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Preface

Tanto sa Ciascuno Quanto Opera*
St. Francis

Virology is a scientific discipline which operates far beyond the narrow
confinement of its goals. Hence, descriptions of methods used to study
viruses are scattered throughout articles dealing with all imaginable
branches of the life sciences. The search for a particular technique may
occupy as much of the scientist’s time as the completion of experiments
based on that technique.

It was to correct this unfortunate situation that the idea of “Methods
in Virology” was first conceived. The editors felt that, in view of the
steadily increasing interest in the field of virology, publication of a com-
prehensive and authoritative treatise on methods used in the study of
human, animal, plant, insect, and bacterial viruses would be welcomed
by their colleagues. This work will enable virologists, graduate students,
and prospective students of virology to appreciate the diversity and
scope of the methods currently being used to study viruses, and, most
important, to evaluate the advantages, limitations, and pitfalls of these
methods.

The contributors were chosen on the basis of their outstanding knowl-
edge of a given method, either as creators of new techniques, or as recog-
nized authorities in their specialized fields. Other than clarity of expression
and limitations on the length of presentations, no restrictions were im-
posed on the contributors. For example, the form of presentation of each
chapter was the prerogative of its author. Some chapters follow the time-
proven outline of recipes found in cookbooks, others are written in a
highly original-——even controversial—and sophisticated style.

It was the editors’ intent to provide readers interested in one particular
technique with a self-contained chapter describing this technique. As a
result of this decision, it was sometimes impossible to avoid overlap of
information in some chapters. The editors felt that completeness of de-
scription warranted this occastonal duplication.

The first four volumes of “Methods in Virology” will be published in
rapid succession. As new methods of study of viruses develop, their de-
seriptions will be included in future volumes.

* Everybody knows as much as he works.
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The editors wish to take this opportunity to thank their Board of
Advisors—F. C. Bawden, Sven Gard, George K. Hirst, S. E. Luria,
André Lwoff, Roy Markham, K. F. Meyer, George E. Palade, C. Vago,
and Robley C. Williams—for invaluable assistance provided in the prepa-
ration of this work. They are confident that these efforts were not made
in vain, since they will provide virologists everywhere with new and
valuable tools to facilitate their quests for new discoveries.

October, 1967 KARL MARAMOROSCH
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I. Introduction

Methods for the study of virus proteins obviously do not differ in
principle from those of general protein chemistry. The term “virus
protein” usually refers to the coat protein, although other virus-specific
protein products are also becoming of greater interest to researchers.
One feature characteristic of virus proteins, yet not only of them, is
that they are frequently available only in small amounts. Another
feature peculiar to and characteristic of the coat proteins is their great
tendency to aggregate to oligomers, polymers, and finally the typical
virus particles. Thus protein methodology will here be discussed with
particular attention to micromethods on the one hand and to proteins
that tend to associate to high molecular weight complexes on the other.

The fact that this chapter is addressed not only to virologists, and

1



2 H. FRAENKEL-CONRAT AND R. R. RUECKERT

that it resembles other chapters dealing with the methods of protein
characterization, is not without a purpose. This field moves so rapidly
that many of the methods here described will not yet have been
critically evaluated, nor included in preceding volumes concerned with
protein methodology.

The isolation of virus proteins usually requires steps that break
secondary bonds and thus dissociate the virus particles and allow the
separation of protein and nucleic acid. As a consequence, virus pro-
teins are generally denatured and tend to be insoluble, although this
process may be more or less completely reversible in individual cases.
The method of isolation thus affects the suitability of virus proteins
for specific tests or reactions. It will therefore frequently be referred
to in subsequent discussions.

II. Chemical Methods for Characterization of Virus Proteins
A. AMiNO Acip ANALYSIS

1. Automatic Analysis

With the advent of methods for automated amino acid analysis, this
technique has become a primary tool in the course of purification, as
well as in the structural analysis, of peptides and proteins. A complete
analysis can now be obtained in 6.5 hours or less (Hamilton, 1963;
Benson and Patterson, 1965). By use of either a larger flow cell
giving a longer light path or by electronic amplification of the detector
signal, as little as 0.01-0.04 pM amino acid can be analyzed with
2-5% accuracy.

Samples are prepared for analysis as follows. Amounts of 0.05-0.5
pmole of peptide or protein (0.2-5 mg) (for many purposes the amount
need only be approximately known) are placed into Pyrex test tubes
(125 X 15 mm), and water is removed by freeze-drying in a desic-
cator containing NaOH flakes and concentrated HzSO4. One milliliter
of glass-redistilled constant-boiling HCI is then added, and the tubes
are constricted, the contents frozen in Dry Ice, and the tubes con-
nected to a high-vacuum pump, evacuated, and then sealed at the
constriction. The tubes are then immersed in an oil bath of 108°C in
a constant-temperature oven. It is generally advisable to hydrolyze
two samples for two time periods, e.g., 24 and 72 hours. The tubes are
then opened and quickly evaporated to dryness, preferably by at-
taching them to a rotatory evaporator in a water bath of about
40°-60°C. The residue is taken up in the acid citrate buffer used for
the analyzer and applied in toto or as a suitable aliquot to contain
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the number of micromoles optimal for the particular analyzer setup
used. The content in serine and to a lesser extent threonine and
occasionally of other amino acids decreases with progressive hydrolysis
time, and the actual amount can be ascertained by extrapolating back
to zero time of hydrolysis. On the other hand, the isoleucine, and to
a lesser extent the leucine and valine contents, usually increase from
24 to 72 hours of hydrolysis, and the highest value observed approaches
the correct one, since peptide bonds between these residues are often
quite resistant to hydrolysis. The basic amino acids are usually ana-
lyzed on a separate aliquot applied to a short column that is eluted
with a higher pH gradient, but elution schedules that permit analysis
of all amino acids on one sample have been proposed (Piez and
Morris, 1960).

To obtain reliable data for proteins containing 100 or more amino
acid residues requires that the analyzer be in the best possible working
order and standardized with known protein hydrolysates or amino
acid mixtures. The average of two or three analyses of each hydroly-
sate then permits calculation of the composition of such a protein in
terms of residues per mole with reasonable assurance. This is usually
done in terms of molar ratios, by means of an integer value for a stable
amino acid that is not very abundant (e.g., six glycine residues in
TMYV protein).

2. Ninhydrin Reaction for Amino Groups (Moore and Stein, 1954)

Occasionally amino groups of amino acids or proteins are to be
determined manually in individual tubes. This is conveniently done as
follows: Reagents: 4 N sodium acetate at pH 5.5. To 544 gm of NaQOAc-
3H,0 dissolved in 400 ml of hot H,O are added after cooling 100 ml of
glacial acetic acid and water to 1000 ml. Ninhydrin reagent: 20 gm of
ninhydrin and 3 gm of hydrindantin are dissolved in 750 ml of methyl
cellosolve. Then 250 ml of 4 N pH 5.5 acetate is added, and the mixture
is transferred to a dark bottle and held under nitrogen. Procedure:
To a 1-m] sample, 1 ml of ninhydrin reagent is added. The capped tubes
are briefly shaken and then heated for 15 minutes at 100°C. They
are then diluted to 10 ml with 50 : 50 ethanol-water, cooled, shaken
for 30 seconds, and the blue color read on a spectrophotometer at
570 mp (440 mp for proline and hydroxyproline). For more details
the reader is referred to the original papers.

3. Specific Analyses

Tryptophan largely decomposes during acid hydrolysis and must
be separately determined. This is usually done by colorimetric or
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spectrophotometric methods. The simplest method is to determine the
absorbance of the protein or peptide dissolved in 0.1 N NaOH at
2944 mp and 280.0 mpu. The molar ratio of tyrosine and tryptophan
can be derived from these data as follows:

mM (Tyr) = 0.592 X Ages — 0.263 X Assoo
mM (Try) = 0.263 X Aago — 0.170 X Asgsa

With the tryosine content of the protein established by the analyzer,
tryptophan is thus also defined.

Cysteine, together with cystine, can be determined on the analyzer
as cysteic acid if the protein is subjected to oxidation by performic
acid prior to hydrolysis (Moore, 1963) (Section 1I,C,2,a). Alternatively,
cysteine can be titrated in 4 M guanidine halide, 5% sodium carbonate,
and 0.35% EDTA, with 0.001 M N-ethylmaleimide and nitroprusside
as indicator (Fraenkel-Conrat, 1957); and cystine can be determined
as such on the analyzer.

4, Other General Methods

If an amino acid analyzer is not available, amino acid analysis can
conveniently be performed by dinitrophenylating the residue after
evaporating the acid off the protein hydrolyzate in the usual manner.
The mixture of amino acids (0.2-0.5 pmole of a small protein) is
treated with fluorodinitrobenzene (FDNB) and sodium bicarbonate,
and the dinitrophenyl (DNP) amino acids are determined after chro-
matographiec separation, as described below, when the use of FDNB
as an end-group reagent is discussed.

The use of 1-dimethylaminonaphthalene-5-sulfonyl chloride (dansyl
chloride) has been advocated in similar manner (Boulton and Bush,
1964). This is an extremely sensitive micromethod, since dansyl amino
acids can be visually detected by their fluorescence at the level of
10—3 to 10—* pmoles, well below the amounts required for the standard
analyzer or DNP methods. However, it must be noted that there is a
distinct difference in this case, as with all ultrasensitive micromethods,
between the theoretical and practical limits of such methods. When
working with extremely small amounts of material, contaminants in
the chromatographic paper, solvents, etc., introduce proportionately
greater errors. Also the light sensitivity and other causes for instability
or adsorbability of the reaction products create proportionately greater
analytical problems. It appears advisable to operate whenever possible
at the level of 0.1-1 umole rather than to rely by choice on ultra-
sensitive methods. This, in the long run, saves time and effort.
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5. Applications of Amino Acid Analysis

The determination of the complete amino acid composition of the
protein is a useful parameter for the characterization of viruses and
their strains. Thus four groups of TMV strains are known that are
characterized by their content of 3, 2, 1, and 0 methionine and 7, 6, 5,
and 4 tyrosine residues, the first also containing one histidine residue
(Tsugita, 1962). Furthermore, in the course of studies of the fine
structure of viral proteins, amino acid analysis is frequently resorted
to for the purpose of determining the composition of peptides or
analyzing for the presence of free amino acids. These objectives are
achieved in exactly the same manner as the analysis of whole proteins,
except that lesser accuracy is sufficient for these purposes. Obviously
no hydrolysis is required if free amino acids are being determined,
as is the case after exopeptidase action or hydrazinolysis.

B. Enp-GroUuP ANALYSIS
1. N-Terminal Groups

The N-terminal groups of the peptide chains of most virus proteins
have been found to be acylated and thus not to be able to react
with the reagents for free terminal «-amino groups. Nevertheless, a
search for such groups is the logical first step, since this is com-
paratively easy and economical of material. Only if this search is
unsuccessful is it advisable to analyze the protein for the presence
of acylated end groups (Section 1I,B,2).

a. Dinitrophenylation. To the aqueous protein solution are added
NaHCO; to 10% and 2 volumes of a 2.5% (v/v) solution of FDNB
in ethanol, and the mixture is shaken at room temperature for 2 hours
(Sanger, 1945, 1949). Insoluble proteins may be solubilized by addition
of 8 M urea or 45 M guanidine hydrochloride. This also tends to
abolish conformational masking of terminal and other groups. The
proteins usually precipitate in the course of the reaction. They can
in this case be centrifuged off, washed twice each with alcohol and
ether, air-dried, and hydrolyzed with 6 N HCI, all in the same tube.
It is advisable, however, to monitor the quantitative aspects of the
precipitation either by weighing the dry DNP protein (which should
be at least 100% and usually about 120% of the original weight) or
by thoroughly dialyzing the supernatant and verifying its intrinsic
freedom from protein by the absence of a precipitate, or material
giving the Folin-Lowry test (see Section IV,B,1), or showing an ultra-
violet absorption peak at 270-280 mp.
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Acid hydrolysis is performed as described in Section IL,A, but for
shorter time periods (e.g., 4 and 12 hours). The bulk of the acid
is then distilled off by flash evaporation, and the still acidic residue
is taken up in water. It is then twice extracted with ether and the
ether back-washed with a little water. The DNP derivatives of all
free N-terminal amino acids are found in the ether extract except
for two groups: o-DNP arginine, mono-DNP cystine, and «-DNP
histidine, as well as di-DNP histidine, are not ether soluble, but can be
detected in the aqueous phase; DNP tryptophan, DNP glycine, and
DNP proline are to a varying extent unstable during acid hydrolysis.
If the presence of one of the latter is suspected, then quite short
hydrolysis times or the use of 12 N acid at 37°C may prove advanta-
geous, and other methods of N-terminal analysis may be selected
(e.g., the phenyl isothiocyanate reaction or the enzyme leucine amino-
peptidase).

Procedure of DNP-amino acid analysis. The identification and quan-
titation of the DNP amino acids is usually performed by two-dimen-
sional paper chromatography (Levy, 1954; Fraenkel-Conrat et al.,
1955). The separation of the ether-soluble amino acids is done on
17 X 22,5 inch Whatman 1 papers folded into cylinders which stand
in the first solvent (30 ml of toluene, 9 ml of pyridine, 18 ml of 2-chloro-
ethano] gently mixed with 18 ml of 0.8 N ammonia, upper phase, with a
beaker containing 0.8 N ammonia in the center; alternatively, n-
butanol saturated with ammonia). For the second dimension, 1.5 N pH
6 phosphate (138 gm of NaHPO,-H,0 4 71 gm of Na,HPO, per liter)
is used in descending fashion. The chromatography is performed in
the dark.

The water-soluble DNP compounds in the aqueous phase are usually
resolved one-dimensionally. Whatman 4 paper is sprayed with pH 6
phthalate (50 ml of 0.1 M KH phthalate J- 45.5 ml of 0.1 N NaOH and
4.5 ml of water) and allowed to dry. The chromatogram is developed
with tertiary amyl alcohol, saturated with buffer (Blackburn and
Lowther, 1951). A two-dimensional system which is very useful for
the detection and resolution of unsubstituted amino acids also permits
separation of these more polar DNP amino acids (Levy and Chung,
1953).

The location of a yellow spot in relation to dinitrophenol, which
is generally present, allows a preliminary identification or at least a
limited choice. All yellow spots are then cut out, eluted with 1.5 ml
of 2% NaHCO; at 50°C for 30 minutes, and their spectrum plotted.
The absorbance maximum for most DNP amino acids is at 360 mp,
for DNP proline at 390 mg, and for di-DNP lysine at 365 mu. The
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solutions are subsequently acidified. Dinitrophenol is decolorized by
acid. The yellow color of the other spots is again extracted into
ether and the residue of the ether chromatographed one-dimensionally
with markers of all suspected DNP amino acids in the same or other
solvents. It should in this manner be possible to identify the terminal
amino acid definitively.

