binding sites on the membrane 
which would otherwise bind the protease. 
Peptides are released into solution. 

H PLC purification of 
polypeptides 
Polypeptides may be purified by means of RP- 
HPLC provided that wide-pore packings are 
used. The technique is also useful for desalting 
samples using a short column and rapid gradi- 
ent. It is not appropriate to go into detail here 
and a single example is given here (Fig. 12.2). 

Amino acid analysis 
The same criteria of purity and contaminants 
that apply to amino acid sequencing apply to 
amino acid analysis. However, the background 
of amino acid contaminants and amine buffers 
is even more critical since while sequencing 
the levels of contaminants will drop during 
cycles, this is not possible in amino acid ana- 
lysis. The guidelines on page 271 should be 
followed but for accurate analyses several 
samples of a single polypeptide should be 
analyzed and these samples should include 
at least a solvent/buffer blank treated in an 
identical way to the sample. 
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Suppliers quoted in text 
Amersham International 
USA: 2636 South Clearbrook Drive, Arlington 

Heights, IL 60005. 
UK: Amersham Place, Little Chalfont, Bucks. 

HP7 9NA. 
Applied Biosystems 
USA: 850 Lincoln Center Drive, Foster City, 

CA 94404. 
UK: Kelvin Close, Birchwood Science Park 

North, Warrington WA3 7PB. 
Bio-Rad Laboratories 
USA: 3300 Regatta Blvd., Richmond, CA 

94804. 
UK: Bio-Rad House, Maylands Avenue, 

Hernel Hernpstead, Herts. HP2 7TD. 
Hoefer Scientific Instruments 
USA: 654 Minnesota Street, PO Box 77387, 

San Francisco, CA 94107. 
UK: Unit 12, Croft Road Workshops, Croft 

Road, Newcastle-under-Lyme, ST5 
0TH. 

Invitrogen 
USA: 3985B Sorrento Valley Blvd., San Diego, 

CA 92121. 

UK: R&D Systems Europe Ltd., 4-10 The 
Quadrant, Barton Lane, Abingdon, 
Oxford OX14 3YS. 

Millipore 
USA: 80 Ashby Road, Bedford, MA 01730. 
UK: The Boulevard, Blackmoor Lane, Wat- 

ford, Hefts. WD1 8YW. 
Pharmacia Biotech 
USA: 800 Centennial Avenue, P.O.Box 1327, 

Piscataway, NJ 08855. 
UK: 23 Grosvenor Road, St. Albans, Herts. 

ALl 3AW. 
Promega 
USA: 2800 Woods Hollow Road, Madison, Wl 

53711 
UK: Epsilon House, Chilworth Research 

Centre, Southampton SO1 7NS. 
WAKO Chemical Company 
USA: 1600 Wellwood Road, Richmond, VA 

23237, 
Europe: Nissanstrasse 2, D-41468 Neuss, 

Germany. 
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M. McCrae 

Although the replication cycles of viruses are in 
all cases closely interwoven with the metabo- 
lism of the cells that they infect there are virus 
specific steps which require the virus to 
encode enzymes capable of catalyzing the 
process in question. These enzymatic activ- 
ities can be subdivided into two broad cate- 
gories; first those required to ensure that the 
nucleic acid of the virus is both transcribed 
and replicated accurately and efficiently and 
second those needed to ensure that virus 
encoded proteins are either processed and/or 
modified appropriately. The absence of RNA- 
dependent RNA polymerase activities in 
eukaryotic cells dictates that all RNA-contain- 
ing viruses must encode the transcriptase/ 
polymerase activity needed to transcribe and 
replicate their genomes. These activities are 
either a component of the infectious virion 
(Baltimore class III, V and VI) or synthesized 
in infected cells from the input virion RNA 
(Baltimore class IV). In the case of DNA 
viruses the extent to which the virus relies on 
the transcription and replication machinery of 
the cell is governed largely by the size of the 
viral genome and the sub-cellular localization 

of the transcription/replication process. Thus 
the small DNA viruses such as SV40 which 
replicate in the nucleus rely entirely on cellular 
enzymatic activities whereas the poxviruses 
such as vaccinia virus which have a large 
genome and replicate in the cytoplasm of the 
cell encode virtually all of the activities needed 
for transcription/replication of their genomes. 
With the exception of the poxviruses which 
carry a DNA-dependent RNA polymerase 
activity and several other enzyme activities in 
the infectious virion, the enzymatic activities 
encoded by DNA viruses are confined to the 
virus-infected cell. Thus the enzymes encoded 
by viruses can be broadly subdivided into 
those associated with nucleic acid metabo- 
lism and those involved in processing/modify- 
ing proteins and each of these subdivisions 
can be further divided into activities found in 
both the purified virion and virus infected cell 
and those restricted to the infected cell. These 
subdivisions form a convenient basis on which 
to categorize the various virus-encoded 
enzyme activities and will be used in this 
chapter to try and simplify the description of 
the enzyme assays. 
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Enzymes concerned with 
nucleic acid metabolism 
Viruses encode a variety of enzyme activities 
associated with nucleic acid metabolism 
ranging from synthetic polymerases through 
RNA-modifying activities to enzymes such as 
thymidine kinase which are concerned with 
synthesis of the nucleotide triphosphate sub- 
strates for DNA and RNA synthesis. These 
different categories of enzyme will be dealt 
with in turn using a number of specific exam- 
ples to illustrate the assay protocols used. 

Virion-associated 
polymerases 
These activities are normally quiescent in the 
intact virus particle and hence the assay pro- 
cedure consists of two steps. First the infec- 
tious virus particle must be treated either 
chemically or enzymatically to unmask the 
polymerase activity. Normally this involves 
the 'loosening' or removal of the outer 
layer(s) of the virus particle to allow the sub- 
strates for the enzymatic reaction to gain 
access to the catalytic centre of the polymer- 
ase and the synthetic products to be released 
into the supernatant of the reaction. The sec- 
ond step is the reaction itself which normally 
involves measuring the synthesis of nucleic 
acid on the endogenous template contained 
within the virus particle although in some 
cases, e.g. reverse transcriptase an exogen- 
ous template is often employed. To illustrate 
the assay protocols four specific examples will 
be used, the RNA-dependent RNA polymerase 
of reovirus (Skehel and Joklik 1969; McCrae 
1985), the RNA-dependent RNA polymerase 
of vesicular stomatitis virus (VSV) (Baltimore 
et al 1970; Szilagyi and Pringle 1972), the 
DNA-dependent RNA polymerase of vaccinia 
virus (Kates and McAuslan 1967; Munyon et al 

1967) and the RNA-dependent DNA polymer- 
ase (reverse transcriptase) of HIV (Popovic et 
al 1984; Spira et al 1987). 

Reovirus RNA-dependent RNA 
polymerase 

In the case of this activity, unmasking 
requires the removal of the outer virion 
shell which is achieved by proteolytic 
digestion with chymotrypsin. Digestion is 
carried out in 20 mM Tris-HCI buffer pH 
8.0-0.12 M KCI at 37~ for 60-65 rain 
using freshly diluted chymotrypsin at a 
final concentration of 50 l~g ml-1 and 
purified virus at a final concentration of 
l ing m1-1. The virus cores produced in 
this digestion are a great deal more 
resistant to protease digestion than the 
intact virus particle but it is important to 
adhere to the conditions given to ensure 
that there is no loss of RNA transcriptase 
activity as a result of over digestion. 
Enzymatically active cores are collected 
by centrifugation (30,000 g 4~ 20 min) 
and resuspended directly in the synthesis 
reaction mix at a final concentration 
equivalent to 1 mg m1-1 of purified virus. 
The reaction mixture for simple assay of 
enzymatic activity which is carried out at 
37~ has the following constitution: 
100 mM Tris-HCI buffer pH 8.0, 5 mM ATP, 
5 mM CTP, 5 mM GTP, 0.5 mM UTP, 
0.5 mM S-adenosyl methionine, 500 
units m1-1 Pancreatic RNAase inhibitor, 
100 i~Ci ml-1 [3H] UTR The reaction is 
started by adding MgCI2 to a final 
concentration of 10 mM and activity 
monitored by taking small samples 
(10 !~1) every 15 min from the reaction 
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onto 2.5 cm Whatman filter paper disks 
(labeled using a pencil) which are 
dropped into cold 5% trichloroacetic acid 
(TCA). These are then washed in cold 5% 
TCA (twice), ethanol (twice) and ether 
(twice) and the incorporation of 
radioactivity into acid insoluble material 
measured by liquid scintillation counting. 

The high activity and stable nature of 
the reovirus RNA-dependent RNA 
polymerase means that it can be used to 
synthesize large amounts of viral m-RNA 
in vitro. For such large scale synthesis of 
viral mRNA the synthesis reaction mix 
should contain the following per 10 ml: 

1. 30 mg ATP 
2. 20 mg CTP 
3. 20 mg GTP 
4. 10 mg UTP 
5. 37.5 mg Phospho-enol-pyruvate 
6. 50 I11 Inorganic Pyrophosphatase 

(100 units ml- 1) 
7. 1 mg Rabbit skeletal pyruvate kinase 
8. 1 ml 1 M Tris-HCI buffer pH 8.0 
9. 0.5 ml 10 mM S-adenosyl methionine 

(fresh) 
10. 5000 units Placental RNA-ase 

Inhibitor 
11. 200-500 pCi[3H] UTP 

After warming the reaction mixture to 
37~ synthesis can be initiated by 
adding 1 a MgCI2 to a final concentration 
of 10 mM. Synthesis is allowed to 
proceed with gentle stirring and its 
progress monitored by the removal of 
small aliquots (10 111) at 1 h intervals and 
measuring the incorporation of [3HI UTP 
into acid-insoluble material. After 4-6 h 
the synthesis reaction will stop but this is 
due to the exhaustion of enzyme 
substrates rather than inactivationof the 
virion transcriptase. Therefore after 5 h 
incubation viral cores can be collected by 
centrifugation (30,000 g, 4~ 20 rain), 
the mRNA containing supernatant 
removed and retained and the cores 
resuspended in fresh reaction mixture 
and a second cycle of synthesis allowed 

to proceed for a further 5 h. This process 
can be continued for five or six cycles 
giving a very significant (several rag) yield 
of viral mRNA. 

RNA-dependent RNA 
polymerase of VSV 
The unmasking of this activity is achieved by 
disrupting the lipid containing envelope of the 
virus by treatment with neutral detergent in the 
presence of a reducing agent (Szil&gyi and 
Pringle 1972). 

Purified virus particles (2 x 101~ - 8 x 
101~ in 20 mM Tris-HCi buffer pH 8.0 are 
treated with 0.08% Triton N101 (Sigma 
Chemical Co.) and 7 mM B-ME in a final 
volume of 200 ILl for 10 min at 0~ Then 
200 I~1 of polymerase reaction mix are 
added. This mix has the following 
constitution: 200 mM Tris-HCI buffer pH 
8.0, 200 mM NaCI, 1.25 mM ATP, CTP and 
GTP, 0.125 mM UTP, 5 mCi [3H] UTP and 
32 mg m1-1 actinomycin D. After 
removing a 20 !~1 time 0 sample onto a 
Whatman 2.5 cm filter paper that is 
transferred immediately into cold 5% 
TCA containing 40 mM sodium 
pyrophosphate, the reaction is started by 
warming the mix to 37~ and adding 1 M 
MgCI2 to a final concentration of 5 mM. 
Further 20 !~1 samples are then removed 
as before at 10 min intervals for 90 min. 
The collected samples are washed in 
cold 5% TCA containing 40 mM sodium 
pyrophosphate (twice), ethanol (twice) 
and ether (twice) and the incorporation of 
radioactivity into acid insoluble material 
measured by liquid scintillation counting. 
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Vaccinia virus DNA-dependent 
RNA polymerase 

The activation step in this case involves 
treating purified virions (100 I~g-1 mg) in 
50 mM Tris-HCI buffer pH 8.5 with a 
neutral detergent (0.1% Triton-X-100)in 
the presence of a reducing agent (32 mM 
~-mercaptoethanol) at 20~ for 20 min in 
a reaction volume of 3 ml. The neutral 
detergent is removed by centrifuging the 
virus through a 20% sucrose cushion 
(1.75 ml) containing 50 mM Tris-HCI 
buffer pH 8.5, 5 mM dithiothreitol (D'l-r) at 
25,000 rpm and 4~ in the Beckman SW 
50.1 rotor for 30 min. The treated virus 
pellet (viral cores) obtained is 
resuspended in 0.3 ml of 50 mM Tris-HCI 
buffer pH 8.5, 5 mM D'l-r, 5% glycerol and 
0.1 ml of polymerase reaction mixture 
added. The polymerase reaction mixture 
contains Tris-HCI buffer (200 mM), ATP 
(8 mM), GTP (4 mM), CTP (4 mM), UTP 
(0.4 mM), [3H]UTP (20 llCi ml-1), 
Phospho-enol-pyruvate (30 mM) and 
rabbit skeletal pyruvate kinase (80 I~g 
ml-~). After removal of a time 0 sample 
(20 I~1) the assay mixture is warmed to 
37~ and the assay started by the 
addition of 1 M MgCI2 to a final 
concentration of 7mM. Enzyme activity is 
followed by removing samples (20 I~1) at 
10 or 15 min intervals onto 2.5 cm 
Whatman filter disks which are 
transferred immediately to cold 5% TCA. 
At the end of the reaction the collected 
samples are washed in cold 5% TCA 
(twice), ethanol (twice) and ether (twice) 
before the incorporation of radioactivity 
into acid insoluble material is measured 
by liquid scintillation counting. 

RNA-dependent DNA 
polymerase (reverse 
transcriptase) of HIV 
The assay of reverse transcriptase (RT) nor- 
mally makes use of an artifical exogenous 
template such as Poly rA:oligo dT12-18 rather 
than measuring activity on the endogenous 
virion template. Virus particles carrying the 
enzyme to be assayed are first concentrated 
from clarified tissue culture supernatants (cen- 
trifuged at 2000 rpm for 10 min to remove cells 
and large cellular debris) either by ultracentri- 
fugation (100,000 g for 2 h) or if safety con- 
siderations do not allow this then by 
precipitation by polyethylene glycol (PEG). 

PEG precipitation is carried out on 3 ml 
of culture supernatant by adding 1.5 ml 
of 30% PEG 8000 - 0.4 M NaCI, mixing 
well and leaving overnight at 4~ The 
precipitated virus is collected by 
centrifugation at 800 g for 45 min. The 
virus pellet is resuspended in 150 i~1 of 
25 mM Tris-HCI buffer pH 7.8, 0.25 mM 
EDTA, 0.025% Triton-X-100, 50% 
glycerol, 10 mM D'l-I', 100 mM KCI plus 
75 I~1 of 0.9% Triton-X-100, 45 mM KCI. 
This buffer combination will disrupt the 
virus leading to both the unmasking of 
the RT activity and the inactivation of 
virus infectivity. Therefore all steps up to 
and including this resuspension should 
be carried out using a biohazard hood. 

The assay involves setting up two parallel 
assays, one employing PolyrA:oligodT12_18 
and a second in which the exogenous tem- 
plate is PolydA:oligodT12_18. The activity on 
the dA template represents nonspecific cellu- 
lar polymerase activity and it is subtracted 
from the rA template value (which reflects the 
HIV specific RT activity) to obtain an accurate 
estimate of RT activity. 
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To carry out the assay 10 I~1 of the 
resuspended virus pellet is added to 
90 I~1 of reaction mixture containing 
40 mM Tris-HCi buffer pH 7.8, 8 mM D'I-I', 
10 mM MgCI2, 2.5 I~Ci[3H] TI'P, 5 mM 
NaCI and 0.05 units of either 
PolyrA:oligodT12_18 or PolydA:oligo 
dT12-18 template. Reactions are 
incubated at 37~ for 60 min after which 
time the reaction is placed on ice and 
10 I~1 of t-RNA (10 mg ml -~) followed by 
1 ml of cold 10% TCA added to each 
tube to precipitate the reaction products. 
The precipitates are collected after 20-30 
min of incubation on ice onto glass fibre 
filters. These are washed with cold 5% 
TCA and then 70% ethanol before being 
dried under a heat lamp and the acid 
insoluble radioactivity measured by liquid 
scintillation counting. After subtracting 
the dA template value from that obtained 
with the rA template the recommended 
cutoff value for clarified supernatants 
from primary cocultivation of HIV positive 
PBMC with HIV negative PBMC is 10,000 
cpm ml -~ . If the clarified supernatant 
originates from an acute infection of 
continuous T cell lines or PBMC then a 
less stringent cut off value of 1000 cpm 
ml -~ can be taken to indicate a positive 
result. Obviously in dealing with HIV 
infected material care must be taken to 
adhere strictly to relevant safety 
regulations. 

Viral polymerases found 
in infected cells 
A major consideration in assaying this type of 
activity is that of ensuring that it is differen- 
tiated from contaminating cellular polymerases 
that will be present in the crude cellular extract 
often assayed. To illustrate the type of assay 
procedure that is followed for viral poly- 
merases only found in infected cells two virus 

polymerases will be used, one from an RNA 
virus and one from a virus with a DNA genome. 

Poliovirus RNA-dependent 
RNA polymerase 
This activity is only expressed in virus-infected 
cells following translation of the + sense viral 
genome and is often termed the viral replicase. 
The realization that in copying the + sense 
genome the replicase must begin by synthe- 
sizing a poly U tract complementary to the 
poly A tract at the 3' end of the genome led 
to the first assay protocol for poliovirus repli- 
case, in which a poly U polymerase activity is 
assayed using exogenously added poly A 
template and an oligo U primer (Flanegan 
and Baltimore 1977a). 

The first step in the assay procedure 
involves the preparation of a polymerase 
containing fraction from virus infected 
cells. For this 4 x 107 virus infected cells 
are collected by centrifugation at 3-6 h 
post infection, washed once in Earle's 
saline and resuspended in 2 ml of 10 mM 
Tris-HCI buffer pH 8.0-10 mM NaCI (TN 
buffer). A cytoplasmic extract is prepared 
from these cells by Dounce 
homogenization (40 strokes) and removal 
of nuclei and unlysed cells by 
centrifugation (5000 g, 4~ 5 min). The 
viral polymerase is associated with 
membranes and can be concentrated by 
collecting the membrane fraction of the 
cytoplasmic extract by centrifugation 
(20,000 g, 4~ 30 min). The polymerase 
activity is solubilized and endogenous 
RNA removed in a single step in which 
the membrane pellet is resuspended in 
0.8 ml of TN buffer containing 1% 
Nonidet P-40, 0.5% sodium 
deoxycholate and 2 a LiCI. After 15 h at 
-20~ the precipitate containing both 
single stranded and replicative 
intermediate RNA is removed by 
centrifugation (17,000 g, 4~ 15 min). 
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The supernatant obtained is dialysed for 
20 h against TN buffer (2 changes) at 4~ 
A final volume of approximately 1 ml of 
polymerase containing supernatant 
should be obtained from the 4 x 107 
infected cells. The assay for poly U 
polymerase activity is set up in a final 
volume of 125 pl using 50 !~1 of dialysed 
polymerase fraction. The final reaction 
mixture contains the following: 50 mM 
Hepes buffer pH 8.0, 8 mM magnesium 
acetate, 10 l~Ci [3H] UTP, 2.5 I~g polyA, 
1.25 l~g otigo U~-~9, 4 mM phospho- 
enol-pyruvate, 0.3 units pyruvate kinase, 
and 1.25 I~g actinomycin D. A 10 !~1 time 
0 sample is removed onto a Whatman 
2.5 cm filter disk which is transferred 
immediately to cold 5% TCA, the 
reaction is then warmed to 37~ and 
further samples taken at 10 min intervals 
for 1 h. The collected samples are then 
washed in cold 5% TCA (twice), ethanol 
(twice) and ether (twice) before 
measuring the incorporation of 
radioactivity into acid insoluble material 
by scintillation counting. 

This polymerase activity can also be assayed 
using its natural template, i.e. poliovirus RNA 
(Flanegan and Baltimore 1977b). In this case 
the procedure is the same as for the poly U 
polymerase assay but the reaction conditions 
are somewhat modified such that the final 
reaction mixture has the following constitution: 

42 mM hepes buffer pH 8.0, 7 mM 
magnesium acetate, 3 mM phosphoenol 
pyruvate, 0.3 units pyruvate kinase, 7 ~M 
[3H] UTP (5 x 104 cpm pmol-1), 1 mM 
each of ATP, CTP, GTP, 8 mM D'l-r, 8 I~g 
m1-1 actinomycin D, 150 llg m1-1 purified 
poliovirion RNA, and 6 ~g ml-10l igo U2o. 
This assay is also normally carded out at 
30~ as the enzyme gives a linear rate of 
UMP incorporation for a longer time at 
this temperature. 

Herpes simplex virus (HSV) 
DNA-dependent DNA 
polymerase 
The direct assay of viral DNA polymerase 
activities in infected cells is made difficult by 
the presence of cellular DNA polymerase activ- 
ities. In the case of the HSV enzyme this prob- 
lem can be circumvented to some degree by 
the use of high (150 mM) salt concentrations 
which inhibit most DNA polymerases but 
stimulate the HSV enzyme (Keir et al 1966). 
However in recent years the alternative 
approach that has been used for this and 
numerous other viral enzymes found in 
infected cells has been to exploit recombinant 
DNA technology to over-express the viral 
activity. Thus in the case of HSV-1 DNA poly- 
merase it has been expressed in insect cells 
using a baculovirus recombinant (Marcy et al 
1990). The enzyme can be assayed in a 
nuclear extract prepared from recombinant 
infected cells (24-36 hours p.i.). 

The extract is prepared by first releasing 
nuclei from infected cells by Dounce 
homogenization (20-30 strokes). The 
nuclei are collected by centrifugation and 
resuspended in Buffer A (20 mM Hepes 
buffer pH 7.6, 0.5 mM D'I-F, 10 mM 
NaHSO3, 0.5 mM PMSF, 2 l~g m1-1 
Leupeptin) and lysed by adding an equal 
volume of buffer A + 3.4 M NaCI. The 
lysed nuclei were then centrifuged at 
100,000 g for 1 h and the resulting 
supematant dialysed against Buffer A 
containing 10% glycerol and 0.5 mM 
EDTA. This dialysed extract is then used 
in enzyme assays. The assay measures 
the ability of the enzyme to carry out DNA 
synthesis on an 'activated' (i.e. high 
primer to template ratio) DNA template at 
high salt concentrations. The total 
reaction volume of 25 1~1 contains the 
following: 10 I~1 dialysed nuclear extract, 
20 mM Tris-HCI buffer pH 7.5, 150 mM 
ammonium sulphate pH 7.5, 5% glycerol, 
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5 mM MgCt2, 5 mM D'I-I', 2.5 i~g activated 
calf thymus DNA (Sigma), 50 ~tM dATE 
dGTP, dTTP, 5 ~M dCTP, and 
0.5 l~Ci[(z-32p] dCTR The synthesis 
reaction is carried by incubation at 37~ 
for 30 min and stopped by the addition of 
10 ~1 0.25 M EDTA. 10 I~1 (twice) samples 
are spotted onto 2.5 cm Whatman DE81 
filters which are washed in 0.5 M sodium 
phospate pH 7.0 four times, 80% ethanol 
and then 100% ethanol, allowed to dry 
and then radioactive incorporation 
measured by scintillation counting. 

RNA modifying activities 
These are concerned with making post tran- 
scriptional modifications to viral mRNA, i.e. 5' 
RNA capping and 3' polyadenylation. 

5' RNA capping activities 
Two enzymatic activities are involved in the 
addition of the 5' cap to mRNA. These are: a 
guanylyl transferase activity which actually 
adds the GTP residue to the 5' end of the 
RNA through an unusual 5'-5' phospho- 
diester linkage; and a methylase activity that 
adds methyl groups to the cap structure 
(Furuichi et al 1975; Cleveland et al 1986). In 
those viruses such as reovirus and vaccinia 
virus which replicate exclusively in the cyto- 
plasm of the cell and hence cannot make use 
of cellular capping activities present in the 
nucleus, these activities are virion associated. 
Practically the simplest activity to assay for in 
connection with 5' RNA capping is the methyl- 
ase. The donor of methyl groups in the methyl- 
ation reaction is S-adenosyl methionine and 
therefore methylase activity can be assayed 
simply by using [3H] S-adenosyl methionine 
(100 I~Ci m1-1) instead of labeled UTP in the 
transcriptase assays described above. 

Vaccinia virus Poly A 
polymerase activity 
This activity which is present in the virus par- 
ticle (Kates and Beeson 1970) must be acti- 
vated before being assayed and this is done by 
treating purified virions exactly as for assaying 
the virion associated DNA-dependent RNA 
polymerase. 

The assay is then set up in a final volume 
of 100 !~t in a reaction mixture that 
contains: vaccinia virus cores (50 I11), 
50 mM Tris-HCI buffer pH 8.5, 10 mM 
13-ME, 5 mM MgCI2, 20 I~Ci[3H] ATP. After 
removing a 10 I~1 time 0 sample onto a 
Whatman 2.5 cm filter paper that is 
transferred immediately into cold 5% 
TCA, the reaction is started by 
transferring the reaction mixture from ice 
to 37~ and further samples are taken at 
10 min intervals over 1 h of incubation. 
The collected samples are processed by 
washing in 5% TCA (twice), ethanol 
(twice) and ether (twice) before 
measuring the incorporation of ATP into 
acid insoluble material using scintillation 
counting. 

Enzymes involved in 
nucleotide triphosphate 
biosynthesis 
Several large DNA viruses, most notably 
herpes simplex virus and vaccinia virus, 
encode a thymidine kinase activity which is 
involved in the phosphorylation of thymidine 
to thymidine triphosphate. This activity is dis- 
pensible for virus growth in tissue culture but 
has been implicated in virus pathogenesis in 
vivo. 
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Herpes simplex virus thymidine 
kinase 
As with all viral enzymes found only in infected 
cells, the major consideration in assaying this 
enzyme is establishing conditions that allow its 
activity to be differentiated from that of its 
cellular counterpart. In the case of the herpes 
simplex virus (HSV) enzyme this can be done 
because the viral enzyme is not subject to 
allosteric regulation and so its activity can 
be readily detected at high concentrations of 
"I-IP which inhibit the host enzyme (Preston 
1977). 

The assay can be carried out on an 
infected cell lysate. This can be prepared 
from a 90 mm plate of infected BHK cells 
(MOI = 20) at 7 h post infection by first 
scraping the cells into 1.5 ml of 
phosphate buffered saline and pelleting 
for 15 s in a microfuge. All subsequent 
steps are carried out on ice. The cell 
pellet is resuspended in 250 I~1 of 
extraction buffer (50 mM Tris-HCI buffer 

pH 7.5, 5 mM 13-ME, 5 ~M thymidine, 
0.5% Nonidet P40) and incubated for 10 
min. The extract is then microfuged for 1 
min and the supernatant either used 
directly for enzyme assay or stored at 
-70~ for assay at a later time. The 
enzyme assay is set up in a final volume 
of 50 I~1 by mixing 25 i~1 of infected cell 
extract with 25 I~1 of a freshly made 2x 
reaction mix having the following 
constitution: 200 mM NaPO4 buffer pH 
6.0, 10 mM ATP, 20 mM MgCl2, 200 I~Ci 
ml-~ [3H] thymidine, 100 IJ~ "I-I'R After 1 h 
of incubation at 31~ the reaction is 
terminated by adding 10 I11 of 2 mM 
thymidine, heating to 100~ for 2 rain and 
then microfuging for 1 min. 45 !11 of the 
supernatant of this spin is spotted onto 
Whatman 2.5 cm DE81 filters and after 
drying these are washed for 5 rain in 4 M 
ammonium formate pH 4.0 containing 
10 i~M thymidine (three times) at 37~ and 
then with ethanol (twice). After drying, the 
radioactivity incorporated into 
phosphorylated thymidine is measured 
by scintillation counting. 
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Enzymes concerned with 
viral protein processing/ 
modification 

The extent to which any particular virus type 
needs to encode enzyme activities for post- 
translational processing/modification of its 
proteins is to some degree dependent on the 
replication strategy that its type of genome 
dictates. In a wide variety of viruses some or 
all of the protein information is initially trans- 
lated into a polyprotein which must be co- or 
post translationally cleaved to give the final 
functional viral proteins. These cleavage 
events are in some cases carried out by cellu- 
lar proteases but in many cases the virus 
encodes a protease or proteases to perform 
some of the required cleavages and such pro- 
teases represent the first of two major types of 
activity in this enzyme category. The initial type 
of viral protease assay relied on the ability of 
the enzyme specifically to cleave the appropri- 
ate viral precursor protein. These assays were 
in general laborious and not particularly quan- 
titative since they normally involved the 
incubation of infected cell extracts with radio- 
active viral precursor (usually prepared by in 
vitro translation of the relevent viral informa- 
tion) and monitoring of precursor cleavage by 
polyacrylamide gel electrophoresis (PAGE) and 
autoradiography. This type of assay has now 
been largely replaced following the realization 
that viral proteases can usually be expressed 
from the relevant viral genetic information in 
active form in bacteria. Thus most viral pro- 
teases are now studied by first expressing 
the relevant viral gene at high level in E. coli 
and assaying the activity of the over expressed 
gene by its ability to cleave a short peptide 
carrying its specific cleavage site. An example 

of this type of assay carried out on the HIV 
protease follows. 

HIV protease 
This enzyme is a member of the aspartic pro- 
tease family and consequently has similarities 
to other members of the family such as pepsin. 
It has been expressed in an active form in E. 
coil using a variety of plasmid expression sys- 
tems (Darke et al 1989; Ido et al 1991), all of 
which have in common an inducible promoter 
since high level expression of the enzyme is 
cytotoxic for the bacterium. 