Thin-layer chromatography has also proved a powerful tool for the
separation and identification of DNP amino acids. The techniques
of thin-layer chromatography are described in Section IV,B4. For the
purpose of separation of ether-soluble DNP amino acids, silica gel G
plates are developed with the toluene-pyridine—chloroethanol solvent
(above) in the first dimension (upper phase after pretreatment of
layer by lower phase) and by either chloroform—benzyl alcohol-acetic
acid or chloroform—tert-amyl alcohol-acetic acid (both 70:30:3) in
the second dimension (Randerath, 1963). The aqueous phase contain-
ing DNP amino acids is developed with n-propanol, 34% NH; (7 : 3,
v/v), after removing any excess acid by heating the plate for 10
minutes at 60°C in a strong air draft. It would seem that the thin-
layer techniques would yield quantitative data at least as accurate
as those obtained by paper chromatography with less material.

b. Dansylation. The use of 1-dimethylaminonaphthalene-5-sulfonyl
(dansyl) chloride for amino acid analysis was mentioned earlier. Be-
sides greater sensitivity, this reagent has an additional advantage over
dinitrophenylation, in that the dansyl amino acids are more stable to
acid hydrolysis. Thus this method should be suitable for end-group
analysis, as well as, in conjunction with the phenyl isothiocyanate
method, for sequence analysis of peptides or proteins (Gray and
Hartley, 1963).

For end-group analysis, 10—2 pmoles of peptide is treated in 15 pl of
0.1 M NaHCOj3 with 15 pl of a 0.1% solution of dansyl chloride in
acetone (Gray and Hartley, 1963). After 3 hours at room temperature
the sample is dried in vacuo, treated with 20 ul of redistilled 6 N HCI
at 105°C for 6-12 hours, again dried in vacuo, and the residue sub-
jected to electrophoresis on Whatman 3 MM paper in 0.8% acetic
acid-0.4% pyridine (pH 4.4) at 80 volts per centimeter for 3 hours
with dansylamino acid markers. Only serine, proline, and alanine are
not resolved, but these can be separated by electrophoresis at pH
12.7 (0.1 M NazPO4, 0.1 M NaOH) for 2 hours at 30 volts per
centimeter.

Alternatively, a series of chromatographie solvents can be used. The
aliphatic amino acids and phenylalanine are separated on Whatman
4 paper by a mixture of hexane, acetic acid, and water (1:0.9:0.1,
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v/v), the hydrophilic amino acids in benzene, diisopropyl ether, acetic
acid, and water (1:1:1:1, v/v), and the basic amino acids in diiso-
propyl ether, ethyl methyl ketone, acetic acid, and water (8:2:5:5,
v/v) or hexane, toluene, acetic acid, and water (5:5:8:5:1.5, v/v).

2. Acylated N-Terminal Groups

Degradation of a terminally acylated protein by chymotrypsin,
which splits with some preference next to aromatic residues and
leucine, may yield an acylated peptide lacking any basic group if the
first chymotrypsin-susceptible site precedes the first basic amino acid.
Alternatively, an enzyme of broad specificity, e.g., pepsin or subtilisin,
may be employed. Any terminal oligopeptide of the type acetyl-ABC
in which A, B, and C are not arginine, lysine, or histidine differs from
all other fragments in the digest by its lack of a basic function.
This property is made use of in the isolation and identification of
acylated termini (Narita, 1958).

Digestion with chymotrypsin or subtilisin can be carried out in a
pH stat (pH 8) at room temperature for about 16 hours. Alterna-
tively, fresh 0.05 M ammonium bicarbonate is used as buffer and
removed by lyophilization. Digestion by pepsin is done at pH 1.5
(adjusted with HCl) for 3 hours at 37°C. The substrate—enzyme ratio
is usually 10 or 20. The digest is then applied to a Dowex 50 X 2
column (hydrogen form, ie., 1 N HCl-washed, then water-washed,
50-100 mesh, 2 X 20 e¢m). The column is eluted with 200 ml of water,
and 5-ml fractions are collected. These are tested for acylpeptides by
analyzing 0.3-ml aliquots of alternate tubes by means of the ninhydrin
reaction with and without prior alkaline hydrolysis (Hirs et al., 1956).
To this end 1 ml of 2.5 N NaOH is added, and the 18 X 150 mm tubes
are heated unstoppered for 2.5 hours in an open water bath at
90°C. To the residue (0.1-0.2 ml) is added 1 ml of 30% acetic acid, and
these tubes are then analyzed with ninhydrin (see Section II1,A,2).

Acidic peptides are present in those tubes which give a ninhydrin
test only after hydrolysis, and these are pooled. If the component
amino acids (A, B, and C) contain tyrosine or tryptophan, their
ultraviolet absorbance can be utilized as a means of detection in lieu
of the hydrolyzed ninhydrin value. If acidic peptides are present,
an aliquot of the pool may be subjected to amino acid analysis to
ascertain whether a simple and stoichiometric amino acid composition
suggests the presence of a single acyl peptide. However, in view of the
nonspecificity of the enzymes used, this is an unlikely event. Usually
one is faced with a mixture of several acyl peptides (such as acyl-A,
acyl-AB, and acyl-ABC). Further, peptides with N-terminal glutamine
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tend to cyclize to a pyrrolidone carboxyl group and thus yield a
peptide lacking a terminal NH, group, thus appearing in the fraction
containing acyl peptides.

The nature of the acyl residue is best established at this stage by
subjecting the mixture to hydrazinolysis (see Section II,B,3). The acyl
hydrazide can be identified by paper chromatography of the hydrazides
in pyridine—aniline-water, 9 : 1 : 4, or collidine~picoline—water, using a
spray of 0.1 N AgNOs;—5 N NH,OH-ethanol (1:1:2) for detection
of the hydrazides (Narita, 1958; Narita and Ishii, 1962; Yaoi et al,
1964).

The best method for the separation of various acyl peptides is by
means of a Dowex 1-X2 column (chloride form, 2.3 X 30 em) washed
with water and then eluted with increasing concentrations of HCl (up
to 0.03 N). Paper chromatography (butanol-acetic acid—water, 4:1:1)
can also be used. The acylated peptides are detected by ninhydrin
only after alkaline hydrolysis and may not give a strong Folin-Lowry
test (see Section IV,B,1) unless they contain aromatic residues, in which
case direct ultraviolet spectrophotometry suffices to reveal their
presence. On paper they are detected by the chlorine (or butyl hypo-
chlorite) iodide—starch reaction (Rydon and Smith, 1952; Mazur et al.,
1962).

3. Carboxy-Terminal Groups

Hydrazinolysis is the most reliable chemical method to ascertain
the C-terminal amino acid. When peptides or proteins are heated for
several hours in hydrazine, all internal amino acid residues form hy-
drazides, and the C-terminal is the only free amino acid present (Aka-
bori et al., 1952, 1956) in the reaction mixture and can be identified and
determined most conveniently by means of the amino acid analyzer.

Procedure: About 10 mg (0.1-1 umole) of protein is dried in a test
tube. To this is added 0.2 ml of hydrazine (95% ) and the tube is
sealed in vacuo. It is then heated for 24 hours at 80°C. The hydrazine
is subsequently removed by holding the opened tube in wvacuo (at
first water-pump and after a few hours oil-pump vacuum). The residue
may be taken up directly in pH 2.2 citrate buffer and applied to the
analyzer, although the great quantity of hydrazides that must be ap-
plied to determine the end group of a protein chain (>100:1) is
difficult to wash off the column, and preliminary separation of the
free amino acids on a short Amberlite IRC-50 (Ht form) column
may be advisable. Water elutes the neutral and acidic amino acids
and 0.1 M ammonium acetate the basic ones.

Most amino acids can be detected and determined by the standard
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procedure. Special problems are presented by C-terminal arginine,
asparagine, glutamine, and cyst(e)ine, which undergo decomposition.
Cystine is recovered, though in poor yield, and usually it is accom-
panied by an appreciable amount of a ninhydrin-positive decomposi-
tion product. Arginine is to over 50% transformed to ornithine. The
separation of the ornithine from lysine on the amino acid analyzer is
done on the 29 X 0.9 em column with 038 N citrate (pH 4.26, 185
minutes) at 33°C, followed by pH 5.28 citrate at 55°C.

C-terminal asparagine and glutamine yield the - and y-hydrazides,
and these cannot be readily separated by chromatographic methods
from the corresponding o-hydrazides derived from internal aspartic
and glutamic acid residues. The only satisfactory method for their
separation and determination appears to be after dinitrophenylation
(Kawanishi et al., 1964). The B8- and y-hydrazides of C-terminal
aspartic and glutamic residues, as well as the o-hydrazides of internal
aspartic and glutamic residues, form acidic di-DNP derivatives, which
can be separated from the nonpolar di-DNP derivatives of all other
amino acid hydrazides by a solvent extraction procedure. The two
classes of acidic di-DNP amino acid hydrazides can then be separated
by the standard two-dimensional chromatographic systems devised for
DNP compounds (see above, Levy, 1955).

4. Terminal Amino Acid Sequences

a. By Standard End-Group Methods. Each of the previously men-
tioned end-group methods may under fortunate circumstances supply
some information about one or two neighboring amino acid residues.
Shorter periods of acid hydrolysis after dinitrophenylation may yield
DNP-A, DNP-AB, and even DNP-ABC if the peptide bonds between
A, B, and C happen to be more stable than average. Such DNP pep-
tides tend to be less ether soluble, but are extracted into ethyl acetate
from acidified aqueous solution. Their presence is revealed by un-
1dentified yellow spots upon two-dimensional chromatography, the
amount of which decreases as a function of hydrolysis time in favor
of the bona fide end group, DNP-A.

The standard method of detection of acylated end groups, as pre-
viously described, leads usually to a series of acylated peptides. Thus
N-terminal sequences may be a by-product of the identification of the
acylated end group.

Carboxy-terminal sequences may be revealed under favorable con-
ditions by incomplete hydrazinolysis, which may yield not only the
terminal amino acid in free dipolar form but also a di- and possibly
a tripeptide (Z, YZ, XYZ). In this as in preceding instances, amino
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acid analysis of the complete acid hydrolyzate of the materials sus-
pected of being peptides verifies this fact and usually reveals the
terminal sequence.

b. By Phenyl Isothiocyanate. This reagent is used frequently to split
one amino acid at a time from the N-terminal end of a protein or
peptide (Edman, 1951, 1953). The released phenylthiohydantoin (PTH)
can be identified as such (I), but the methodology for the separation of

R’ R—CH—NH, c=s

| + |l
—CO—CH—NH—CO N—C,H,
(Stage 1)
§_Egiom
—CO—CH—NH—CO (|3=S
HN—C, H,
+
+H" (Stage 2)
fli' R—-CH—I]IH
—CO—CH—NH; + Co C=s
N—C,H,

4]

the PTH’s on a microscale is somewhat problematical. Two procedures
have been advocated that avoid the need for identification of the re-
leased PTH. The residual peptide lacking the N-terminal amino acid
is purified by paper electrophoresis or column chromatography, and a
suitable aliquot is then analyzed either for total amino acid composition
after acid hydrolysis (Koenigsberg and Hill, 1962) or for its N-terminal
amino acid by the sensitive dansyl method (see above, Gray and Hartley,
1963). The rest of the peptide is again subjected to the phenyl isothio-
cyanate treatment, and the new N-terminal amino acid is split off as the
PTH. This series of steps can be repeated for several cycles.

To these writers direct determination of the released PTH continues
to be the method of first choice, mainly because of its straightiorward
character. The purification of the remaining peptide between steps
appears & valuable improvement of the method, since the conditions
of acid catalysis required for release of the PTH cause some spurious
internal peptide bond breakage. If, on the other hand, one decides
to rely on analysis of the residual peptide, then the substractive
method may be advisable with smaller peptides, provided an analyzer
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is readily available, while the positive identification by the dansyl
method would be the method of choice for bigger peptides, or for
lack of a readily available analyzer.

(a) Peptide or protein in solution. If the phenyl isothiocyanate
procedure is to be performed in solution, the following procedure is
recommended (Koenigsberg and Hill, 1962; Smyth et al., 1962). The
peptide is dissolved in 2 ml of a buffer solvent composed of 60 ml
N-ethylmorpholine, 1.5 ml of glacial acetic acid, and 500 ml of 95%
ethanol per liter. Pheny! isothiocyanate (0.1 ml) is added, and the reac-
tion mixture is held at 37°C for at least 3 hours. The solvents are then
evaporated in vacuo, and the residue is washed twice with benzene
and finally dried at 60°C in wacuo. Anhydrous trifluoroacetic acid
{2 ml) is then added, and the reaction mixture is held at about
25°C for 1 hour to achieve release of the phenylthiohydantoin. After
evaporation of the solvent, the residue is taken up in 0.01 N HCI.
and the PTH is extracted with benzene, or, if necessary, with ethyl
acetate, for the purposes of its identification. The aqueous phase con-
taining the remaining peptide is passed through a column (6 X 0.3 cm)
of Dowex 50-X2 (up to 80 mesh), equilibrated in the hydrogen form.
The resin is washed with 4 ml of 0.2 M acetic acid and then three times
with 4 ml of 0.17 M pyridine acetate buffer of pH 4.8 and 4 ml of 1.07 M
pyridine acetate of the same pH, and finally twice with 4 ml of
an 85 M solution of the same buffer. Aliquots (25 A) are spotted
on paper and treated with ninhydrin to detect the peptide, which is
usually eluted by 0.17 M buffer, unless it is basic or rich in aromatic
residues. After evaporation of the buffer, an aliquot of the peptide
is subjected to amino acid analysis or to end-group analysis by the
dansyl method (as was the original peptide if identification of the
phenylithiohydantoin is to be supplemented or supplanted by this pro-
cedure), and the rest is ready to be again treated with phenyl iso-
thiocyanate.

(b) Peptides or proteins on paper strips (Fraenkel-Conrat, 1954:
Schroeder et al., 1963). An aqueous solution of a peptide or protein
is distributed over several 1 X 7 ecm strips of Whatman 1 filter paper
(0.2 pmole per strip). The strips are suspended by a small hole near
the end of glass hooks along glass rods, and dried. The strips are then
wetted with 0.2 ml of 20% phenyl isothiocyanate in redistilled dioxanc
(redistilled within 2 weeks and stored frozen). The strips in pairs are
then placed into 8-ounce screw-capped jars containing 25 ml each of
pyridine, dioxane, and water. The jars, covered with aluminum foil
and capped. are held at 40°C for 3 hours. The strips are dried in an
airstream only to the point of losing their transparency, and then
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placed into 13 X 100 mm test tubes and covered with benzene. The
benzene is replaced twice after about 1.5 hours, and a third washing
is performed for many hours (e.g., overnight). After about 1 hour of
aeration, the tubes are suspended in a desiccator containing 15 m! of
glacial acetic acid and 6 N HCI in separate beakers. The desiccator
is evacuated to 100 mm Hg and held at room temperature for 7 hours.
The strips are then aerated overnight, or, alternatively, particularly if
there is smog in the atmosphere, placed in a desiccator over Drierite.
The strips are then extracted twice with redistilled acetone (1 hour).
The redried strips are ready for the next cycle of phenyl isothiocyanate
treatment, washing, acid treatment, and extraction. The acetone ex-
tracts are evaporated under reduced pressure, redissolved in a little
acetone, and the aliquots (~0.1 pM) applied to paper (Whatman 1)
for descending chromatography, the paper having previously been im-
pregnated with a 0.5% solution (boiled) of soluble starch (Sjgquist,
1953).

To obtain reproducible chromatography of the phenylthiohydantoins,
the paper should be equilibrated at 45-50% relative humidity, i.e., in
a chamber containing a saturated K,COj; solution. Three solvents
have been proposed; solvent A 1is the most useful [A: heptane and
pyridine (7 : 3); B and C: the upper phase of heptane, n-butanol, and
formic acid (4:2:4 and 4 : 4 : 2, respectively)]. The papers are equi-
librated with the solvents for several hours in the chromatographic
chambers before the chromatograms are developed (about 4-6 hours).
After the papers are well dried, they are sprayed with iodine—azide
(0.01 M iodine in 0.5 M KI, mixed freshly with 0.5 M NaNj;). The
PTH’s give bleached spots on a purple to brown background, some,
e.g., glycine, showing a pink and others a yellow tint.

For the separation of PTH leucine and PTH isoleucine, the starched
sheet is dipped into a 20% solution of formamide in acetone. The
acetone is allowed to evaporate, the sample applied, and the chroma-
togram developed with benzene-heptane (3 :2, v/v) by descending
chromatography for at least 40 em (R, 0.71 and 0.66, respectively).

The PTH’s of histidine, arginine, and cysteic acid are not soluble in
acetone. If 5% water in acetone is used, they are eluted from the paper
strip, but smaller peptides are also lost by such extraction. This diffi-
culty can be overcome by sacrificing half a paper strip that is eluted
with 5% water (in acetone), the residue of the eluate then being
chromatographed by Sjgquist’s solvent or electrophoresed according to
Light et al. (1960).

c. By Exopeptidases. Two types of exopeptidases have proved valu-
able tools in the elucidation of virus proteins or their fragments. Leucine
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aminopeptidase, derived from swine kidney or intestinal mucosa, at-
tacks peptides or proteins at pH 8-8.5 from the amino terminal end,
splitting off one amino acid at a time, though the different classes
of amino acids are released at quite different rates. Proline is released
only very slowly. Mn2+ or Mg?+ is required.

Two carboxypeptidases occur in the pancreas, one of which releases
the big aromatic and aliphatic amino acids with preference and other
neutral and acidic amino acids more slowly (carboxypeptidase A),
while the other enzyme is specific for the basic amino acids (carboxy-
peptidase B). Ammonium bicarbonate (0.1 M, pH 7.8 when freshly pre-
pared) represents a suitable buffer for all of these enzymes, and
digestion is usually performed at 25° or 30°C. The carboxypeptidases
require no activating metal. Carboxypeptidase A is active in 4-6 M
urea. The commercial carboxypeptidase usually contains both A and B
activity. Carboxypeptidase may be contaminated with other pancreatic
protease, and it is usually advisable to inhibit the endopeptidases by
means of diisopropylphosphofluoridate (DFP). To this end 1 mg of
carboxypeptidase dissolved in 0.45 ml of ammonium bicarbonate is
treated with 0.05 ml of a 0.1 M solution of DFP in isopropanol, and this
mixture is then added directly to about 20 mg of protein in the same
buffer.

The first definitive structural information concerning TMYV or its
protein was the fact that carboxypeptidase released one threonine per
peptide chain, and its action stopped there (Harris and Knight, 1952,
1955). We now know that this occurs because proline and prolyl bonds
are very resistant to this enzyme and that from the terminal Pro-Ala-
Thr sequence of TMV protein only the threonine was therefore re-
leased. In general, proteins vary greatly in their susceptibility to the
exopeptidases when several amino acids are split off proteins or peptides
under the influence of exopeptidases. The comparative kinetics of the
release of each is used to deduce their order in the chain. However,
various factors or sequences can lead to data that are difficult or im-
possible to interpret. Thus the results obtained with these enzymes
should always be used in conjunction with other methods and cannot be
relied upon as directly supplying definitive sequence information.

The amino acids released from proteins by these enzymes are deter-
mined by one of the methods previously discussed, preferably after
separating them from the residual protein. This can be achieved by
ultracentrifugation in the case of viruses, or by salt or isoelectric
precipitation in the case of nonparticulate proteins. Dialysis or Sepha-
dex chromatography can also be employed.
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C. MobiricaTiON oF FuNcTIONAL GROUPS

1. Use of Denaturants

Native proteins consist of one or more peptide chains that are char-
acteristically folded and often rather densely packed in a more or less
precise conformation known as the tertiary structure. In addition, many
virus proteins tend to aggregate in solution and form complexes or oli-
gomers, usually associated through noncovalent forces that are gen-
erally considered to be of two types, ionic and nonpolar. One con-
sequence of this complex structure is that many ordinarily reactive
groups are relatively inaccessible to the outside environment and
react only very slowly or not at all. These are said to be “masked,”
“buried,” or “sluggish.” Physical studies on constituent peptide chains
often require dissociation of such complexes, particularly if more than
one type of peptide chain is involved. As will be seen, it is generally
desirable or necessary to dissociate and unfold these chains in order
to carry out a desired chemical modification or physical study. Such
disruption of tertiary folding is often referred to as ‘‘denaturation.”
Though there are many methods for denaturing proteins, the best
choice is usually dictated by the objective of the experiment. High or
low pH, urea, guanidinium halides, detergents, organic solvents, heat,
and surface forces produced by agitating protein solutions with air or
with immiscible solvents constitute the chief methods for bringing about
denaturation. The last-mentioned methods are often unsatisfactory
because they tend to produce insoluble products. Extremes of pH must
be used cautiously, since they entail (particularly when one is working
with proteins of unknown nature) the risk of undesirable chemical
modifications. Six to 10 M urea has proved to be a particularly valuable
denaturant, not- only because of its great solving and denaturing
power but also because it is an uncharged molecule, chemically rather
inert, and of low absorption in the ultraviolet region above 240 mp.
In spite of these desirable properties, precautions are necessary in the
use of urea, because it exists in solution in reversible equilibrium with
cyanate, which reacts with amino groups to form carbamates and with
sulfhydryl groups to form S-carbamyl cysteine (Stark et al., 1960).
However, freshly prepared or acidic solutions of urea do not contain
cyanate. Guanidine salts (4-7 M) are even better solvents and de-
naturants than urea, but their ionic character represents a drawback
for some applications, and they tend to be contaminated with metal
ions and other products that generally have to be removed prior to use.
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2. Cleavage of Disulfide Bonds

Disulfide bonds in proteins frequently play the role of architectural
anchor points that tie together different peptide chains or lock folded
peptide chains into particular configurations. When cystine-containing
proteins and peptides are exposed to acid, alkaline, or denaturing
conditions, they may undergo undesirable rearrangements to form in-
correctly paired and crosslinked chains. Cleavage of the disulfide link-
ages is therefore often a necessary prerequisite for unfolding or un-
coupling disulfide-linked peptide chains or for preventing random
rearrangements. Three methods for cleaving disulfide bonds will be dis-
cussed: oxidation, thiosulfonation, and reduection.

a. Performic Acid Ozidation. Under controlled conditions, performic
acid oxidizes the cystine residues of proteins to cysteic acid (Schram
et al., 1954; Hirs, 1956).

pssP’ -2, PSOH + P'SOH

The reaction is controlled by avoiding a large excess of oxidant and
by working at reduced temperatures. The following procedure has
proved very useful for carrying out this oxidation (Moore, 1963).

Performic acid (prepared by mixing 0.1 ml of 30% hydrogen peroxide
and 1.9 ml of 98% formic acid and allowing the solution to stand at room
temperature for 2 hours before use) is cooled to 0°C, and an estimated
20-fold excess of the amount needed to oxidize all the cystine and
methionine residues to cysteic acid and methionine sulfone residues,
respectively, is added to the dry protein (for 20 mg of pancreatic ribo-
nuclease, 0.2 ml of 9% HCOOH containing 5 ul of 30% H,0.). Oxida-
tion is carried out for 1-2 hours at 0°C if the protein dissolves (or over-
night if it does not dissolve). The reaction is terminated by adding
10-20 volumes of water and lyophilizing or dialyzing,.

The yield of cysteic acid is often about 90%, while that of methionine
sulfone is quantitative, but tryptophan is destroyed by this procedure.
Tyrosine is also endangered, particularly if chloride is not carefully
excluded during the oxidation.

Oxidized proteins are often more soluble than are their reduced de-
natured forms and do not undergo the troublesome disulfide interchange
reactions commonly encountered with disulfide-containing proteins.
The above method is therefore useful for chemical studies on disulfide-
containing peptides. For reasons mentioned above, performic acid
oxidation is generally not well suited for structural studies on trypto-
phan-containing proteins nor for studies in which regeneration of bio-
logical activity is contemplated.
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b. Thiosulfonation. Another method that has proved useful for
cleavage of disulfide bonds in proteins is treatment with sulfite to form
thiosulfonates (Swan, 1957; Bailey and Cole, 1959).

PSSP’ 4 HSO;~ — PSSO;~ + P'SH

This is conveniently brought about by conducting the reaction in the
presence of cuprammonium ion, which catalyzes the air oxidation of the
resultant sulfhydryl to disulfide groups, and thus enables the sulfite
to drive the reaction to completion.

PSSP’ + 2804~ + 2Cu?* — PSSOy~ + P'SSO;~ + 2Cu*

The following method (Weil and Seibles, 1959) illustrates an appli-
cation of these principles.

Ten milligrams per milliliter of lactoglobulin is dissolved in a solu-
tion containing 0.01 M CuSO, and 0.066 M sodium sulfite and ad-
justed to pH 9.0 with ammonium hydroxide. After 2 hours the solution
is dialyzed against 0.1 M sodium citrate, then water, and lyophilized.

The ease of this reaction varies considerably with different proteins,
but the use of 8 M urea and an active oxidizing agent permits reason-
ably complete S-sulfonation with many proteins.

The following alternative procedure has been applied to a number
of proteins (Bailey and Cole, 1959). To 1 ml of protein (20 mg per milli-
liter) in 8 M urea containing 0.2 M Tris at pH 7.4 is added 0.25 ml
of 0.5 M N2ayS0; in 8 M urea. After allowing 10 minutes at 38°C for
S-sulfonation, 0.25 ml of 0.5 M potassium iodosobenzoate in 8 M urea is
added in order to oxidize the sulfhydryl groups that have formed.
After 10 minutes the sodium sulfite treatment followed by oxidation
is repeated twice more to complete further S-sulfonation, and the
solution is then dialyzed against water and lyophilized to recover the
protein.

The latter procedure permitted S-sulfonation of all the proteins in-
vestigated and appeared to be quite specific, as judged from quantita-
tive amino acid analyses on the S-sulfonate derivative of chymotryp-
sinogen.

The S-sulfonate derivatives, unlike performic acid-oxidized sulfo-
nates, are relatively labile, evidently being degraded to cysteine, which
in turn is partially destroyed during complete acid hydrolysis. S-sulfo-
proteins may be reduced to their thiol forms by treatment with a 50-
to 100-fold excess of mercaptoethanol for 2 hours at room temperature
in 8 M urea at pH 8.6 (Raftery and Cole, 1963). Harris and Hindley
(1961, 1965) have applied both performic acid oxidation and sulfitoly-
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sis procedures to disaggregate and solubilize the protein subunits of
turnip yellow mosaic virus.

¢. Reduction. Reduction is another effective method for cleaving
disulfide bonds.

PSSP’ 4+ H, — PSH + HSP’

Treatment of proteins with excess thiols in denaturing solvents of
pH 7-9 appears to represent the gentlest and most satisfactory method
for cleaving disulfide bonds.

RSH RSH
PSSP’ ——— PSSR + P’SH —= PSH + P'SH + RSSR
—RSsH ~RSH

In practice, the reaction is driven to the far right by employing a
large molar excess (50- to 1000-fold) of thiol. Though many thiols
have been employed for this purpose, mercaptoethanol, because of its
ready availability, ease of use, and freedom from troublesome con-
taminants, is most widely used. Thioglycolate, which was often used
in the past, has been reported to contain thioglycolide contaminants
capable of “thiolating” amino groups (White, 1960) and should there-
fore be used with caution. A promising new reagent for reducing
disulfides is dithiothreitol (Cleland, 1963). This substance has little
tendency to be oxidized by air, little odor, and a high redox potential,
enabling use of smaller excesses of thiol than have usually been
employed with mercaptoethanol.

The following conditions (Crestfield et al., 1963) have proved useful
for thiol-mediated reduction of protein disulfide bonds. The method
is suitable for either a simple reduction step or for reduction followed
by an alkylation step.

d. Mized Disulfides. Disulfide bonds can also be cleaved by treating
the protein with an excess of a reagent disulfide, such as cystine, in the
presence of trace amounts of thiol (Smithies, 1965). The thiol catalyzes
disulfide interchange reactions under neutral and alkaline conditions
(Ryle and Sanger, 1955). The reaction may be represented by the
equation

PSSP’ + RSSR * PSSR + RSSP’

The reaction is analagous in principle to reduction by thiols and should
be very gentle; it has the important additional advantage that the
resulting mixed disulfide derivative is stable against air oxidation and
may, therefore, be isolated and characterized with comparative ease.

According to Smithies (1965), the mixed disulfide derivatives of two
Bence-Jones proteins and a defatted lipoprotein were readily obtained
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by treating with 0.1 M diethanol disulfide and 0.005 M mercapto-
ethanol in 8 M urea and 0.004 M EDTA buffered with 0.1 M borate
at pH 8.7 for 1 hour at 37°C. The regeneration of active enzyme from
the mixed disulfide of lysozyme in the presence of traces of thiol
has been described by Kanarek et al. (1965).