The over-expressed protein accumulates 
as inclusion bodies in the E. coil, 
therefore following induction of protease 
expression ceils are lysed using a French 
press and the inclusion bodies collected 
by centrifugation (10,000 g, 10 min), 
resuspended in a buffer A (10 mM Tris- 
HCI buffer pH 8.0, 2 mM EDTA, 1 mM 
PMSF) containing 1% Triton-X-100 and 
pelleted as before. The inclusion bodies 
are dissolved by resuspending the pellet 
in 10 mM Tris-HCl buffer pH 7.5, 8 M urea, 
10 ma DTT and filtered through a DEAE 
membrane. The denatured protease 
present in the filtrate is then acidified by 
the addition of 0.02 vol. of 10% TCA 
giving a final pH of 3.5 and then refolded 
either by dialysis overnight against 1 ma 
DTT, 10 mM sodium acetate buffer pH 3.5 
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or by rapid 10-fold dilution in the same 
buffer. This refolded material can be 
assayed for virus specific protease 
activity using a synthetic peptide whose 
sequence, SQNYPIVR, is based on the 
p17/p24 cleavage site found in the HIV 
Pr55 gag (Hanson et al 1988). The reaction 
is carried out by incubation for 30 min at 
30~ in a final volume of 25 !~1 and 
contains 0.2 M NaCI, 1 mM D'l-r, 0.1% 
Triton-X-100 and 100 mM sodium acetate 
pH 5.5. Two approaches can be taken to 
measure cleavage of this short peptide at 
the correct site (Y-P). If non-radioactive 
peptide is used in the assay then 
fractionation and identification of the 
cleavage products can be done using 
HPLC on a C18 reverse phase column 
(SynChropak 4.6 x 250 mm, 5 l~m) using 
gradient elution with 0-20% (v/v)in 0.1% 
trifluoroacetic acid and detecting the 
products by absorbance at 215 nm (Ido 
et al 1991). Alternatively the peptide can 
be acetylated at its amino terminus using 
[3H] acetic anhydride and then cleaved in 
an enzyme assay (Kaplan et al 1994). If 
this second method is used then the 
reaction is terminated by the addition of 
Dowex X-50W-X4 (5% w/v)in 0.1M acetic 
acid, when the acetylated cleavage 
product is found in the supernatant and 
can be quantitated by liquid scintillation 
counting. 

The second major class of viral enzymes 
concerned with protein processing/modifica- 
tion are protein kinases. A wide variety of 
viruses encode protein kinase activities which 
in some cases are associated with the virus 
particle and in others are only found in 
infected cells. Assays covering the two types 
of viral protein kinases will be described to 
illustrate the general principles of the assay 
protocols. 

v - s r c  tyrosine kinase 
activity of Rous sarcoma 
virus 

The underlying strategy of this assay which is 
common to many aimed at measuring virus- 
specific tyrosine kinases is to use a viral kinase 
specific antibody to immunoprecipitate the 
protein from infected cell lysates and then 
carry out the actual kinase assay using the 
immunoprecipitate (Liebl et al 1992). 

Therefore in this case, infected chick 
embryo fibroblasts from a 35 mm dish 
are lysed in 0.5 ml RIPA buffer (150 mM 
NaCI, 10 mM Tris-HCI buffer pH 7.5, 1 mM 
EDTA, 1% Nonidet P-40, 1% sodium 
deoxycholate, 0.5% SDS, 1 ma sodium 
orthovanadate, 100 pg ml-1 leupeptin, 
20 t~g m1-1 aprotinin) and clarified by 
centrifugation for 2 rain at 14,000 g. 1 !~1 
of ascitic fluid of anti-src monoclonal 
antibody (Mab 2-17 from Microbiological 
Associates, Bethesda, ME)) is added to 
the supernatant and after 2 h of 
incubation at 4~ the immune 
complexes are collected by adsorption 
for 45 min at 4~ to 20 !~1 of a 10% 
suspension of fixed Staphylococcus 
aureus. The adsorbed complexes are 
collected by centrifuging at 14,000 g for 
2 min and washed (twice)in detergent 
wash buffer (150 mM NaCI, 10 mM Tris- 
HCI buffer pH 7.5, 1 mM EDTA, 0.5% 
Nonidet P-40, 1% sodium deoxycholate, 
10 llg ml-1 leupeptin) before being 
resuspended in 60 1~1 of Buffer A (20 rnM 
HEPES buffer pH 7.4, 5 mM MgCI2, 5 m i  
MnCI2). To quantitate the amount of 
pp60 v-src in the immunoprecipitate half of 
the material is run on an 7% SDS 
polyacrylamide gel (Laemmli 
discontinuous buffer system) and 
immunoblotted with Mab 2-17. The 
remaining half is re-pelleted and 
resuspended in 30 I~1 of Buffer A 
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containing 1 ~M [y_32p] ATP and 0.33 mg 
m1-1 acid-denatured enolase as kinase 
substrate. After 5 min of incubation at 
30~ the reaction is terminated by the 
addition of 6 I~1 of 6x SDS gel sample 
buffer (1 x = 2% SDS, 5% 13-ME, 10% 
glycerol, 62.5 mM Tris-HCI buffer pH 6.8) 
containing 5 mM EDTA to prevent non- 
enzymatic tyrosine phosphorylation. The 
reactions are then boiled and 
fractionated on a 7% SDS 
polyacrylamide gel, the radiolabeled 
enolase band localized by 
autoradiography, excised, and digested 
overnight at 70~ in 0.75 ml of 30% 
hydrogen peroxide. The radioactivity 
incorporated and hence kinase activity 
are then measured by scintillation 
counting. 

Herpesvirus seryl/ 
threonyl protein kinase 
Lyric infection of BHK cells with both pseudo- 
rabies virus and herpes simplex type 1 (HSV-1) 
have been shown to induce a new virus 
encoded seryl/threonyl protein kinase activity 
(Katan et al 1985; Purves et al 1986). As with 
other virus coded enzymes which have cellular 
homologues the major problem in specifically 
assaying the viral enzyme lies in differentiating 
it from the cellular activities. This can be most 
easily achieved in the case of these protein 
kinase activities by ion exchange chromato- 
graphy of infected cell extracts. Therefore pre- 
paration of samples for specific assay of viral 
protein kinase activity involves the following: 

Infected BHK cells (MOI 10-20) are 
harvested by scraping at 8 h post- 
infection in the case of pseudorabies 
virus or 18 h post-infection for HSV-1, 

collected by centrifugation and 
resuspended in 50 mM Tris-HCI buffer pH 
7.5, 10 mM KCI, 1.5 mM magnesium 
acetate, 1 mM PMSF, 10 ~tg ml-1 
leupeptin. After incubation on ice for 10 
rain the cells are lysed by dounce 
homogenization (30-40 strokes) and then 
the ionic composition of the homogenate 
adjusted to 125 mM KCI, 5 mM 
magnesium acetate, 5 mM 13-ME, 25 mM 
Tris-HCI buffer pH 7.5 and centrifuged at 
30,000 g for 30 min. The post 
mitochondrial supernatant is then 
centrifuged at 165,000 g for 150 rain to 
produce a post ribosomal supernatant. 
After overnight dialysis against 20 mM 
Tris-HCI buffer pH 7.5, 1 m i  EDTA, 
10 mM 13-ME, 10% glycerol, this 
supernatant is loaded onto a DEAE- 
cellulose column equilibrated in the same 
buffer. For reasonable purification of the 
enzyme this column can be eluted with a 
0-0.4 M gradient of KCI, but if only crude 
fractionation of the viral enzyme is 
required then cellular kinase 
contaminants can be removed by batch 
elution of the column with 0.2 M KCI and 
then the viral enzyme eluted with 0.4 M 

KCI. The viral enzyme is assayed using 
protamine sulphate as a substrate in a 
reaction mixture containing 20 mM Tris- 
HCI pH 7.4, 50 mM KCI, 10 ma MgCI2, 
10 mM 13-ME, 0.1 mM ATP, 1 I~Ci [v-32p] 
ATP, 0.8 mg ml-1 protamine sulphate and 
40 !11 of column eluate in a final volume of 
120 I~1. After 30 min of incubation at 
30~ a 100 ml sample is taken onto 
Whatman 2.5 cm filter papers which are 
washed in 20% TCA (twice), 10% TCA 
(four times), ethanol (twice) and ether 
(twice) before being dried and radioactive 
incorporation into acid insoluble protein 
is measured by liquid scintillation 
counting. 
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Miscellaneous viral enzymes 
The major enzyme activity in this category is 
the neuraminidase activity found as a compo- 
nent of ortho and paramyxoviruses which 
cleaves c~(2-6)- or o~(2-3)-ketosidic linkages 
between terminal sialic acid and adjacent 
galactose on glycoconjugates (Potier et al 
1979; Woods et al 1993). It has been studied 
in greatest detail in influenza virus and the 
assay protocol that will be given is that for 
measuring the neuraminidase of influenza 
virus. It is a fluorimetric assay in which the 
fluoresence of the 4-methylumbelliferone liber- 
ated by cleavage of 2-{4-methylumbelliferyl}- 
a-o-N-acetylneuraminic acid is measured in a 
luminescence spectrometer. 

The assay is carried out in microtitre 
plates (Dynatech MicroFLUOR). Virus is 
diluted in assay buffer (32.5 mM MES 
buffer pH 6.5, 4 mM CaCI2) to 100 I~1 and 
serial 2x dilutions are made in the same 
buffer. The reaction is initiated by the 
addition of an equal volume of assay 
buffer containing 100 I~M 2-{4- 
methylumbelliferyl}-~-o-N- 
acetylneuraminic acid and incubated at 
37~ for 15 min with shaking. The 
reaction is terminated by the addition of 
150 I~1 of 14 m i  NaOH in 83% ethanol 
and the released 4-methylumbelliferone 
quantitated by fluorimetry in a 
luminescence spectrometer using an 
excitation wavelength of 365 nm and 
emission wavelength of 450 nm. 
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Recently chemotherapy of viral diseases has 
become a reality in clinical medicine. Remark- 
able progress has been made during the past 
decade in the development of new antiviral 
agents for the treatment of some common 
viral diseases. Preclinical evaluation of candi- 
date agents for their antiviral activity in vitro 
with respect to both antivirai efficacy and cel- 
lular toxicity is the initial aim for antiviral drug 
development. Because of the existence of dif- 
ferent viruses that grow in different cell lines, it 
is almost impossible to find a single specific 
antiviral test that can be applied for all viruses. 
For example, antiviral screening tests for inhi- 
bition of viruses that grow in cell suspension 
will differ from those growing in monolayer cell 
lines. As is the case in all biological assays, the 
exact concentration of an antiviral required to 
inhibit the replication of a virus will depend on 
the infectivity input of the virus, the cell type 
used, the duration of the experiment, the 
kinetic of infection in that particular cell type, 
and the sensitivity of the assay being used 
(Johnson 1991). As a practical illustration of 
these problems we note that studies on the 
Virology Methods Manual 
ISBN 0-12--465330-8 

assessment of antiviral agents vary greatly 
from one laboratory to another and it is often 
difficult to compare results reported by differ- 
ent laboratories (Holmes et al 1990). 

In this chapter, we will describe the in vitro 
methods used in our own laboratories, for 
screening antiviral agents against HIV using 
cell suspension, and herpes simplex (HSV) 
and influenza viruses cultivated in monolayer 
cell lines. In addition we outline an assay for 
virucidal activity. These methods are not 
designed to identify the mechanisms of action 
of any compound. But the viruses chosen are 
the most commonly used in antiviral screening 
assays. The vast variety of other antiviral 
assays described in the literature are beyond 
the scope of this chapter and will not be 
reviewed here. Nor have we made any 
attempt to summarize tests which employ 
virus induced enzymes as specific targets 
(see Chapter 13). Such tests have the obvious 
advantage of specificity and ease of operation, 
but the inhibition will still have to be tested in 
the biological assays described herein. Fortu- 
nately the development of the MTT method 
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has provided a technique which can, with 
slighter modifications, be used for many virus 
cell combinations. The main prerequisite is 
that the virus should cause cell destruction. 
Finally it must be appreciated that antiviral 
chemotherapy is a very practical science and 
extremely commercial in its application. Thus 
candidate drugs have to be synthesized easily 
and cheaply, should have long storage lives 
and must be active at micromolar levels. No 
patient will swallow a 10 g tablet. 

Evaluating the antiviral 
activity of a low number 
of candidate drugs with 
potential anti HIV-1 
activity using cell 
suspension techniques 
Note that specific national guidelines are 
enforced for category III laboratories which is 
a basic laboratory for safe cultivation of HIV-I. 
However, the most important factor is experi- 
ence of the scientific staff who have been 
trained to handle life threatening pathogens 
in safety. The simplest category iii laboratory 
would be equipped with class I (with hepair 
filter) and class II safety cabinets (with par- 
tially recirculating air flow) for culturing 
infected and uninfected cells respectively. A 
low speed centrifuge, an inverted micro- 
scope, a small autoclave, a CO2 incubator 
and storage for frozen samples at 4~ 
-20~ and -180~ (liquid nitrogen in gas- 
eous phase) are other essential items. The 
virus is normally contained in plastic culture 
flasks which are themselves placed in sealed 
plastic boxes and these containers are opened 
only in the class I cabinet. The laboratory must 
have a clear protocol to explain procedures 
including waste disposal. 

To illustrate our methodology we will use a 
compound X with potential anti HIV-1 activity. 
The weight of X, its solubility, chemical com- 

position, and storage conditions should be 
recorded. 

Materials and reagents 

HIV-1 with known TCID5o, determined by 
prior titration in the cells to be used in the 
experiment protocol. Typically used 
laboratory strains of HIV-1 are RF, IIIB, 
and MN. Some of these viruses may have 
restrictions which only allow the virus to 
be used for non-commercial studies. In 
addition we often utilize a recent clinical 
isolate from an AIDS patient, since 
certain antivirals inhibit laboratory 
isolates but not clinical isolates. 
H9 T-lymphoblastoid cell line, 
mycoplasma-free. 
Azidothymidine (AZT) as a control 
antiviral compound. 
Trypan blue (0.4%) (Sigma). 
Haemocytometer. 
96-well tissue culture plates (Falcon). 
48-well tissue culture plates (Falcon). 
CO2 incubator. 
Pipettes. 
20 ml universal containers. 
Cell culture medium, RPMI 1640 (Sigma). 
RPMI 1640 complete growth medium 
(containing 10% heat, inactivated Fetal 
Bovine Serum, 50 IU m1-1 Penicillin, 
50 i~g ml-1 Streptomycin, 25 mM 
HEPES, and 2 mM L-Glutamine). 
HIV-1 core p24 antigen assay (Coulter 
Corporation). 
Empigen (Calbiochem-Novabiochem) 
MTT (Sigma) 5 mg ml-1 in PBS. 
0.04 N HCI in isopropanol. 
Ordinary and inverted microscopes. 
Centrifuge. 
Gilson pipettes and tips. 
Eppendorf pipetter. 
ELISA plate reader. 

Evaluation of cellular toxicity 

1. Prepare H9 cells at a density of 2 x 
10 5 cells mt -~ in complete growth 
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medium. Note that the viability of the 
H9 cells should be not less than 95% 
at the start. 

2. Dispense 180 I~t of cell suspension 
into wells of a fiat bottomed 96-well 
tissue culture plate. 

3. Prepare compound X (under sterile 
conditions) at 10x the desired final 
concentrations. For example, prepare 
the compound X at 10 mM then make 
10-fold dilutions to 0.01 I~M to give 
final concentrations of 1 mM~tO 
0.001 I~M in the test. It is always 
advisable to include higher 
concentrations when checking the 
cytotoxicity of the compound. AZT at 
10x the desired final concentration 
should also be included as a positive 
control compound (concentration 
range of 1000 t~M to 0.001 I~M). 

4. Add 20 !~1 of compound X in at least 
quadruplicate to give the final 
concentrations desired. Also utilize 
AZT as a control. 

5. Incubate the plates at 37~ with 5% 
C02. 

6. Check cell viability after 3, 5, 7, and 11 
days, using the trypan blue exclusion 
method. Trypan blue stains only dead 
cells, while viable cells remain 
colourtess. The test is robust, cheap 
and reliable. 

7. Calculate the percentage of viable 
cells in each well, the mean and the 
time point for each individual 
concentration. 

8. Plot the results as the percentage of 
viable cells versus the compound 
concentration at each time point and 
determine the toxicity of the 
compound X. A toxic compound wilt 
reduce the viable cell counts in a dose 
dependent fashion compared to a 
drug free control. An important point 
to remember is that certain drugs may 
have selective toxicity for certain other 
cells such as bone marrow cells and in 
this case the simple screen described 
above could give misleading results 

when translated into a 'therapeutic 
index' in a patient. 

Viral syncytium assay 

This assay is cheap to perform and 
relatively rapid. It can be used to screen a 
compound library of 10-1000 
compounds. However, some clinical virus 
isolates may not induce syncytia. The 
test is dependent upon viral replication 
and the consequence production of viral 
gp120 spike which mediates cell to cell 
fusion (syncytia formation). The syncytia 
are recognized using an inverted 
microscope and counted. 

1. Compound X and AZ]" as a positive 
control are dispensed in the correct 
volume to give the desired final non- 
toxic concentrations of each 
compound. The dilutions of the drugs 
to be used will depend on the results 
of the toxicity testing above. 
Commonly the highest concentration 
of drug tested needs to be ten-fold 
less than the concentration which 
shows toxic effects. 

2. Prepare H9 cells at a density of 2 x 
10 s cells ml- ~ in complete growth 
medium. Dispense the cells at 180 I~1 
per well into 96-well flat bottomed 
plates. Obviously, the number of 
plates used depends on the number of 
drugs under test and the desired 
different dilutions of the virus to be 
used. For example use HIV virus at 10, 
100, and 1000 TCIDs0 (tissue culture 
infectious dose 50%). 

3. Add 20 !~1 of the appropriate virus 
dilution to each well of the plates 
leaving the last wells as controls free 
of compound X. 

4. Observe and record syncytia 
formation and cytopathic effects 
(CPE) on days 3, 5, and 11 post- 
infection. Syncytia are multinucleated 
giant cells that can be seen as big 
ballooned cells directly in the wells of 
the plate (Fig. 14.1). 
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Figure 14.1. Cytopathic effects of HIV-1. (a) C8166 uninfected cells (day 5 in culture). (b) C8166 cells infected 
with HIV-1, MN isolate, at 1000 TCID5o (day 6 post-infection), syncytia are shown as big multinucleated giant 
cells. 

Evaluation of viral p24 core antigen 
levels 

This assay is ELISA based and often 
scientists purchase commercial kits. The 
assay measures the release of HIV core 
p24 antigen from infected cells. It is 
exceedingly sensitive and also 
expensive. It can be used to detect 
replication of non-syncytium inducing 
viruses and can be automated for 
screening of 10-1000 compounds. 

1. Prepare cells (H9) at a density of 1 x 
10 s ml-1 and add 450 I~1 of cells to 
20 ml universal tubes labeled with the 
final desired concentration of the 
compound being tested. 

2. Add 50 i~1 of 10x stock of the drug at 
the desired final concentration then 
incubate at 37~ for 30 min to allow 
for drug/celt equilibrium to be 
achieved. 

3. Add 50 I~t of the HIV isolate at 10, 100, 
1000 TCID5o to each of the universals 
at the different drug dilutions required 
including the controls. 

4. Incubate for 3 h at 37~ 
5. Wash cells twice using 20 ml of RPMI 

1640 by centrifuging at 1800 rpm 
(350 g). This step is important to 
remove any input virus which could be 

mistaken, subsequently, for newly 
replicated p24. 

6. Resuspend the cells in each 
universal using 1.8 ml of complete 
growth medium. 

7. Plate out cells in 48-well plates at 
900 i~1 well-1 in duplicate, and add 
100 I~t of the 10x drug 
concentration to the appropriate 
wells. 

8. Incubate plates at 37~ with daily 
inspection for CPE and syncytia 
formation. 

9. Take samples of supernatants at 
days 3, 5, 7, and 11 after infection. 
Inactivate samples using 0.1% 
Empigen. 

10. Determine the viral p24 antigen levels 
using a commercial, or 'in house', 
ELISA test (see below). 

11. Plot the results as mean p24 
production versus the compound 
concentration including the control 
drug used (e.g. AZT). A compound 
with anti HIV-1 activity will reduce or 
totally eliminate the subsequent 
production of the viral core p24 
antigen (Fig. 14.2). By comparing the 
control drug AZT with X for the ability 
to inhibit p24 production and the 
levels of p24 in the presence or 
absence of X, a clear indication of the 
potential activity of X can be 
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Figure 14.2. This figure shows the results of in vitro experiments on cellular toxicity and antiviml activity of 
Azidothymidine (AZT), as a positive control, in PBMCs using a clinical isolate of HIV-1. Toxicity of AZT after 3 
and 11 days post-infection (A) and AZT versus HIV-1, 5 days post-infection (B). 

established. A single word of caution 
here, however, is that exceeding low 
concentrations of AZT cause an 
apparent total inhibition of viral p24 
antigen in the test, giving a 
therapeutic index in excess of 
10,000. However, when this in vitro 
result is translated into the practical 
clinical use of AZT as a drug in HIV 
infected patients the therapeutic 
index drops to approximately 10. 

'In House' ELISA for HIV-1 p24 

Materials 
Purified sheep anti p24 (D7320, Aalto 
Bioreagents) 
96 well ELISA plates (Greiner, 655001) 
Plate covers (ICN Flow 77-400-05) 
TBS (25 mM tris-(hydroxymethyl) 
aminomethane, 144 mM sodium chloride, 
pH 7.4) 
PBS (10 mM phosphate, 137 mM sodium 
chloride, 2.7 mM potassium chloride, pH 
7.4) 
Tween-20 
Empigen (Calbiochem-Novabiochem) 
Azide 
Bovine serum albumin (BSA) (Sigma) 
Baculovirus derived recombinant p24 
antigen (MRC-ADP 620) 

Biotinylated monoclonal antibody to p24 
(MRC-ADP 454) [EH 12] 
Streptavadin-POD conjugate (Boehringer 
500 U/ml) 
Substrate [o-Phenylenediamine 
Dihydrochloride (OPD) tablets, Sigma 
P7288] 
Substrate buffer [Phosphate Citrate 
buffer (50 mM sodium phosphate, 20 mM 
citric acid, pH 5.0)] 
H202 
3 M sulphuric acid 
ELISA plate reader 

Method 

1. Coat ELISA plates with 100 Id of 
D7320 antibody (10 pg/ml) diluted in 
PBS. Leave plates overnight at room 
temperature in a moist chamber. 

2. Wash plates 3 times with TBS and 
block with 2% BSA in TBS for 1 h at 
room temperature (200 i~l/well). 
Aspirate solution from wells of plates 
and leave to dry at room temperature. 

3. Prepare a standard curve (100 to 0.1 
ng) using viral p24 antigen (MRC-ADP 
620) in GM containing 0.1% Empigen, 
0.02% azide. Add samples in triplicate 
(100 ill/well) as well as standard curve 
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in duplicate. Seal plates using plate 
covers. 

5. Incubate plates at room temperature 
overnight in a moist chamber. 

6. Wash plates 6 times with 300 I~l/well 
TBS and tap plate on dry paper to 
remove excess fluid. 

7. Add 100 i~l/well EH12 diluted 1/1000 
in TBS containing 2% BSA, 0.05% 
tween 20 and incubate at room 
temperature for 2 h. 

8. Repeat step 6. 
9. Add Streptavadin-POD conjugate at 

100 i~l/well (5 !~1 of streptavadin-POD 
conjugate at 250 U/ml in 10 ml TBS 
containing 2% BSA, 0.05% tween 
20). Incubate for 1 h at room 
temperature. 

10. Repeat step 6 and add substrate in 
substrate buffer containing 0.01% 
H202 (100 ill/well) and incubate for 
15-30 min at room temperature. 

11. Stop reaction with 3 M sulphuric acid 
(50 i~l/well) and using an 'ELISA plate 
reader' read plates at OD 492. 
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Eval uati ng the anti- H IV 
activity of high numbers of 
candidate drugs 
Colorimetric M-I-I- 
(tetrazolium salt) assay 
(Schwartz et al 1988; Pauwels et al 1988) 

This simple colorimetric test was first widely 
used in HIV studies but variations have been 
applied to herpes and influenza. It has the 
potential advantage of automation, allowing a 
high throughput of antiviral drugs to be 
screened in excess of 10,000 drugs. Tetrazo- 
lium salt MI-I {3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide} assay, de- 
scribed here, is a variation of the procedure of 
Mossman (1983). 

1. Add 100 i~1 of cells at a concentration 
of 3 x 10 4 cells ml-~ to a 96-well plate. 

2. Add 50 I~1 of complete growth medium 
with or without drug to be tested at 
the appropriate concentration. 

3. Incubate for 2 h at 37~ in a 5% CO2 
incubator to allow drug-cell 
equilibration to be achieved. 

4. Add 100 I~1 of virus at 2.5 x 103 
infectious particles per ml. 

5. After 7 and 10 days, resuspend the 
cells and remove 100 I~1 of cell 
suspension for the M'n" as,~ay. 

6. Replace the wells with fresh medium, 
plus and minus drug, to obtain a final 
volume of 250 I~1 per well. 

7. All assays should be carried out in 
triplicate. Add 10 !~1 of 5 mg ml-~ MTT 
in PBS to all microwells containing 
100 I~1 of sample. 

8. Incubate for 4 h at 37~ in a 5% 002 
incubator. 

9. Remove the supernatant and add 
150 I~1 of acid-isopropanol 
(0~ N HCI in isopropanol). 

10. Mix thoroughly to dissolve the dark 
blue crystals. 

11. Incubate for a few minutes at room 
temperature ensuring that all blue 
crystals are dissolved. 

12. Read the plate in an ELISA reader 
using a wavelength of 540 nm. 

13. Cells treated with drug but not 
infected with HIV are used to 
determine drug toxicity. 

14. The anti-HIV activity of the drug is 
determined at nontoxic 
concentrations by calculating the 
infected-uninfected cell absorbency 
rates. 

15. AZT should be included as a positive 
control. 

Comments (high and low 
numbers of drugs) 

1. Cell lines such as C8166, CEM and JM can 
be used instead of or as well as H9 cells. 
PBMCs in log phase growth can also be 
used in screening for potential anti HIV-1 
activity, but usually only for special screen- 
ing with restricted numbers of drugs. 

2. The above procedures can be applied also 
when screening for anti HIV-2 candidates. 

3. Active compounds should have the follow- 
ing characteristics: high potency with at 
least 50% inhibition of viral p24 antigen 
in the culture supernatants, at low drug 
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concentrations, as compared to a drug free 
control. The drug should obviously have 
low toxicity and the results should be repro- 
ducible. 

4. H9, CEM, MT4, U937 cells as well as others 
can be used in the M'FI" assay. 

5. Reverse transcriptase (RT) activity in the 
supernatant fluids can also be used as 
another method for the evaluation of anti- 
viral replication. 

6. The Therapeutic Index (TI) for each com- 
pound is calculated as follows: TI = Max- 
imum nontoxic concentration/Minimum 
antiviral concentration. The higher the TI, 
the higher the compounds antiviral activity 
(AZT has a TI of >1000). 

7. We recommend the use of the more eco- 
nomic 'in house' ELISA for large scale 
screening of samples when using cell lines 

with laboratory adapted strains. The more 
sensitive and expensive commercial ELISA 
(Coulter) should be used to confirm results 
expecially when using clinical isolates and 
PBMC, since clinical isolates may not repli- 
cate as highly as laboratory adapted 
strains. 

8. If compounds show antiviral activity when 
tested as single compound (as above), it 
might be of interest to test more than one 
compound in combination to determine if a 
higher potency, or true synergy, could be 
achieved when, for example, testing two 
compounds together. The same methodol- 
ogy as that described above is applied, but 
the reader is referred to recent publications 
because interpretation of the data may not 
be simple. 
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Initial screening of 
compounds with potential 
virucidal activity for HIV 
A simple and relatively rapid protocol for the 
initial screening of virucidal activity is 
described below. Given the dearth of highly 
effective clinical inhibitors of HIV, attention 
has moved to a more prosaic approach via 
destruction of virus particles or inhibition of 
virus attachment at the earliest stage of virus 
entry. Given that future infections with HIV will 
be mainly heterosexual, then such compounds 
must be applied to the vagina before or imme- 
diately after intercourse. Moreover, virucides 
could be applied for the disinfection of the 
birth canal as an approach to control mother- 
to-child HIV infection. Such a novel virucide 
should be colourless, odourless, with no toxi- 
city and side effects, and most importantly be 
accepted by females. The non-ionic detergent 
nonoxynol-9 has been used as a spermicide 
but preliminary clinical trials have shown that 
over-use of the compound as a virucide could 
increase the incidence of HIV transmission by 
causing damage to the cells lining the repro- 
ductive tract and hence augmenting viral entry 
and enhancing infection. Hence an effective 
virucide should inactivate virus immediately 
on contact and have no concommitant effect 
on the membrane of mammalian cells. It is still 
not clear at present whether such compounds 
can be discovered. As described for the 
screening of anti HIV-1 activity, any com- 
pound to be screened for its potential viruci- 
dal activity should be prepared in a solution 
under sterile conditions. The concentration of 
the compound, its solubility, and its chemical 
composition should be recorded. An extra 
requirement is a preparation of infective HIV 
at high titre in excess of 10 7 TCID50 m1-1. In 
this way after the virucidal test per se the drug 
can be removed by simple dilution and residual 

virus detected by infectivity end-point titration 
in susceptible cells. 

Preliminary cytotoxicity 
test for the virucide 

1. Using a 96-well tissue culture plate, 
add 180 ill of H9 cells at a 
concentration of 2 x 10 s cells ml- 
to each well. 