Using appropriate reagent disulfides, the reaction makes it possible to
introduce at the disulfide groups of proteins specific side chains bearing
positive or negative charges. Though not yet applied to studies on
virus proteins, the gentleness of the reaction conditions and the sta-
bility and reversibility of the mixed disulfide derivative suggest many
possible uses for the reaction.

Technique for reducing disulfide bonds in a protein (Crestfield et al.,
1963). To the protein (5-100 mg) in a 12-ml screw-capped vial are
added 3.6 gm of urea, 0.3 ml of 5% disodium EDTA, 3 ml of pH 8.6 Tris
buffer [5.23 gm of Tris (2-amino-2- (hydroxymethyl)-1,3-propanediol hy-
drochloride), 9 ml of 1 ¥ HCI, HyO to 30 ml], and 0.1 ml of mercapto-
ethanol. The vial is filled to a 7.5-ml mark with H,O, and to the top with
8 M urea containing 0.2% EDTA. This reaction is generally carried
out under a nitrogen atmosphere to exclude oxygen, and the reduction
is usually complete after 4 hours at room temperature.

This procedure illustrates several principles: (1) the use of a de-
naturing solvent, (2) the use of excess thiol to drive the reaction to
completion, and (3) the use of EDTA and nitrogen atmosphere to
suppress metal-catalyzed air oxidation of protein sulfhydryl groups.

The type of denaturing solvent, concentration of thiol, and the
time and temperature allowed for reduction will be dictated by the
nature of the protein. For example, reduction may be incomplete if a
protein fails to unfold completely in 8 M urea; in such an event, 7 M
guanidine hydrochloride or some other denaturant may prove more
effective.

The presence of excess thiol when using multimolar concentrations of
urea has an additional advantage, since the reagent thiol presumably
reacts rapidly with cyanate formed in urea solutions and serves to pro-
tect the protein from carbamylation, which might otherwise occur.

The high concentration of buffer outlined in the reduction procedure
above is unnecessary if the operation is limited to a reduction step, but
is conveniently included at this point if a subsequent alkylation step
is intended (see below).

After reduction, the protein may be recovered free from the denatur-
ing solvent and reaction components by any of a number of alternative
procedures, including precipitation with organic solvents (5-6 volumes
of ethanol or acetone), gel filtration, or dialysis. However, the tendency
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of proteins rich in sulfhydryl groups to become reoxidized, as well as to
aggregate to insoluble complexes, may make the complete removal of
excess reductants and/or denaturants a problematic and disadvanta-
geous step. Whatever the procedure, reoxidation of the protein sulfhy-
dryl groups during isolation is greatly suppressed by working at low
pH values, i.e., in the range of pH 2-3 (Anfinsen and Haber, 1961).
The belief that the mercaptoethanol-mediated reduction of proteins is
very gentle and cleaves no covalent linkages other than disulfide bonds
is supported by the observation that ribonuclease (Anfinsen and Haber,
1961) and lysozyme (Kanarek et al., 1965) reduced by this procedure
could be regenerated by air oxidation to full initial enzymatic activity.

3. Alkylation of Sulfhydryl Groups

Alkylation of sulfhydryl groups in proteins is of particular interest
for a number of reasons. Because the thioether bond thus formed is very
stable, the reaction may be employed for the quantitative determina-
tion of cysteine as its S-carboxymethyl or S-g-aminoethyl derivatives.
These derivatives, unlike cysteine, are stable to the acid hydrolysis
conditions usually employed in degrading proteins to their constituent
amino acids, and, furthermore, they afford high color yields in the
ninhydrin reaction. In addition, aminoethylation may be used when de-
sired to produce a new trypsin-sensitive peptide bond. Proteins sub-
stituted with —CH,CH:;NH, and —CH,CONH, are generally more
soluble than the parent protein or its —CH,COOH derivatives.

Another important application of the alkylation reaction is in pre-
venting secondary reactions of sulfhydryl groups that may undergo
oxidation or participate in disulfide exchange reactions under relatively
mild conditions. This property when disregarded often leads to experi-
mental difficulties. Of particular concern in both chemical and physical
studies is the resulting formation of new disulfide bonds leading to new
and usually undesirable molecular entities and large and often very
insoluble aggregates of crosslinked proteins. Such reactions probably
occur very frequently, particularly in the case of viral proteins, which
are ordinarily prepared under denaturing conditions. The formation of
spurious disulfide bonds can often be minimized by preparing the pro-
tein in the presence of a sulfhydryl-protecting reagent such as mercap-
toethanol, but alkylation of the sulfhydryl groups represents the only
certain way of achieving this end.

The reagents most commonly used for alkylating protein thiol groups
include iodoacetamide, iodoacetate, N-ethylmaleimide (NEM), and
more recently ethylenimine. Though none of these reagents is com-
pletely specific, each reacts (if conditions are suitably selected) by far
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moie rapidly with exposed thiol groups than with other functional
groups commonly present in proteins.

a. Todoacetate and Iodoacetamide. These reagents react rapidly and
quite specifically with protein thiol groups at pH 8.6, as follows (Fraen-
kel-Conrat et al., 1951).

PSH + ICH,COO~ — PSCH,COO- 4 I~ 4 H*

Since protons are released in this reaction, addition of alkali or the use
of an adequate buffer is required in order to maintain the proper pH.
The reaction should be carried out in subdued light in order to minimize
the danger of possible photocatalytic oxidation of iodide to iodine,
which may react with tyrosine, tryptophan, and histidine residues. In
this regard, iodoacetic acid undergoes slow decomposition with the for-
mation of iodine to give it a yellow color. This may be removed by
passing an aqueous solution saturated at 45°C through a small column
of acid-washed Norite A and crystallizing it at 0°C. The ecrystals should
be snow white after drying in a vacuum desiccator at room tempera-
ture. Iodoacetate is also known to react with histidine, lysine, and
methionine to form the products indicated in (II,a,b, and ¢), but the

(@) Hﬁ—I?IH H|C| —I\ll—CH,CO,:
N. _CH, - CH,
b b
CH, CH,
—HN—H—co— —HN—CH—CO—
(b) HyCS Hsc§+—c11,co;
g by
CH, = CH,
--HN—CH--CO - —HN—CH—CO—
)] 1~|m, NH--CH,CO;
(?th ————— ( IHz)4
~HN--CH—CO — ~HN-—CH—CO —

(Im)

rate of these reactions is much slower at pH 8.6 than is that of its re-
action with thiol groups (Gundlach et al., 1959). Since each of these
adducts is stable to acid hydrolysis, the extent of the reaction may be
monitored by analysis on the automatic amino acid analyzer.
Technique for carborymethylating thiol groups in proteins (Fraenkel-
Conrat et al., 1951; Crestfield et al., 1963). To a solution of protein
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(1-10 mg/m!) in 8 M urea containing 0.5 M Tris HCI at pH 8.6 is added
sodium iodoacetate (neutralized and recrystallized to remove contami-
nating free iodine) to a final concentration of 0.1 M (1 M sodium
iodoacetate in 8 M urea is a convenient reagent for this purpose).
The reaction is allowed to proceed for 15 minutes at room temperature
and is then terminated by adding a 5- to 10-fold molar excess of mer-
captoethanol compared to the iodoacetate.

It should be pointed out that though these conditions have been
shown in some cases to give essentially quantitative carboxymethyla-
tion of reduced cysteinyl residues, it cannot be assumed that this will
always be the case, since not all proteins are completely unfolded in
8 M urea, and the sulfhydryl may still be partially buried and unreac-
tive under these conditions. More vigorous conditions (more effective
denaturant, higher temperature, or longer reaction times) may be nec-
essary to achieve quantitative reaction. As an example, the thiol groups
of B-galactosidase have been reported to be only 80% alkylated by
iodoacetate in 8 M urea compared to 10 M urea or 7 M guanidine
hydrochloride (Craven et al., 1965).

The above procedure is applicable to proteins directly (with no pre-
liminary reduction step) in order to alkylate free sulfhydryl groups.
Alternatively, the protein may be reduced with excess thiol under the
conditions described above in order to convert all disulfide bonds into
sulfhydryl groups prior to alkylation. In the latter case, the excess
thiol used in the reduction step may be removed prior to alkylating by
precipitating or dialyzing the protein. However, to forestall autoxida-
tion of the sulfhydryl groups, it may frequently be advisable to al-
kylate in the presence of some residual small-molecule mercaptan,
adding sufficient alkylating agent to destroy the thiol, and then enough
to bring the alkylating reagent to the desired concentration. The con-
ditions usually employed are 0.05-0.20 M of any of the above-men-
tioned alkylating agents for 5-20 minutes.

b. Ethylenimine. This reagent reacts rapidly with thiol groups at
slightly alkaline pH values to form S-g-aminoethy! adducts. The prod-

NH
7N\
PSH + CHz—CHz d PSCHzCHzNHg

uct is basie, and it is necessary to control the pH either by adding
acid or by using adequate buffer. According to Raftery and Cole (1963),
treatment with a 100-fold molar excess of ethylenimine for 2 hours at
room temperature and pH 9 produced no modification of any amino
acids other than cysteine, and the reagent afforded near quantitative
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recoveries of cysteine as its S-B-aminoethyl cysteine derivative after
acid hydrolysis of the reduced 8-chain of insulin, which had been treated
with a 300 X molar excess of ethylenimine for 30 minutes at pH 8.6 at
room temperature. The resultant S-g-ethyl cysteinyl site was said to be
completely cleaved by trypsin. The sulfhydryl group of the TMV pro-
tein reacted completely only in the presence of 8 M urea and a small
amount of mercaptoethanol (Tsung and Fraenkel-Conrat, 1966).

4. Reversible Masking of Amino Groups

Lysyl bonds may be rendered resistant to tryptic attack by acylation
of the free amino groups in a protein. One reagent that appears par-
ticularly promising is ethylthiotrifluoroacetate, which acylates amino
groups, rendering the lysyl bonds in the protein molecule resistant to
hydrolysis by trypsin while the arginyl bonds are left susceptible. The
trifluoroacetyl groups can be removed from the acylated protein by
exposure to 1.0 M piperidine at 0°C (Goldberger and Anfinsen, 1962).

PNH, + CF,COSC.H; 21, PNHCOCF, (+C,HSH) 22

PNH, + CF;COOH

a. Preparation of Trifluoroacetylated Ribonuclease. Five-hundred mil-
ligrams of ribonuclease is dissolved in 50 ml of water and 1 N KOH to
pH 10. Ethylthiotrifluoroacetate is added (2.5 ml), and the solution
is stirred vigorously with a magnetic stirrer to disperse the immiscible
reagent. The pH is maintained between 9.95 and 10.0 by addition of
KOH from a syringe. Alkali uptake is complete after about 1 hour.
The protein is recovered by precipitation at pH 5 in 0.1 M sodium acetate
by addition of 4 volumes of cold ethanol; it is then washed, dialyzed
against distilled water, and the insoluble protein lyophilized.

b. Removal of Trifluoroacetyl Groups. Ten milligrams of trifluoro-
acetylated protein is dissolved in 0.5 ml of 1.0 M piperidine at room
temperature and chilled for 2 hours at 0°C. The reaction mixture is
transferred with good mixing to 1.5 ml of 0.5 N acetic acid cooled to 3°C
and subjected to gel filtration on a column of Sephadex G-25 equili-
brated against 0.1 N acetic acid. The deacylated produced can be
regenerated after reduction with mercaptoethanol in 8 M urea by slow
air oxidation to give a fully active enzyme.

The use of CS,, which forms dithiocarbamyl derivatives with free
amino groups, has been employed for the same purpose on lysozyme
(Merigan et al., 1962) Dithiocarbamyl derivatives, like trifluoroacetyl

esters, may be reconverted to the free amino form under relatively mild
conditions.
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5. Other Modification Reactions

The amino groups of virus proteins can be modified for various pur-
poses by a variety of other reactions that are not readily reversible.
Thus guanidination renders them more basie, and acetylation, carbo-
benzoxylation, or dinitrophenylation makes them nonpolar and more
or less hydrophobic. Finally, succinylation, which transforms the amino
groups into anionie groups, has been found to be an effective means of
degrading virus particles and obtaining soluble nonaggregating subunits
(Frist et al., 1965).

Among the protein groups, of particular structural significance are
the phenolic groups of tyrosine. These can be transformed to mono- or
diiodo-derivatives if the conformation of the protein permits. Thus in
intact TMV, only one of the four tyrosines reacts at neutrality with
iodine dissolved in KI, while all become gradually reactive when the
isolated protein is iodinated in the same manner. The use of 131 is ad-
vocated for such studies (Fraenkel-Conrat and Sherwood, 1967).

The disadvantage of iodine is its lack of specificity. Thus, it tends to
oxidize other protein groups, particularly the sulfhydryl groups. In
the case of TMYV, the sulfhydryl group becomes substituted by the
iodine, and the resulting sulfenyl iodide group decomposes upon de-
grading the virus (Fraenkel-Conrat, 1955).

Acetyl imidazole has been advocated as a gentle reagent for the se-
lective acetylation of tyrosine groups in several proteins, although in
other proteins it also acetylates amino groups (Riordan et al., 1965;
Perlman, 1966). Acetic anhydride, long believed to acetylate selectively
amino groups, was found to acetylate both amino and phenolic groups
in the case of TMV protein (Colloms, 1966). The effect of these and
many other reactions, including formaldehyde treatment, alkylation,
and light in presence of dyes on the various protein groups, have been
studied in terms of such properties as virus infectivity, antigenic speci-
ficity, and electrophoretic mobility (e.g., Anderer and Handschuh, 1963).

IIl. Physical Methods for Characterization of Virus Proteins

A. ELECTROPHORESIS

A large body of literature on the electrophoretic study of proteins,
both analytical and preparative, has appeared since the pioneering
work of Tiselius (1937). Among these methods are moving boundary
electrophoresis, electrophoresis on membrane supports and slabs, and
zone electrophoresis on columns stabilized against convection by density
gradients, beads, or gels. The strong aggregating tendency of viral pro-
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teins has, however, imposed severe restrictions on these procedures,
which have generally been designed for studying water-soluble proteins.
As a result, studies on viral proteins have generally utilized the
methods employing membrane supports or gels such as starch and poly-
acrylamide, which can be formed in the presence of strong denaturants.
Urea, because it lacks charge, is the reagent of preference as a de-
naturant, though sodium dodecyl sulfate has been used successfully.
Nonionic detergents seem so far to have been little used, though they
should prove quite suitable for this purpose.

1. Cellulose Acetate

Because of its general availability, simplicity of use, and adaptability
to small amounts of material, paper should be an excellent electro-
phoretic substrate. Its use has been limited, however, because of the
unfortunate tendency of proteins even in the presence of denaturants
to bind to paper. This property is evidently due to the existence of
charged groups in the paper and may often be overcome by using acety-
lated cellulose. Though not all commercially available products are
equivalent, possibly because of variations in the degree of acetylation,
Oxoid (Colab Laboratories, North Chicago, Illinois), available in strips
(36 X 5 em), is suitable. The strips are wetted from the underside by
floating or dipping them carefully, shiny side up, from one end of the
strip to the other onto the buffer—urea surface to displace air from the
interstitial spaces of the membrane. They are then removed, briefly
drained, and applied to a cooled electrophoresis chamber. The strips
are connected with the buffer reservoir via filter paper wicks and gently
blotted with filter paper to remove excess buffer, but taking care not
to remove too much buffer from the cellulose acetate matrix. The strips
are equilibrated for 20-30 minutes with current applied to smooth out
unevenly distributed buffer zones produced during the blotting opera-
tion. Heating is controlled by a cooling chamber, but one should take
care that the temperature does not fall so low as to permit erystalliza-
tion of the urea. Because of the tendency of urea to crystallize, it is
difficult to use it in concentrations exceeding about 7 M.

About 1-5 ul of 1-5% solution of protein in the electrophoresis buffer
is applied with a capillary pipet (fine polyethylene tubing is excellent
for this purpose) to the center of the strip in a narrow line about 2 cm
long. Delivery should be smooth and not too fast, since even volumes
as small as 1 pl require about a minute to be absorbed, and application
is an important factor in getting the smooth bands required for
optimal resolution.

At the end of the run, the strip is fixed between two sheets of filter
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paper held together with paper clips (to control curling during the
drying operation) and dried in an oven at 80°-90°C. The dried strips
are then stained for 5-10 minutes in 2% amido black in 7% acetic acid,
washed free of dye by repeated leaching in 7% acetic acid, and finally
dried between sheets of filter paper at room temperature. Procedures
for quantitative estimation of proteins by dye binding have been de-
scribed (Fazekas de St. Groth et al., 1963).

In general, urea-containing buffers containing 0.05-0.10 M electrolyte
and affording current densities of the order of 5-50 mW/cm? of cellu-
lose acetate are suitable. However, Laver (1964) described the use of a
buffer with considerably higher conductivity for preparative resolution
of several protein components from influenza virus. This buffer, a modi-
fication of that of Aronsson and Gronwall (1957), consists of 0.4%
sodium dodecyl sulfate in a Tris—EDTA-borate buffer at pH 8.9 (80
gm of Tris, 8.0 gm of boric acid, 6.0 gm of EDTA per liter). This system
was reported capable of separating the protein from 0.5 mg of virus on a
single strip (10 X 5 cm) of cellulose acetate, and the separated com-
ponents were readily recovered by soaking the protein-bearing strips in
distilled water. In spite of the powerful denaturing action of sodium
dodecyl sulfate, active hemagglutinating and sialidase components were
recovered in some instances.

2. Polyacrylamide Gels

The chief advantage of using gels in electrophoresis is to suppress
convective mixing due to density and thermal gradients that arise
during the electrophoretic process. A gel of sufficient rigidity also func-
tions as a mechanical support that enables the experimentalist to carry
out staining and sampling operations after the respective components
of the mixture have been separated. Polyacrylamide has a number of
properties that make it very useful for the study of proteins. It is easily
prepared, reproducible, forms gels even in the presence of high con-
centrations of many denaturants (of which urea has been particularly
important), and has a glasslike transparency, which greatly facilitates
detection of stained zones. Starch gel, which possesses many of these
properties, has been widely used, particularly for electrophoretic studies
on proteins in 8 M urea, and a comprehensive review on its use and
applications is available (Smithies, 1959). Polyacrylamide, however, has
some advantages over starch. For example, acrylamide is readily freed
of ionic contaminants, which lead, under certain conditions, to binding
of protein and to endosmotic flow. In addition, it need not be heated
during preparation of the gel. The latter point may be of some im-
portance in dealing with high concentrations of urea because of its
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tendency to form the carbamylating agent, ammonium cyanate, on heat-
ing. Finally, polyacrylamide can be gelled over a wide concentration
range, permitting its use for “sieving” molecular weights of several
hundred to several million.

a. Principles of Zone Electrophoresis and Zone Sharpening. Electro-
phoresis on polyacrylamide gels is usually conducted in a vertical col-
umn or slab of gel connected via upper and lower buffer compart-
ments to two electrodes (Fig. 1). The sample is applied at the top of

Buffer

Sample zone

Gel

Buffer

Fic. 1. Schematic presentation of apparatus for analytical gel electrophoresis.
For details of procedure see text.

the gel and the polarity of the electrodes is arranged so that the
sample will migrate through the gel, where, under the proper condi-
tions, its components separate according to their respective mobilities.

Two basic types of systems, designated (1) continuous and (2) dis-
continuous have been employed in work with acrylamide gels. In con-
tinuous electrophoresis, the same buffer is employed throughout the
system, i.e., in both gel and electrode vessels. In discontinuous electro-
phoresis, the column is constructed in several layers containing several
buffers of different pH and/or ionic composition. Thus in the simplest
form of discontinuous electrophoresis a buffer of one composition is
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employed for the gel column, while a buffer of another composition is
employed in the upper electrode vessel (see below).

As in classical moving boundary or zone electrophoresis in liquid
media, the mobility of any component in a gel is a function of its net
electrical charge. In addition, a “sieving” or filtration effect may be
imposed upon the migrating molecules by making the gel network suf-
ficiently dense to impede its progress. This latter effect may be made
important or negligible by suitably arranging the gel density or “pore”
size, as discussed below. The gel also serves as an anticonvection me-
dium, thus permitting the use of higher current densities than can
be used with free electrophoresis without appreciable convective mix-
ing of migrating bands or zones. The latter property introduces the
additional and very important possibility of producing and maintaining
narrow starting zones, the width of which determines resolution ob-
tainable between two zones differing only slightly in migration veloc-
ity.

Concentration or “sharpening” of the starting zone may be effected
in several different ways. (1) The sample may be introduced above the
gel In a liquid layer (see Fig. 1). Large molecules as they enter a
gel surface move more slowly and are overtaken by the following mole-
cules, which still find themselves in the liquid layer. It should be clear
that larger molecules will form relatively sharper starting zones by
this mechanism than small molecules, the migration of which is rela-
tively less diminished by the gel network. (2) The sample may be
introduced in a zone of lower conductivity (higher resistance) (for
example, by dilution with water) than that of the underlying gel
buffer (Hjertén et al., 1965b). In this case, the sample layer becomes
a zone of relatively high potential, in which the charged molecules will
have relatively high mobilities. As the front enters the gel, a region
of lower potential, it is slowed down in comparison to molecules in the
rear, which are still in a high potential zone. This leads to a net
sharpening of the starting zone. (3) By suitable modification of pH in
the sample zone, the electric charge of the sample molecules may be
increased by addition of a little acetic acid or ammonium hydroxide,
which endows upon proteins a more positive or negative net charge,
respectively. The sample upon reaching the gel of more neutral pH
then loses a portion of its charge, slows down, and is overtaken
by the more highly charged molecules following in the sample zone.
(4) Discontinuous buffer systems are used that are arranged so that
the “leading ion” in the gel buffer has a mobility exceeding that of the
“following” ion in the upper electrode buffer. This is done by con-
structing a column of several layers arranged in various combinations
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of pH and ionic composition such that the protein during the early
stages of electrophoresis is collected between a boundary of ions of
widely differing mobility. The mechanism of this process has been de-
scribed in some detail (Ornstein, 1964) and need not be repeated here.

b. Preparation of Polyacrylamide Gel. Polyacrylamide gels are
formed by polymerization of aqueous solutions of acrylamide monomer
with an appropriate free-radical generating system. Ammonium per-
sulfate or light-irradiated riboflavin are most commonly used for this
purpose. The rate of polymerization is markedly increased by the pres-
ence of tertiary amines (called “accelerators”). Of the amines used for
this purpose, tetramethylethylenenediamine (TEMED) is most effi-
cient. The gel may be represented as a network of linear polyethylene
chains bearing amide groups on alternating methylene carbon atoms.
These chains may be chemically crosslinked to almost any desired de-
gree by including in the acrylamide monomer appropriate ratios of
methylenebisacrylamide. The degree of crosslinking markedly affects
the mechanical properties of the gel. Thus a 10% solution of monomer
consisting of acrylamide : bisacrylamide ratios of 100:0, 98 :2, and
85 : 15 polymerizes to form a free-flowing solution, a firm elastic trans-
parent gel, and a brittle, friable opalescent gel, respectively. Gels can
be formed from monomers in concentrations ranging from less than 2%
to greater than 60%, affording a very wide range of pore sizes. Thus
a 4% —(1X) gel permits passage of ribosomes with particle weights of
several million (Hjertén et al., 1965a,b). Gels of 5% —(5X) to 15% —
(1) are often used for proteins with molecular weights in the range
of 10,000-100,000, and higher concentrations may prove suitable for
work with peptides.

Preparation of a typical gel useful for electrophoresis of virus pro-
teins in 8 M urea (Rueckert, 1965) is summarized in Table 1. The
monomers and urea are dissolved in distilled water to a final volume
of 8 ml and may, if desired, be passed through a 10-m! column of
dry mixed-bed ion-exchange resin to remove undesirable ionic con-
taminants, the presence of which are readily detectable by a conduc-
tivity appreciably higher than that of distilled water. This step also
assures the absence of cyanate from the urea and minimizes the pos-
sibility of incorporating adventitious charged groups from acrylamide
into the gel, thus enabling the experimentalist to take full advantage
of the nonionic character of polyacrylamide. It should be clear that the
urea could be omitted or used in any other desired concentration or
replaced with a number of other denaturants, such as nonionic deter-
gents. Any ionic denaturants must, of course, be added only after de-
ionizing the monomer solutions.
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Polymerization of the gel is initiated by addition of ammonium per-
sulfate or of riboflavin in the presence of TEMED. Gelation should
occur in 10-20 minutes for most applications and may be accelerated
by warming the initiated solution or increasing the amount of catalyst
or accelerator. Conversely, gelation rate is decelerated by taking the
opposite steps. Ammonium persulfate, though particularly convenient
to use, is an effective oxidant and introduces into the experiment un-
certainties regarding its influence on the materials being investigated.

TABLE I
PreEPARATION OF A TyPIcAL PoLYACRYLAMIDE GEL

(5% —(5X);* pH 4.8; 8 M urea]

Per 100 ml of gel

Acrylamide 4.75 gm
Bisacrylamide® 0.25 gm
Urea 48 gm
Distilled water to 85 ml
Gel buffer, pH 4.8 (10X)¢ 10 ml
Riboflavin, 0.01%¢ 5ml

¢ The description of a gel specifies both gel concentration and degree of crosslinking.
Thus 5% —(5X) indicates that the gel was formed from a solution of 59, (w/v) mon-
omer, and that the monomer contained 5% by weight of crosslinker (bisacrylamide).

b Methylenebisacrylamide.

¢ Gel buffer pH 4.8 is a stock concentrate for the support gel in the pH 4.8 “disc”
electrophoresis system (see Tables ITA and B, which also list & number of alternative
buffers for other pH systems).

4 Gelation is initiated by photopolymerization, e.g., by illumination with a 15-W day-
light fluorescent lamp; alternatively, riboflavin may be replaced by ammonium persulfate
(final concentration 250-500 ug/ml), which requires no illumination and is preferred at
alkaline pH.

Polymerization of gels with riboflavin as catalyst is carried out by
irradiation with a fluorescent (daylight) lamp. Irradiation must be
quite uniform to assure formation of homogeneous gels. Riboflavin
is conveniently stored frozen at a concentration of 0.5% in 8 M urea
or 0.006% in water. One percent ammonium persulfate solutions may
be stored several weeks in the refrigerator, though freshly prepared
solutions will probably yield the most reproducible results.

The amounts of TEMED, riboflavin, and ammonium persulfate re-
quired for polymerization is a function of monomer concentration and
pH. For example, the 5% —(5X) gel described in Table I uses final
concentrations of 0.25% TEMED and 5 pg/ml riboflavin (or 500 ug/ml
ammonium persulfate). At pH 7-9, the concentrations of TEMED and
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riboflavin (or persulfate) may be reduced to about a quarter of these
levels. Gelation is also influenced by oxygen concentration and may be
accelerated by deaerating the solutions with the aid of a water pump
just before adding the free-radical initiator. With the aid of these
simple manipulations, the investigator can quickly establish the opti-
mum concentrations for adjusting gelation rates to his particular re-
quirements with a few exploratory experiments.

Both catalysts and accelerators remain in the gel unless removed.
For many purposes their presence seems to be of no consequence other
than increasing the conductivity of the gel. Nevertheless, their presence
is always a potential problem. The amounts necessary for inducing
gelation can be minimized by thorough deaeration, as mentioned above.
In the case of continuous electrophoresis systems, the initiating cata-
lysts may be removed by electrophoresis against the gel buffer prior to
initiating the experiment. Completion of the process is conveniently
monitored by the progress of a dye (e.g., 1 pl of 1% methylene blue)
applied at the appropriate end of the gel. Such electrophoretic “sweep-
ing” is, however, impractical for dise columns employing spacer gels
(unless conducted prior to applying the spacer gel) because of the
necessity of maintaining two different buffer systems in the column.
An alternative way of minimizing the danger of persulfate is to include
an appropriate charge-bearing mercaptan, such as mercaptoethylamine
or thioglycolate, either mixed with or laid over or under the sample.
When using these reagents, however, consideration must be given to
their possible influence (as salts) on the conductivity of the sample
zone, particularly if one is using the low-conductivity principle as a
means of zone sharpening.

It is generally desirable to check the effect of various additives to
the gel in any given application, either by removing them electro-
phoretically or by comparing the patterns obtained in their presence
with those obtained upon their replacement or removal.

c. Buffers for Gel Electrophoresis. A list of buffers suitable for elec-
trophoresis at selected pH values in the discontinuous systems is sum-
marized in Table ITA. Some buffers for use in continuous electrophoresis
systems are indicated in Table IIB.

d. Small-Scale or Analytical Electrophoresis. Apparatus and Pro-
cedure. Disc electrophoresis (Davis, 1964) has proved a useful tool for
small-scale electrophoresis of proteins. The method, while reasonably
simple to perform, is capable of excellent resolution and permits sepa-
ration within a few hours of mixtures of proteins and peptides and
detection under favorable circumstances of as little as 5 ug or less of
protein. The procedures described below for construction and operation
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TABLE IIA
Stock BUFFErR CONCENTRATES FOR DISCONTINUOUS BUFFER SYSTEMSS?