2. Prepare the compound at the desired 
initial concentration in growth 
medium. 

3. Add 20 Ill of the compound, at the 
initial concentration, to the first 6 wells 
of the plate. 

4. Make 10-fold dilutions across the 
plate and leaving the last row as a cell 
control by adding 20 Ill of growth 
medium to each well in the last row. 

5. Incubate the plate at 37~ for one 
week. 

6. Count cells using the trypan blue 
method described above after the 
addition of the compound, 24 h, 3, 5, 
and 7 days later. 

7. Determine the cytotoxicity of the 
compound. 

Virucidal test 

1. To a 96-well tissue culture plate add 
180 Ill of H9 cells at a concentration of 
2 x 10 s cells ml-~ to each well. 

2. Prepare: 
(A) 200 Ill of virus at high titre + 200 Ill 
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of compound Y (with potential 
virucidal activity). 
(B) 200 I~1 of virus at high titre + 200 I~1 
of complete growth medium as a 
control. 

3. Incubate (A) and (B) for 10 min at 
37~ 

4. Add 20 ~1 of (A) to each of the first six 
wells of the plate (from well A1 to A6) 
and 20 !~1 of (B) to each of the next 6 
wells (from well A6 to A12), mix well, 
then make 10-fold dilutions using 
separate pipettes for each dilution 
moving down the plate and leaving the 
last row (H1-H12) as cell control. In 
this way an infectivity end-point can 
be determined for residual virus. 

5. Incubate the plate at 37~ and 5% 
CO2. 

6. Record the cytopathic effects on days 
3, 5, 7, and 11. 

7. Compare the cytopathic effects, 

including syncytia formation, of the 
virus with and without Y, and hence 
determine whether any infective virus 
survived the contact with the drug. 

Comments 

1. The spermicidal detergent nonoxynol-9 can 
be used as a positive control. This com- 
pound has been shown to have detectable 
anti-HIV activity (Malkovsky et al 1988). 

2. A different scale of time can be used and, 
for example, the virucidal effects can be 
recorded after only seconds contact with 
virus. 

3. Different cell lines and PBMCs can be used 
to compare the cytotoxicity as well as viru- 
cidal activity of the compound being tested. 
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Virological screening of drug 
candidates against herpes 
simplex and influenza 
viruses 
While new developments in HIV continue to 
dominate antiviral research, herpesviruses, in 
the widest sense, remain a very important 
target for the design and application of 
improved antiviral chemotherapy (Field 1994). 
Both HSV and influenza viruses have unique 
enzymes such as herpes DNA polymerase, 
nucleotide reductase, thymidine kinase, or 
influenza RNA replicase or neuraminidase 
which may be used in screening assays. How- 
ever, in all these cases a vital assay is whether 
the new drug inhibits virus replication in cell 
culture. Furthermore, for both herpes and influ- 
enza there are well developed animal model 
systems for later evaluation of new drugs. In 
the case of influenza both the mouse pneumo- 
nia model and the classical ferret respiratory 
infection model are used (Oxford et al 1994). 
There are several well investigated animal 
models of herpesvirus such as the infection 
in the hairless mouse and genital infection of 
guinea-pigs. In essence the screening meth- 
ods used for HSV and influenza are similar to 
those used for anti-HIV drugs. In practice the 
viruses are easier and faster to handle in a 
category II laboratory. However, scientific per- 
sonnel must be well trained in avoidance of 
cross infection. For example, recently isolated 
strains of influenza, particularly those pas- 
saged briefly in mammalian cells, may be 
infectious and could in extreme cases trigger 
an epidemic. As with HIV, careful thought 
should be given to the virus to be used in the 
screening test. For influenza it is particularly 
important to discover drugs to inhibit both 
types A and B. For herpes, drugs are required 

to inhibit HSV type 1 and 2 as well as varicella- 
zoster virus (VZ~. 

Materials and reagents 

24-well tissue culture plates. 
Maintenance medium (MM): Eagle's 
Minimum Essential Medium 
(Sigma) containing 50 IU ml -~ Penicillin, 
50 l~g ml -~ Streptomycin and 2 mM 
L-Glutamine. 
Trypsin/EDTA (Sigma). 
Trypan blue 0.4% (Sigma). 
Haemocytometer. 
Gilson pipette (100 #1) and sterile tips. 
5 and 10 ml pipettes. 
Ordinary and inverted microscopes. 
CO2 incubator. 
Different concentrations of the drug to be 
tested. 
Falcon 96-well plates (herpes simplex). 
25-cm 2 Falcon cell culture flasks 
(Influenza). 
Phosphate buffered saline (PBS). 
0.05% trypsin (Worthington) prepared in 
PBS. 
Virus. 
Drug test and drug positive control. 
Eppendorf pipetter (0.5 and 2.5 ml). 
Tubes for drug and virus dilution. 
M'I-I" (Sigma) 5 mg ml-1 in PBS. 
10% SDS + 0.01 N HCI. 
ELISA plate reader. 
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Toxicity assay for cells 
cultivated in monolayers 
It must be clearly acknowledged that the cyto- 
toxicity assay can only give an approximate 
estimation of potential toxicity. For example, 
only one out of a thousand potential drugs 
selected in this way will later proceed to in 
vivo testing in animals. The remaining 999 
drugs will be discarded because of unaccep- 
table toxicity in other cells such as those in the 
gut, kidney, brain, skin, or the white blood 
progenitor cells. Yet more drugs will have 
unacceptable, surprising, and unpredictable 
toxicities in animals or patients. 

1. Add 1 ml of cell suspension at a 
concentration of 2 x 105 cells mt-~ to 
a 24-well tissue culture plate. 

2. Incubate at 37~ for 48 h. 
3. Discard the growth medium and wash 

the cells using PBS. 
4. Add a range of at least five different 

concentrations of the candidate 
antiviral agent to six wells per 
concentration, and leave six more 
wells with no drug as the cell control. 

5. Incubate for three days at 37~ 
6. Daily, trypsinise two wells containing 

each concentration of the drug and 
two wells with no drug and count the 
viable cells using the trypan blue 
exclusion method described above. 

7. Calculate the mean and then the 
percentage reduction of the viable cell 
count compared with the cell count in 
the drug free control cultures. The 
drug concentration required to reduce 
the viable cell count by 50% is called 
the CyDs0 (Hu & Hsiung 1989). 

Antiviral assays for 
herpes virus 
Cytopathic end-point assay 
(low numbers of drugs to be 
screened) 

1. Add 100 1~1 of a HEp-2 or Vero cell 
suspension at a concentration of 2 x 
105 cells ml -~ to each well of a 96- 
well plate. 

2. After 48 h at 37~ in an incubator with 
5% CO2 (when the monolayer is 
confluent), discard the growth medium 
and wash the cells using PBS. 

3. Add 100 HI of each concentration of 
the drug to be tested to 4 wells. The 
drug should be diluted in MM. Keep 4 
wells with no drug and add MM to the 
cells (virus control). Also keep two 
wells for each concentration of the 
drug with no virus. 

4. Incubate for 60 min at 37~ for 
equilibration to be achieved of drugs 
and cells. 

5. Add 10 !~I of 100 TCID5o of virus to all 
wells containing different 
concentrations of the drug and to the 
4 wells of the virus control. 

6. Incubate at 37~ in a 5% CO2 
incubator. 

7. Observe daily, under the inverted 
microscope, until all the quadruplicate 
cultures in the virus control wells show 
CPE. The time required for visual 
observation of the culture obviously 
limits the number of drugs which can 
be tested simultaneously. The 50% 
effective dose (EDso) of the antiviral 
agent is expressed as the 
concentration that inhibits CPE in half 
of the quadruplicate test cultures (Hu 
and Hsiung 1989). Acyclovir (ACV) is 
included as a positive control drug for 
HSV-1. Gancyclovir or Foscarnet may 
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be used as a positive control drug for 
Cytomegalovirus (CMV). 

MTT assay (high number of 
drugs to be screened) 
(Takeuchi et al 1991) 

1. Add 100 I~1 of cells at concentration 
of 2 x 105 cells ml -~ to a 96-wetl 
plate. Suitable cells are L929 or 
MRC-5. 

2. Incubate for 48 h at 37~ in a 5% 
CO2 incubator. 

3. Wash the cells using PBS. 
4. Add 100 I~1 of MM with or without 

drug to be tested at the appropriate 
concentration. 

5. Incubate for 60 min at 37~ 
6. Add 10 I~1 of 100 TCID5o of virus to all 

wells containing different 
concentrations of the drug and to the 
control wells with no drug. 

7. Incubate the plates for three days at 
37~ in a 5% CO2 incubator. 

8. Add 10 I~1 of 5 mg ml-~ M'l-r in PBS 
to all wells. 

9. Incubate for 4 h at 37~ in a 5% CO2 
incubator. 

10. Add 100 i~1 of 10% SDS + 0.01 N HCI 
in distilled water. 

11. Mix and incubate overnight. 
12. Read the plates using ELISA reader 

at a wavelength of 540 nm. 
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Screening antiviral agents 
against influenza virus 
Although influenza virus was first isolated in 
the embryonated hens egg, nowadays, at 
least for antiviral screening, the egg has been 
replaced by cell culture systems. Moreover, in 
many countries a specific animal license is 
now required before eggs, which have a devel- 
oping embryo at midterm, can be inoculated 
and subsequently killed. Cultivating influenza 
virus in cell culture requires the addition of 
trypsin to the medium while evaluation of 
virus growth is performed most simply using 
the haemagglutination (HA) test to detect virus 
in the supernatant fluids. 96-well plates may 
be used in screening antiviral agents (Nagai et 
a11990), but here we describe the assay using 
25 c m  2 Falcon cell culture flasks which is 
applicable to investigation involving low num- 
ber of compounds. The general principle is, 
however, the same for both methods. We 
should note that for high input screening a 
modification of the MIF method can be used. 

1. Add 5 ml of MDCK cell suspension at 
a concentration of 2 x 105 cells ml-1 
to each flask. 

2. Incubate for 48 h at 37~ in an 
incubator containing 5% CO2. 

3. Discard the growth medium and 
wash the monolayer using PBS. 

4. Add 5 ml of each of the different 
concentrations of the drug to be 
tested containing 2.5 llg ml-~ trypsin 
to two flasks per drug concentration. 

5. Keep two flasks with only MM and 
trypsin and no drug (virus and trypsin 
control). Also keep one flask with 
only MM (cell control). 

6. Incubate at 37~ for 60 min to allow 
celt-drug equilibration. 

7. Add 500 I~1 of influenza virus diluted 
at 1:100 (concentration of the stock 

approximately equal to 128 HA units 
and 105 ID5o) to half of the flasks 
containing the different 
concentrations of the drug and to the 
virus control. After 1 h at 37~ wash 
to remove excess virus, add further 
drugs and reincubate the cultures. 

8. Incubate at 37~ for 5 days. 
9. Include amantadine hydrochloride 

(25 llg ml -~) as a positive control 
drug for influenza A virus and 
Ribavirin for influenza A and B 
viruses. 

10. Take out daily aliquots of 50 I~1 of 
medium and measure the quantity of 
virus by the HA test. 

11. Compare the HA titres in the drug 
treated and untreated flasks. A 
difference of 4-fold or more between 
the HA titre of the treated and 
untreated cultures is considered as 
significant inhibition. 

Haemagglutination (HA) 
assay 

Materials 

V bottomed 96 well plates 
Turkey RBC at 0.5% v/v in PBS 
Sterile PBS 

Method 

1. Add 50 I~1 of PBS into each well of the 
plate. 

2. Make serial two fold dilutions of the 
samples. 
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3. Add 50 ill of 0.5% washed RBC into 
each well. 

4. Incubate the plate at room 
temperature for 1 h and read the 
agglutination patterns and hence 
calculate the HA titre. 

Comments 

1. For each virus-cell system described 
above, the Therapeutic Index is expressed 
as the ratio: 

Therapeutic index (TI) = CyD5o/ED5o 

where CyD5o is the maximum drug concen- 
tration which causes cytotoxic effects in 
50% of the cultured cells and ED5o is the 
minimum drug concentration which is effec- 
tive to inhibit virus induced cytopathic 
changes by 50%. 

2. All procedures described here are general 
methods to screen new drugs and they are 
useful to select candidates for their poten- 
tial antiviral activity. After the initial selec- 
tion, other methods can be used to study 
the mechanism of action of the active com- 
pounds. 

3. Importantly xTr  is a more soluble com- 
pound and can substitute MIF in this 
assay (Weislow et al 1989). 

4. The Therapeutic Index calculated using the 
cell culture data is an in vitro parameter and 
obviously can not be correlated to the index 
in vivo or in the patients. Although it is 
reassuring to have a high TI at the com- 
mencement, drugs with a low in vitro TI, 
should not be discarded since, like the 
tortoise in the 'Tortoise and the Hare' tale, 
although starting with disadvantages, they 
may yet win the race and become effective 
antivirals in humans. 
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Detection of virus 
and viral antigens 

S. Specter 
D. Jeffries 

The ability of the physician to manage a variety 
of viral infections either through chemotherapy 
or other manipulation of the patient has made 
rapid viral diagnosis a necessity. The develop- 
ment of sophisticated technology to detect 
viruses or viral antigens in specimens 
obtained from patients has made rapid viral 
diagnosis a reality in most types of infec- 
tions. Rapid viral diagnosis is here defined as 
the ability to identify a virus in a clinical sample 
within 48 hours and in some cases within 1 
hour. The key to effective viral diagnosis is 
properly collecting a specimen(s) from an 
appropriate site(s), transporting the specimen 
under the proper handling conditions, and 
using appropriate methods to process and 
detect the virus. It is important to note that 
the majority of false negative samples result 

from errors in handling of the specimen before 
it reaches the laboratory. Thus, it is vital for 
health care professionals to understand appro- 
priate methods for the handling of specimens 
to be tested for detection of viruses. These 
methods are outlined in this chapter. How- 
ever, it is important to recognize that different 
institutions have procedures that may vary 
from general recommendations and that over 
time recommendations are likely to change. 
Therefore, those unfamiliar with the proce- 
dures of the particular laboratory to which 
they will be submitting specimens should 
communicate with the laboratory on a regular 
basis to insure the highest quality of the 
specimens they are submitting, until such 
time as they are familiar with the appropriate 
procedures to follow. 
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Specimen collection 
Correct specimen collection requires selection 
of the best body sites for obtaining virus, 
begins with the use of sterile implements, is 
enhanced by collecting the specimen as early 
in the course of infection as is practical, and is 
completed by transporting the specimen to the 
laboratory as rapidly as possible. Remember 
also that generally, the greater the number of 
cells collected in a specimen the higher the 
probability that a virus can be isolated and/or 
identified. 

Specimen selection 
The selection of appropriate specimens is 
based on both the clinical presentation and 
suspected virus(es) associated with the dis- 
ease. Although several viruses may cause the 
same disease signs and symptoms the speci- 
mens required for their detection usually are 
the same. Occasionally infections may, how- 
ever, require specimens from different sites for 
different viruses causing similar symptoms 
(e.g. central nervous system [CNS] infections). 

Timing of collection 
It is best to collect specimens for viral detec- 
tion as early as possible in the acute stages of 
infection. While virus may be detected in spe- 
cimens sometimes for weeks after onset of 
disease, the duration of viral shedding varies 
greatly depending on the virus, the host and 
the course of infection. Respiratory viruses 
may be shed for only a few days during upper 
respiratory tract infection but may be present 
for a month or longer if the lower respiratory 
tract becomes infected. Virus from vesicular 
lesions is readily obtained while there is fluid 
in the lesion but becomes more difficult to 
detect once the lesion dries out. Thus, it is 
often important to collect specimens for viral 
detection very early in infection and store them 

if viruses are low on the differential diagnosis. 
Specimens should be stored at 4~ (refriger- 
ated) for up to five days in most cases, there- 
after storage should be at -70~ Certain 
viruses are labile, e.g. RSV, and when they 
are suspected, specimens should be frozen 
(-70~ immediately after collection. Speci- 
men storage is discussed further on page 
316. It is far easier to discard an unneeded 
specimen than to try to detect virus later in 
infection when the viral titer might be signifi- 
cantly reduced. 

Viruses may be shed from individuals for 
long periods of time under certain circum- 
stances. Adenovirus, cytomegalovirus (CMV), 
enteroviruses and rubella may be shed for 
months or years in asymptomatic individuals. 
Individuals with chronic diseases due to 
viruses like hepatitis B virus (HBV), hepatitis 
C virus (HCV), and human immunodeficiency 
virus (HIV) also may shed virus for long periods 
of time. Additionally, those with reactivated 
latent viruses such as herpes simplex virus 
(HSV) or varicella-zoster virus (VZV) may shed 
virus sporadically throughout their lifetime. 
Thus, it is vitally important in these cases to 
associate virus shedding with onset of disease 
symptoms in order to make an etiologic asso- 
ciation of virus and disease. By contrast, 
immunocompromised individuals may shed 
viruses as a result of their immune system's 
failure to control infection, in these cases it 
becomes important to determine if the virus 
is the cause of symptoms or the result of 
progressing disease that has induced their 
replication. Thus, the fact that a particular 
virus has been isolated from a patient is not 
nearly so important to the interpretation of 
etiology as are the circumstances of infection, 
regarding disease progression, specimen 
source, etc. 
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Types of specimens 
Throat and nasopharynx 
Washings or aspirates of the throat and naso- 
pharynx are usually more useful than swabs of 
these areas for performing virus isolation in cell 
cultures. For respiratory syncytial virus (RSV) 
especially, nasopharyngeal aspirates generally 
yield better diagnosis (Ahluwalia et a11987). By 
contrast, it is often easier to collect a nasal 
swab because the patient accepts this 
method more readily and it is more conveni- 
ent for medical personnel that are responsible 
for collection of the specimen. In addition, 
direct detection of virus using fluorescent anti- 
body is preferred using swabs. The nasal wash 
is discouraged for direct detection of most 
respiratory viruses, since it often contains deb- 
ris, mucus, red or white blood cells, or squa- 
mous cells (Blumenfeld et al 1984; Kim et al 
1983). 

In young children however, Frayha et al 
(1989) reported that nasopharyngeal aspi- 
rates and swabs were equally effective for 
the diagnosis of respiratory viruses. When 
swabs are collected, it is best to collect one 
nasopharyngeal and one throat swab. When 
comparing yield from swabs of different loca- 
tions, nasopharyngeal swabs are more likely to 
yield a positive specimen for influenza viruses, 
parainfluenza viruses and RSV, while throat 
swabs are better for recovering adenoviruses, 
enteroviruses and HSV (Wiedbrauk and John- 
ston 1993). Nasal swabs or washes are best 
for recovering rhinoviruses. 

Sputum 
The value of sputum as a source for viral 
infections of the lower respiratory tract is 
unclear. Also, one must be wary of contamina- 
tion by organisms in the throat. Thus, sputum 
is not usually a preferred specimen for diag- 
nosis of viral infections. However, Kimball et al 
(1983) reported that 20% of patients with radi- 
ologically proven pneumonias yielded virus 

when isolation was performed. In this study 
both influenza A virus and RSV were isolated 
from sputum in association with disease, lead- 
ing the authors to conclude that this is a useful 
specimen for diagnosis of viral infection of the 
lower respiratory tract. Unfortunately, this 
study did not compare sputum to other meth- 
ods of specimen collection, such as throat 
washings or bronchoalveolar lavage (BAL). 
Nevertheless, BAL samples are generally con- 
sidered to be superior to sputum for lower 
respiratory tract infections. 

Bronchoalveolar lavage 
Bronchoalveolar lavage is a preferred alterna- 
tive to open lung biopsy for the collection of 
specimens for rapid viral diagnosis. Martin and 
Smith (1986) have shown this to be especially 
useful for CMV infections. Using a broncho- 
scope it is possible to identify localized 
lesions in the lower respiratory tract and to 
wash the involved area with saline to retrieve 
infected cells. Specimens can be examined for 
direct detection or placed into cell culture. The 
value of this procedure is noted in a study at 
the Mayo Clinic, where 71 of 80 specimens 
yielded CMV, while parainfluenza, influenza, 
and enterovirus also were detected in a few 
specimens (Smith 1992). 

Stool and rectal swab 
Stools or rectal swabs can be especially useful 
when submitted for diagnosis of infections due 
to enteroviruses. This specimen is especially 
useful when submitted in addition to cere- 
brospinal fluid (CSF) for the diagnosis of CNS 
disease, in fact, it is often easier to isolate virus 
from the gastrointestinal tract than the CSF in 
cases of aseptic meningitis, which is caused 
most frequently by enteroviruses. However, 
recovery of an enterovirus from the stool is 
not always proof that it is the etiologic agent 
of the current infection, since these viruses are 
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frequently isolated from the gut of healthy 
individuals. 

The use of feca~ material for diagnosis of 
cases of vira~ 9astroentedtis is ~imted by the 
fact that many of the viruses (rotavirus, enter c 
adenoviruses~ Norwalk agent~ other small 
round viruses) that are responsibe for this 
are not readily cultured. Howeve~ stool speci~ 
mens can be usdu! for detection of gastroim 
testina~ viruses if electron microscopy is to be 
pedormed~ Another problem is that entero~ 
viruses and reoviruses are as often isolated 
from feca~ mateda/ of healthy individuals as 
they are from patients with gastrointestina 
disorders. The use of stool specimens is pre~ 
ferred over rectal swabs, since more fecal 
materia~ can be obtained, when testing for 
viral 9astroentedtis s pedormed (Mintz and 
Drew 1980). However, t should be noted that 
during acute disease pas may have diffio 
culty producing a stoo. ~n these situations it is 
reasonable to collect a fecal sample as soon 
as possible~ rather that. awaiting a steol sample, 
as long as the swab centains feca~ material. 
Nucleic acid probes for the detection of enteroo 
viruses (Romero and Rotbart 1993) enteric ade ~ 
noviruses (Krajden et at 1990) and perhaps 
others may make detecton of viruses from 
fecal mateda~ more usdul in the near future~ 

CMV can be recovered n stoo~ and is espe o 
ciaHy impo~ant to detect n the Go~ tract in 
immunocomprom sed individuals, usually 
usng direct detection (Drew 1988)~ By con- 
trast, enveoped viruses are not easily iso~ 
~ated in cell cultures from fecal material 

Urine 
Recovery of viruses from urne is relative!y 
common. This is accomplished during c~inio 
ca//y apparent infections by adenovirus0 CMV 
and mumps and many other viruses are preo 
sent in urne during their ncubation pe rod  
The best time to collect specimens for deteco 
tion of virus is from the frst morning urne 
sample, since materials are more conceno 
trated at this time. Recovery of CMV from 
{Jrine of pernataHy nfected infants and 
mtJmps virus ff~m urine of individuals with 

encephalitis are especially impoRant since 
they may be the only sites yielding virus at 
times~ ~n the case of CMV, the vrus is in 
relatively low t ter  and may be directly inocu ~- 
~ated into standard cell culture; however, for 
enhanced detection in shell vials ow  speed 
centdfugation is often he~pfu~ (Lee and Balfour 
1977; Lipson et a11990}~ The detection of CMV 
by nucleic acid probes requires centdfugation 
in order to concentrate the virus (Landin et a 
1990) It must be noted that CMV can be 
isolated from multiple sites, w th  urine 
usually being the best. However, at times 
urine might be negatve when throat swabs/ 
washes are postive and vaginal secretions 
may be positve when urine is negative in 
pregnant women. Thus, obtaining specimens 
from several sites for routine CMV detection 
is recommended~ 

Blood 
B~ood s a useful specimen for ce~ain infec* 
tions that are in the acute phase or in chronic 
diseases. Enteroviruses are generally cell free 
in Mood, whereas CMV~ EpsteimBarr virus 
(EBBS, HIV., human herpes viruses 6 (HHVo6) 
and 7 (HHVW), HSV, measfes, rubella and 
VZV are mostly cell associated Specific 
separation of eukocytes by differential centrb 
fugation is recommended as compared to the 
use of a buffy co~  for the iso~at on of CMV or 
VZV (Paya et al 1988). Detection of CMV anti~ 
gen in blood is one of the earliest predictors of 
active infection, which is so impoGant to 
detect eady in immunocompromised patients. 
Cell-free CMV may also be detected in p~asma 
or serum but this is frequently ddective virus, 
so direct detect on is superior to vrus isolation 
in such cases. The din cal significance of this 
ceH.-free CMV s not yet dear. 

Cerebrospinal fluid and other 
sterile body fluids 
Cerebrospina~ fluid is a usefu{ specimen for 
detection of viruses in assocation with 
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meningitis but is less so in patients with ence- 
phalopathies. Most commonly non-polio enter- 
oviruses (67-80% of samples in which virus is 
detected) are detected in CSF but HSV 2 may 
be detected in cases of meningitis (Rubin 
1983). The overall rate of virus positive CSF 
specimens associated with clinical disease is 
about 4% (Wilden and Chonmaitree 1987). 
While these viruses can be isolated from CSF, 
more recent attempts using nucleic acid hybri- 
dization have proven useful (Romero and Rot- 
bart 1993; Rowley et al 1990) and the 
polymerase chain reaction (PCR) has been 
used to detect HSV DNA (Rowley et al 1990). 
Other less common isolates from CSF in CNS 
infections include adenovirus, CMV and VZV in 
immunocompromised hosts. Although toga- 
viruses, flaviviruses and a variety of other arbo- 
viruses are associated with CNS disease they 
are not readily detected from CSF and 
generally require serology for detection. 

Other sterile body fluids, e.g. pericardial, 
pleural, synovial, may also be tested for the 
presence of viruses. Like CSF, virus is usually 
present in low concentration in these fluids 
and should not be diluted before inoculation 
into tissue culture. 

conjunctiva but corneal scrapings may be 
required when there is keratoconjunctivitis. 
The latter should be collected by an ophthal- 
mologist or other well trained personnel. 

Dermal lesions 

The agents most commonly recovered from 
dermal lesions include the viruses that cause 
vesicular lesions, HSV and VZV (Smith 1992). 
Coxsackieviruses type A and other entero- 
viruses are also obtained but to a much lesser 
extent. When lesions are in the form of un- 
opened vesicles or pustules virus is recovered 
nearly 90% of the time; however, when lesions 
become crusty or dry out this is reduced to 
about 25% success (Moseby et al 1981). 
Direct examination of these specimens by 
histologic or immunologic staining techniques 
also reveals that materials from closed 
vesicles yield cells in which viral antigens or 
inclusions are more easily observed. 

Tissues containing human papillomaviruses 
(HPV) also can be used to detect virus but this 
generally requires nucleic acid hybridization. 

Ocular 

The majority of positive specimens from eyes 
exhibiting keratoconjunctivitis yield HSV or 
adenoviruses, with the former present about 
twice as often (Chastel et al 1988; Claou~ et 
a11988; Smith 1984). In addition, enteroviruses 
can be isolated in cases of hemorrhagic con- 
junctivitis (Pal et al 1983) or pharyngoconjunc- 
tivitis. More recently, CMV has been detected 
in cases of retinitis in immunocompromised 
hosts, especially in AIDS patients (Henderly 
et al 1987). In neonates, ocular infections 
may be seen in the context of generalized 
disease and accompany dermatologic mani- 
festations due to rubella, VZV or HPV (Lam- 
bert et al 1989; Naghashfar et al 1986). 
Chlamydia trachomatis (bacteria that are fre- 
quently detected in virology labs) must also be 
considered in conjunctivitis in newborns. 
Usually, a swab is obtained from the palpebral 

Solid tissue 

Autopsy or biopsy specimens are useful in the 
diagnosis of a variety of viral infections. 
Autopsy specimens are complicated by 
decline in viral titers after death and the 
increase in the levels of bacteria. Thus, post- 
mortem specimens should be collected 
quickly after death. The most useful speci- 
mens for isolation of virus from solid tissues 
are lung, respiratory tract tissue and brain. 
Infrequently, liver or spleen may yield CMV or 
HSV. The recovery rate of viruses from tissue in 
one study was about 4% (Smith 1983) and 
even in the best of circumstances (CMV iso- 
lated from open lung biopsy of immunocom- 
promised individuals) is generally below 10%. 
Isolation of viruses from tissue is hampered by 
the release of viral inhibitors from tissue upon 
homogenization. Shope et al (1972) demon- 
strated that isolation can be improved if 
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enzymatic digestion is used instead of homo- 
genization. More recently, the use of section- 
ing formaldehyde fixed, paraffin embedded 
tissue, in situ hybridization or the PCR and 

nucleic acid probes have resulted in the detec- 
tion of HPV, adenovirus and others in a variety 
of tissues (Jiwa et al 1989; Shibata et al 1988; 
Telenti et al 1990). 

314 Chap te r  15 



S p e c i m e n  t r anspo r t  

Specimen transport 
A serious problem in the isolation of viruses is 
the loss of infectivity suffered from the time the 
specimen is collected until it reaches the 
laboratory. Viral titers are negatively affected 
by time in transit, temperature, pH, the type 
of protein in the sample, the amount of virus 
present and how much the sample is disturbed 
(shaken) in transit. It is therefore critical to 
understand the appropriate conditions for 
transporting the specimens to the laboratory. 

Virus stability 
Naked (non-enveloped) virus, such as adeno- 
viruses and enteroviruses are generally very 
stable and are readily transported to the 
laboratory without much loss of infectivity. By 
contrast enveloped viruses, such as herpes- 
viruses, influenza viruses and paramyxo- 
viruses and rubella, are labile and quickly 
lose infectivity if not properly protected. Since 
it is not possible to determine which virus a 
specimen will contain when it is collected, all 
specimens for virologic examination must be 
treated as if they contain labile virus. Thus, 
specimens should be rapidly transported to 
the laboratory in a sterile container placed in 
wet ice and stored at 4~ until inoculated into 
cell culture. For transport to a remote labora- 
tory, specimens can be held at 4~ for up to 
48 h without much loss of infectivity (Levin et 
al 1984). It is not advisable to freeze speci- 
mens for transport to the laboratory; CMV is 
especially labile if frozen at -20~ If speci- 
mens must be transported for longer than 
48 h, then freezing at -70~ and shipping in 
dry ice is advised. RSV is a particularly labile 
virus and inoculation into tissue culture is 
recommended as soon as possible. In several 
institutions respiratory specimens are inocu- 
lated into cell culture directly from the patient 
at the bedside. While this is perhaps extreme, 
it underscores the concern for the lability of 
this virus. 

Transport materials 
Swabs 
The most common specimen submitted to the 
virus laboratory for isolation or direct detection 
is the swab. Smith and Wold (1991) report that 
nearly two-thirds of submitted specimens in 
one year were swabs. These can be collected 
from nasopharynx, throat, rectum, skin lesions 
and conjunctiva. Swab tips used for collection 
may be comprised of cotton, dacron, rayon or 
polyester but not calcium alginate, as it is 
toxic to HSV (Wiedbrauk and Johnston 
1993). An aluminum shafted swab should be 
used as materials used to treat the wood in 
some swabs may be toxic to viruses and 
Chlamydia. 

Other specimens 
Sterile, leak-proof containers should be used 
for the submission of body fluids. Specimens 
should be submitted as collected and not 
diluted in transport medium. Blood or bone 
marrow should be collected in tubes contain- 
ing an anti-coagulant (preservative free 
heparin or EDTA), transported to the labora- 
tory at room temperature and processed as 
soon as possible (within 8 h). 

Media 
The use of appropriate transport medium will 
greatly facilitate the ability of the laboratory to 
isolate virus from clinical specimens. Such 
media are comprised of balanced salt solu- 
tion, o-glucose and often a small amount of 
protein (bovine serum albumin, serum, gelatin 
or lactalbumin hydrolysate) to help stabilize the 
virus, they also contain antibiotics and a buffer 
to maintain neutral pHo More common media 

Detec t ion  of  v i rus and viral an t igens  315 



Viro logy me thods  manual  

for viral transport include Stuart's medium, 
Hanks' balanced salt solution, Leibovitz- 
Emory medium and sucrose-phosphate-gluta- 
mate, used with or without added protein. 
Comparative studies of the different media 
are limited and have not provided conclusive 
results as to which medium is most effective at 
maintaining virus titer (Smith 1992). 

Transport media commonly used for 
diagnostic virology 

Hanks' balanced salt solution with 
gelatin 

Hank's balanced salt solution (100 ml) 
Gelatin (0.5 g) 
Autoclave at 15 Ib pressure for 15 min. 
Before use add antibiotics to desired 
concentration and dispense in aliquots in 
screw-capped containers (2-3 ml). Store 
at 4~ 

Veal infusion broth with gelatin 

Veal infusion broth (25 g) 
Phenol red (0.5%) (0.4 ml) 
Distilled water (100.0 ml) 
Autoclave as above. After cooling add 
0.5 g bovine serum albumin and filter to 
sterilize (0.45 I~M filter). Before use add 
antibiotics to desired concentration, 
aliquot and store as above. 

Buffered tryptose phosphate broth 
with gelatin 

Tryptose phosphate broth (2.95 g) 
NaH2PO4H20 (0.08 g) 
Na2HPO47H20 (2.06 g) 
Gelatin (0.5 g) 
Phenol red (0.5%) (0.4 ml) 
Distilled water (100.0 ml) 
Autoclave, add antibiotics, aliquot and 
store as above. 

Transport systems 
The earliest transport systems for submitting 
specimens to the virology laboratory were 
systems originally designed for submission of 
samples for bacteriologic studies. The Cultur- 
ette (Becton Dickinson Microbiology Systems, 
Cockeysyille, MD) has been used by virus labs 
for more than 20 years. This consists of a 
sterile rayon tipped swab in a plastic tube 
containing an ampule of modified Stuart's 
transport medium. More recent systems 
include the Virocult (Medical Wire and Equip- 
ment Co., Cleveland, OH), Microtest M4 TM 
(Microtest, Inc., Snellville, GA) and Amplicor 
TM (Roche Diagnostics, NJ),  which was 
designed for samples submitted for PCR 
assays. M4 is an example of a universal trans- 
port medium that is useful for maintenance of 
specimens submitted for isolation of viruses, 
Chlamydia, and other microorganisms. In a 
recent study it was also shown to be highly 
effective for samples submitted for PCR assay 
(Salmon et al 1994). 

Specimen storage 
Storage of viruses for short periods of time, up 
to 5 days, should be at 4~ as there is less 
loss of infectivity at this temperature compared 
to room temperature or freezing. HSV has 
been shown to retain 90% of titer for up to 
30 days at this temperature, whereas even 
one freeze-thaw cycle reduced titer by 
2 log10. Thus, for short term storage 4~ is 
recommended (Gleaves et al 1994). By con- 
trast, storage for stable viruses (adeno- 
viruses, enteroviruses, HSV) for long periods 
of time should be at -70~ using a stabilizing 
medium (Johnson 1990) and labile viruses, 
such as RSV or VZV, are better maintained if 
freeze dried in stabilizing medium (Gallo et al 
1989; Gleaves et al 1994; Tannock et al 1982). 
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Specimen processing 
Inoculation 

Standard tissue culture 

A variety of cell lines may be used for diag- 
nosis of viral infections, the particular cell 
lines used for any sample is determined by 
the specimen source and the types of 
virus(es) suspected (Specter and Lancz 
1992; Wiedbrauk and Johnston 1993) (also 
see Chapters 1 & 2). Regardless, a normal 
inoculum of 0.2-0.3 ml is generally used. Prior 
to inoculation maintenance medium is 
removed from the cells and then the inoculum 
is added for a period of 1-2 h to allow the virus 
particles to adsorb to the cells. The cells are 
then washed free of any non-absorbed mate- 
rial and placed in fresh medium for daily exam- 
ination for evidence of infection. When the 
inoculum is a body fluid, such as urine, it can 
be added directly to cells. However, in some 
instances the fluid may contain toxic sub- 
stances which require dilution of the fluid prior 
to inoculation. In addition, some fluids, as well 
as fecal material and homogenized tissues sus- 
pended in balanced salt solution, will require low 
speed centrifugation (2000-3000 g) to remove 
debris. For inoculation of cell culture with speci- 
mens suspected of containing RSV, direct 
inoculation at the bedside has enhanced isola- 
tion rates. Hall and Douglas (1975) report that 
this could increase viral titers by 500-fold com- 
pared to transport to the laboratory (average 
time held at 4~ was 3 h). By contrast, another 
study showed no significant difference in isola- 
tion rate between bedside and laboratory inocu- 
lation (Bromberg et al 1984). 

The choice of whether or not the laboratory 
should produce their own tubes of cells or 
purchase them commercially is a personal 
one. It is dependent on the technician time 
available, the number of specimens tested by 
the laboratory and the commercial availability 
of consistently good quality cell cultures. 

Shell vials 

Enhanced cell culture can be performed in 
dram vials (shell vials) containing a coverslip, 
as first described by Gleaves et al (1984) for 
the detection of CMV. By this method cells 
from which medium has been removed are 
inoculated with 0.2 ml of sample and then 
the vial is spun in a centrifuge at 700 g for 
1 h, medium is added back and vials are incu- 
bated for 16-48 h depending on the virus. At 
this time cells may be treated with antibodies, 
specific for the suspected virus(es), that are 
labeled with an enzyme or fluorescein tag. 
This method often has resulted in viral detec- 
tion many days sooner than standard cell cul- 
ture. Shell vials are used in the detection of 
CMV, HSV, influenza virus, RSV, adenovirus 
and an expanding number of other viruses. 
The main limitation to the variety of viruses to 
be tested in this manner is the availability of 
reagents to detect viruses that are present. 
The spectrum of viruses to be detected in 
this manner is likely to be expanded as newer 
monoclonal antibodies and nucleic acid 
probes are developed. Shell vial culture 
should be supplemented with standard cul- 
ture when low virus titers are suspected or 
other viruses for which shell vial culture is not 
effective may be present in the specimen. 

Hen's eggs 

The use of eggs for detection of viruses has 
been replaced for the most part by cell culture. 
Chicken eggs are useful for growing influenza 
and mumps viruses in the amniotic sac and the 
chorioallantoic membrane can be used to cul- 
ture HSV and poxviruses (Hsiung 1994); how- 
ever, use of eggs is mainly limited to 
production of vaccines since cell culture is 
routinely used to detect these viruses. 
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Animals 

Inoculation of suckling mice for the detection 
of coxsackievirus types A and B and for toga- 
viruses in suspected CNS infections is cur- 
rently the only routine use of animals in 
diagnostic virology (Hsiung 1994). This 
approach is hardly used any more as most of 
these viruses can be cultured in tissue culture 
(Landry et al 1987; Schmidt et al 1975; Shope 
and Sather 1979). Use of animal inoculation 
should be limited to laboratories with person- 
nel experienced in this technique. 

Direct antigen detection 
The direct detection of viral antigens in clinical 
specimens allows for rapid diagnosis of infec- 
tion, sometimes resulting in detection within 
minutes of specimen collection. Most fre- 
quently this is accomplished using fluorescein 
isothiocyanate labeled antibodies but can be 
accomplished using enzyme labeled antibody, 
radiolabeled antibody or using antibodies 
labeled in another manner (Fig. 15.1). In addi- 
tion to antigen detection, virus can be 
detected in specimens using nucleic acid 
hybridization, electron microscopy, or by cyto- 
pathologic examination of cells for inclusion 
bodies, which are described elsewhere in this 
volume. Selection of the method to use is 
often a matter of preference of the laboratory 
but can be influenced by the availability of 
reagents to perform the test. 

The key to effective antigen detection is the 
acquisition of a good specimen containing 
intact cells. This is because the detection of 
virus is dependent upon both the presence of 
reactive material and its distribution within the 
cells. Furthermore the assays must be per- 
formed by experienced technologists to 
assure quality results. 

In addition to the classical laboratory tech- 
niques there are newer methods by which 
rapid diagnosis of viral infections using viral 
antigens is accomplished. Using ELISA tech- 
nology commercial concerns have developed 
kits for rapid detection in which the antibody is 

Figure 15.1. Immunofluorescence. The example 
shown is a focus of varicella zoster virus replicating 
in human embryo fibroblasts; stained with fluores- 
cein-labelled monoclonal antibody using a fluore- 
sence microscope. 

bound to a solid state in a pattern to denote 
the presence of virus. The Becton Dickinson 
Directigen kits can be used to detect either 
Influenza A or RSV in this way. A negative 
test yields a small purple dot to denote that 
the test was properly performed, whereas a 
positive specimen yields a purple triangle. A 
specimen (e.g. a nasal wash)is appropriately 
diluted, poured through the self-contained 
reagent and membrane filter, and this is fol- 
lowed by the stepwise addition of several 
reagents and wash buffers which ultimately 
yield the colorimetric reaction that is readily 
observed. The Abbott Test-Pack is another 
example of this technology with the exception 
that the test yields a ( - ) l ine for a negative and 
a (+) plus sign for a positive result. These tests 
can be performed within a period of 30 min or 
less. Other viruses that can be detected using 
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these types of membrane immunoassays 
include HSV and rotavirus (Smith 1992). 

More sophisticated technology, such as the 
Biomerieux Vitek Vidas system, is based on 
fluorescence technology and is available for 
detection of adenovirus, CMV, HSV and other 
antigens. The specimen is placed into the 
machine with the appropriate reagents and 
the other steps are performed automatically 
with results available within a few hours. 

The latter tests described here have the 
advantage of simplicity and/or automation 
and therefore require less training of technolo- 
gists, and performance requires less techni- 
cian time. However, for specimens for which 
there is not a clear cut result, care must be 
taken to have specimens examined further by 
skilled personnel. 

Method to detect respiratory 
syncytial virus by 
immunofluorescence in 
nasopharyngeal aspirates 

1. Add 20 ml phosphate buffered saline 
(PBS) to the specimen. 

2. Mix thoroughly to disperse any 
mucus. 

3. Centrifuge 1000--1200 rpm for 
10 min (Chilspin 2 MSE centrifuge). 

4. Discard the supernatant and 
resuspend pellet in 1-2 drops 
PBS. 

5. Add 15-20 I~1 of cell suspension to 
required number of spots on a 
microscope slide. 

6. Air dry (36~ 
7. Fix in acetone for 10 min. 
8. Add 7-10 I~1 of fluorescein labeled 

RSV monoclonal antibody. 
9. Incubate in a moist chamber (36~ 

for 15 min. 
10. Remove monoclonai antibody with 

PBS using a wash bottle. 
11. Wash in fresh PBS for 5 min. 
12. Air dry. 
13. Add a few drops of mounting fluid. 
14. Place coverslip on slide. 
15. Examine using a UV microscope. 

Examination of 
specimens 
Cytopathic examination (CPE) 
The examination of cell cultures using micro- 
scopy is necessary to determine the extent of 
the changes in cells induced by virus infection 
(Figs. 15.2 and 15.3). Generally, standard cell 

Figure 15.2. The cytopathic effect of cytomegalo- 
virus in human embryo fibroblasts. Figure 15.3. The uninfected control cells. 
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cultures are examined using an inverted phase 
contrast microscope, with the 10x to 40x 
objective used to observe distinctive CPE. 
Since this is not always a reliable way to iden- 
tify the infecting virus the use of labeled anti- 
bodies to tag the infected cells has become 
popular. Thus, more rapid diagnosis can be 
accomplished by combining the techniques 
of cell culture and antigen detection. 

In addition to observation of CPE, cells may 
be used in a variety of other detection tech- 
niques including hemadsorption (Fig. 15.4), 
neutralization and interference assays 
(Hughes 1993; Specter and Lancz 1992) (see 
p. 33). 

Antigen detection 
The utilization of shell vials and centrifugation 
to enhance infection of cell cultures has 
speeded up detection of virus by combining 
infection and detection of virus using labeled 
antibodies (Gleaves et al 1994). Shell vials are 
now routinely used for detection of CMV, HSV, 
adenovirus, influenza and some additional 
viruses. Most antibodies are enzyme- or 
FITC-labeled for use in this assay. Detection 
of virus in most cases occurs in 1-2 days, 
often well before cytopathogenic effects can 
be seen. Thus this method has led to more 
rapid diagnosis in most cases, as compared 
to standard cell culture. 

Figure 15.4. Hemadsorption. (a) shows hemad- 
sorption in primary monkey cells infected with para- 
influenza virus type 1. Guinea pig blood cells are 
firmly adherent to the infected tissue culture cells. 
(b] shows an uninfected culture with non-adherent 
red blood cells. 
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Summary 
The rapid and effective diagnosis of virus infec- 
tions has evolved as a most useful tool in the 
management of many virally induced diseases. 
This success is dependent upon the acquisi- 
tion of appropriate specimens, their proper 

transport to the laboratory and continually 
evolving technology. The key to using these 
resources effectively is the establishment of 
excellent communications channels between 
health care professionals and the laboratory. 
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J. B. Mahony 

Techniques for the detection of viral nucleic 
acid have evolved from techniques developed 
by bacterial geneticists almost three decades 
ago. The principles of nucleic acid hybridiza- 
tion are based on the biochemical properties 
of DNA and RNA in physiological solutions and 
were first elucidated by biochemists studying 
the reassociation kinetics of double stranded 
DNA using liquid hybridization and Cot curves. 
The major parameters affecting the kinetics 
and fidelity of hybridization are salt concen- 
tration, solvent, temperature, complexity of 
nucleic acid, probe concentration and post- 
hybridization stringency washing. Few virolo- 
gists using DNA hybridization today realize 
that commonly used hybridization conditions 
are based on the following rule - the hybridiza- 
tion of a nick translation labeled double 
stranded DNA probe should be allowed to 
proceed for a time sufficient to enable the 
probe in solution to achieve 3x Cot�89 at which 
time most of the probe will be present in hybrid 
or duplex form where the Cot�89 (half-renatura- 
tion) is determined by the volume of the reac- 
tion volume, the base sequence complexity of 

the probe and the concentration of probe. 
Other important points include the following: 
(1) the use of single stranded cDNA probes 
shortens the hybridization time since the lack 
of a competing DNA strand in solution favours 
hybridization of the probe DNA to the target 
DNA, and (2) dextran sulphate is used to accel- 
erate the rate of reassociation of nucleic acids 
by excluding nucleic acids from the volume of 
the solution occupied by the polymer and 
effectively increasing the concentration of the 
probe and the rate of reassociation by up to 
10-fold. Hybridization fidelity is generally pro- 
vided by using stringent washing conditions 
usually achieved by a combination of high 
temperature (5~ below the melting tempera- 
ture [Tm] of the hybrid) together with low 
salt concentration. The temperature and salt 
conditions can be determined empirically, 
although this is rarely done any more. The 
Tm of oligonucleotide probes or PCR primers 
can be approximated using the formula: 

T m = ( A + T ) + 2  •  
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Specimens 
Viral nucleic acids can be detected in a wide 
range of clinical specimens using a variety of 
hybridization and amplification techniques. 
Blood, CSF, urine, bronchoalveolar lavage 
(BAL) and other body fluids can be tested by 
filter paper hybridization with viral probes after 
nucleic acids have been extracted and puri- 
fied. These specimens also lend themselves 
to in situ hybridization using cytocentrifuga- 
tion. Solid tissues usually obtained at biopsy 
or post mortem can be processed for either 
filter paper hybridization by extracting nucleic 

acids or by in situ hybridization by cutting 
sections of fresh frozen tissue on a cryostat 
or paraffin preserved tissue on a microtome. 
Clinical specimens may be also examined for 
specific viral nucleic acids using amplification 
techniques including polymerase chain reac- 
tion (PCR), ligase chain reaction (LCR), or 
other methods such as Q-beta replicase, or 
transcription-based amplification systems. 
PCR and LCR can also be performed in situ 
on cells or tissue sections on microscope 
slides. 
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Materials and reagents 
TE Buffer 
10 mM Tris-CI, pH 7.4, 0.1 mM EDTA. 
Chaos Buffer 
For 100 ml combine the following: 50 g 
GuSCN (4.2 i), 2.5 ml 20% Sarkosyt, 
1.25 mt 2 M Tris HCI pH 8.0, dH20 to 
99.7 ml and filter these 0.45 I~, Millipore 
filter then add 0.7 ml beta 
mecaptoethanol per 100 ml just prior to 
use. 
1"4 Polynur Kinase Buffer 
0.5 M Tris-CI, pH 7.5, 0.1 M MgCI2, 50 ma 
D'l-r, 0.5 mg mt-~ BSA. 
SSC Buffer (20x) 
3 M sodium chloride, 300 mM sodium 
citrate, pH 7.0. 
SSPE (20X) 
Dissolve 174 g of NaCI, 27.6 g of 
NaH2PO4H20, and 7.4 g of EDTA in 
800 ml of H20. Adjust pH to 7.4 with 
NaOH and adjust volume to 1 liter. 

Denhardt's Solution (lOOx) 

Add 10 g polyvinylpyrrolidone (PVP), 
10 g bovine serum albumin (BSA), and 
10 g Ficoll 400 to 470 ml water. Dissolve 
sterile filter, and store at -20~ in 50 ml 
aliquots. 

PCR Master Mix 

Glass-distilled sterile H20 (2310 !~1) 
10X PCR Reaction Buffer (300 !~1) 
dNTP Mix, 12.5 mM each (48 ~t) 
Primer 1 200 IIM (15 !~t) 
Primer 2 200 I~M (15 I11) 
Cetus Ampli Taq (5 U i~1-1) (12 I~1) 
Total volume 2700 !~1. 

PCR Reaction Buffer (l Ox) 

500 mM KCI, 100 mM Tris-Ct pH 8.3 (RT), 
25 mM MgCI2, 0.1% (w/v) gelatin. 

In situ PCR Reaction Mix 

PCR Buffer (500 mM KCI, 100 mM Tris 
HCI, pH 8.3) (2.5 !~1) 
MgCI2 (25 mM) (4.5 i~1) 
dNTPs (final concentration 200 IIM) 
(4.0 I~1) 
BSA (2 % w/v) (1.0 I~1) 
DIG-11-dUTP (100 I~M) (0.4 I~1) 
Primers 1 and 2 (each, 20 I~M) (1.0 I~1) 
H20 (11.0 !~1) 
Taq Polymerase (4 U I~1-1) (0.6 I~t) 
Total volume 25.0 I~1. 

LCR Reaction Mix 

50 mM Hepes, pH 7.8, 10 mM MgCI2, 
10 mM NH4Ct, 100 mM KCI, 1 mM D'r'l', 
10 ug ml-1 BSA, 0.1 mM NAD, 50 I~M 
dCTP or appropriate dNTP for G-LCR, 
thermostabte DNA ligase from Thermus 
thermophilus (2 U/50 I~1) from Molecular 
Biological Resources (Milwalkee), 1011 
molecules of each of 4 primers. 

SDA Master Mix 

For each reaction add the following 
reagents in sequence: 1.37 I~1 of H20, 
1 !~1 of the amplification control, 1 I~1 of 
primer solution, 3.63 I~1 of 0.5 M K2HPO, 
pH 7.6, 1 I~1 dNTP solution, 10 I~1 55% 
(v/v) glycerol, 1 !~1 BSA solution and 1 !~1 
0.35 M MgCI2. Mix by vortexing. 

Nick Translation Buffer (lOx) 

0.5 M Tris-HCl, pH 7.4, 0.1 M MgCI2, 1 mM 
D'I-I', 0.5 mg ml -~ BSA. 

Random Priming Buffer Mix 

Buffer Mix (BRL): 0.67 a Hepes, 0.17 M 
Tris-CI, 17 mM MgCI2, 33 mM 

Detec t ion  of viral nuc le ic  ac ids in cl in ical  mater ial  325 



Virology methods manual 

2-mercaptoethanol, 1.3 mg m1-1 BSA, 
18 OD2so units ml-1 of random hexamer 
primers. Adjust pH to 6.8, and store at 
-20~ 

Tailing Buffer (5;<) 

0.5 M potassium cacodylate, pH 7.2, 
5 mM 00012, 5 mM DTT. 
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Methods 
Extraction of nucleic 
acids 

DNA extraction 

1. For isolation of DNA from mammalian 
cells, pellet approximately 104-108 
cells in a 1.5 mt microfuge tube. For 
tissue samples, homogenize 
approximately 100 mg of tissue, 
transfer to a 1.5 ml microfuge tube 
and pellet. For urine samples or 
specimens collected in transport 
media, pellet approximately 100 I~1 of 
sample in a microfuge tube. Retain 
the pellet for cell-associated 
pathogens, the supernatant for lytic 
pathogens. 

2. Discard the supernatant and process 
the pellets by adding a 100 !~1 volume 
of freshly prepared lysis buffer 
containing 50 mM KCI, 10 mM Tris-CI, 
pH 8.3, 2.5 mM MgCI2, 0.01% 
gelatin, 1% Tween 20 and 
200 I~g m1-1 Proteinase K. 

3. Incubate the specimens at 55~ for 
1 h or overnight at room 
temperature. 

4. Heat inactivate proteinase K by 
heating samples at 94~ for 10 min. 

5. Briefly spin the tubes in a microfuge 
to pellet the condensation. 

6. Add an equal volume (200 1~1) of 
phenol/CHCI3/isoamyl alcohol 
(50:48:2) to the lysate and mix by 
inversion. 

7. Centrifuge 5 min at 12,000 rpm to 
separate the phases. 

8. Transfer the top aqueous phase to a 
fresh microfuge tube and add an 
equal volume (approximately 200 I11) 
of CHCI3/isoamyl alcohol (98:2 v/v). 

9. Mix well and centrifuge as above. 
10. Transfer the aqueous phase to a 

fresh microfuge tube and add 3 M 
sodium acetate, pH 5.2 to a final 
concentration of 0.25 M. 

11. Add 2 volumes of 95% ETOH 
(400 I~1) and precipitate the DNA at 
-70~ for 30 min or at -20~ 
overnight. 

12. Centrifuge the samples at 
12,000 rpm at 4~ for 30 min. 

13. Wash the pellet once with 70% ETOH 
and centrifuge at 12,000 rpm for 
10 min at 4~ 

14. Air dry the pellet and resuspend in 
dH20 or TE buffer. 

Extracting DNA from paraffin 
sections 

1. Cut 5-10 3 I~ sections from each block 
and collect in 1.5 ml microcentdfuge 
tubes (packed volume should be 
about 300-400 I~1). 

2. Dewax by adding 1 ml of xylene, 
vortexing, and centrifuging for 5 min 
at 10,000 g. Discard the supematant, 
and repeat the extraction. 

3. Wash the pellet twice with 1 ml 
ethanol, vortex, and centrifuge as 
above. 

4. Dry in a 37~ incubator for 2 h. 
5. Resuspend in 300 I~1 of 50 mM Tris, 

5 mM EDTA, 300 I~g ml -~ proteinase 
K, pH 8. Larger volumes may be 
required, depending on the amount of 
tissues sectioned. 

6. Incubate for 1-2 days at room 
temperature or until most of the tissue 
has disintegrated. Vortexing or brief 
sonication during this step will help in 
breaking down larger tissue pieces. 
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7. Spin the digests 10 min at 10,000 g to 
remove remaining unsolubilized 
tissue. 

8. Atiquots can be tested by filter paper 
hybridization or PCR. If necessary, 
these preparations can be further 
purified by phenol-chloroform 
extraction and ethanol precipitation. 
Extracts can be stored at -20~ 

10. Mix well by inversion. Store at -20~ 
for at least 1 h. 

11. Centrifuge for 30 min at 4~ at 
14,000 rpm. 

12. Wash pellet once with 75% ETCH. 
13. Dry pellet and dissolve in 10--30 I~1 of 

dH20. 

Labeling of probes 

RNA extraction 

All solutions must be RNase free and should 
be prepared with double filtered deionized 
water using disposable plastic pipettes and 
diethylpyrocarbonate (DEPC) treated glass- 
ware. DEPC-treated water should be used 
throughout to prevent degradation of RNA. 
Include negative and positive patient speci- 
mens as controls for the extraction proce- 
dure. 

1. Transfer 100 I~1 of serum, 100 mg of 
homogenized tissue, or 104-108 
mammalian cells to a 1.5 ml 
microfuge tube. Resuspend tissue 
and cells in 100 I~1 of dH20 or TE 
buffer. 

2. Add 600 I~1 of chaos buffer (with 
mercaptoethanol added). 

3. Incubate for 30 rain at room 
temperature. 

4. Add 700 I~1 of Phenol/OHCl3/isoamyl 
alcohol and mix well by inversion. 

5. Centrifuge for 10 rain at 14,000 rpm. 
6. Transfer the aqueous phase to a 

fresh 1.5 ml microfuge tube and add 
700 111 of CHOl3/isoamyl alcohol. 

7. Mix well by inversion and centrifuge 
as above. 

8. Transfer the upper aqueous phase to 
a fresh 1.5 ml microfuge tube. 

9. Add 3 M NaOAc pH 5.2 to a final 
concentration of 0.25 M and add 
1 volume of Isopropanol. 

Nick translation 

This method (see Chapter 10) can be 
used to label double stranded (ds) DNA 
with nucleotide triphosphates tagged 
with 32p or non-radioactive ligands such 
as biotin, fluorescein or digoxigenin. 
Incorporation of 70% or better can be 
expected with probe specific activities of 
1-2 x 109 cpm t~g- ~. Commercial kits 
are available from Amersham (N5000) 
and BRL. Following the labeling, a 2 i~1 
aliquot, of the reaction mixture is counted 
in scintillation fluid and (a) the specific 
activity and (b) percent incorporation for 
the labeled DNA is calculated: 

a) cpm incorporated 
I~g input DNA 

x 125 = cpm I~g- 

b) 
cpm incorporated 

total cpm added 
x 125x  100%= 

% incorporation. 

Note 

The factor 125 is used to convert the 
counts from a 2 I~1 aliquot back to the 
250 !~1 total reaction volume. 
Biotin-labeled probes can be checked by 
dotting serial dilutions onto nitrocellulose 
and detecting with an enzyme-labeled 
streptavidin conjugate and substrate. 
Unincorporated bases can be removed 
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by precipitatfon or in a Sephadex G-50 
spun column: :3 

1. Pipette into a 1 ml plastic syringe, 
plugged with siliconized glass wool, 
Sephadex G-50 swollen in 50 mM Tris- 
HCI, pH 7.5, 1 mM EDTA, 0.1% SDS, 
until the syringe is filled to about 
1.2 ml. 

2. Place the syringe in a 15 ml plastic 
conical centrifuge tube with a pad of 
paper towel or tissue in the bottom, so 
that the syringe is suspended from the 
top of the centrifuge tube. 

3. Spin in a bench top centrifuge at low 
speed for 3-4 min to form a packed 
bed in the syringe with a volume 
between 0.85 and 0.90 ml. 

4. Remove the syringe and insert an 
eppendorf tube with the top flap 
removed and place into the bottom of 
the conical centrifuge tube. 

5. Reinsert the syringe so that the tip is 
over the open eppendorf. 

6. Pipette the nick translation reaction 
mixture onto the top of the Sephadex 
column. 

7. Centrifuge 3-4 mm at low speed. 
8. The liquid collected in the eppendorf 

contains the DNA probe free of 
unincorporated nucleotides, in a 
volume equal to or slightly less than 
that applied (50 i~1). The 
unincorporated nucleotide is retained 
in the column. The volume of the 
sample is adjusted to give a final 
concentration of 20 lig ml -~ 
(1 I~g 50 p,l-1). 