Gel buffer Electrode buffer Elution buffer

(pH 4.3) (pH 3.7) (pH 4.3)
30 gm potassium acetate 80 ml acetic acid 120 gm ammonium acetate
420 ml acetic acid 140 gm glycine 880 ml acetic acid
25 ml TEMED

(pH 4.8)¢ (pH 4.5)¢ (pH 4.9)
30 gm potassium acetate 80 ml acetic acid 140 gm ammonium acetate
120 ml acetic acid 312 gm B-alanine 190 ml acetic acid
25 ml TEMED

(pH 9.4)¢ (pH 8.7)¢ (pH 8.7)
200 gm Tris 200 gm glycine 29 ml acetic acid
30 ml 10 N HCl 60 gm Tris 120 gm Tris
5 ml TEMED

e Duesberg and Rueckert (1965). Principles for the design of new disc electrophoresis
buffer systems are discussed by Williams and Reisfeld (1964).

b The specified quantities are for 1 liter of buffer concentrated 10-fold with respect to
that required for electrophoresis. The indicated pH values of the gel and elution buffers
are those of the stock after 10-fold dilution in a final concentration of 8 M urea, while
those listed for electrode buffers (used in both upper and lower compartments) are the
pH’s after 10-fold dilution in water. The use of urea in the electrode buffers has up to now
been found unnecessary. Buffers diluted in 8 M urea are generally 0.4-0.6 pH units more
alkaline than those diluted in water. Elution buffers are used with the end-elution prepar-
ative electrophoresis apparatus described in the text.

¢ Reisfeld et al. (1962).

4 Adapted from a brochure from Canal Industrial Corp., Bethesda, Maryland.

of analytical polyacrylamide gels are essentially those of Davis (1964),
modified for use with urea. The apparatus is constructed from materials
readily available in most research laboratories (see Fig. 1).

(a) Buffer reservoirs. Buffer reservoirs consist of an upper and
lower vessel and may be constructed from a variety of inert, noncon-
ductive materials. The upper reservoir serves two purposes (1) to con-
tain the upper electrode buffer and (2) to support and align the
gel tubes during the electrophoresis operation. A suitable reservoir may
be improvised from a glass, methacrylate, or polyethylene tube 3—4
inches in diameter fitted at one end with a rubber stopper containing
10 or 12 regularly spaced 6-mm holes equidistant from a similar hole at
the center of the stopper. Into the latter hole is inserted a solid glass or
plastic rod 7 mm in diameter and 1520 cm long. This rod, which should
fit loosely enough to be movable but tight enough to provide a water-
tight seal, serves to center the electrode wires used for the upper and
lower buffer compartments. The peripheral holes provide the sockets



1. ANALYSIS OF PROTEIN CONSTITUENTS OF VIRUSES 33

TABLE 1IB
Stock BUFFER CONCENTRATES FOR CONTINUOUS BUFFER SYSTEMS
pH Components® TEMED Catalyst
2.1% 750 ml propionic acid — APS (60 ug/ml)
plus SHS (90 pg/ml)

6.5 7.9 gm NaOH 0.039, APS (350 pg/ml)

47 gm cacodylic acid
7.2¢ 102 gm Na,HPO, 0.05%, APS (750 pg/ml)

38.6 gm NaH,PO,-H,0 or Rib (10 ug/ml)
9.4¢ 100 gm Tris 0.05% APS (250 ug/ml)

10 gm disodium versenate-2H,0
3.8 gm boric acid

¢ For 1 liter of buffer concentrate. pH is that of the buffer after 10-fold dilution in water.
Abbreviations: TEMED, tetramethylethylenediamine; APS, ammonium persulfate; Rib,
riboflavin; SDS, sodium dodecyl sulfate; SHS, sodium hydrosulfite. Each of these solu-
tions may be added to the gel solution as a 100-fold concentrate to reach the final desired
concentration. SHS is rapidly oxidized by air and should be dissolved just before use.

5 Choules and Zimm (1965).

¢ Maizel (1966). This buffer system is used in combination with 0.19%, SDS if desired.

4 E. C. Apparatus Corp., Philadelphia, Pennsylvania, Tech. Bull. No. 134.

for insertion of the gel tubes and should be carefully drilled to assure
good vertical alignment of the tubes during electrophoresis. The upper
reservoir is supported over the lower buffer reservoir with a support
ring or a clamp attached to a stand. A suitably sized beaker provides
a convenient lower buffer reservoir. Electrodes for the upper and lower
reservoirs are fashioned from platinum wire wrapped around the re-
spective ends of a central supporting rod secured in the upper reservoir,
as described above. The wire is fastened to the rod with a short sleeve
of rubber or tygon tubing. The investigator will not find it difficult to
improvise alternative arrangements to suit his purpose.

(b) Gel tubes. Containers for the gel columns are prepared from
7-mm (outside diameter) Pyrex tubing cut into lengths of 8 em (longer
or shorter if desired). The tubes should be as nearly uniform as possible
to minimize differences in electrical resistance from tube to tube. The
ends of the tubes should be square-cut to facilitate removal of the
gel at the end of the electrophoretic run. Sharp edges are preferably
removed by polishing with carborundum cloth or by cautious fire polish-
ing, taking care to avoid any constriction at the end of the tube. Some
workers find it useful to seal the tubes at one end to female ground-
glass joints, which may be conveniently affixed to matching male joints
secured in the base of the upper buffer compartment. Though initially
more costly, such an arrangement markedly facilitates the attachment
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and detachment of gel tubes from the reservoir and has the additional
advantage that the tubes are rigidly aligned in vertical position. The
tubes should be cleaned with detergent or cleaning acid, thoroughly
rinsed, and dried before each use.

(¢) Electrical destainer. This unit, used for removing dye from
stained gels, is employed with the same apparatus as deseribed above
except that the stopper is fitted with detachable tubes 10 mm in di-
ameter and 8 cm long. These tubes are closed at the bottom end either
with 10% polyacrylamide gel plugs or with a section of dialysis mem-
brane held in place with a Tygon sleeve. When not in use the tubes
are stored in 7% acetic acid to prevent the plugs from drying out.

(d) Preparation of gel column. The clean and dry gel tubes are
closed at one end with a square of Parafilm tightly pressed around
the outside edges. An alternative closure is made with a used stopper
from a B-D Vacutainer blood-collection tube available from -clinical
hospital laboratories. The latter is particularly convenient, since it also
provides an excellent stand that holds the tube in good vertical align-
ment. The gel solution is then introduced into the tube through a
long-tipped Pasteur pipet (disposable variety) beginning with the tip
near the base of the tube to avoid trapping air bubbles in the viscous
liquid and filling it to a level previously marked 6 cm from the bot-
tom. The solution is then carefully overlaid with 0.1 ml of gel buffer
through a 23-25-gage needle affixed to a 1-ml tuberculin syringe and
bent near the tip at right angles. This buffer overlay counteracts
surface tension at the gel boundary and leads to formation of a flat
meniscus hecessary for achieving flat protein bands. Mixing between
buffer and gel solution must be avoided as much as possible. A small
portion of the gel solution adjacent to the water overlay does not gel
because atmospheric oxygen inhibits gelation. The resultant “buffer”
zone of ungelled solution reduces dilution of urea at the gel boundary,
s0 it is generally unnecessary to include urea in the buffer overlay.
Gelation is accompanied by the formation of an easily visible sharp
zone and should be complete in 520 minutes, depending on the com-
position of the gel.

(e) Application of sample. The most direct and most nearly quanti-
tative method is to layer the sample under the buffer and on top of
the gel column. With this procedure the operator must exercise care
to avoid mixing and dispersing the sample in the overlying buffer due
to accidental shaking or convective circulation arising from ohmic heat-
ing of the sample when current is applied. The latter can be minimized
by holding the current strength low until the sample has migrated into
the gel.
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For the reasons just mentioned, the sample is often incorporated in
a gel such as starch, Sephadex, or polyacrylamide. This maneuver con-
siderably simplifies the mechanics of manipulating the columns and
apparatus when starting the electrophoresis run. Gelling the sample
in polyacrylamide works well, but usually leads to trapping some of
the protein (usually only a rather small portion) in the matrix.
Furthermore, the sample often contains substances that inhibit poly-
merization of acrylamide, such as dyes and thiols. Starch (partially
hydrolyzed, according to Smithies, 1959) is generally suitable below
pH 5, but should be used cautiously at more alkaline pH values and
particularly at low ionic strengths, when considerable binding of pro-
tein to the starch may occur (evidently due to the presence of cationic
components).

(f) Electrophoresis. The columns are attached to the base of the
upper buffer reservoir, which is then filled with electrode buffer. A drop
of buffer is applied to the outer edge of the base of each electrophoresis
tube and allowed to flow into the bottom cavity of the gel, thereby
displacing any air that would otherwise be trapped in the base of the
gel column in the subsequent immersion step. The entire assembly is
then lowered into the bottom buffer reservoir. It is frequently preferred
to immerse the tubes to the level of the samples in the buffer, so that
the gel columns are adequately cooled during electrophoresis. Electro-
phoresis is performed at about 5 mA for the desired time. It is de-
sirable if the sample has been layered over the gel, rather than in-
corporated into a sample gel, to begin with a lower current (2-3 mA)
until the sample has migrated into the gel. (The Heathkit Model TPW-
32, capacity 400 mA, 400 V, Heath Company, Benton Harbor, Michigan,
is suitable for analytical electrophoresis. It may also be used for prep-
arative electrophoresis on a small scale, but it is often useful to have
a power supply of at least twice this capacity for preparative electro-
phoresis.) The purpose of this step is to minimize convective mixing
due to excessive ohmic heating in the sample zone.

At the end of the run the columns are detached from the reservoir
and the gels removed. This is most readily done by gently turning the
column between the fingers after carefully inserting a 22-gage needle
attached to a small syringe full of water into the gel column at the
outer periphery of the gel. Water, injected as the column is turned,
frees the gel from the glass wall. This operation is repeated, if neces-
sary, from the other end of the gel column. A rubber bulb full of water
attached to one end of the “rimmed” column is often useful in sliding
the gel out of its container.

(g) Staining and destaining. The protein bands, generally invisible
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at the end of the run, are stained by immersing the gels in about 5 ml
1% amido black in 7% acetic acid for an hour. Many proteins form
an insoluble, virtually irreversible, complex with the dye under these
conditions and are said to be “fixed.” To remove unbound dye, the
gels are first soaked in 7% acetic acid for 30 minutes (or overnight
if desired) and then destained completely, either by repeated washing
in 7% acetic acid or more conveniently by “electrophoretic” destaining,
a process that removes the unbound but not the protein-bound dye.

To destain, the gels are transferred to the “destainer” tubes (de-
scribed above). Each tube, half filled with 7% acetic acid containing
about 25% glycerol, is attached to the upper buffer reservoir. The
reservoir is then filled with 7% acetic acid, which also fills the gel-
containing tube and partially mixes with the heavier glycerol solution.
The resulting crude density gradient suppresses the tendency of the
upward-migrating dye to recirculate back downward by convective mix-
ing during the destaining operation. The gels are destained with a
current flow of about 10 mA per tube (150200 V), with the anode in
the upper buffer reservoir.

The staining—destaining procedure calls for several precautions. If
destaining is initiated before ‘“fixation” of the protein is complete, the
partially stained protein may migrate during electric destaining. This
1s recognized as a thickened, blurred, and upward curving band,
especially pronounced in the central portion of the gel, since fixation
occeurs from the periphery to the center of the gel. Difficulty in com-
plete removal of the dye from the upper end of the gel is usually due
to the presence of excess dye and may be avoided by staining with a
lower dye concentration or soaking the gel overnight in 7% acetic acid
prior to destaining. Finally, it should be remembered that the staining
procedure described is almost certainly not universally applicable, and
the possibility that some substances are not “fixed” and therefore not
detected should always be considered. The possible use of the above
dye in combination with alcohol, trichloroacetic acid, heavy metals, or
other effective precipitating agents may prove desirable, especially
when dealing with peptide mixtures.

The destained gels are conveniently stored in 7% acetic acid in
labeled screw-cap vials or test tubes, where they may be kept for years
without deterioration. Photographs prepared with the Polaroid cam-
era provide convenient permanent records (Burns and Pollak, 1963).
The gels are conveniently photographed by transmitted light. Densi-
tometer tracings may be obtained with the type of unit employed for
reading ultracentrifuge photographs (for example, the Joyce-Loebe Mi-
crodensitomer or the Spinco Analytrol). Such tracings are often useful
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in making quantitative approximations of the relative amounts of ma-
terial in several bands.

While results are generally quite reproducible from run to run, mi-
grations are not always identical. It is possible, however, to compare
two proteins of very similar mobility in the same gel column (referred
to as a “split gel”) by including a liquid-tight insert in the gel tube
to form two compartments in which the respective samples can be
introduced. Different protein samples are placed on either side of the
insert and the run is carried out in the usual fashion.

e. Preparative Gel Electrophoresis. The impressive success of small-
scale disc electrophoresis has provided powerful impetus for develop-
ment of corresponding preparative procedures. The chief problems in
preparative electrophoresis are heat dissipation and the recovery of
samples from the supporting medium, particularly from gels. The
former problem, which essentially determines the limits to which the
technique can be scaled up, is generally solved by preparing thin
(0.8 cm or less) slabs of gel (either flat or cylindrical) bounded on both
sides by a cooled surface. The capacity of the method depends upon the
cross-sectional area of the gel and upon the relative mobilities of the
substances to be separated, and it ranges roughly from 0.5 to 10 mg/cm?
cross section of gel, depending on whether the components are closely
spaced or widely separated.