Note 

The elution of the probe may be tracked 
by the addition of 0.5% blue dextran to 
the reaction mixture prior to the 
fractionation on the Sephadex column. 
This will aid in the identification of those 
fractions containing the DNA fragments, 
as both are eluted in the void volume. 
Commercial products are now available 

from several companies (Amicon, Biorad 
or Pharmacia) to remove unincorporated 
nucleotides. 

Random priming 
This method (see Chapter 10) can be used to 
label linear DNA with a variety of reporter 
molecules. Between 10 ng and 3 I~g of linear 
DNA can be labeled per standard reaction and 
larger amounts can be labeled by scaling up of 
all components and volumes. 

5' Terminal labeling 
T4 polynucleotide kinase catalyses the transfer 
of a ~32p phosphate to the 5' OH and of either 
single or double stranded DNA or dsRNA. The 
method is the method of choice for labeling 
short single stranded oligonucleotide probes. 

1. To a 1.5 ml microfuge tube add the 
following: 
1-50 pmoi dephosphorylated DNA, 5' 
ends 

3 Ill 10 x T4 polynucleotide kirlase 
buffer 

20 Ill [(x32p]-ATP (3000 Ci mmol) 
2 I11 T4 Polynucleotide kinase 
(10 U i~I -~) 

dH20 to 30 111 final volume, 
2. Incubate for I h at 37~ 
3, Stop the reaction by adding 2 I~I of 

0,5 M EDTA, 
4. Adjust volume to I00 I~I with 70 I~I 

dH20 and extract once with phenol/ 
CHCI3, 

5. Mix well by inversion and centrifuge 
for 5 rain at 12,000 rpm, 

6, Transfer the top aqueous phase to a 
fresh microfuge tube. 

7. Separate the labeled DNA from 
unincorporated labeled nucleotides by 
filtration with a spin column or 
commercially available products such 
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as a Bio Rad Bio Spin 6 columns or 
Pharmacia Micro Spin $200 HR or 
$300 HR columns. 

3' Terminal labeling 
This method may be used to tag an oligo- 
nucleotide probe with 32p~ fluorescein, digoxi- 
genin or other reporter molecules for dot blot 
hybridization or fluorescent in situ hybridiza- 
tion. Terminal deoxynucleotidyl transferase cat- 
alyzes the addition of dNTPs to the 3' hydroxyl 
termini of single stranded DNA. Commercial 
products are now available from Amersham 
(ECL 3'-biolabeling and detection system). 

1. To a 1.5 ml microfuge tube on ice add 
the following: 
oligonucleotide (10 ng of 30-mer) (5 I~1) 
Fluorescein-11-dUTP (1 mM) (1.5 I11) 
Or e-32p-dATP (3,000 Ci/mmol, 
10 I~Ci I~1-1) 
5x Tailing buffer pH 7.2 (4 I~1) 
Terminal transferase (50 U I~1-~) (1 I~1) 
Sterile dH20 (3.5 I~1) 

2. Mix by pipetting up and down. 
3. Incubate 60-90 min at 37~ 
4. If necessary, the labeled probe may be 

purified by affinity chromatography 
using glass particles. 

5. Store at -20~ in the dark. 

Membrane hybridization 
Dot/slot blot hybridization 

3. Remove the filter and air dry for 
60 ~in at room temperature. 

4. Place" the filter in denaturing alkali 
(1 M Sodium acetate, 0.1 N NaOH) for 
20 min. 

5. Rinse the filter with neutralizing 
buffer (0.1 a Tris-HCI pH 7.4, 1 M 
NaCI). 

6. Place the filter in 2 x SSC on orbital 
shaker for 20 min. 

7. Dry and fix DNA to membrane under 
vacuum for 2 h at 80~ 

8. Place nitrocellulose into plastic bag 
and add prehybridization mixture; 
2 x Denhardt's, 6 x SSC, 0.5% SDS, 
0.1 mg ml -~ heat denatured herring 
sperm DNA. Seal bag with heat 
sealer. 

9. Prehybridize at 65~ in shaking water 
bath for 2 h. 

10. Pour off the prehybridization mixture 
and add hybridization mixture: 3 x 
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Denhardt's, 0.4 x SSC, 0.5 SDS, 
10% Dextran Sulphate, 0.1 mg m1-1 
heat denatured herring sperm DNA 
and heat denatured probe (95~ 
10 min) (200 ng ml-~ for biotin 
labeled probe or 109 cpm for dCTP 
labeled probe). Reseat the bag. 

1. Pre-wet Nitrocellulose (NC) paper for 
5-10 min in dH20 and again in 1 M 
sodium acetate, pH 7.0. 

2. Spot 5-10 !~1 of sample DNA onto 
nitrocellulose using BRL Hybri-slot TM 
Manifold. �9 

11. Incubate in shaking water bath at 
65~ overnight. 

12. Wash using stringent conditions at 
65~ 3 times (20 min each)in 1 x 
Denhardt's, 6 x SSC and 0.5% SDS, 
3 times (10 min each)in 1 x 
Denhardt's, 1 x SSC, and 0.5% SDS, 
3 times (10 min each)in 0.1 x SSC 
and 0.5 SDS. 

13. For detection of biotin-labeled probe 
wash the NC in solution 1(0.1 M Tris 
HCI, pH 7.5, 0.1 M NaCI, 2 mM MgCI2, 
0.05% Triton x-100) then inoculate 
with 2 ug ml -~ streptavidin in the 
same buffer for 10 min with gentle 
agitation. 

14. Wash three times (3 min each) with 
solution I. 

15. Add 3 ml of 1 ug m1-1 biotinylated 
polymer of alkaline phosphatase 
(poly AP, BRL)in Solution land 
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incubate for 10 min with gentle 
agitation. 

16. Wash twice (3 min each) with 
Solution I, twice (3 min each) with 
Solution II (0.1 M Tris-HCt, pH 9.5, 
0.1 M NaCI, 50 mM MgCI2). 

17. Just prior to use prepare NBT/BCIP 
substrate solution by adding 18 #1 
NTB (75 mg ml -~ in dimethyl 
formamide) and 13 I~1 of BCIP 
(50 mg ml -~ in dimethly formamide) 
to 4 ml of Solution I1. 

18. Incubate the NC in the substrate in a 
sealed bag or petri dish for up to 4 h 
and cover with aluminium foil. 

19. Wash NC in 20 mM Tris-HCI, pH 7.5, 
5 mM EDTA to stop color reaction, air 
dry and store dried f i l ter- protected 
from light. 

Comment 

Hybridizations are commonly performed 
in either aqueous buffer such as 5 x SSC 
at 60-65~ or in 50% formamide at 40- 
42~ Biotin-labeled probes are 
sometimes difficult to read and have been 
gradually replaced by digoxigenin- or 
FITC-labeled probes. Several 
companies (Boehringer Mannheim, 
Amersham, and others) now supply probe 
labeling and detection kits which perform 
well. The use of alkaline phosphatase 
conjugated antibodies to digoxigenin or 
fiuorescein and substrates, such as 
lumiphos 530 TM allows for the 
chemiluminescent detection of bound 
probe and imaging on x-ray film. Nylon 
membranes offer some advantages over 
NC but, because backgrounds vary for 
different membranes, it is always best to 
use the membrane recommended by the 
supplier of the kit. 

Southern hybridization 
Southern blotting is a membrane hybridization 
assay in which DNA fragments generated by 

restriction endonuclease digestion are first 
separated by agarose gel electrophoresis, 
transblotted to a membrane either electrophor- 
etically or by capillary action then reacted with 
a DNA probe. Southern blotting is often used 
to determine whether viral DNA such as EBV or 
HPV is integrated into the host chromosome or 
remains as an episome in the cell. Southern 
blotting is also regularly used to verify the 
specificity of a PCR amplification. In this 
case 10 ~tl of a PCR product is electrophor- 
esed in 2% agarose gels and the DNA trans- 
blotted to a membrane then probed with an 
internal oligonucleotide. We use the BioRad 
transblotter for the Mini Protean electrophor- 
esis apparatus but other companies also 
supply similar transblotters. 

immerse the gel in 2-3 gel volumes of 
solution A (300 ml of 5 M NaCI, 50 ml 
10 M NaOH in 1 liter with H20) at room 
temperature for 30-45 min with 
occasional agitation to denature the 
DNA. Decant solution A, add 2-3 
volumes solution B (200 ml of 10 M 
ammonium acetate, 3 ml 10 M NaOH in 
1 liter with H20) and incubate for 30- 
45 min with occasional agitation. Add 
500 ml solution B to a large dish. Soak a 
large piece of Whatman 3MM paper with 
solution B and lay over a support with 
both ends contacting the buffer in the 
dish, to serve as a wick for buffer during 
the transfer. Smooth the wick to remove 
any bubbles. Carefully lift the gel and 
slide onto the buffer-soaked wick. 
Squeeze out any bubbles trapped 
between the gel and the wick. Pre-wet 
two sheets of Whatman 3MM paper cut 
to the size of the gel and place over the 
gel. Pre-wet two sheets of Whatman 
3MM paper cut to the size of the gel in 
solution B and place over the 
nitrocellulose. Place a stack of paper 
towels, 2--4 inches, cut to fit the size of 
the gel on top of the Whatman 3MM 
paper. Place a glass plate on top of the 
blotting paper stack, and place a light 
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weight on top of the plate. Transfer for 
4 h to ovemight. After transfer, mark the 
position of the sample wells on the 
membrane with pinholes and indicate the 
right and left side. Air dry the membrane 
for a few minutes and bake in an 80~ 
vacuum oven for 30 min to 2 h. The 
membrane can be stored between sheets 
of Whatman 3MM paper in a dry place at 
room temperature prior to hybridization. 

Northern hybridization 
Northern blotting is used for the analysis of 
RNA and follows a similar procedure to South- 
ern blotting. Total RNA from cell cultures 
infected with virus or from clinical specimens, 
such as blood, serum, stool or CSF, is 
extracted and purified, usually with 5M guani- 
dine isothiocyanate (to inactivate RNase in the 
specimen) followed by cesium chloride ultra- 
centrifugation to remove traces of DNA and 
protein. The purified RNA is then electrophor- 
esed, transferred to NC or nylon and probed 
using either radioactive or non-radioactive 
probes. Northern blots are used to detect viral 
genomes or determine the size or presence of 
viral transcripts. Care must be taken during the 
extraction step to ensure that RNA is not 
degraded. The use of DEPC-treated water 
and scrupulous rinsing of all glassware with 
DEPC is imperative. The use of commercially 
available RNase inhibitors such as RNasin 
from Promega or vanadyl-riboside complex 
from Gibco BRL is highly recommended. 

In situ hybridization 
In situ hybridization can be performed on any 
type of fixed specimen but is most often per- 
formed on paraffin-embedded tissue. After 
removal of paraffin wax, tissues are hydrated 
and permeabilized by limited proteolysis. The 
conditions for proteolysis vary according to 
tissue type and the reader is advised to refer 
to the comprehensive literature on this topic. 

Specimens containing single cells such as 
peripheral blood mononuclear cells (PBMC), 
bronchoalveolar lavage (BAL) and urine sedi- 
ments can be centrifuged onto a microscope 
slide using a Shandon Cytocentrifuge. 
Although 32p-labeled DNA probes were origin- 
ally used other reporter molecules such as 
biotin, FITC and digoxigenin are gaining in 
popularity. A number of different labeling tech- 
niques including nick translation, random 
priming, 3'-terminal labeling, 5'-terminal label- 
ing, and PCR can be used for in situ hybrid- 
ization. The following procedure can be used 
for most types of tissue and all single cell 
specimens. 

1. Paraffin sections should be fixed onto 
microscope slides treated with either 
poly-L-lysine or Silane (Sigma). (Cells 
in suspension can be deposited onto 
treated slides using a cytocentrifuge 
and fixed in 10% buffered formalin for 
2 h.) 

2. Tissue sections are deparaffinized by 
immersion in xylol twice for 10 min 
each followed by absolute ethanol for 
3 min then progressively rehydrated 
(95% ethanol for 3 min, 70% ethanol 
for 3 min, dH20 for 3 min). 

3. Tissue is permeabilized by limited 
proteolysis with 2 mg ml -~ trypsin or 
pepsin at room temperature for 10-- 
90 min depending on the length of 
time in formalin. 

4. Inactivate the enzyme by treating for 
1 min with DEPC-treated water then 
1 min with absolute ethanol. Air dry 
the slide. 

5. Cover the slide with hybridization 
solution and prehybridize for 10 min 
with 5 x SSC or 50% formamide in 
1 x SSPE. 

6. Pour off the prehybridization solution 
and cover the tissue with hybridization 
solution containing probe. Cover with 
a glass coverslip and seal edges with 
silicone or rubber cement. 

7. Place the slide on heat block at 94~ 
for 3 min to denature DNA, then place 
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at room temperature and hybridize for 
30 min. 

8. Remove the coverslip and wash with 
wash solution for 10 min at room 
temperature. 

9. For the detection of biotin-labeled 
probes, apply 3-4 drops of avidin- 
horse radish peroxidase conjugate and 
incubate for 30 min at room 
temperature. Rinse the slide with wash 
buffer then add aminoethyl carbazole/ 
hydrogen peroxide substrate and 
incubate for 10 min. Rinse and 
counterstain the cytoplasm with fast 
green or the nucleus with methyl green 
for 1-2 min then rinse with dH20. 
Mount with water or glycerin jelly and 
observe under a light microscope for 
reddish brown stain deposits over cells. 

Comment 

Kits for the detection of several viruses 
using biotinylated probes are available 
from Enzo Biochem, New York. In situ 
hybridization lends itself to short 
oligonucleotide probes of 18-30 mer 
length as well as PCR labeled probes in 
the 200-400 bp range. These can be 
tagged with either digoxigenin-11-dUTP 
and detected with alkaline phosphatase 
conjugated antibody and NBT/BCIP 
substrate. FITC-11-dUTP labeled probes 
can be detected by fluorescence 
microscopy or by flow cytometric 
analysis when a single cell suspension 
such as peripheral blood mononuclear 
ceils are examined. 

Nucleic acid amplification 
Polymerase chain reaction 
Conventional PCR 

1. Prepare sufficient PCR master mix for 
30 x 100 !~1 reactions. 

2. Aliquot 90 I~1 of the master mix into 
0.5 ml microfuge tubes and cover with 
75 I11 light mineral oil. 

3. Add 10 1~1 of DNA or processed 
specimen. Include positive and 
negative controls. It is useful to 
include a sensitivity panel consisting 
of dilutions of control DNA ranging 
from 1 fg to 1 pg. Interspersing 
negative controls in a large run is a 
useful way of detecting carryover 
contamination if uracil-N-glycosylase 
is not used. 

4. Amplify for 35-40 cycles as follows 
using a Cetus Perkin Elmer 
thermocycler model 4800 (or 
equivalent): 1 min at 94~ 
(denaturation), 1 min at 55~ 
(annealing), 2 min at 72~ (extension). 
The last cycle should be followed by 
an extension at 72~ for 8 min. (If a 
9600 thermocycter is used, the cycles 
can be shortened to 30 s, 30 s, 60 s). 

5. Analyze amplification products by 
electrophoresizing 10 I~1 on a 2% 
agarose gel for 2 h at 75 V. 

Reverse transcriptase-PCR 
RT-PCR can be used to detect either viral 
genornic RNA or RNA transcripts and involves " 
first the synthesis of a single stranded compli- 
mentary DNA using reverse transcriptase fol- 
lowed by amplification using a thermostable 
DNA polymerase (Thermus aquaticus, Ther- 
mus thermophilus, Bacillus steareothermophi- 
/us). Nested PCR using first an outer set of 
primers with 10 cycles of amplification fol- 
lowed by a second amplification (20 cycles) 
using an inner set of primers located within 
the first amplicon has been used to improve 
the sensitivity of RT-PCR. The use of a new 
recombinant DNA polymerase from Thermus 
thermophilus (rTth, Cetus Perkin Elmer) that 
contains both reverse transcriptase and DNA 
polymerase activity has simplified the proce- 
dure and helped reduce contamination by 
eliminating the need to open the tubes 
between the reverse transcriptase and PCR 
setup. 
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The following protocol describes a nested 
RT-PCR using AMV reverse transcriptase and 
Taq polymerase for the detection of Hepatitis 
C virus (Shindo et ai 1991). 

1. Prepare the following master mix 
(enough for 10 x 45 I~1 reactions). 
Glass-distilled sterile dH20 (382 I~1) 
10x PCR Reaction Buffer (50 !~1) 
dNTP Mix, 12.5 mM (8 I~1) 
Outer primers 1 and 2 (3 I~1) 
Cetus Ampli-Taq (5 U i~1 -~) (2 !~1) 
AMV reverse transcriptase: 

(Promega 10 U ml -~ (2 i~1) 
Total volume 450 I~i. 

2. Aliquot 45 I~1 of the master mix into 
0.5 ml microfuge tubes. 

3. Add 5 I~1 of specimen. Set up 
appropriate positive and negative 
controls. 

4. Programme the Cetus Perkin Elmer 
9600 thermocycler as follows: 
20 min at 420(3, 35 cycles of 30 s at 
94~ 30 s at 50~ 45 s at 72~ and 
8 min at 72~ 

5. Prepare the second PCR master mix 
as in Step 1 except increase the 
volume of dH20 to 380 I~1, use 5 I~1 of 
the inner nested Primers 3 and 4 
(instead of 1 and 2), and do not add 
the reverse transcriptase. 

6. Aliquot 48 I~1 of this master mix to 
each tube and lightly cap tubes. 

7. In a separate area away from the 
specimen preparation area, set up the 
nested PCR by opening one tube at a 
time from the first amplification and 
transferring 2 !11 to a fresh tube. 
Ensure that each tube from the first 
amplification is closed after transfer of 
an aliquot. (Take extra care as nested 
PCRs are especially prone to 
carryover contamination.) 

8. Repeat the amplification cycles as in 
Step 6 omitting the RT step. 

9. Analyze 10 I~1 of the second 
amplification Product on a 2% agarose 
gel with ethidium bromide staining. 

Mult ip lex PCR 
Multiplex PCR can be used to simultaneously 
co-amplify two targets in a single reaction 
tube. Successful co-amplification is depen- 
dent upon compatible primer sets that have 
similar melting temperatures (Tin) and MgCI2 
requirements so that they will both anneal to 
their target at the same temperature. It is abso- 
lutely essential that there is no sequence 
homology between any of the primers to pre- 
vent the formation of primer dimers. Multiplex 
PCR is particularly suited to the detection of 
viruses in stool specimens or respiratory tract 
specimens where several different viruses may 
be present. Multiplex assays can also be devel- 
oped for the simultaneous detection of both 
DNA and RNA viruses. In the future, multiplex 
PCR will be developed for the detection of both 
genomic DNA or RNA and RNA transcripts that 
may be useful in assessing latency or studying 
pathophysiological mechanisms. 

We have used the following protocol to 
detect C. trachomatis and N. gonorrhoeae in 
first void urine specimens (Mahony et al ! 995) 
using primers for the C. trachomatis plasmid 
(Mahony et al 1993a) and N. gonorrhoeae 
plasmid (Ho et al 1992). 

1. Prepare the following master mix 
enough for 30 x 100 I~1 reactions: 
Glass-distilled sterile H20 (2280 I~1) 
10 x PCR Reaction Buffer (300 I~1) 
dNTP Mix 12.5 mM each (48 I~1) 
C. trachomatis primers KL1, KL2 
200 I~M (15 I11 each) 
N. gonorrhoeae primers HO1, HO3 
200 I~M (15 !11) 
Cetus Ampli Taq (5U i~1 -~) (12 I~1) 
Total volume 2700 i~1. 

2. Aliquot 90 I~1 of the master mix into 
0.5 ml microfuge tubes and cover with 
75 I~1 of light mineral oil. 

3. Add 10 t~1 of processed specimen 
(urine, endocervical or urethral swab). 
Set up appropriate positive and 
negative controls. 

334 Chap te r  16 



M e t h o d s  

4. Program the Cetus Perkin Elmer 
thermocycler model 4800 for 40 
cycles of 1 rain at 94~ (denaturation), 
1 min at 55~ (annealing), and 2 min 
at 72~ (extension) followed by 8 min 
at 72~ (hold at 15~ overnight if 
necessary). 

5. Analyze 10 I~1 of the amplified 
products by agarose gel 
electrophoresis and Southern blot 
hybridization using specific probes for 
each product. 

In situ PCR 
PCR can be used to detect specific viral DNA 
or RNA sequences in formalin fixed paraffin 
imbedded tissue by performing the amplifica- 
tion in situ. The methods for DNA and RNA 
detection are similar, RNA being detected by 
overnight digestion with DNase followed by 
RT-PCR. Complete DNase treatment of the 
tissue is essential to eliminate the non- 
specific amplification of DNA that is inherent 
with RT-PCR. The detection part of the proto- 
col can be streamlined by direct incorporation 
of digoxigenin 11-dUTP into the PCR product 
with detection by alkaline phosphate- 
conjugated anti-digoxigenin antibody and 
NBT/BClP substrate. For detection of RNA, 
non-specific amplification can be prevented 
by digesting with protease and DNase prior 
to reverse transcription (Nuovo et al 1993). It 
is absolutely essential to use both a negative 
control (to assess removal of DNA) and a posi- 
tive control (to assess tissue permeabilization) 
together with the test section, preferably 
together on one slide. 

1. Tissue must be fixed with a cross- 
linked fixative such as formalin to 
inhibit diffusion of PCR product from 
the cell. Fixation should be in 10% 
neutral buffered formalin for 2-24 h. 

2. Place three tissue sections (3-5 IJm) 
or two cytospin preparations on a 
silane coated slide. 

3. Deparaffinize the sections twice with 
xylol followed by alcohol. 

4. Hydrate the sections with buffer then 
digest with trypsin or pepsin 
(2 mg ml -~) at room temperature for 
10-90 min. (If the tissue was fixed in 
10% formalin for 4 h perform a 
10 min digestion. If fixation was for 
24 h, digest for 90 min.) 

5. Inactivate the enzyme by washing for 
1 min in diethylpyro carbonate- 
treated (DEPC) water and for 1 min in 
100% ethanol. Air dry the sections. 

6. For RT-PCR treat with RNase-free 
DNase (10 U m1-1) in DEPC-water 
overnight at 37~ 

7. Wash for 1 rain in DEPC-water and 
for 1 min in 100% ethanol and air dry. 

8. Add reverse transcriptase and buffer 
to one section and cover with 
coverslip. Anchor the coverslip with 
nail polish or silicon. Place the slide 
in an 'aluminium boat' on the block of 
a thermal cycler and cover with 
mineral oil. incubate for 30 rain at 
42~ 

9. Remove the coverslip and wash the 
slide in xylene for 5 rain followed by 
100% ethanol for 5 min, then air dry. 

10. Prepare sufficient in situ PCR 
reaction mix for each slide. 

11. Add the mixture to each slide, cover 
with a large coverslip, seal as before 
and place on the thermal cycler 
block. 

12. Ramp to 80~ add mineral oil and 
heat to 94~ for 3 min. 

13. Cycle at 55~ for 2 min and 94~ for 
1 min for 20 cycles. 

14. Remove the coverslip and wash with 
xylene and ethanol as above. 

15. Detect incorporated digoxigenin-11- 
dUTP with alkaline phosphatase- 
conjugated anti digioxigenin 
antibody (diluted 1:50, 30 min) and 
NBT/BCIP (5-10 min). 
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Interpretation 

It is imperative that the negative and 
positive controls are run on the same 
slide as the actual test. This is crucial 
because one must demonstrate with the 
negative control section (addition of 
DNase but no reverse transcriptase) that 
the native DNA repair and mispriming 
pathways have been eliminated, and with 
the positive control (no DNase 
pretreatment) that the protease 
conditions are optimal for amplification of 
DNA inside the cell. Using these controls, 
a meaningful result is obtained when: no 
signal is evident with the negative control 
and at least 50% of the cells on the 
positive control section show an intense 
signal. If both criteria are not satisfied the 
most likely problem was inadequate 
protease digestion. Both of these criteria 
must be met before the test is valid. 

Ligase chain reaction 
LCR utilizes four oligonucleotide primers 
(instead of two used in PCR), a thermobile 
DNA ligase to ligate the contiguous primers 
and a thermal cycler to cycle the reaction 
between the denaturation temperature (94~ 
and the ligation (72~ temperature. A variation 
of LCR called gapped LCR employs Taq poly- 
merase to fill in one nucleotide prior to the 
ligation of adjacent primers. LCR has been 
used to detect HPV DNA in cell lines estab- 
lished from cervical carcinomas and clinical 
specimens (Hampl et al 1991), C. trachomatis 
and N. gonorrhoeae in genito-urinary speci- 
mens (Birkenmeyer et at 1992). Abbott Diag- 
nostics is developing LCR and have used a 
microparticle EIA to detect specific LCR pro- 
ducts with the automated IMx instrument (Dille 
et al 1993). Briefly, tigated product is captured 
by antibody immobilized onto the surface of 
microparticles via a ligand attached to the 
end of one primer then detected by an 
enzyme conjugated antibody directed at a 
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Figure 16.1. LCR amplification of DNA. After heat 
denaturation of DNA at 94~ oligonucleotide 
probes anneal at 55~ and are ligated together by 
DNA ligase resulting in a doubling of the number of 
target molecules for each cycle of amplification. 

second reporter molecule at the distal end of 
the other primer. 

1. First void urine specimens (1 ml of first 
20 ml urine) are centrifuged 14,000 g 
for 10 min and the pellet resuspended 
in buffer. Boil specimens by heating to 
95-100~ for 15 min to release DNA. 

2. Prepare sufficient LCR reaction 
mixture for the desired number of 
specimens and controls (50 I~1 for 
each specimen). 

3. When specimens have cooled to 
ambient temperature, add 50-100 I~! 
of sample to a tube containing 100 !~1 
LCR reaction mixture. 

4. Place tubes in thermal cycler and 
program for 40 cycles of 10 s at 94~ 
10 s 55~ 60 s at 62~ (the times and 
temperatures will vary for LCR or 
G-LCR and Tms of primers). 

5. Ligated product can be detected by 
gel electrophoresis and 
autoradiography or by 
chemiluminescence following capture 
of amplified product onto 
microparticles using immobilized 
antibodies directed against one of the 
haptens (Dille et al 1993; Chernesky et 
al 1993). The other end of the LCR 
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product containing a second hapten is 
recognized by a second antibody 
conjugated to a reported enzyme such 
as alkaline phosphatase. Only ligated 
product with both haptens covalently 
attached will generate a 
chemiluminescent signal. Abbott 
Diagnostics uses microparticles EIA to 
detect LCR products on the LCx TM 

analyzer: 100 I~1 of the LCR reaction is 
pipetted into the reaction wedge of 
the LCx and the wedges are placed in 
the IMx carousel. Results are 
expressed as counts per second per 
second and positives are defined 
using run calibrators that establish the 
cutoff. 

Nucleic acid sequence-based 
amplification 
Nucleic acid sequence-based amplification 
(NASBA) is an isothermal amplification tech- 
nique in which specific RNA sequences are 
amplified in an isothermal reaction using three 
enzymes: reverse transcriptase (RT), T7 RNA 
polymerase and RNase H (Kievits et al 1991). 
In the first non-cyclical phase of the reaction a 
downstream primer containing a tail-sequence 
of the T7 promotor sequence anneals to a 
single stranded target sequence. A cDNA is 
made by the RT and RNase H then digests 
away the target RNA from the DNA-RNA 
hybrid leaving a single strand of DNA to which 
the upstream primer can anneal. The RT 
(through its DNA function) then synthesizes 
the complimenting strand producing a dsDNA 
intermediate which has a transcriptionally 
active promoter sequence. T7 RNA polymer- 
ase then produces up to a thousand ssRNA 
copies that serve as a template in cyclical 
phase producing a potential amplification of 
up to 109 copies in a 1.5-2 h reaction. 
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3 s- ............................. ~ ; . ~ "  ~':A':d,~. RNA target 
s" DNA 
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B 
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6 3 " ~ ~ r  DNAONA 
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Figure 18.2. NASBA amplification of RNA by con- 
tinuous cycles of reverse transcriptase and RNA 
transcription. Oligonucleotides A and B prime DNA 
synthesis forming a double-stranded cDNA contain- 
ing a T7 promoter sequence (steps 2-6). T7 poly- 
merase produces multiple copies of antisence RNA 
transcripts (step 7) which act as templates for cDNA 
synthesis and the synthesis of sense strand RNA 
transcripts (steps 9-13). 
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1. Prepare a reaction mixture consisting 
of a 0.2 I~M of primer 1 and primer 2, 
40 mM Tris-HCI, pH 8.5, 12 mM MgCI2, 
40 mM KCI, 5 mM DTT, 15% DMSO, 
1 mM of four dNTPs, 2 mM of each 
NTP, 12 U RNA Guard (Pharmacia). 

2. Pipitte 21 I11 of reaction mix into a 
microfuge tube and add 2 I~1 of nucleic 
acid solution to be tested. 

3. Heat the reaction to 65~ for 5 min. 
4. Add 2 I~1 enzyme mix containing 20 U 

T7 RNA polymerase (Pharmacia), 4 U 
AMV reverse transcriptase 
(Seikagaku, Japan), 0.2 U RNase H 
(Pharmacia) and 0.1 ug ml- 1 BSA. 

5. Incubate at 41~ for 90 min. 
6. Analyze 10 I~! of the product by gel 

electrophoresis and hybridization with 
a 32p-labeled internal oligonucleotide 
probe. 

Strand displacement 
amplification (SDA) 
SDA is an isothermal method of amplifying 
target that can produce a 10S-fold amplifica- 
tion during a single 2 h incubation at 41~ 
SDA requires two enzymes, a DNA polymer- 
ase and a restriction enzyme (Walker et al 
1992). In the first step, a primer bearing a 
Hinc II restriction site (5'GTTGAC) binds to a 
complementary target nucleic acid and the 
primer and target are extended by the exo- 
Klenow fragment of DNA polymerase in the 
presence of dGTP, dCTP, dUTP and dATP 
containing an alpha-thiol group (dATPc~S) 
forming a double stranded Hinc II recognition 
site, one strand of which contains phosphoro- 
thioate linkages located 5' to each dA. Hinc II 
nicks the hemiphosphorothioate recognition 
site between the T and G in the sequence 
5'GI-F,I, GAC, without cutting the complemen- 
tary thiolated strand (5'GUCsAsAC). Hinc II 
then dissociates from the nicked site and Kle- 
now fills in the new downstream DNA strand. 
The extension/displacement step regenerates 

an unnicked Hinc II site. The nicking and 
strand displacement steps cycle continu- 
ously. Since SDA works with target DNA frag- 
ments with defined 5'- and 3'-ends, a target 
generation step is included that uses two addi- 
tional primers to generate target fragments 
with defined 5'- and 3'-ends. During target 
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Figure 16.3. SDA amplification of DNA. A primer 
containing a Hinc II restriction site anneals to the 
target sequence and is extended by an exonuclease 
deficient Klenow fragment of DNA polymerase 
incorporating alpha-throl group derivatized dATP in 
place of dATP. Hinc II nicks on strand at the restric- 
tion site between T and G without cutting the com- 
plementary thiolated strand. The Klenow fragment 
then initiates another round of DNA synthesis at the 
nick displacing the downstream strand as the new 
strand is made. The displacement strand regener- 
ates the Hinc II site and the nicking and strand 
displacement steps cycle continuously. The ampli- 
fication becomes experimental while both sense 
and antisense primers containing Hinc II sites are 
used (bottom half of figure). 
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generation, the sample is heat denatured in the 
presence of four primers and Klenow simulta- 
neously extends all four primers and initiates a 
cascade of extension and displacement steps. 
The end result is a number of target fragments 
with hemi-phosphorothioate Hinc II sites at 
one or both ends that enter the amplification 
cycle upon nicking by Hinc I1. The inability of 
SDA to efficiently amplify long (>200 nucleo- 
tides) target sequences may restrict its use in 
the research laboratory but should not limit its 
use in clinical diagnostic laboratories where 
the length of the amplified product is gener- 
ally not important. The SDA product can be 
analyzed by hibridization and chemilumines- 
cent detection (Spargo et al 1993). 

1. Treat the specimen to release DNA 
(e.g. boiling for 5 min). 

2. Prepare an SDA master mix sufficient 
for the number of SDA reactions to be 
performed. 

3. Add 20 #1 of master mix to 25 I~1 

processed clinical sample and mix by 
vortexing. 

4. Heat sample for 2.5 min in a boiling 
water bath. Cool for 2 rain in a 41~ 
water bath. 

5. Dilute exo- Klenow (United States 
Biochemical, Cleveland OH) 1:5 in 
50 mM K2HPO, pH 7.0, 1 mM 
dithiothreitol (D'I-I'), 50% (v/v) glycerol 
to a concentration of 3 units i~1 -~ . 

6. Prepare enough SDA 'enzyme mix' for 
the number of SDA reactions. The 
enzyme mix for a single SDA reaction 
consists of 2 !~1 H20, 2 I~1 of 75 
units I11-1 Hinc II and 1 I~1 of 3 
units !~1-~ exo-Klenow. 

7. Add 5 !11 of enzyme mix to each SDA 
reaction and mix. 

8. incubate for 2 h at 41~ followed by 
1 rain at 95~ 

9. Amplification products can be 
detected by hybridization with specific 
capture and detection probes using 
96-well microtitre plate luminometer. 
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Applications 
Amplification methods are rapidly replacing 
membrane hybridization for the detection of 
viral nucleic acids in clinical specimens. An 
impressive literature has developed over the 
last five years with examples of the detection 
of most if not all clinically relevant viruses by 
PCR. Amplification techniques are particularly 
well suited for the detection of non-cultivable 
viruses and PCR in particular has been a god- 
send to clinical laboratories working on Hepa- 
titis C virus, Parvovirus B19, JC and BK 
Papovavirus and more recently Hantavirus. 
We have used PCR for the antenatal detection 
of Parvovirus B19 in fetal serum obtained by 
cordocentesis in cases of hydrops fetalis (Bar- 
rett et al 1994). JC virus can be detected by 
PCR in CSF from about 75% of patients with 
progressive multifocal leukoencephalopathy 
(Fong et al 1995). In addition to detecting 
these fastidious viruses PCR and NASBA 
have been extremely useful for detecting con- 
ventional viruses in 'difficult' clinical speci- 
mens such as stool, CSF or biopsied tissue. 
Detection of HSV in CSF from patients from 
encephalitis has been reported by a number of 
laboratories and may obviate the need for 
physicians to perform brain biopsy. RT-PCR 
and NASBA are now being used for the 

routine detection of HIV and Hepatitis C virus 
in blood and recently quantitative assays have 
been used for monitoring response to antiviral 
drug therapy. Quantitation of HIV viral load by 
either PCR or NASBA has been shown to 
correlate with p24 antigen levels, 132-microglo o 
bulin and neopterin and is now used routinely 
in clinical trials for monitoring anti retroviral 
drug therapy (Verhofstede et al 1994). PCR 
amplification together with gene sequencing 
has facilitated virus strain typing or genotyp- 
ing and in the case of HCV has led to the 
identification of six major genotypes and up 
to 12 subtypes (Simmonds et al 1994). This 
is useful clinically since type II (lb) has been 
associated with higher levels of virus in the 
blood and poorer response to interferon alpha 
therapy (Nousbaum et al 1994). A variation of 
PCR called 3'-mismatch PCR has been used 
to detect base mutations and codon substitu- 
tions in the reverse transcriptase of HIV that 
confer resistance to Azidothymidine (Larder et 
al 1993). We have expanded this approach 
using 3'-mismatch PCR to detect mutant 
codons in the UL97 protein kinase gene of 
CMV that confer resistance to Ganciclovir 
(Mahony et al 1995). 
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Pitfalls 
Although PCR is rapidly becoming a 'routine' 
test in the clinical laboratory there are some 
pitfalls to be aware of. The first is the need for 
verification of a positive PCR test result. This 
usually involves specific oligonucleotide 
probe hybridization performed either in solu- 
tion or on a solid phase. Hybridization 
remains the best way to confirm the specifi- 
city of a PCR reaction. Alternatively a second 
PCR using a separate and distinct target can 
be used to confirm positives. This approach 
has been used to confirm C. trachomatis PCR 
and LCR positives; the second target being a 
chromosomal gene either MOMP or 16S 

rRNA with the first target being a plasmid 
gene (Mahony et al 1994). The second con- 
cern with amplification assays is the presence 
of inhibitors of Taq polymerase and DNA 
ligase that can result in false negative ampli- 
fication results. These inhibitors have been 
poorly characterized and may be present at 
different rates in various types of clinical 
material. To rule out the possibility of a false 
negative result due to the presence of inhibi- 
tors clinical specimens should be tested in 
duplicate with and without exogenously 
added DNA that can be amplified with the 
same or different primers. 
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Serological 
diagnosis 
S. Specter 
D. Jeffries 

The introduction of rapid diagnostic tech- 
niques to detect viruses or viral antigens has 
vastly improved the isolation and/or identifica- 
tion of etiologic agents in viral diseases; how- 
ever, there are still many instances for which 
serologic diagnosis is necessary. Agents that 
do not replicate well in cell culture or for which 
there are as yet no good reagents for direct 
detection of virus are routinely diagnosed 
using measurement of antibody. Routine test- 
ing for ARBOviruses, Epstein-Barr virus (EBV), 
hepatitis B virus (HBV), hepatitis C virus (HCV), 
human immunodeficiency virus (HIV), human T 
lymphotropic viruses (HTLV) and in some cir- 
cumstances cytomegalovirus (CMV), herpes 
simplex virus (HSV), varicella-zoster virus 
(VZV), measles and rubella is performed by 
serologic techniques. 

Serologic testing is performed both for 
screening of susceptible populations and for 
the diagnosis of acute or chronic diseases. 
The use of serologic testing in these circum- 
stances is delineated in this chapter. 

Principles for serologic 
diagnosis and for 
screening 
The detection of antibodies as a measure of 
infection by a particular virus may be used in 
one of several ways for diagnosis. One may 
measure the presence of antibody as: (1) an 
indication of immune status, following natural 
infection or vaccination; (2) seroconversion 
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(i.e. appearance of antibody) or an increase in 
titer as an indicator of recent infection; (3) a 
particular class of immunoglobulin to deter- 
mine the nature of the infection; (4) responses 
to various antigens associated with the same 
virus to indicate disease progression; (5) a 
combination of antibody and antigen levels 
also to monitor disease state or progression, 
and (6)levels in different body fluids, such as 
serum versus CSF, to determine involvement 
of possible site of infection, such as CNS. 

Qualitative assessment of 
immune status 
The qualitative measurement of antibody pre- 
sence or absence is a useful measure of 
immune status relative to a particular virus. 
This can confirm either exposure to a natural 
infection or successful vaccination of an indi- 
vidual. Immune status is extremely important 
in circumstances for which secondary expo- 
sure to a virus may have very different conse- 
quences than primary exposure. For a 
pregnant female, evidence of prior CMV infec- 
tion may have devastating consequences for 
the fetus, whereas a reactivated latent infec- 
tion is less likely to have pathologic conse- 
quences for the fetus. Similarly, screening 
tests for antibodies to rubella virus in preg- 
nant women indicate that the mother will not 
likely get rubella if she is antibody positive and 
thus the fetus is also protected. In rare 
instances, reinfection with rubella has been 
recorded but this is an insignificant problem. 
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Screening tests are also important for a 
variety of other medical circumstances. Trans- 
plant donors and recipients must be screened 
for CMV immune status, and organs from CMV 
positive donors should not be used in CMV 
negative recipients, if this can be avoided, as 
there is a high likelihood of transmitting infec- 
tion. Blood products are routinely screened for 
several viruses that are blood borne patho- 
gens, including CMV, HBV, HCV, HIV and 
HTLV. This practice has severely reduced the 
incidence of disease caused by these viruses 
that is attributed to transfusion. 

It must be noted here that qualitative 
assessment of antibody is of limited value, 
merely indicating exposure to a particular 
virus. Although in many cases the presence 
of antibody can be equated with protective 
immunity, diagnosis of acute infection 
requires a quantitative analysis of antibody. 

Quantitative analysis of 
antibody 
The detection of antibodies in serum is not 
always diagnostic for an acute infection, 
because it is not possible to determine quali- 
tatively whether these antibodies are due to a 
current, recent or past infection. Since several 
viruses can cause similar symptoms the pre- 
sence of antibody in conjunction with clinical 
evidence of disease still is not sufficient for 
diagnosis. Thus, it is necessary to measure 
virus-specific antibody titers in acute and con- 
valescent sera to determine the cause of an 
acute infection. Acute sera should be collected 
as soon as possible after onset of infection 
and convalescent serum should be collected 
2-3 weeks later. A two tube (usually four-fold 
using two-fold dilutions) rise in titer is indica- 
tive of a significant change in antibody titer 
denoting a current infection. The disadvan- 
tage to this method is that it takes a consider- 
able amount of time for antibodies to rise and 
hence for a meaningful result to be obtained; 
thus utility for diagnosing and, if necessary, 
treating an acute infection is severely ham- 
pered. An alternative to using the titer rise is 

to examine an acute serum for indicators of 
acute infection. 

Immunoglobulin class 
assessment 
IgM determination 
The determination of immunoglobulin (Ig) M 
levels in a serum is often useful for rapid iden- 
tification of acute, primary infection. Numerous 
methods have been devised to detect IgM and 
these are welt described (Hermann and 
Erdman 1992) (see chapter 7). More impor- 
tantly the limitations of this approach must 
be noted. Considerable care must be taken in 
measuring IgM levels to a particular virus to be 
certain that the results are not confused by the 
presence of rheumatoid factor in the serum 
(Ziola et al 1979). A variety of strategies have 
been devised to avoid this problem and are 
also described by Herrmann and Erdman 
(1992) (see chapter 7). 

While IgM generally is diagnostic of primary 
infection this is not always so. With certain 
herpesviruses, particularly CMV and HSV, IgM 
levels may rise with reactivation of infection 
(Pass et al 1983; Lopez et al 1993). Thus, 
detection of IgM is not necessarily indicative 
of primary infection with these viruses and is 
only useful in this regard when IgM can be 
measured in the absence of significant 
amounts of IgG. 

Immunoglobulin A 
igA is important as an antibody in fluids asso- 
ciated with mucosal surfaces, since it is more 
stable than other Ig as secretory IgA in secre- 
tions such as saliva, nasal secretions, gastro- 
intestinal secretions, etc. (Cremer 1985). Thus, 
measurement of IgA levels in such secretions 
may be an important and useful measurement 
of protective immunity against respiratory and 
enteric viral infections. It also is important in 
the assessment of generation of protective 
immunity on mucosal surfaces. By contrast 
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Assessment of antibodies to different antigens 

IgA is less important in systemic immunity 
since it is usually minimal compared to IgM 
and IgG responses, in fact, measurement of 
IgA in serum can often be obscured by high 
affinity IgG (Cremer 1985). Thus, IgA is not 
routinely measured in the diagnostic labora- 
tory but is used only in special circumstances. 

One such circumstance is the measurement 
of IgA antibodies against the viral capsid anti- 
gen (IgA-VCA) of EBV. IgA is considered diag- 
nostic for nasopharyngeal carcinoma (NPC) 
that is EBV induced (Lennette 1985). In such 
cases, IgA-VCA titers can be used prognosti- 
cally in following the tumor burden due to NPC 
and to monitor the effectiveness of treatment. 

Assessment of antibodies 
to different antigens 
The onset of antibody production to various 
antigens of a particular virus can occur 
sequentially and quantitative testing for these 
different antibodies using one serum specimen 
can be diagnostic of the state of infection (Fig. 
17.1). For infectious mononucleosis due to 

EBV, antibody responses are first detected 
against the VCA, followed by the early antigen 
(EA) then the Epstein-Barr nuclear antigen 
(EBNA) (Paar and Strauss 1992). Thus, high 
VCA and EA titers in the absence of EBNA 
would be indicative of a current acute infec- 
tion, whereas a high EBNA titer along with high 
VCA but low EA would suggest a past EBV 
infection. When combined with comparing 
IgM-VCA (higher early in infection) to IgG- 
VCA (higher later in infection) titers more spe- 
cific information can be gained as to how early 
in infection the sample was collected. 

It should be noted that while these titers 
provide some very specific information about 
EBV infection, there is a very simple test for 
infectious mononucleosis. This test involves 
detection of the PauI-Bunneil heterophile anti- 
body. This antibody is a common anti-red 
blood cell antibody that is induced in humans 
by EBV infection (Lennette 1985). When prop- 
erly controlled, this test is a far less expensive 
way of diagnosing EBV induced infectious 
mononuclesosis than the specific anti-EBV 
antibody tests. Heterophile testing that gives 
a negative result may be indicative of CMV 
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Figure 17.1. Antibody responses following primary Epstein-Barr virus infection. 
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induced mononucleosis or may be a false 
negative. This can be confirmed by specific 
testing for antibodies to CMV or EBV. 

For the diagnosis of mumps infection the 
combination of antibodies to S and V antigens 
can be used in a similar manner to indicate 
current versus past infection with this virus 
(Kleiman 1985). Anti-S antibody rises first and 
persists for only 2-3 months, whereas anti-V 
rises later and persists for a significantly longer 
time period. 

tion is prognostic for disease progression. The 
presence of HBeAg indicates that a patient has 
infectious virus in their blood and is associated 
with a poor prognosis, while the presence of 
anti-HBe suggests that a patient is recovering. 
The conversion from HBsAg positive to anti- 
HBs positive along with anti-HBe denotes 
complete recovery from HBV infection. Thus, 
by using these various markers one can 
diagnose HBV infection and can ascertain a 
prognosis for the disease. 

Assessment of antibody 
and antigen combinations 

Detection of antibody in 
fluids other than serum 

Hepatitis B virus diagnosis is dependent upon 
the detection of a combination of viral antigens 
and anti-viral antibodies in serum (Fig. 17.2). 
Three antigens of HBV, the surface (s) antigen, 
core (c) antigen and e antigen are used for this 
testing as are the antibodies to these antigens 
(Escobar 1992). The presence of hepatitis B 
surface (HBsAg)is indicative of active infec- 
tion and is used to screen for HBV. The detec- 
tion of anti-HBs is indicative of recovery from 
HBV infection, while presence of HBc in the 
absence of either HBsAg or anti-HBs (the 
core 'window') indicates a late acute infec- 
tion. The use of HBeAg and anti-HBe detec- 

Cerebrospinal fluid 
The measurement of antibodies in the CSF 
may be useful in the diagnosis of CNS dis- 
ease. Antibodies may be present in high 
levels in the CSF as a result of CNS infection 
and an active immune response or because of 
leakage of serum into the CSF due to break- 
down of the blood-brain barrier (BBB). The two 
situations can be distinguished by calculating 
CSF/serum ratios of albumin and IgG (Cremer 
1985). The normal levels for albumin and IgG 
are 200-fold and 500-fold lower, respectively in 
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CSF. If there is antibody synthesis in the CSF, 
then only the IgG ratio changes but if there is 
BBB damage then both the IgG and albumin 
ratios between CSF and serum will change. 

The presence of increased levels of Ig in the 
CSF is indicative of local antibody synthesis 
and therefore local viral infection. For the most 
part this is an IgG response; however, in HSV 
encephalitis and chronic measles leading to 
subacute sclerosing panencephalitis IgM 
class antibody may also be detected (Doerr 
et al 1976). Additionally, one may compare 
ratios of antibody in serum versus CSF, such 
that low ratios, e.g. 8-32, are of diagnostic 
importance for CNS infection. 

Saliva 

The detection of antibodies in saliva is not a 
common laboratory practice. Nevertheless this 
source of antibody is being examined in cir- 
cumstances where drawing blood for serum is 
impractical for reasons of both convenience 
and cost. There is currently a test kit that is 
commercially available for testing HIV antibo- 
dies in saliva and is based on a similar test that 
has been reported for testing anti simian 
immunodefiency virus antibodies in monkeys 
(Israel et a11993). While this is marketed in the 
United States for convenience use, the 
approach may be very useful in developing 
nations, where AIDS has become a severe 
problem and serum collection and testing is 
far too expensive for the large numbers of 
people that require testing. The reliability of 
such testing remains to be verified using large 
numbers of samples. 
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Confi rmatory testi ng 
The need for confirmatory testing of serum 
antibodies is most notable for HIV. This is 
necessitated by the nature of the infection 
and the primary test used to detect antibody. 
Because there is a desire to eliminate false 
negative results, the HIV test is performed so 
that sensitivity is very high at the cost of 
decreased specificity. This results in a rela- 
tively high false positive rate, necessitating a 
confirmatory test. In the case of HIV, the pri- 
mary test is most often performed using ELISA 
technology. Early tests had a false positive rate 
as high as 10% (Veronese et a11992), although 
later generation tests have reduced this signifi- 
cantly (<1% and for some tests below 0.1%). 
The most common confirmatory tests are per- 
formed using immunoblotting (Western blot- 
ting, Chapters 7 & 12) (Veronese et al 1992). 
The advantages of this latter test is that it is 
highly specific since a pattern of bands denot- 
ing HIV antigens is detected, indicating anti- 
bodies to several antigens. Alternative to the 
Western blot, confirmation may be performed 
using ELISA or immune fluorescence systems 
based on different principles than the initial 
testing. For example, viral lysates, recombi- 
nant antigens or peptide antigens can be 
used for confirmation of positivity. Other test- 
ing that requires confirmation generally results 
from the use of high sensitivity, lowered spe- 
cificity testing. 

Antigen testing 
The detection of viral antigen in serum may be 
used for blood-borne diseases in which there 
is a substantial period of infection of the blood, 
to monitor the presence of infection and the 
progress of that infection, and for the evalua- 
tion of drug therapy of such infections. Viruses 
for which this can be readily performed include 
HBV, HIV, and HTLV. Antigen testing of blood 
specimens is not particularly useful for viral 
infections in which there is a transient viremia, 

since virus is usually eliminated from the blood 
prior to the onset of overt disease. 

Monitoring infection 
Routine testing of serum for viral antigens is 
limited mainly to HBV and HIV infections. We 
have discussed above (page 346) the monitor- 
ing of HBV infection by antigen detection in 
concert with detection of the antibody to 
those antigens. The detection of the HBV anti- 
gens has been used more extensively than any 
other serum antigen detection. 

More recently, the detection of HIV p24 anti- 
gen has been used to monitor the progression 
of HIV from clinical latency through the devel- 
opment of overt AIDS (Fig. 17.3). While the 
detection of this antigen per se is not an indi- 
cator of the stage of development of HIV, when 
used in conjunction with other markers it can 
be used prognostically (Phillips et al 1991; 
Henrard et al 1992). Generally, in latent infec- 
tion, there is little p24 present in blood. When 
virus replication increases and immune defi- 
ciency begins to appear p24 levels increase. 
This is usually associated with a decline in the 
number of CD4+ lymphocytes in circulation 
and these two indicators are prognostic for 
progressing disease. Additionally, the pre- 
sence of p24 in a newborn from an HIV 
infected mother is diagnostic for HIV infection 
during pregnancy (Amirhessami-Aghili and 
Spector 1991). It must be noted that a signifi- 
cant proportion of HIV infected individuals may 
be p24 antigenemia negative during much of 
their infection, with negative results observed 
in 30% or more of HIV infected individuals in 
developed nations and higher percentages of 
negative samples seen from blood of African 
patients. 
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Evaluation of drug therapy 

The detection of viral antigen to monitor drug 
therapy is again mainly limited to HBV, HCV 
and H IV. In the case of the hepatitis viruses 
the levels of HBsAg and HBeAg are measured 
following treatment of chronic HBV with inter- 
feron alpha (Davis and Hoofnagle 1986). These 
antigens are usually tested along with the anti- 
bodies to the same antigens, as well as liver 
enzyme levels and HBV DNA polymerase 
levels. For HCV testing, measurement of anti- 
bodies or, more sensitively, the presence of 
virus genome by PCR, is used to follow the 
efficacy of interferon therapy for chronic infec- 
tion (Davis 1994). 

Therapy of HIV with azidothymidine (AZT) or 
other drugs is followed by the monitoring of 
p24 levels in conjunction with measuring the 
number of CD4+ lymphocytes in peripheral 
blood (Japour et al 1993). This method has 
been very useful for documenting efficacy of 
therapy. It must be noted that technology such 
as the development of quantitative PCR has 
diminished some testing for antigen since the 
former provides a more precise assessment of 
the amount of virus present (Persing et al 
1993). This is especially true with techniques 
that can assess quantitatively the amounts of 
cell associated versus cell free virus in blood. 

Use of commercial kits 
The serologic assessment of antibodies and 
antigens using commercially prepared and 
marketed kits is commonplace. These kits 
are available for most of the common viruses 
and are highly reputable for the most part. 
They use ELISA, radioimmunoassay, immuno- 
fluorescence, immunobiotting, latex agglutina- 
tion, hemagglutination and a variety of other 
methods for detection. The quality of such kits 
has improved over the past decade due to the 
availability of monoclonal antibodies, recombi- 
nant technologies and the automation of some 
testing procedures. 

The use of these kits in lieu of reagents 
developed in-house is encouraged because it 
adds to the standardization of testing and 
results in reduced time technologists are 
required to put in developing and testing 
reagents. With this in mind however, it is 
essential for the laboratory to have a thorough 
quality assurance/quality control program to 
insure that reagents are of the highest quality 
and are properly used. 

The list of available tests is extensive and 
constantly changing so it is of little value to list 
them here. Linscott's Directory provides infor- 
mation on available reagents and tests (Lin- 
scott 1992). 
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Summary 
The use of serology to detect viruses remains 
a vital adjunct to virus isolation and direct 
detection of virus for the diagnosis of infec- 
tions. The wide variety of immunoassays is 
delineated in Chapter 7. This chapter has not 
dealt with the issue of which assay is best for 
each virus, since this is often a matter of pre- 

ference and changes as new assays are intro- 
duced. The use of serology requires excellent 
quality assurance and control and when com- 
bined with other viral detection techniques 
provides the laboratory with the ability to 
assist the physician in the identification of 
etiologic agents and to monitor the progres- 
sion of infection and the success of therapeu- 
tic intervention. 
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Disinfection 

S. Specter 
D. Jeffries 

Virucidal agents may inactivate viruses either 
because of their physical or chemical proper- 
ties. These agents generally are effective on 
viruses outside of their host cells. The ability 
of these agents to inactivate virus is very 
closely associated with the conditions under 
which they are used. Depending on the agent, 
this may include temperature, pH, moisture 
content of the sample, concentration and 
composition of the virus, concentration of the 
agent, and time of exposure. Thus, viruses 
kept at room temperature will become inacti- 
vated more rapidly than those held at 4~ 
Likewise some viruses maintained at neutral 
pH may be inactivated less rapidly than at 
either lower or higher pH (Lancz 1976), other 
viruses such as enteroviruses may be stable at 
highly acidic pH. Some viruses are also known 
to lose infectivity as the sample in which they 
are collected dries (Parker et al 1944). Thus, 
virus maintained in mucus containing secre- 
tions on an environmental surface is likely to 
retain infectivity longer than the same amount 
of virus in saliva, since the latter will dry more 
quickly (Dunham 1977). 

An important factor in the effectiveness of 
disinfection is the virus titer present at the 
outset of addition of the disinfectant. The 
loss of infectivity over time is such that if a 
sample that is treated with a virucidal agent 
is held for 15 min it may lose 50% of its infec- 
tivity, after 30 min 90% is lost, and by 60 min 
there is a 99% loss. If a sample contains 1000 
infectious particles per milliliter at outset, after 
15 min 0.1 ml will contain approximately 5 
infectious units, whereas after 60 min 0.1 ml 
Virology Methods Manual 
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has a 10% chance of containing infectious 
material. By contrast, if the original concentra- 
tion of virus is 106 particles per milliliter, then 
even a 99% inactivation after 1 h may leave 
sufficient infectious material to cause infec- 
tion; i.e. 1000 infectious units will be present 
in 0.1 ml. 

The ability of various agents to inactivate 
viruses is also dependent on the composition 
of the virus. Many viruses contain a lipid envel- 
ope that is sensitive to lipid solvents such as 
ether, chloroform or detergents, whereas 
naked (non-enveloped) viruses are resistant 
to such agents (Dunham 1977). Finally, the 
nature of the disinfection agents can deter- 
mine the extent of inactivation. This will 
depend upon whether the agent is physical 
or chemical and if it is organic or inorganic. It 
should be noted that other organic material in 
solutions containing viruses may inhibit the 
virucidal effects of many disinfectants. Wied- 
brauk and Johnston (1993) have delineated 
which compounds are particularly useful for 
viruses that are commonly encountered both 
in the laboratory and on environmental sur- 
faces. Inactivation of commonly used disinfec- 
tants is shown in Table 18.1. 

The methods for testing virucidal agents are 
well delineated (Koski and Chen 1977). 

Inorganic chemical 
agents 
The most commonly used inorganic disinfec- 
tants are halophilic compounds, including 
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Table 18.1. Inactivation of commonly used disinfectants 

Protein Hard Water Detergents 

Hypochlorites ++++ + C 
Phenolics + + C 
Alcohols* + + -- 
Formaldehyde + + - 
Glutaraldehyde + + - 

. . . . . .  , . . , . . m  . . .  

* Alcohols are extremely poor in penetrating proteinaceous material and are, therefore, of 
very limited use as disinfectants. 
C, Cationic detergents 

chlorine and bromine (Brown et a11963; Clarke 
and Kabler 1964; Lund 1964). The most readily 
available antiviral for use is common house- 
hold bleach (sodium hypochlorite), which 
usually can be used as a 10% solution (the 
solution must contain 10,000 ppm available 
chlorine), to inactivate many enveloped and 
naked viruses. The bleach is capable of 
destroying nucleic acids, making it a univer- 
sally effective disinfectant for viruses. Thus, it 
is the recommended disinfectant for routine 
use in the clinical laboratory, the physician's 
office, and any setting where concerns about 
viral contamination exist. Its ability to inacti- 
vate nucleic acids makes household bleach 
an ideal agent for decontamination of a labora- 
tory where polymerase chain reactions are per- 
formed, and carry over of nucleic acids is a 
concern (Prince and Andrews 1992). Chlorine 
and bromine are useful for the inactivation of 
viruses in swimming pools when used at about 
0.5 parts per million. Iodine also can be used as 
a disinfectant of contaminated water supplies 
(Dunham and MacNeal 1944; Kabler 1962). 

Ozone is considered to be safer and more 
effective than chlorine for the disinfection of 
water, but is not practical for widespread use 
due to cost (Sliter 1974). Similarly, hydrogen 
peroxide can be used to inactivate viruses. 
However, the presence of other organic mate- 
rials in fluids will compete with the viruses and 
block the effects of the H202. Acid solutions, 
such as 1 N HCI, and alkaline compounds, 
such as 2% NaOH are also useful disinfec- 
tants for inactivation of viruses. 

Metals and metal salts also have antiviral 
properties. Copper salts, mercury, potassium 

permanganate and silver nitrate have been 
used as virucidal agents (Dunham 1977). 

Organic chemical agents 
The list of organic compounds with virucidal 
activity is quite long, and includes quaternary 
ammonium compounds, alcohols, aldehydes, 
ether, glycerol, beta-propiolactone, ethylene 
oxide, digestive enzymes and a preparation 
known as liquor antisepticus. 