Several methods have been applied to recover material from the gel.
(1) The most direct method for preparative work is to cut the gel and
isolate the material from suitable sections. Several procedures are
applicable: (a) The gel is broken into pieces by cutting it, forcing it
through a screen, or smashing it in a piston in a steel cylinder after
freezing it in liquid nitrogen. The macerated gel is then extracted with
a suitable solvent such as 8 M urea, dilute or concentrated acetic acid,
or ammonia. The solvent may subsequently be removed by dialysis or
evaporation. Recoveries are generally rather variable and incomplete,
and the samples are recovered in dilute form. (b) The sample may be
recovered by electrophoresis out of the gel. A porous gel (such as de-
scribed in Table I) is formed in a Pyrex tube closed at one end with
a rubber stopper penetrating 3-5 mm. After the gel has formed, the
rubber stopper is carefully removed and the end of the tube filled
with buffer and covered with a section of dialysis membrane to form
a small buffer compartment. This operation is conveniently carried
out with the tube held below the surface of the buffer to prevent trap-
ping of bubbles in the compartment. The membrane is affixed to the
tube with the aid of a rubber band or a sleeve of rubber tubing. The
macerated gel sample (which has either been incorporated into the



38 H. FRAENKEL-CONRAT AND R. R. RUECKERT

gel of the tube or simply layered over the gel) is then electrophoresed
out of the gel and into the bottom buffer compartment between the
gel and dialysis membrane. The sample is collected by inverting the
tube and removing the membrane at the end of the experiment. This
method has the advantage of concentrating the sample, but is ap-
plicable only to nondialyzable components, and recoveries are not gen-
erally quantitative. (¢) Radioactive 35S is reported to be recovered
quantitatively by digesting gel sections with hydrogen peroxide (Young
and Fulhorst, 1965). Carbon-14 is also recovered in yields of 8% or
greater of the counts found in the absence of gel by such a procedure.
One- or 2-mm segments sliced from a frozen gel are digested 2 hours
at 65°C in 0.2 ml of 30% hydrogen peroxide in a tightly capped 20-ml
glass scintillation vial. To the digest is added 0.3 ml of water and 9.5 ml
of dioxane-based scintillation fluid. Alternatively, polyacrylamide gels
may be prepared with an alkali-labile crosslinker by substituting ethyl-
ene diacrylate for methylenebisacrylamide in the preparation of the gel
(Choules and Zimm, 1965). Such a modified gel appears to have me-
chanical properties similar to conventional gels, but can be dissolved
with 1 M piperidine to give a clear homogeneous solution in a dioxane-
based scintillation fluid. A counting efficiency of 10% for tritium was
reported. A mechanical fractionator for sequential extrusion and recovery
of 1#C-labeled proteins from polyacrylamide columns has been described
by Maizel (1966).

(2) Preparative methods that do not require sectioning the gel are of
interest, since they considerably reduce the labor required for sampling
and recovering components from complex electrophoretic patterns such
as might be encountered in mixtures of proteins or in enzymatic
digests of a protein. Two basically different approaches have been de-
scribed, which might be classified as end elution and side elution.
In the end-elution technique the sample is collected in a flowing stream
of buffer as it migrates from the end of the column.

(a) Apparatus. A convenient and relatively economical all-glass
apparatus that has proved useful for preparative resolution of milli-
gram quantities of viral proteins (Duesberg and Rueckert, 1965) is
shown in Fig. 2. This arrangement is readily automated.

The basic features of the apparatus are a cylindrical upper chamber
containing the gel and a lower collection chamber bounded by an
upper and lower sintered glass disc. The respective bands migrate
through the gel block, passing through the sintered glass dise and
into the chamber, from which they are immediately swept out by
continuous flow of buffer emerging upward from the lower disc. The
course of the experiment is conveniently monitored through a suitable
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Fic. 2. Apparatus for preparative acrylamide electrophoresis. The sample mi-
grates in an electric field from the top through the body (B) of a prepolymerized
acrylamide gel into the collection chamber (C). As the bands leave the gel and
enter the collection chamber, they are flushed out to a fraction collector by a
continuous upward flow of buffer entering (C) through a porous bottom disc.

spectrophotometer cell linked to a recorder, and the effluent is then
passed into a fraction collector.

(b) Preparation of the column. Before use the apparatus should be
thoroughly freed of any residual polyacrylamide (particularly that
trapped in the upper sintered glass disc) by washing it with warm
chromic acid followed by dilute alkali and distilled water. The
polyacrylamide plug is then inserted into the inverted buffer-filled
glass column. To fill the plug with polyacrylamide it is dipped first
in distilled water to displace any air from the glass interstices, then
inserted, sintered disc end down, into a beaker nearly filled with
a freshly initiated gel solution [10%-——(1X) acrylamide with 0.25%
TEMED in electrode buffer and 0.05% ammonium persulfate is suit-
able]. The gel solution should be allowed to flow freely through the disc
before the plug is completely immersed. After gelation the entire block
is removed from the beaker and the excess polyacrylamide trimmed
away from the outside surface.
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The lower chambers bounded by the glass dises are freed of air
by appropriate tilting or flushing with “elution” buffer introduced with
a syringe attached to the 1.2-mm outside diameter Teflon tubing
secured with a rubber stopper to openings E and F (Fig. 2), respec-
tively. Finally, the column is turned right side up and fixed vertically
in operating position, with the plug immersed in electrode buffer and
taking care to avoid trapping any air bubbles under the flat glass dise.
The cooling rod (H) is centered in the column section (B), so the
tapered end is about 0.5 cm above the upper dise (C). Final alignment
of the cooling rod fixed in a clamp on a ring stand should be carried out
by prefilling the chamber (B), cooling rod (H), and jacket (I) with
water to reduce optical distortion. The column is then ready for in-
troduction of the gel block.

It is important in this operation that the gel bond firmly with the
walls and upper glass disec but that no gel be permitted to form in the
collection chamber. This is accomplished by introducing with the aid of
a syringe attached to outlet F a colored high-density liquid (20%
sucrose in 8 M urea containing 0.01% dye) into the collection chamber
(C) and then through the upper glass disc. Any excess sucrose-urea—
dye solution that passes through the upper glass disc during this opera-
tion is removed from the gel chamber (B), and the gel column is pre-
pared by introducing the desired gel solution into the chamber (B).
The gel solution is then carefully overlaid with a 0.5-cm layer of water
to form a flat upper meniscus and then permitted to sink about halfway
into the upper dise (C) by carefully removing the colored high-
density solution from the collection chamber through outlet (F). The
dye greatly facilitates visual control of this process and makes it easy
to be sure that gel has penetrated the disc but not the collection
chamber. Bromphenol blue is used as the dye in the colored sucrose—
urea solution with a lower anode and crystal violet or methylene blue
with a lower cathode.

When gelation is complete (evident as a very sharp gel-water
boundary at the top of the gel column) the overlying aqueous phase is
removed and the upper compartment filled with electrode buffer. Urea,
if used as a denaturant in the gel block, need not be incorporated
in the electrode buffers with this apparatus.

(¢) Application of the sample and electrophoretic fractionation. The
sample (made denser than the buffer solution by addition of 5-10% su-
crose or & suitable concentration of urea) is then introduced with a
long-tipped pipet or cannula held on the chamber wall just over the
upper gel surface and carefully layered at the top of the column.
The sample zone is susceptible to convective mixing at this stage,
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and a low density current (0.2-0.4 W/cm?2) is initially employed. The
current may then be increased to 0.5-1 W/em? after the sample has
entered the gel. The beginner will find it highly rewarding to conduct
a few preliminary experiments with a dye or colored protein (cyto-
chrome ¢, which, unlike hemoglobin, has a covalently bound heme
moiety, is especially suitable for experiments employing denaturing
solvents such as 8 M urea), since their behavior is readily observed
and technical difficulties are quickly detected. Typical runs take many
hours.

(d) Elution of fractions. As the respective bands migrate out of the
bottom of the gel they enter the collection chamber, from which they
are swept by a continuous slow counterflow of the “elution” buffer
entering through the lower disc and leaving the chamber through a
side arm. The eluate is then passed through an absorption cell and into
a fraction collector. Some proteins can be recovered with high efficiency
even from solutions of 8 M urea and at concentrations as low as
0.1 mg/ml by precipitation overnight in the cold with 5 volumes of
ethanol or acetone. Alternatively, dialysis, lyophilization, adsorption
on ion-exchange resin, or some other method of recovery may be neces-
sary.

In principle, the electrode or gel buffer may be employed for elution.
It is often desirable, however, to make some modifications in the elution
buffer. For example, the mobility of proteins is generally decreased by
an inerease in ionic strength. Therefore, an elution buffer with an ionic
strength exceeding that of the gel buffer minimizes loss of samples due
to migration through the lower dise at the base of the collection cham-
ber and permits use of slower elution flows (hence higher protein con-
centrations) than would otherwise be possible.

Another reason for modifying an elution buffer hinges upon the
method used for recovery of the sample after collection. Thus if one
wishes to lyophilize, a volatile buffer is desirable. Alternatively, organic
solvents, though often excellent protein precipitants, also precipitate
many salts, necessitating further time-consuming desalting steps. This
difficulty may often be avoided by replacing one salt with another.
For example, replacing the g-alanine cation in the pH 4.9 buffer (Table
IIA, column 2) with ammonium ion at the same pH (Table IIA,
column 3) yields a buffer from which no salt precipitates after adding
5 volumes of acetone or ethanol. The essential principle in formulating
the elution buffer is that the upward-moving ion (acetate in the pH
4.8 system with an upper anode) would be the same species as that
in the gel and should have an ionic strength equal to or exceeding
that of the upper electrode. buffer.
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Several other end-elution preparative columns have recently been
described, notably by Jovin et al. (1964), Maizel (1964), and
Hjertén et al. (1965a). End-elution methods all suffer two major
disadvantages. (1) Slowly migrating samples require a long time for
elution, and (2) the eluted protein is recovered in relatively dilute
solution. While the latter problem can often be solved through the
use of suitable concentration or precipitation techniques, the former
problem presents difficulties, particularly when one is dealing with a
complex mixture of components with a wide range of fast and slow
mobility. In principle, elution of segments of the gel column would
be the preferable procedure for this purpose. This can conveniently
be achieved by the side elution technique. In this procedure the
electrophoresis is conducted in a vertically oriented gel slab formed in a
specially constructed chamber (Raymond, 1962), and migration is ter-
minated before the desired components are eluted from the opposite end
of the gel. To recover the separated materials, the gel slab is sand-
wiched together with a separating grid containing vertical furrows
between two sheets of dialysis membrane and subjected in a special
device (Raymond, 1964) to an electric field of appropriate polarity
across the face of the slab, so that each zone is eluted in a direction
normal to the face of the gel slab. Because each component must
migrate no further than the thickness of the gel slab, elution is quite
rapid. The eluted protein collects and concentrates at the surface of a
bounding dialysis membrane, and by virtue of its density increment
and the lower temperature at the externally cooled membrane surface
effects a downward convection flow that carries the protein into collec-
tion chambers at the base of the grid. The protein is thus simultane-
ously eluted and concentrated. Though quantitative studies on recovery
of proteins eluted by this method are lacking, it might be anticipated
that yields will be good for quantities exceeding about 10-20 mg, but
will be progressively poorer with smaller amounts of protein because
of adhesion to the dialysis membrane and diffusion during ecirculation.
Loss of dialyzable materials by passage through the dialysis membrane
limits use of this procedure to recovery of nondialyzable components.
This side-elution procedure is especially suitable for mixtures of non-
dialyzable components with a wide range of electrophoretic mobilities,
since in contrast to end-elution techniques, slowly migrating materials
are recovered almost as readily as rapidly migrating substances. In
addition, it is technically somewhat simpler than the end-elution tech-
niques presently available.

f. Applications. Zonal electrophoresis on polyacrylamide gel has been
used for separation of peptides, proteins, and particles as large as
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ribosomes. A good example of the application of this method to the
separation of peptide mixtures is given by Steers et al. (1965), who
investigated the fragments resulting from B-galactosidase treated with
cyanogen bromide, which cleaves protein chains at the site of methi-
onine residues (see Section IV,A,2). Because methionine is present
in relatively small amounts in most virus proteins, the fragments will
tend to be large and consequently difficult to separate on paper or
by ion-exchange chromatography. Gel electrophoresis, used in con-
junction with urea or detergents when necessary, promises to fill the
gap and represents a very sensitive tool for this purpose.

Gel electrophoresis has also proved useful for the resolution and
detection of virus proteins, particularly scarce proteins such as those
from animal viruses. For example, it has been used to demonstrate
that several different picornaviruses, including poliovirus (Maizel,
1963) and ME, EMC, and Mengo viruses (Rueckert, 1965), each
contain a characteristic set of different polypeptide chains. The method
has also been applied to an analysis of sialidase from influenza virus
(Seto and Hokama, 1964). Where insufficient material is available for
systematic exploration of more conventional separation procedures, it
is possible to scale up analytical columns to isolate milligram quantities
of each polypeptide component free of the other (Duesberg and Ruec-
kert, 1965; Maizel, 1964). Another modified gel-electrophoresis pro-
cedure has been applied to studying the biosynthesis of structural and
other virus-induced proteins in the poliovirus-infected cell (Summers
et al., 1965).

Gel electrophoresis is also suited to the study of reactions that lead
to changes in the charge of proteins, since it is possible to detect the
effect of removing a single charge (Duesberg and Rueckert, 1965).
The procedure should, therefore, be useful in monitoring such reactions
as acetylation of lysine and alkylation of thiols with iodoacetate, which
introduces a negative charge, or ethylenimine, which introduces a positive
charge (Section I1,C,34).

The procedure has also been adapted to separation of the particulate
elements of the ribosomal particle (Hjertén et al., 1965a), and should
with suitable modification be applicable to electrophoretic studies on
small virus particles.

3. Electrophoresis without Supporting Matrix

An instrument that appears very promising as a tool for preparative
electrophoresis of proteins or peptides is the continuous-flow electro-
phoretic separator (Hannig, 1961), a type of curtain electrophoresis
apparatus that employs no carrier other than a flowing buffer stream
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(available from Brinkman Instruments, Westburg, New York). The
substance to be resolved is pumped at a slow rate into a separating
chamber consisting of a thin sheet of buffer flowing at a uniform rate
between two parallel glass plates (50 X 50 em). The sample is sepa-
rated according to the electrophoretic mobilities of its respective com-
ponents by an electric field exerted normal to the direction of buffer
flow. The sample separates as it flows in a continuous stream to the
other end of the sheet, where the respective separated fractions are
collected in 48 fractions.

Another technique that appears promising as a tool for the separation
of proteins as well as of protein aggregates and particles, including
viruses, is sucrose-gradient electrophoresis. Here the sucrose gradient
fulfills the stabilizing role, which permits the separation of components
while minimizing diffusion and abolishing adsorption problems. Sucrose
gradients containing 4-6 M urea can be used to prevent aggregation
of viral proteins (Cramer and Svensson, 1961).

At the end of the run, the sucrose is drained in dropwise manner,
collected in fractions, and the contents are analyzed.

B. GEL FiLTRATION

Gel filtration is a procedure in which separation is based to a large
extent upon differences in molecular size. Three major classes of mate-
rials currently in use are agarose, polyacrylamide, and dextran gels.
Of these, the first is primarily applicable to separation of very large
macromolecules and particles in the size range of viruses (Steere
and Akers, 1962) and subcellular particles (Hjertén, 1962, 1964) and
need not concern us here.