Benzalkonium chloride (Zephiran) has been 
demonstrated to be useful for the disinfection 
of skin. It is the preparation of choice for 
cleansing animal bites, due to its ability to 
inactivate rabiesvirus when used at a 1:1000 
dilution. By contrast this compound is not 
highly effective against naked viruses. O-phe- 
nylphenol is likewise active against enveloped 
but not naked viruses (Klein and Deforest 
1963). Diethyl ether is also an effective agent 
for inactivating lipid containing viruses, show- 
ing virucidal activity at concentrations of 3- 
10% for these viruses. However, ether is not 
effective against poliovirus (a non-enveloped 
virus), even at 95% concentration. 

Seventy percent ethanol is an effective dis- 
infectant for naked and enveloped viruses, but 
can be decreased in activity by substances 
that precipitate alcohol. This can be over- 
come by the addition of 0.005 N NaOH to the 
alcohol solution. While lower concentrations of 
ethanol may be effectively virucidal, the higher 
concentration is more effective, with most 
virus destroyed within a few minutes by 70%. 
Methanol also may be used to inactivate virus, 
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but is considerably less effective than ethanol 
(Cox et al 1947). However, alcohols penetrate 
organic matter rather poorly and are not effec- 
tive for disinfection of such materials. Further- 
more, the inactivation of HIV and other viruses 
by alcohols is slow and the alcohol is likely to 
evaporate, if used for surface decontamina- 
tion, before the virus is inactivated (Hanson 
et al 1989). Liquor antisepticus is a compound 
described in the National Formulary that can 
be used as a mouthwash (National Formulary 
1965). Its principal ingredient is ethyl alcohol 
(28.5% by volume). 

Formaldehyde is an excellent virucidal agent, 
and can be used to inactivate viruses as a 0.3% 
solution (Dunham 1977; Wiedbrauk and John- 
ston 1993). Similarly gluteraldehyde is very 
useful for cold sterilization and a 2% solution 
will inactivate most virus in 10 min when buf- 
fered with sodium bicarbonate at pH 7.5-8.5. 

Beta-propiolactone is an effective virucidal 
agent, even when virus is in plasma, that has 
low toxicity in mammalian systems. It has been 
used in the preparation of vaccines, such as 
the Merieux rabies vaccine. 

Physical agents 
Elevated temperature has a distinct antiviral 
effect, increasing the rate of virus inactiva- 
tion. The inactivation rate due to high tempera- 
ture varies for different viruses and can be 
changed greatly by the pH of a solution. The 
presence of a protein stabilizer such as serum 
decreases the ability of heat to inactivate virus 
in a suspension. Most viruses lose some infec- 
tivity when heated at 56~ for 30 min. All 
viruses are destroyed by appropriate autoclav- 
ing, 121~ under 15 psi pressure for 15 min. 

Ultraviolet radiation is also a highly effective 
virucidal physical agent, as long as it is of 
suitable wavelength and intensity. Wave- 
lengths of approximately 250 nm have been 
demonstrated to be effective against influ- 
enza virus (Dunham 1977). The effectiveness 
is significantly diminished when the virus sus- 
pension is moved away from the source of 
radiation. In addition, ultraviolet rays are 
more effective through air than water, and 
particulate matter (dust particles or salt crys- 
tals) can further decrease effectiveness. 

Ionizing radiation, including X-rays, gamma 
rays, high energy electrons, deuterons and 
alpha particles, is capable of inactivating 
viruses. This is effected by the damaging of 
viral nucleic acids. However, radical scaven- 
gers are able to inhibit the effects of ionizing 
radiation. Viruses have different levels of resis- 
tance to ultraviolet and gamma radiation, 
depending on the target size of the nucleic 
acid. Many of the doses necessary for inacti- 
vation of mammalian viruses are listed by 
McCrea (1960). Ionizing radiation has been 
used for many years for sterilization of dispo- 
sable medical supplies, and has become more 
popular of late for more common consumable 
items including food. 

Filters may also be used for the sterilization 
of liquids or air. While most common filters that 
are used to remove bacteria from solutions do 
not remove viruses, small pore filters can be 
used to hold back viruses. This practice is 
most commonly used for filtering air in bio- 
logical safety cabinets or 'clean rooms' using 
hepa-filters. The use of such filters is generally 
reserved for areas where tissue culture is per- 
formed, to provide sterile air, or in Biosafety 
level 3 and 4 rooms, to remove the risk of 
contamination of the environment when patho- 
genic viruses are studied. 

Summary 
There are a wide variety of methods that can 
be used for sterilization, disinfection and anti- 
sepsis. When possible, the recommended 
method for sterilization is steam heating using 
an autoclave. An alternative effective method 
of limiting contamination is to use disposable 
sterile items (needles, syringes, pipettes, 
tubes, flasks, etc.) that come in a sealed ster- 
ile container. Such items, if not autoclavable, 
can be sterilized using y-irradiation or ethylene 
oxide gas after packaging, to achieve steriliza- 
tion. The recommended disinfectants for 
decontamination of surfaces or solutions con- 
taining viruses are bleach or gluteraldehyde. 
Instruments that are reused should be 
cleaned with detergents that will remove 
organic matter, prior to disinfection with these 
substances, as such material promotes survi- 
val of viruses. 
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Appendix A: Biosafety in the 
virology laboratory 

Working with viruses which are infectious to 
humans poses a considerable risk of labora- 
tory-acquired infection. This was demon- 
strated on numerous occasions in the past, 
and led to the establishment of a classifica- 
tion of viruses and other infectious agents 
into four groups depending upon the hazards 
to the laboratory worker. A full description of 
the historical development and current guide- 
lines for biosafety can be found in Biosafety in 
Microbiological and Biomedical Laboratories 
edited by JW Richmond and RW McKinney, 
third edition, May 1993. Published by the US 
Department of Health and Human Services, 
Publication number (CDC) 93-8395. 

Here we reprint from that publication the 
summary description of recommended safety 
practices at each of the four levels (Table 1). 

Biosafety level 4 (maximum containment) 
laboratories are expensive to maintain and 
exist only in Australia, Canada, France, Ger- 
many, Russia, South Africa, the UK and the 
USA. 

For human blood-borne pathogens, bio- 
safety precautions have been issued to health 
care and clinical laboratory workers under the 
term 'Universal Precautions' and these need to 
be observed for all work involving contact with 
potentially infectious blood and body fluids in 
addition to utilization of the appropriate biosaf- 
ety level laboratory. A full description of uni- 
versal precautions has been published. 
(Occupational Exposure to Bloodborne Patho- 
gens, Final Rule, US Federal Register 56, 
64175-64182, 1991). 

Since the eradication of smallpox, routine 
vaccination with vaccinia virus has ceased 
throughout the world. However work with vac- 

cinia virus continues in many virology labora- 
tories because of its value as a gene vector, 
e.g. in various vaccinia-based expression sys- 
tems. In persons vaccinated within the pre- 
vious ten years, work with vaccinia virus 
poses no special risk, and the US policy is 
that such work can be conducted at Biosafety 
Level 2 by appropriately vaccinated persons in 
a laboratory area with appropriate warning 
signs to prevent entry of unvaccinated per- 
sons. However, vaccination itself can be asso- 
ciated with significant adverse reactions, and 
in the UK and other European countries vacci- 
nation of laboratory workers is not advised 
(and is illegal in some countries, e.g. Ger- 
many). The danger to unvaccinated laboratory 
workers who use vaccinia virus is that they 
could become infected at an inappropriate 
site (e.g. the eye), with the possibility of a 
serious adverse reaction. The laboratory direc- 
tor may wish, therefore, to raise work with 
vaccinia virus to Biosafety Level 3, where 
such unvaccinated persons are involved. 

The following classification of vertebrate 
viruses potentially infectious for humans indi- 
cates the appropriate biosafety level (2, 3 or 4) 
at which work should be performed. Note that 
some viruses appear twice, depending upon 
the type of work being undertaken. In gen- 
eral, work involving virus concentration to 
high titre, production of aerosols, or virus 
infection of an animal host may require a 
higher biosafety level than that needed for 
other types of work. The laboratory director is 
responsible for appropriate risk assessment, 
and on occasion may decide to select a bio- 
safety level higher than that recommended in 
the following classification. 
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Level Two 
Aabahoyo 
Abras 
Abu Hammad 
Acado 
Acara 
Adeno-associated virus 

Botambi 
Boteke 
Bouboui 
Buffalopox 
Bujaru 
Bunyamwera 
Bunyip 

Eastern equine encephalitis t 
Edge Hill 
Entebbe bat 
Enteroviruses 
Epizootic haemorrhagic 

disease (of deer) 
Epstein-Barr 

Adenoviruses 
Aguacate 
Alfuy 
Almpiwar 
Amapari 
Ananindeua 
Anhanga 
Anhembi 
Anopheles A 
Anopheles B 
Apeu 
Apoi 
Aride 
Arkonam 
Aroa 
Aruac 
Arumowot 
Astrovirus 
Aura 
Avalon 
B19 
Bagaza 
Bahig 
Bakau 
Baku 
Bandia 
Bangoran 
Bangui 
Banzi 
Barmah Forest 
Barur 
Batai 
Batama 
Bauline 
Bebaru 
Belmont 
Benevides 
Benfica 
Betioga 
Bimiti 
Birao 
Bluetongue 
Boraceia 
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Burg E Arab 
Bushbush 
Bussuquara 
Buttonwillow 
Bwamba 
Cacao 
Cache valley 
California encephalitis 
Calmito 
Calovo 
Candiru 
Cape Wrath 
Capim 
Caraparu 
Carey Island 
Catu 
Chaco 
Chagres 
Chandipura 
Changuinola 
Charleville 
Chenuda 
Chikungunya (vs 131/25)* 
Chilibre 
Chobar Gorge 
CIo Mor 
Colorado tick fever 
Coronavirus 
Corriparta 
Cotia 
Cowbone Ridge 
Cowpox 
Coxsackie 
Csiro Village 
Cuiaba 
Cytomegalovirus 
D'Aguilar 
Dakar Bat 
Dengue I t  
Dengue 2 t 
Dengue 3 t 
Dengue 4t 
Dera Ghazi Khan 

Erve 
Eubenangee 
Eyach 
Flanders 
Fort Morgan 
Frijoles 
Gamboa 
Gan Gan 
Gomoka 
Gossas 
Grand Arbaud 
Great Island 
Guajara 
Guama 
Gumbo Limbo 
Hart Park 
Hazara 
Hepatitis A 
Hepatitis B 
Hepatitis C 
Hepatitis D 
Hepatitis E 
Hepatitis F 
Hepatitis G 
Highlands J 
Huacho 
Hughes 
Human herpesvirus 
Human papillomaviruses 
Icoaraci 
leri 
Ilesha 
Ilheus 
Influenza A 
Influenza B 
Influenza C 
Ingwavuma 
Inkoo 
Ippy 
Irituia 
Isfahan 
Itaporanga 
Itaqui 
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Jamestown Canyon Lone Star Nyando 
Japanaut Lukuni O'nyong nyong 
Jerry Slough Lymphocytic choriomeningitis Okhotskiy 
Johnstone Atoll M'poko Okola 
Joinjakaka Madrid Olifantsvlei 
Juan Diaz Maguari Oliveros 
Jugra Mahogany Hammock Orf 
Junin (vs Candid #1) Main Drain Oriboca 
Jurona Malakal Ossa 
Jutiapa Manawa Pacora 
Kadam Manzanilla Pacui 
Kaeng Khoi Mapputta Pahayokee 
Kaikalur Maprik Palyam 
Kaisodi Marco Parainfluenza 
Kamese Marituba Parana 
Kammavan pettai Marrakai Pata 
Kannaman galam Matariya Pathum Thani 
Kao Shuan Matruh Patois 
Karimabad Matucare Phnom-Penh bat 
K arshi Measles P ichi nde 
Kasba Melao Pixuna 
Kemerovo Mermet Point 
Kern Canyon Milkers nodule Poliovirus 
Ketapang Mi natitlan Pongola 
Keterah Minnal Ponteves 
Keuraliba Mirim Precarious 
Keystone Mitchell River Pretoria 
Kismayo Modoc Prospect Hill 
Klamath Moju Puchong 
Kokobera Molluscum contagiosum Punta Salinas 
Kolongo Mono Lake Punta Toro 
Koongol Montana myotis Qalyub 
Kotonkan leukoencephalitis Quaranfil 
Kowanyama Moriche Rabies virus 
K u n ji n M osq ueiro Reoviruses 
Kununurra Mossuril Respiratory syncytial 
Kwatta Mount Elgon bat Restan 
La Crosse Mumps Retroviruses, including human 
La Joya Murutucu and simian immunodeficiency 
Lagos bat Mykines viruses (HIV-1, HIV-2, and SIV) 
Landjia Navarro Rhinoviruses 
Langat Nepuyo Rift Valley fever (vs MP-12) 
Lanjan Ngaingan Rio Bravo 
Las Maloyas Nique Rio Grande 
Latino Nkolbisson Ross River 
Le Dantec Nola Rotaviruses 
Lebombo Norwalk Royal farm 
Lednice Ntaya Rubella 
Lipovnik Nugget Sabo 
Lokern Nyamanini Saboya 
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Saint Floris 
Sakhalin 
Salehabad 
San Angelo 
Sandfly fever (Sicilian) 
Sandfly fever (Naples) 
Sandjimba 
Sango 
Sathuperi 
Sawgrass 
Sebokele 
Seletar 
Sembalam 
Serra do Navio 
Shamonda 
Shark River 
Shuni 
Silverwater 
Simbu 
Simian hemorrhagic fever 
Sindbis 
Sixgun City 
Snow Mountain 
Snowshoe Hare 
Sokuluk 
Soldado 
Sororoca 
Spumavirus 
Stratford 
Sunday Canyon 
Tacaiuma 
Tacaribe 
Taggert 
Tahyna 
Tamiami 
Tanapox 
Tanga 
Tanjong Rabok 
Tataguine 
Tehran 
Tembe 
Tembusu 
Tensaw 
Tete 
Tettnang 
Thimiri 
Thottapalayam 
Tibrogargan 
Timbo 
Timboteua 

Tindholmur 
Torovirus 
Toscana 
Toure 
Transmissible spongiform 

encephalopathiest 
(Creutzfeldt-Jakob, kuru, 
scrapie and related agents) 

Tribec 
Triniti 
Trivittatus 
Trubanaman 
Tsuruse 
Turlock 
Tyuleniy 
Uganda S 
Umatilla 
Umbre 
Una 
Upolu 
Urucuri 
Usutu 
Uukuniemi 
Vaccinia (vaccinated persons) 
Varicella-zoster 
Vellore 
Venezuelan equine encephalo- 

myelitis (vs TC-83) *t 
Venkatapuram 
Vesicular stomatitis- Indiana 
Vesicular stomatitis - New 

Jersey 
Vinces 
Virgin River 
Wad Medani 
Walla 
Wanowrie 
Warrego 
Western equine encephalitis 
Whataroa 
Witwatersrand 
Wonga 
Wongorr 
Wyeomyia 
Yabapox 
Yaquinea Head 
Yatapox* 
Yellow fever (vs 17-D) 
Yogue 
Zaliv Terpeniya 

Zegla 
Zika 
Zingilamo 
Zirqa 

Level Three 
Adelaide River 
Agua Preta 
Aino 
Akabane 
Alenquer 
Almeirim 
Altamira 
Andasibe 
Antequera 
Araguari 
Aransas Bay 
Arbia 
Arboledas 
Babanki 
Batken 
Belem 
Berrimah 
Bhanja 
Bimbo 
Black Creek Canal 
Bobaya 
Bobia 
Bozo 
Buenaventura 
Cabassue 
Cacipacore 
Calchaqui 
Cananeia 
Caninde 
Chikungunya 
Chim 
Coastal Plains 
Cocal 
Connecticut 
Corfu 
Dabakala 
Dhori t 
Dobrava-Belgrade 
Douglas 
Dugbe 
Enseada 
Estero Real 
Everglades 
Flexal 
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Fomede Mucambo Santa Rosa 
Forecariah Munguba Santarem 
Fort Sherman Murray Valley encephalitis Saraca 
Gabek Forest Nairobi sheep disease Saumarez Reef 
Gadgets Gully Naranjal Sedlec 
Garba Nariva Semliki Forest t 
Germiston Nasoule Sena Madureira 
Getah Ndelle Seoul 
Gordil Ndumu Sepik 
H antaan Negis hi Sho kwe 
Herpesvirus simiae (B virus) New Minto Sin Nombre 
Human polyomaviruses (JC, Ngari Slovakia 

BK) Ngoupe Somone 
laco Nodamura Spipur 
I baraki North way S po ndwen i 
Ife Odrenisrou St Louis encephalitis 
Ingangapi Omo Tai 
I nini Oriximina Tamdy 
Israel Turkey meningitis Oropouche Telok Forest 
i ssyk- kul Oru ngo Termei I 
Itaituba Ouango Thiafora 
Itimirim Oubangui Thogoto 
Itupiranga Oubi Tilligerry 
Jacareacanga Ourem Tinaroo 
Jamanxi Palestina Tlacotalpan 
Japanese encephalitis Para Tocio 
Jari Paramushir Tonate 
Junin Paroo River Ttinga 
Kairi Peaton Turuna 
Kedougou Perinet Venezuelan equine 
Khasan Pery encephalitis 
Kimberley Petevo Vesicular stomatitis (infected 
Kindia Picola animals) 
Koutango Piry Wesselbron 
Kyzylagach Playas West Nile 
Lake Clarendon Powassan Xiburema 
Llano Seco Pueblo Viejo Yacaaba 
Louping III Purus Yaounde 
Lymphocytic choriomeningitis Puumala t Yellow fever 

(infected animals) Radi Yoka 
Macaua Razdan Yug Bogkanovac 
Mapuera Resistencia 
Mayaro Rift Valley fever Level Four 
M boke Rochambeau Absettarov t 
Meaban Rocio Black Creek Canal (infected 
M iddleburg Sagiyama animals) 
Mobala Sal Vieja Congo-Crimean hemorrhagic 
Mojui Dos Compos Salanga fever 
Monte Dourado San Perlita Ebola 
Mopeia San Juan Guanarito 
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Hanzalova Machupo Russian Spring-Summer 
Hypr Marburg encephalitis 
Junin Omsk hemorrhagic fever Sabia 
Kumlinge Rift Valley Fever (infected Sin Nombre (infected animals) 
Kyasanur Forest disease animals) Tick-borne encephalitis 
Lassa 

* Vaccine Strain 
t Viruses marked with this dagger are classified in Europe either one level above (for Level Two) or 
below (for Level Three) the US levels. 

Biosafety 
Level 

T a b l e  1 Summary  of recommended  b iosafety  levels for  in fect ious agents 

Agents Practices Safety Equipment Facilities (Secondary 
(Primary barriers) Barriers) 

Not known to cause Standard None required BSL-1 plus: 
disease in healthy Microbiological autoclave available 
adults Practices 

Associated with human 
disease, hazard=auto- 
inoculation, ingestion, 
mucous membrane 

Indigenous or exotic 
agents with potential for 
aerosol transmission; 
disease may have 
serious or lethal 
consequences 

Dangerous/exotic 
agents which pose high 
risk of life-threatening 
disease, aerosol- 
transmitted lab 
infections; or related 
agents with unknown 
risk of transmission 

BCL-1 practice plus: 
�9 Limited access 
�9 Biohazard warning 
signs 
�9 Biosafety manual 
defining any needed 
waste decontamination 
or medical surveillance 
policies 

BSL-2 practice plus: 
�9 Controlled access 
�9 Decontamination of 
all waste 
�9 Decontamination of 
lab clothing before 
laundering 
�9 Baseline serum 

BSL-3 practices plus: 
�9 Clothing change 
before entering 
�9 Shower on exit 
�9 All material 
decontaminated on exit 
from facility 

Primary barriers= Class 
I or ii BSCs or other 
physical containment 
devices used for all 
manipulations of agents 
that cause splashes or 
aerosols of infectious 
materials; PPEs; 
laboratory coats; 
gloves; face protection 
as needed 

Primary barriers= Class 
i or II BSCs or other 
physical containment 
devices used for all 
manipulations of 
agents; PPEs: 
protective lab clothing; 
gloves; respiratory 
protection as needed 

Primary barriers=All 
procedures conducted 
in Class IIi BSCs or 
Class I or II BSCs in 
combination with full- 
body, air-supplied, 
positive pressure 
personnel suit 

BSL-1 plus: autoclave 
available 

BSL-2 plus: 
�9 Physical separation 
from access corridors 
�9 Self-closing, double 
door access 
�9 Exhausted air not 
recirculated 
�9 Negative airflow into 
laboratory 

BSL-3 plus: 
�9 Separate building or 
isolated zone 
�9 Dedicated supply/ 
exhaust, vacuum, and 
decon systems 
�9 Other requirements 
as outlined in the 
recommended text 

Based on 'Biosafety in Microbiological and Biomedical Laborator/es' with kind permission of the Editor, JW Richmond 
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Appendix B: Metabolic 
inhibitors used in virology 
Most inhibitors are highly toxic, and it is essential that they are used strictly in accordance with all 
relevant safety instructions and procedures. 

Typical 
Molecular concentration for 

inhibitor mass Effect use 

Cycloheximide (3-[2-{3,5-dimethyl- 281.4 
2-oxocyclohexyl}-2- 
hyd roxyethyi]glutarimide 

Puromycin (3'-[a-amino-p- 
methoxycinnamamido]-3'-dec)xy- 
N, N-dimethyladenosine 
Castanospermine (8~13- 
indolizidin e- 1 (x, 613,7 (x, 81[3-tetrol) 

544.4 

189.2 

1-Deoxymannojirimycin (1,5- 
dideoxy-1,5-imino-D-mannitol) 

1-Deoxynojirimycin (1,5-dideoxy- 
1,5-imino-D-glucitol) 
Monensin 

199.6 

163.2 

692.9 

Swainosine (8(x,13-indolizidine- 
lc~,2(z,813-triol) 
Tunicamycin 

Actinomycin D 

173.2 

840 
approximately; 
very variable, 
multiple isomers 
1255.4 

Inhibitor of eukaryotic protein 
synthesis at translational level; 
used to induce high levels of 
mRNA prior to removal 
Protein synthesis inhibitor, 
Disrupts polyribosomes 

Inhibits processing of high- 
mannose oligosccharides to 
complex-type 
inhibits processing of high- 
mannose oligosaccharides to 
complex-type 
Inhibits formation of high- 
mannose oligosaccharides 
Monovalent ionophore: Multiple 
effects on glycosylation due to 
disruption of passage through the 
Golgi 
Inhibits processing of high- 
mannose oligosaccharides 
Prevents N-linked glycosylation 

100--360 ~M 

200 ~M 

530-1320 ~M 

1000-4000 ~I,M 

1000-5000 ~I,M 

1.0-1.5 ~M 

O. 1-29 ~M 

1.0-6 I~M 

Irreversible inhibitor of transcription 0.4-8 IJM 
from double-standard DNA (RNA 
synthesis is inhibited at lower 
concentrations than is DNA 
synthesis) 
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Molecular 
Inhibitor mass 

. . . . .  | | . . . . . . . . . . .  

Typical 
concentration for 

Effect use 

Aphidicolin 338.5 

Phosphonoacetic acid 140.0 

(z-Amanitin 919.0 

Reversible inhibitor of eukaryotic 
DNA polymerases cc and t3 and 
some viral DNA polymerases. May 
be used to synchronize cell growth 
Inhibits some viral DNA 
polymerases (notably in 
herpesviruses, where it is used to 
assay DNA synthesis-dependent 
protein synthesis) 
Inhibits RNA polymerases II 
(mRNA) and III (tRNA) 

3-20 ~tM 

2140 #M 

0.001-0.01 I~M 
(polymerase II) 
10-100 #M 
(polymerase III) 

Cordycepin (3'-deoxyadenosine) 251.2 Inhibits RNA synthesis and mRNA 200 ~tM 
polyadenylation 

, . . . . ,  m . .  . . | . . | . .  �9 �9 . 

This table is derived from Virology Labfax, D.R. Harper (Ed.), 1993, Bios Scientific Publishers, and is presented 
here with permission of the publishers. 
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Viruses are classified on the basis of: 

Morphology 
Size, capsid structure (icosahedral symmetry, 
helical symmetry, complex symmetry) and 
appearance in the electron microscope, pre- 
sence of envelope, other structural features 
(presence of cellular structures or unusual 
viral structures, e.g. ribosomes in Arenaviri- 
dae, tegument in Herpesviridae). 

Classification Suffix Example Notes 

Order -virales Mononegavira/es 

Family -viridae Paramyxoviridae 
Subfamily -virinae Pneumovirinae 

Genus -virus Pneumovirus 
Species None Respiratory 

syncytial virus 

Only one order 
defined to date. 
Always defined. 
Not always 
defined. 
Always defined. 
Always defined. 

Genome 
Type of nucleic acid (RNA or DNA), number of 
strands (single or double) and relationship to 
messenger RNA if single stranded (termed 
'positive sense' if of the same base sequence 
as mRNA, 'negative sense' if of complemen- 
tary sequence) or segments present, sequence 
homology and similarities of genetic organiza- 
tion to other viruses. 

Physical and biochemical properties 
Buoyant density (in cesium chloride) and sedi- 
mentation constant, pH stability, number and 
size of proteins present, presence of lipid 
(usually as an envelope). 

Serology 
Presence of antigens cross-reactive with other 
viruses. 

Pathology 
Nature of 
involved. 

disease caused, mechanisms 

A novel virus will be assigned to a family 
(ending -viridae) and genus (ending -virus), 
and possibly to other taxonomical subdivi- 
sions, on the basis of these properties. The 
heirarchy of classification is: 

The size of individual virus families varies enor- 
mously, for example: 
Filoviridae: Two members, Marburg and Ebola 
viruses 
Picornaviridae: Over two hundred members, 
including poliovirus, rhinoviruses (common 
cold), hepatitis A virus. 

As an example of the processes involved in 
virus classification: 

Human herpes virus 6 was assigned to the 
family Herpesviridae on the basis of its 
morphology (enveloped, with a 100-110 nm 
icosahedral nucleocapsid and visible tegu- 
ment between the nucleocapsid and the envel- 
ope) and the presence of a large double- 
stranded DNA genome, and noted to be 
related to Epstein-Barr virus (human herpes 
virus 5, subfamily Gammaherpesvirinae) on 
the basis of its behaviour in cell culture, has 
since been reclassified as closer to cytomega- 
Iovirus (human herpes virus 4, subfamily Beta- 
herpesvirinae) on the basis of its genomic 
structure and sequence. 

While the nature of the disease caused by a 
virus has little effect on its placement in tax- 
onomy, it may influence the name used for the 
virus itself. For example: The human hepatitis 
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viruses A to E are only very distantly related, 
and belong to four different virus families (A, 
Picornaviridae; B, Hepadnaviridae; C, Flavivir- 
idae; E, Caliciviridae), while Hepatitis D 'virus' 
is a sub-viral infectious agent related to the 
viroids of plants. Despite this, they have very 
similar names, based on their role in hepatitis. 

A virus is usually named, often from the dis- 
ease caused, before it is assigned a place in 
the taxonomical structure, and it may take a 
great deal of time before a final classification is 
agreed by the International Committee on the 
Taxonomy of Viruses (ICTV), the responsible 

body in these matters, and even this may 
change when new evidence becomes 
available. For the current classification of 
most known viruses, readers are directed to 
the latest report of the International Commit- 
tee on Taxonomy of Viruses, whose details are 
as follows: 

Virus Taxonomy. Sixth report of the Interna- 
tional Committee on Taxonomy of Viruses ed. 
FA Murphy, CM Fauquet, DHL Bishop, SA 
Ghabriel, AW Jarvis, GP Martelli, MA Mayo, 
MD Summers. Archives of Virology, Supp. 10, 
Vienna: Springer Verlag, 1995. 
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Index 

AAV 245 
Abbott Test-Pack 318 
Adenoviridae 27-8 
Adenovirus 18, 19, 26, 28, 62, 98, 241,246, 313, 314, 317, 

319 
type 2 247 
type 5 247 

Adenoviruses 311, 315, 316 
Adherent cells, maintenance 9 
Adsorption/elution techniques for partial purification 54-6 
Affinity chromatography 57-60, 253 
Agar technique for negative staining 96 
AIDS 313, 347, 348 
Airfuge centrifuge 97 
Alcohols 355 
Alkaline glycine extraction 50 
Alkaline phosphatase (AP) 133 
Amino acid sequencing 

polypeptides 271-3 
protease digestion 272 
quantitation 271 
sample preparation 271-2 

Aneuploid cells 5 
Antibodies 

binding of antigens to 59-60 
coupling to activated beads 59 
in cerebrospinal fluid 346-7 
in saliva 347 
production to various antigens 345 
quantitative analysis 344 
serologic assessment of 349 

Antibody combinations 346 
Antibody conjugate 133--4 
Antibody-dependent cytotoxic cell (ADCC) assay 152-3 
Antibody detection 127-30 

competitive assay 127-8 
controls and assay standardization 138-9 
non-competitive IgG or total antibody measurement 

128-9 
quality control 140 

Antibody-matrix, preparation of 57 
Antigen/antibody complexes, preparation of solid matrix 

61 
Antigen combinations 346 
Antigen detection 124-6 

competitive assay 124 
immunodot assay (IDA) 125-6 
sandwich assay 125 

Antigen fractionation. See Extraction procedures for 
antigen fractionation 

Antigen-presenting cells (APC) 147 
Antigens 

binding to antibody 59-60 
contaminants 88 
elution from immunoaffinity columns 60 

expression in vitro 62-8 
fractionation by extraction procedures 51-3 
preparation of 47-70 

for immunization 61 
transient expression of 66 
whole-cell preparations 49-50 
see also Viral antigens 

Antiviral agents 
in vitro screening 293-308 
screening tests 293 

Arboviruses 19, 29, 34, 343 
Arenaviridae 29 
Astroviruses 19, 73, 83 
Aurintricarboxylic acid 167 
Autographa california nuclear polyhedrosis virus 

(AcMNPV) 62 
Autoradiography 259-60 
Avidin-biotin EIA 136 
Azidothymidine (AZ'F) 349 

Bacteria, contaminants 11 
Bacterial proteins 136 
Baculoviruses 62 

expression systems 62-5 
propagation in insect cells 63 

Becton Dickinson Directigen kits 318 
Benzalkonium chloride 354 
BHK cells 287 
Biomerieux Vitek Vidas 319 
Biopsy specimens, electron microscopy (EM) 99 
Biorad Gene Pulser 227 
Biosafety 357-62 
Biotin 136 
BK papovavirus 128 
BK virus 127 
Bleach (sodium hypochlorite) 354 
Blood-borne diseases 348 
Blood specimens 312 
Brome mosaic virus, purification on self forming CsCI 

gradient 80 
Bromine 354 
Bronchoalveolar iavage (BAL) 311,332 
Buffered tryptose phosphate broth with gelatin 316 
Buffers 6 
Bunyaviridae 29 
Bunyaviruses 236 

Caesium chloride gradients 79-82 
in isolation and purification of viruses from tissue 

samples 80-1 
in purification of Brome mosaic virus on 80 
in purification of picornaviruses on 79-80 
in purification of subviral components 81-2 

Index 367 



Index 

Caesium chloride gradients cont. 
in purification of viruses for use in immunological assays 

81 
Calcium chloride method, competent bacteria for 217 
Calcium chloride precipitation method 226-7 
Calcium phosphate gel, adsorption and elution from 55-6 
Caliciviruses 19, 73, 83 
Capillary zone electrophoresis (CZE) 254 
Carbon-coated plastic films 93-5 
CD4+ T cells 154 
Cell counts 13-14 

purpose and choice of method 13 
Cell cultures 3-23 

antigen detection 320 
contamination 11-12 
cytopathologic effects (CPE) 18-21,319-20 
electron microscopy (EM) 99 
influenza virus 306 
need for subculturing 9 
primary virus isolation 27-30 
processing the organ 4-5 
propagation 5-8 
quality assurance 11-12 
removing the organ 4 
routine medium changes 9 

Cell lines 
continuous 5 
cross-contamination 11 
species of origin for 11 
transfection of 17 
transformation of 17 

Cell-mediated immunity 143-61 
Cell-mediated response 143-61 
Cell preservation 15-16 
Cell propagation 

by enzyme treatment 7 
by scraping 7 
subculture protocol 7-8 

Cell scraping 7 
Cell storage 15-16 
Cell surface markers 154 
Cell synchronization 9-10 
Cellular toxicity by viral autolysis 33-4 
Centrifugation. See Ultracentrifugation 
Centrifuge rotors 72 
Cerebrospinal fluid 311-13 

antibodies in 346-7 
electron microscopy (EM) 98-9 

Chandipura virus 236 
Chemically activated beads 58 
Chemiluminescent substrates 136-7 
Chemotherapy of viral diseases 293-308 
Chlamydia 315, 316 
Chlamydia trachomatis 313, 334, 336, 341 
Chlorine 354 
Chromatography 252-3 

partial purification/purification by 57-60 
summary of protocols 256 

Cloning 
basic methods 213-19 
ligation of insert to vector 213-15 
mini-preps to test for 217-19 
of blunt-ends 214 
of DNA fragments into M13 

vectors 220-1 
of mutated amplified product 244 

of PCR products 214-15 
of sticky-ends 214 
principle of 213 
production of competent bacteria 215-17 

CNS disease 311,313 
Colloidal gold enhancement of IEM techniques 100 
Colorimetric M-rr (tetrazolium salt) assay 293, 299-300, 

305, 306 
Competitive assay 124, 127-8 
Complement fixation (CF) test 110-13 

interpretation 113 
materials and reagents 110-11 
methods 111-12 
quality control 112-13 

Confirmatory testing of serum antibodies 348 
Contaminants 11-12 

antigens 88 
due to recombination 248 
fungi 11 

Continuous cell lines 5 
Coronaviruses 19, 30, 33, 54, 73, 83 
Coxsackievirus types A and B 19, 313, 318 
Cryopreservation procedure 15 
Culture media 6 
Cyanogen-bromide activated beads 58-9 
Cyanogen bromide digestion 272 
Cytokines 156-8 
Cytomegalovirus (CMV) 18, 113,305, 311-13, 315, 317, 

319, 340, 343-6 
Cytopathologic effects (CPE) 35 

cell cultures 319-20 
cell fusion, with plaques 19 
detection of viruses in cell cultures in absence of 33-4 
enlarged, round, glassy cells in small foci 19 
enlarged, round, refractile cells in clusters 18 
granular, degenerative, slowly-lytic 19 
in microcultures 20 
in new or specialized culture systems 20-1 
in organ cultures 20 
in shell vial cultures 20 
in standard cell cultures 18-19 
multinucleate giant cell 18 
shrunken cell degeneration 19 
syncytial 18-19 

Cytotoxic T lymphocyte (CTL) assays 149-51 
calculation of results 151 
generation and S lCr labeling of virus-infected target 

cells 151 
generation of virus-specific CTL 150-1 
selection and generation of target cells 149 

Cytotoxicity assay 304 

DEAE-dextran 170-1 
DEAE-dextran transfection 66 
Delayed-type hypersensitivity response (DTH) 147 
Density gradient centrifugation 72,255 
Dermal lesions 313 
Dideoxy-chain termination method 223 
Dideoxynucleotides (ddNTPs) 220 
Differential centrifugation 72 
Differential pelleting 72 
Directed mutagenesis 241-8 

cloned genetic material 241-4 
PCR protocols 242 

Disinfection 353-6 
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effectiveness of 353 
inactivation of commonly used agents 354 
inorganic chemical agents 353-4 
organic chemical agents 354 
physical agents 355 

DNA 
dot blotting 203-4 
high molecular weight 193-4 
high quality plasmid 218-19 
labeled RNA from 200 
low molecular weight viral 192-3 
quantitation of preparations 194 
SDA amplification 338-9 
single-stranded 220-3 

DNA analysis 195-7 
DNA bands, extraction from gels 196 
DNA cloning. See Cloning 
DNA extraction 

from mammalian cells 327 
from paraffin sections 327-8 
from viral particles 194 
viral 192-4 

DNA hybridization 323 
DNA mutagenesis, PCR protocol 243 
DNA polymerases 211,222, 333 
DNA probes 206, 323, 331 

end-labeling 199 
labeling 198-201 
separation from unincorporated bases 201 

DNA sequencing 220-5 
double-stranded templates 223 
preparation of gel 224-5 
reactions 222-3 
single-stranded templates 220-3 

DNA sizing 195-7 
DNA synthesis 278 
DNA transfection 245 

of mammalian cells 226-9 
poly-l-ornithine in 229 

DNA viruses 191-230, 232, 236, 277 
mutagenic agents suitable for use with 234 

DNA-dependent DNA polymerase 282 
DNA-DNA hybridization 202-210 
DNA-DNA hybrids 206 
DNA-RNA hybridization 202-210 
Dot blotting 203 
Dot/slot hybridization 330-1 
Drug therapy, evaluation 349 
Drugs, potential antiviral activities 293-308 

Edman degradation 271 
Electroblotting for protein sequencing 263 
Electroelution 196 
Electron microscopy (EM) 91-108 

airfuge centrifuge 97 
basic equipment 91-2 
biopsy specimens 99 
calibration 97 
cell culture 99 
immune 99-100 

colloidal gold enhancement 100 
labeling prior to embedding 102-3 
post-embedding labeling 103 
solid phase (SPIEM) 100 
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negative staining 93-100 
particle counting 97 
photographic techniques 104 
preparation of clinical specimens 98-9 
safety precautions 91 
scanning EM (SEM) 105 
thin section techniques 101-3 

fixation, dehydration and embedding 101-2 
sample preparation 101 
sectioning 102 
staining 102 

Electrophoresis 253-60 
Electroporation 169-70, 215, 227-8 
ELISA 156, 318 

for HIV-1 p24 297-8 
ELISPOT 156-8 
Elution 

of antigens from immunoaffinity columns 60 
see also Adsorption/elution techniques for partial 

purification 
Embryonated eggs, virus isolation in 30-2 
Endotoxin-free water 6 
Enteroviruses 19, 29, 33, 108, 311, 312, 315, 316 
Enzyme-antibody conjugation 134-5 
Enzyme immunoassay (EIA) 123 

enzymes 135 
quality control 140 
substrates 135 

Enzyme-labeled probe 264 
Enzyme treatment for cell propagation 7 
Enzymes 

in nucleic acid metabolism 278-84 
in nucleotide triphosphate biosynthesis 283-4 
in viral protein processing/modification 285-7 

Epithelial cells 9 
Epstein-Barr nuclear antigen (EBNA) 345 
Epstein-Barr virus (EBV) 20, 27, 150, 312, 343, 345, 346 
Epstein-Barr virus (EBV-B) 147, 149, 150 
Erythrocytes, adsorption and elution from 54-5 
Escherichia coil 67, 285 
Ethanol 354 
Eukaryotic cell lines 17 
Eukaryotic cells 277 
Eukaryotic gene expression 62-7 
Eukaryotic proteins 270 
Euploid cells 5 
Excreted protein fraction 53 
Extracellular matrix systems 21 
Extraction procedures for antigen fractionation 51-3 

excreted protein fraction 53 
high-salt extraction 53 
non-ionic detergent 52-3 
~-propiolactone (BPL) 51-2 

Faeces, electron microscopy (EM) 98 
Fibroblast cells 9 
Filoviridae 29 
Filters 355 
Filtration 255 
Filtration methods 85-7 

see also under specific methods 
Flaviviridae 29 
Fluorescent immunoassay (FIA) 123 
Fluorography 259-60 
5-fluorouracil-mutagenized virus 238 
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Foot-and-mouth disease virus 236 
Formaldehyde 355 
Formalin fixed S. aureus 61 
Formol saline inactivation 61 
Freeze-thawing methods 49, 196-7 
Freezing. See Cryopreservation 
Frozen cells, recovery 15-16 
Fungi, contaminants 11 

Gastroenteritis viruses 19, 29, 312 
Gastrointestinal viruses 312 
Gel chromatography. See Filtration methods 
Gel electrophoresis 253, 257-60 
Gel filtration (size exclusion) chromatography 252 
Gel permeation chromatography. See Filtration methods 
Gell filtration 85-7 
Glutathione S-transferase (GST) 67 

Haemagglutination (HA) assay 41-3, 306-7 
Halophilic compounds 353-4 
Hanks' balanced salt solution with gelatin 316 
Hantavirus 340 
Hantavirus Pulmonary Syndrome 29 
HBeAg 349 
Helper cell lines 244 
Hemadsorption tests 33 
Hemagglutination-inhibition (HI) test 114-16 

interpretation 116 
materials and reagents 114-15 
methods 115 
quality control 116 

Hen's eggs for detection of viruses 317 
Hepadna viruses 241 
Hepatitis B core antigen 82 
Hepatitis B surface (HBsAg) 346, 349 
Hepatitis B virus (HBV) 113, 343, 344, 348, 349 
Hepatitis C virus (HCV) 129, 340, 343, 344, 349 
Hepatitis delta virus antigen 82 
Herpes simplex virus (HSV) 62, 150, 240, 241,246, 283, 

293, 311,312, 316, 317, 319, 343 
antiviral assays 304-5 
DNA 313 
DNA-dependent DNA polymerase 282-3 
seryl/threonyl protein kinase 287 
techniques for preparation of pure particles 77-8 
thymidine kinase 284 
type 1 (HSV-1) 27, 87, 129-30, 196, 282, 287 
type 2 (HSV-2) 27, 129-30, 313 
virological screening of drug candidates against 303-5 

Herpesviridae 27 
Hexamine cobalt chloride method 216-17 
High performance SEC (HPSEC) 85 
High-salt extraction 53 
HIV protease 285-6 
Horseradish peroxidase (HRP) 133 
HPLC, polypeptides 273 
Human herpes virus types 6 (HHV-6) and 7 (HHV-7) 6, 194, 

206, 312 
Human immunodeficiency virus (HIV) 9, 20, 30, 125, 131, 

144, 154, 293, 312,340, 343, 344, 348, 349 
anti-HIV activity of candidate drugs 299-302 
initial screening of compounds with potential virucidal 

activity 301- 2 
RNA-dependent DNA polymerase 280-1 

virucidal test 301-2 
virucide cytotoxicity test 301 

Human immunodeficiency virus (HIV) p24 antigen 348 
Human immunodeficiency virus-1 (HIV-1)87, 129, 131, 

150 
antiviral activity of candidate drugs 294-8 

Human immunodeficiency virus-2 (HIV-2) 87 
Human papillomavirus (HPV) 241,313, 314 
Human papillomavirus type 6 (HPV-6) 209 
Human papillomavirus type 11 (HPV-11) 225 
Human papillomavirus type 16 (HPV-16) 195-6, 209 
Human parvovirus B19 30 
Human T lymphotropic virus (HTLV) 20, 30, 343, 344, 348 
Human T lymphotropic virus-1 (HTLV-1) 87, 129 
Hybridization 

in situ 207-10, 332-3 
methods 202-210 
nucleic acids 323 

Hydrophobic chromatography 253 
Hydroxylapatite chromatography 252 

IgA 136 
measurement of 344-5 

IgG 128-9, 136 
IgG-VCA 345 
IgM 128-9, 136 
IgM assays 138 
igM determination 344 
IgM measurement 131-2 
IgM-VCA 345 
Immune complex dot assay (ICDA) 125 
Immune electron microscopy (IEM) 99-100, 102-3 
Immune status, qualitative assessment 343 
Immunization, preparation of antigens for 61 
Immunoassays 123-6, 261-5 

liquid-phase (LPIA) 123 
solid-phase (SPIA) 123 

Immunoblotting 129-30 
band quantitation 264-5 
general method for 261-5 

immunodiffusion 120 
Immunodot assay (IDA) 125-6 
Immunoelectrosmophoresis (IEOP) 121 
Immunofluorescence 318 

in nasopharyngeal aspirates 319 
Immunoglobulin class assessment 344-5 
Immunological assays, purification of viruses for 81 
Immunophenotyping 154 
Immunoreaction 264 
Incorporation levels 200 
Infectious mononucleosis 345 
Infectivity assays 35 
Influenza A virus 29, 318 
Influenza B virus 19, 29 
Influenza C virus 29 
Influenza virus 18, 27, 42, 54, 98, 125, 238, 288, 293, 311, 

317 
cell culture 306 
screening of antiviral agents 306-7 
type 1 320 
virological screening of drug candidates against 303-5 

Inoculation 317-18 
animal 318 

Insect cells 5 
types in which baculoviruses can be propagated 63 
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Interferon 
anti-viral activity 156 
assay 157 

Ion exchange chromatography 252-3 
ionizing radiation 355 
Isoelectric focusing (IEF) 254 
Isopycnic centrifugation 72 

Keratoconjuctivitis 313 

Ligase chain reaction (LCR) 336 
Ligation, viruses reconstructed by 248 
Lipofectin 168-9 
Lipofection 228-9 
Liquor antisepticus 354, 355 
Luminescent immunodetection 264 
Luminol 136-7 
Lymphocyte cultures 8-9 
Lymphocyte populations, preparation of 144-6 
Lymphocyte proliferation assays 147-8 

calculation of results 148 
experimental 148 
sources of antigen 147-8 

Lymphocyte stimulation 157 
Lymphocytes, source of 144 
Lymphokine-activated killer cells (LAK cells) 152 

Measles 18, 27, 28, 33, 54, 312, 343 
Membrane hybridization 330-3 
Membranes 255 
Metabolic inhibitors 363-4 
Methanol 354 
Microcultures, cytopathologic effects (CPE)in 20 
Mini-preps 213 

for high quality plasmid DNA 218-19 
general-purpose 217-18 

Monoclonal antibody escape mutants 239-40 
Mononegavirales 232 
MTT (tetrazolium salt) assay 293, 299-300, 305, 306 
Mumps viruses 18, 19, 33, 54, 83, 317, 346 
Mutagenic agents in animal virology 233 
Mutants 231-49 

animal viruses 233 
classical genetic approaches 232-40 
cold-sensitive 238 
conditional lethal 236-9 
directed mutagenesis 241-8 
drug resistant 240 
monoclonal antibody escape 239-40 
non-temperature-dependent host range (hrCE) 238 
purification 248 
suppressor-sensitive (amber) mutants 239 
temperature-dependent host range (tdCE) 238 
temperature-sensitive 236-7 
validation 248 
with specific phenotypes 239-40 

Mutation 232 
mapping location of 178-81 

Mutation rate, direct measurement 233-5 
Mycoplasmas, detection of 11 
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N. gonorrhoeae 334, 336 
Nasopharyngeal aspirates, immunofluorescence in 319 
Nasopharyngeal carcinoma (NPC) 345 
Nasopharynx, specimens 311 
Native electrophoresis 254 
Natural killer (NK) cell assay 152 
Negative staining 93-100 

agar technique for 96 
one step method 95-6 
preparative techniques 97-8 
pseudo-replica technique 96 
two step method 96 

Negative viscosity gradients. See Positive density/ 
negative viscosity gradients 

Neutralization index (NI) 108 
Neutralization reaction 109 
Neutralization tests 108-9 

assay 109 
controls 109 
interpretation 109 
materials and reagents 108-9 
methods 108 
quality control 109 

Newcastle disease virus 240 
Nick translation 198, 328-9 
Non-ionic detergent extraction 52-3 
Non-SDS electrophoresis 88 
Northern blot hybridization 206-7 
Northern blotting 203, 332 
Norwalk virus 98 
Nucleic acids 

amplification 333-9 
extraction 327-8 
hybridization 323 
metabolism, enzymes in 278-84 
sequence-based amplification (NASBA) 337-8 
standard tests for 34 

Nucleotide triphosphate biosynthesis 283-4 

Ocular specimens 313 
Organ cultures, cytopathologic effects (CPE)in 20 
Orthomyxoviridae 29 
Orthomyxoviruses 288 
Ozone 354 

Papovaviridae 28 
Papovaviruses 28 

JC and BK 340 
Parainfluenza viruses 18, 19, 54, 73, 83, 98, 311 
Paramyxoviridae 28-9 
Paramyxoviruses 288 
Partial purification/purification 

by adsorption/elution techniques 54-6 
by chromatographic procedures 57-60 

Particle agglutination tests 
interpretation 117-18 
materials and methods 117 
quality control 117 

Particle counting 43-4, 97 
Parvovirus 241,245 
Parvovirus B19 132, 340 
PBS 

controls 138-9 
in antigen preparation 50 
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PEG precipitation 
advantages over other concentration methods 73 
protocol and follow-up 73-4 

Peripheral blood lymphocytes (PBL) 
cell preservation 146 
isolation of 144 
preparation of subsets 144-5 

Peripheral blood lymphocytes (PBL) subsets 
cell depletion using antibody and complement 145 
cell depletion using immunomagnetic beads 145 

Peripheral blood mononuclear cells (PBMC) 332 
PHLOP products 185 
Photography in electron microscopy (EM) 104 
Phytohemagglutinin (PHA) 149 

generation of blasts 150 
Picornaviridae 29 
Picornaviruses 26, 73, 241,245 

purification on preformed CsCI gradient 79-80 
purification process 77 

Plaque assay 38 
monolayer assay procedure 38-9 
suspension assay method 39-40 

Plasmid preparation 63-4 
Plasmid reconstruction 244 
Pock assays 40-1 
Poliovirus 19 

RNA-dependent RNA polymerase 281-2 
type 1 232 

Polyacrylamide gels 224-5 
Polyethylene glycol-6000. See PEG 
Polylinker 213 
Polymerase chain reaction (PCR) 182-7, 211-12, 313, 333 

conventional 333 
directed mutagenesis 242 
in situ 335-6 
multiplex 334-5 
pitfalls 341 
primers 242-3 

Polyoma 19, 241 
Polyomaviruses 245 
Polypeptides 251-72 

amino acid analysis 273 
amino acid sequencing 271-3 
bound to membranes 273 
digestion 272-3 
digestion on PVDF membranes 273 
digestion with cyanogen bromide 272 
HPLC purification 273 

Polyvinylidene difluoride (PVDF) membrane 271,273 
Positive density/negative viscosity gradients 

protocol and interpretation 83-4 
rationale 83 

Poxviridae 28 
Poxviruses 28, 62, 241,246, 317 

expression systems 65 
Precipitation 255 
Prelabeled cells 88 
Primary cells 4 
Probe labeling 328-30 
Prokaryotic gene expression 67-8 
Prokaryotic plasmids 270 
~-propiolactone (BPL) extraction 51-2 
Protein A 136 
Protein A bead-antibody column 58 
Protein expression, analysis of 64-5 
Protein G 136 

Protein kinases 286 
Protein sequencing, electroblotting for 263 
Protein/particle ratios 88 
Proteins 

bacterial 136 
detection of 66 
eukaryotic 270 
immunoblotting 261 
see also Viral proteins 

Pseudo-rabies virus 236, 287 
Pulse-chase analysis 267 
Pulse-chase radiolabeling 269 
Pulse labeling 269 
Purity criteria 88 
Pyrogen-free water 6 

Quality assurance 11-12 

Radioactive isotopes 137 
Radioactively labeled polypeptide profiles 88 
Radioimmunoassay (RIA) 123, 137 
Radioimmunoprecipitation (RIPA) 131,255, 261 

general procedure for 265-6 
Radiolabeled probe 264 
Radiolabeling 

isotopes used for 268 
viral proteins 267-9 

Radiolabels, commonly used 268 
Random primer labeling 198-9 
Random priming 329 
Rate-zonal centrifugation 72, 76, 77 
Recombinant immunoblot assays (RIBA) 129 
Recombinant virus, production of 64 
Recombinants, analysis of 221 
Recombination 232 

contaminants due to 248 
rescue by 246-7 
viruses reconstructed by 248 

Rectal swabs 311-12 
Red blood cells (RBCs) 41-3 
Reoviridae 28 
Reoviruses 312 

RNA-dependent RNA polymerase 278-9 
Rescue by recombination 246-7 
Rescue from mutated cloned genetic material 244-7 
Respiratory secretions, electron microscopy (EM) 98 
Respiratory syncytial virus (RSV) 18, 26, 29, 33, 73, 83, 98, 

125, 236, 311,315-18, 319 
Restriction endonuclease analysis 195-6 
Retroviruses 20, 29, 241,245 

mutagenic agents suitable for use with 234 
Reverse genetics 233 
Reverse transcriptase (RT) 182-7, 280-1 
Reverse transcriptase-PCR (RT-PCR) 333-4 

competitive 185 
quantitative 182-7 
semi-quantitative 183-4 

Rhabdoviridae 29 
Rhabdoviruses 29, 73, 83 
Rhinoviruses 19, 29, 311 
RNA 

cytoplasmic 172-3 
distinguishing related transcripts 177-8 
dot blotting 204 
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RNA cont. 
extracting RNA from cells 172-4 
nucleic acid sequence-based amplification (NASBA) 

337-8 
quantitative determination of absolute amounts 185-7 
quantitative determination of relative amounts 184-5 
whole-cell 173-4 

RNA capping activities, 5' 283 
RNA-dependent RNA polymerases 278-82 
RNA detection 172-87 
RNA extraction 328 
RNA filters 206 
RNA genomes 232, 241 
RNA modifying activities 283 
RNA polymerase 277 
RNA polymerase transcription 200 
RNA probes 200, 206, 207 

transcription of 174-6 
RNA quantitation 172-87 
RNA synthesis 278 
RNA transcription 

in vitro 165-7 
visualization and quantitation 167-8 

RNA transfection 
by electroporation 169-70 
into mammalian cells 165-89 
methods 168-71 
with DEAE-dextran 170-1 
with lipofectin 168-9 

RNA viruses 232, 233, 236, 277 
mutagenic agents suitable for use with 234 

RNA-DNA hybrids 206 
RNA-RNA hybridization 202-210 
RNA-RNA hybrids 206 
RNase protection 176-81 

mapping location of mutations 178-81 
quantitative 176-7 
two-cycle 181-2 

Rotavirus 19, 124, 125, 319 
Rous sarcoma virus 286-7 
Rubella virus 27, 33, 73, 99, 113, 116, 118, 119, 312,313, 

343 

Safety practices 357-62 
Saliva, antibodies in 347 
Salt precipitation 255 
Sandwich assay 125 
Sanger Dideoxy-chain termination method 220 
Scanning EM (SEM) 105 
Screening tests 344 
SDS-PAGE 88, 253-4, 257-61 
Sephacryl S-400HR 87 
Sepharose 4B 86 
Sepharose CL 85 
Serological assessment of antibodies 349 
Serological diagnosis 343-51 
Serological tests 107-22 
Serum 

electron microscopy (EM) 98-9 
in agar, in immune electron microscopy (IEM) 100 
viral antigens in 348 

Serum antibodies, confirmatory testing of 348 
Seryl/threonyl protein kinase 287 
Shell vial cultures, cytopathologic effects (CPE) in 20 
Shell vials 317 
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Sin Nombre virus 29 
Single radial hemolysis (SRH) 119 
Size exclusion liquid chromatography (SEC) 85-7 
SMAA complex, preparation of 61 
Solid-phase immunoassay (SPIA) 

antigen detection 124-6 
enhancement of signals 136-7 
measuring responses in 137--8 

Solid phase IEM (SPIEM) 100 
Solid phases 132-3 
Solid tissue specimens 313 
Solvent precipitation 255 
Sonication 49-50 
Southern blot hybridization 204-6 
Southern blotting 202-3, 331-2 
Species of origin for cell lines 11 
Specimens. See Viral antigens; Viruses 
Spodoptera frugiperda 5, 63 
Sputum specimens 311 
Staphylococcus aureus 61, 136 
Sterile body fluids 312-13 
Sterilization 7 
Stock cell culture seeding 14 
Stool specimens 311-12 
Strand displacement amplification (SDA) 338-9 
Streptomyces avidinii 136 
Subviral components, CsCI gradients for production of 81-2 
Sucrose gradients 75-8 

apparatus for harvesting 76 
'dense end first' method 75-6 

Support films 93 
Suspension cells, maintenance 9 
Suspension cultures 20 

subculture protocol 8 
usefulness 8 

T cell cloning 155 
TCIDso 36-8 

Reed-Muench method 37 
Spearman K~rber method 37 

Terminal labeling 
3' 330 
5' 329 

Tetrazolium salt M'IF assay 293, 299-300, 305, 306 
TH1 and TH2 helper subsets 155 
Therapeutic index (TI) 307 
Throat, specimens 311 
Thymidine kinase 284 
Togaviridae 29 
Togaviruses 318 
Transcription/translation systems, in vitro 66-7 
Transfection of cell lines 17 
Transformation of cell lines 17 
Trichoplusia ni 63 
tRNA 239 
Trypan blue vital stain procedure 13-14 
Trypsin in antigen preparation 50 
Tween-80/ether extraction 51 
Two-dimensional electrophoresis (2-D PAGE) 254 
Tyrosine kinases, virus-specific 286 

Ultracentrifugation 255 
principles of 72 
types of separations 72 
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Ultrafiltration centrifugation 87 
Ultraviolet radiation 355 
Urine 

electron microscopy (EM) 98-9 
specimens 312 

Vaccinia virus 28, 65, 240, 278, 283 
DNA-dependent RNA polymerase 280 
Poly A polymerase activity 283 

Varicella-zoster virus (VZV) 10, 27, 194, 303, 312, 313, 316, 
318, 343 

Veal infusion broth with gelatin 316 
Vesicular lesions, electron microscopy (EM) 98 
Vesicular stomatitis virus (VSV) 232, 233, 236, 238-40, 278 

RNA-dependent RNA polymerase 279 
Viability determination 14 
Viral antigens 

detection 309-22 
direct detection 318 
in serum 348 
specimen collection 310-14 
specimen examination 319-20 
specimen processing 317-20 
specimen selection 310 
specimen storage 316 
specimen transport 315-16 
standard tests for 34 
timing of specimen collection 310 
types of specimens 311-14 

Viral autolysis, cellular toxicity by 33-4 
Viral capsid antigen (VCA) 345 
Viral diagnosis 309 
Viral diseases, chemotherapy of 293-308 
Viral enzymes 

assay 277-89 
miscellaneous 288 

Viral interference tests 33 
Viral nucleic acids 323 

specimens 324 
Viral p24 core antigen levels 296 
Viral polymerases in infected cells 281-3 
Viral proteins 

characterization 251-76 

enzymes in processing/modification 285-7 
expression in heterologous systems 270 
purification 252-76 
radiolabeling of 267-9 

Viral syncytium assay 295 
Virion-associated polymerases 278-81 
Virucidal agents 353 
Virus detection 11,309-22 
Virus detection in cell cultures in absence of 

cytopathologic effects (CPE) 33-4 
Virus dilution 35-6 
Virus isolation 25-32 

in embryonated eggs 30-2 
media composition and incubation temperature 27 
specimen collection 26 
specimen processing 26 

Virus mutants. See Mutants 
Virus purification 71-89 

purity criteria 88 
see also under specific methods 

Virus quantitation 35-44 
Virus stability 315 
Virus titers 35-6 
Viruses 

specimen collection 310-14 
specimen examination 319-20 
specimen processing 317-20 
specimen selection 310 
specimen storage 316 
specimen transport 315-16 
taxonomy 365-6 
timing of specimen collection 310 
types of specimens 311-14 

v-src tyrosine kinase 286-7 

Water 
endotoxin-free 6 
pyrogen-free 6 

Western blotting 129-30, 261-5 

Yeasts, contaminants 11 
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