The other two gels, polyacrylamide (available from Bio-Rad Labo-
ratories, Richmond, California) and Sephadex (available from Phar-
macia Fine Chemicals, Piscataway, New Jersey) are capable of resolving
substances in the molecular weight range of 100-200,000. These materials
are available in a range of different degrees of crosslinking, which is the
principal determinant of the fractionation range. Polyacrylamide has
only recently become available, and as yet there is relatively little in-
formation on which to compare it critically with Sephadex, the gel form
most widely used.

1. Sephadex

a. Available Gels. The use of Sephadex in gel filtration was first
described by Porath and Flodin (1959), who pointed out its applica-
tions to resolution of molecules of different size. Sephadex consists of



1. ANALYSIS OF PROTEIN CONSTITUENTS OF VIRUSES 45

small grains or beads of an insoluble dextran polymer -crosslinked
into a three-dimensional network of polysaccharide chains. It is neutral
except for the presence of 10-20 microequivalents of anionic carboxyl
groups per gram, these evidently originating by oxidation of residual
aldehydic groups in the dextran. The gel is relatively stable to alkali
and has been used with 0.1 N NaOH. It can also be used with weak
acids such as acetic acid, withstanding concentrations as high as 50%
for short periods. It is hydrolyzed by strong acids. Seven grades of
standardized Sephadex are presently available, the physical proper-
ties and fractionation ranges of which are summarized in Table III.
The indicated exclusion limits are determined from soluble dextran
fractions and may vary somewhat for proteins.

TABLE III
Puysicar Data oN SepHADEX GELS
Swelling Exclu- Fraction-
time® sion ation
Type (hours) W, de Ve Vo V. limite range’
G-10 2 1.0 — 2 — — 1,000 To 700
G-15 — 1.5 — — — — — To 1,500
G-25 6 25 1.13 5 2 2.5 5,000 100-5,000
G-50 6 5.0 1.07 10 4 5 10,000 500-10,000
G-75 24 7.5 1.056 12-15 5 7 50,000 3,000-70,000
G-100 48 10 1.04 1520 6 10 100,000 4,000-150,000
G-200 72 20 1.02 30-40 9 20 200,000 5,000-800,000

¢ Recommended time for Sephadex to swell in a given buffer.

® Water regain; i.e., grams of water taken up in inner phase per gram of dry gel.

¢ Density of gel column.

4 Volume of 1 gm of gel when fully swollen with water; V, represents the void volume
and V; the inner volume.

¢ Average molecular weight of dextran calibration fraction excluded from gel.

/ Average molecular weight range that can be fractionated, determined with globular
proteins.

b. Preparation of the Gel. The dry powder is added slowly to a salt
solution with stirring. Solutions containing 0.01 M salt or higher
should be used, since the aggregated gel is otherwise difficult to dis-
perse. The gel grains are allowed to swell for the indicated times
(Table III), since a column packed before the gel has fully swollen
may have an excessively slow flow. It has been reported that the
swelling time of Sephadex can be reduced to a few hours by suspending
the gel in 6 M urea or 5 M guanidine hydrochloride (Wieland et al.,
1963) or by boiling in distilled water for a few hours.
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After the gel beads have swollen the fine particles are removed by
repeated decantation. The gel is suspended in 10-20 volumes of buffer
and allowed to settle for 30-60 minutes in a graduated cylinder for
this operation. After the last decantation, the gel is suspended in
2-3 volumes of buffer and is ready for preparing the column. The gel
suspensions can be kept indefinitely, provided precautions are taken
to prevent microbial growth.

¢. Column Design. Desirable features for a gel-filtration column in-
clude (1) uniform bore up to the bed support, (2) a suitable bed
support, and (3) a small but well-drained chamber beneath the bed
to prevent dilution and remixing of eluted zones after they emerge
from the bed support. Large-scale columns with nylon-netting bed
supports especially designed for the purpose are commercially avail-
able (Pharmacia Fine Chemicals, Inc.).

A suitable column can be constructed from glass or plastic tubing
of the desired size fitted at one end with a rubber stopper equipped
with a 2—4-cm length of 4-mm glass tubing. A short section of latex
rubber tubing fitted with a stopcock or screw clamp is forced over the
4-mm glass tubing outlet to provide a flow-control device. For small-
scale columns a length of surgical polyethylene tubing (e.g., size PE
160) inserted through a fine hole in the stopper is very practical. The
tubing is cut sufficiently long that flow may be regulated by raising
or lowering its distal end. The rubber stopper is anchored more se-
curely in the base of the glass column, if necessary by wrapping it with
a few turns of adhesive tape.

A bed support may be fashioned from a thin disec of porous poly-
ethylene (Porex Materials Inc., Fairburn, Georgia) cut with a sharp
cork borer to a size that fits snugly inside the tube. The disc is
positioned with the aid of a suitable rod inside the column on top of
the rubber stopper, leaving a very thin space between the stopper and
the disc to provide good drainage for the buffer emerging from the
porous support disc. A few small glass beads correctly positioned be-
tween disc and stopper ensure a proper space. Sintered glass discs, often
used for this purpose, are not recommended, since they tend to become
clogged by fine particles produced from abrasion of the swollen Sepha-
dex grains by the glass.

Alternatively, a column satisfactory for many purposes can be con-
structed from a glass tube with a small plug of glass wool inserted
in a constriction at the bottom.

d. Preparation of the Gel Bed. Since in gel filtration the separation
volume is small compared to the bed volume, a carefully packed column
is of special importance in achieving optimum performance. The column
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is mounted in a vertical position and half filled with buffer. Any air
trapped in the porous disc at the bottom of the column may be
removed at this step by connecting the upper end of the column to a
water-aspirator pump until bubbles no longer emerge from the dise.
Deaeration of buffers before use prevents subsequent formation of
troublesome air bubbles during the packing and chromatography steps
described below.

To prepare the bed, a homogeneous suspension of deaerated gel
slurry is introduced into the column tube, which was previously half
filled with buffer. The outflow tube should be closed at this step. The
gel particles are permitted to settle through the buffer until a layer
several centimeters deep forms at the bottom; thereafter, a slow flow
of buffer is released through the bottom outlet. Fresh gel is added at
intervals until the desired bed height is reached. In a properly packed
column the rising bed surface remains level throughout the operation.
Columns with a height-to-diameter ratio of 10:1 or 20:1 are cus-
tomarily employed. Columns of G-100 and G-200 are very easily com-
pressed and exhibit reduced flow rates with excessive pressures. They
should not be packed with pressure heads exceeding 1020 cm of water.
It has been reported, however, that addition of cellulose powder
(15-20%, w/w) to G-200 markedly increases the flow rate of the
column without affecting the general characteristics of the filtration
pattern (Craven et al., 1965).

To equilibrate the column, two or three bed volumes of the desired
buffer are now passed through. If the surface is not completely level
at this point, this can often be corrected by tapping the column or
by carefully stirring the surface of the gel with a glass rod. The sus-
pended gel will then settle to form a level surface.

Because the upper surface of the gel is very easily disturbed, es-
pecially during sample applications, many workers prefer to stabilize
the surface by covering it with a disc of filter paper. When working
with small amounts of protein, nylon netting or Teflon-coated glass
cloth filters (Bel Art Products, Pequannock, New Jersey) are preferable
because many proteins are strongly adsorbed to cellulose paper.

e. Application of the Sample. This is also a critical step in obtaining
good results. Two procedures are commonly used.

(1) In the first procedure, excess buffer is carefully removed and the
remaining eluent is allowed to drain into the surface of the bed without
allowing the surface to dry. The sample is now applied, taking care
not to disturb the gel particles, which should have a level surface.
After letting the sample sink into the bed, a small amount of eluent
is applied to the column in the same way to wash the sample into the
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gel. The column is then overlaid with buffer and developed. This pro-
cedure is most suitable for the small pore gels (G-10 to G-75). For
the large pore gels (G-100 and G-200), which are easily compressed,
the following procedure is recommended.

(2) In the second procedure, the sample is applied as a layer under-
neath the buffer with the aid of a bent-tip pipet held on the wall of
the tube just above the surface of the gel. For effective layering the
sample must be denser than the overlying buffer. The density is com-
monly increased when necessary by adding a few percent by weight
of sucrose or urea. '

f. Determination of the Void Volume. With the data for the total
bed volume (V.), water regain (W,), wet density (d), and dry weight
of Sephadex used (a), the void volume, V,, can be calculated from
Eq. (1).

Vo=V:—a(l +W,)/d ey

The inner volume, V; can be calculated from the water regain by
using the expression V; = aW,. V; can also be calculated without know-
ing the dry weight of the gel from Eq. (2).

Vz' = (Vt - Vo) Wrd/l + Wr (2)

However, void volumes change somewhat from column to column due to
various packing densities, and it is often desirable to determine this
value experimentally. The void volume is the volume of buffer re-
quired to elute a high molecular weight substance that is completely
excluded from the inner solvent of the gel. Hemoglobin, because of its
visibility and availability, is commonly used for determining the void
volume of G-25 and G-50, but is unsatisfactory for the larger pore
gels (G-75 to G-200) because it is not completely excluded. A colored
polymer (Blue Dextran 2000) (Pharmacia Fine Chemicals Inc., Piscat-
away, New Jersey), with an average molecular weight of about 2 X 108,
has been developed for this purpose. It is also useful for checking flow
behavior of a column to make sure that it has been properly packed.
This material is readily soluble in water and salt solutions and is
used at a concentration of 0.1-0.2%.

g. Applications of Gel Diffusion. The primary use of Sephadex is to
separate macromolecules from small molecules or ions. Gel filtration
is also applicable to a variety of situations in which one -desires to
transfer a protein into a new solvent. The method is a rapid alternative
to dialysis and may be carried out without excessive dilution. Sepha-
dex G-25 is generally used for this purpose because it excludes essen-
tially all proteins that are eluted in the void volume, while small-
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molecular weight components follow. A bed volume of 6-10 times the
sample volume is generally adequate for this purpose. For example,
to transfer 5 ml protein in 8 M urea to a solvent such as 0.1 M
acetic acid, one passes several bed volumes of the latter solvent through
a 50-ml column in order to equilibrate it with the desired solvent.
The sample is applied as described above and the column developed
with 0.1 M acetic acid. According to Table III, the protein will emerge
from the column after about 20 ml (the void volume of a column of
G-25 with a total volume of 50 m') and will be diluted by diffusion
to a volume of 8 or 9 ml.

A convenient procedure to concentrate dilute protein solutions, as
they frequently result from column fractionation and similar proce-
dures, also utilizes Sephadex. The procedure consists in precipitating the
protein by means of adding ammonium sulfate to the solution to the
concentration necessary to precipitate the protein, and then desalting
the precipitate, redissolved in a little water, by passage through a
short Sephadex G-25 column, equilibrated with a 0.02 N volatile buffer
such as ammonium acetate.

It is also possible to separate proteins of different sizes on Sephadex
and polyacrylamide gels. The larger-pore-size gels (G-75 to G-200)
with higher fractionation limits are used for this purpose. For example,
Crestfield et al. (1963) resolved the reduced carboxymethylated A and
B chains of insulin on the basis of their differences in size by chroma-
tography on Sephadex G-75 equilibrated with 50% acetic acid.
This procedure, using acetic acid and/or other disaggregating solvents,
should be suitable for resolution of viral proteins of different sizes,
but so far it does not appear to have been applied for this purpose.
Difficult separations on gel columns can sometimes be achieved by
recycling chromatography. A special apparatus for this purpose is
commercially available (LKB Instruments, Washington, D.C.).

The estimation of molecular weight by gel chromatography has also
been described. The method rests upon comparison of the elution volume
of an unknown protein with standard proteins of known molecular
weight. Good linear correlations have been reported between the molec-
ular weight or molecular radius of a number of proteins with the ratio
V :V, of elution volume to void volume (Whitaker, 1963; Andrews,
1964; Akers, 1964). Again the method appears not to have been
applied to estimating the molecular weight of virus proteins, where the
aggregation problem poses itself. Differences in the state of aggrega-
tion of TMYV protein in various buffers at pH 7 have been evaluated
by Sephadex chromatography (Colloms, 1966). The application of dis-
sociating solvents in conjunction with considerations similar to those
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discussed under ultracentrifugation may prove fruitful in applying gel
filtration to virus protein.

Certain precautions are necessary in using Sephadex. In the absence
of salts, small quantities of proteins such as RNase, lysozyme, trypsin,
and bovine serum albumin have been reported to adsorb to Sephadex.
These proteins were readily eluted with dilute sodium chloride but not
with distilled water (Glazer and Wellner, 1962). This behavior 1is
attributed to the small amounts of carboxyl groups in the gel. Some
proteins behave anomalously on Sephadex. For example, lysozyme has
been reported to elute from G-75 and G-100 much later than expected
on the basis of its molecular weight (Whitaker, 1963). This behavior
was not affected by ionic strength and is, therefore, evidently not
attributable to the ion-exchange effect mentioned above. Similar cases
are known for certain other proteins. It is possible that such effects
might be corrected by the use of aromatic solvents that have been
shown to correct the adsorption of phenylalanine, tyrosine, and tryp-
tophan to dextran gels (Porath, 1960; Synge and Youngson, 1961).

h. Thin-Layer Chromatography with Sephader. Another technique
that looks promising for microscale work with peptides and proteins
is thin-layer chromatography with superfine Sephadex gels that have
been especially developed for this purpose. These powders require no
binder and adhere readily, provided the glass plates are scrupulously
clean. The slurry is applied to the plate in a layer 0.5 mm deep with a
conventional spreader. Proper consistency of the gel during spreading
is a prerequisite to preparing good layers, particularly for the larger
gels G-100 and G-200. Morris (1964) recommends 6% and 4% (w/v)
suspensions of G-100 and G-200, respectively, and employs the follow-
ing procedure. The slurries are spread on 10 X 20 cm plates, and after
equilibrating 18 hours in a closed solvent-saturated chamber (which
is said to improve reproducibility), 1-20 ug of protein in 0.5-1 pl of
buffer is applied as a series of spots 1.5 cm apart in a line about 3 cm
from the short edge of the plate. The plate is then developed by
descending chromatography. Solvent is introduced to the upper end
of the tilted plate through a strip of Whatman 3 MM filter paper, and
the solvent flow is regulated by tilting the plate to the proper angle
(1020 degrees). A corresponding wick of filter paper is placed at the
other end to prevent accumulation of excess fluid at the bottom of
the plate. The progress of the experiment is followed with a colored
marker protein such as cytochrome ¢ or hemoglobin, which should
migrate about 70 mm in 4-8 hours for good results. At the end of the
migration the plate is carefully covered with a sheet of 10 X 20 cm
filter paper (Schleicher and Schuell No. 2042 b was recommended) and
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dried 30 minutes at 80°-90°C. Protein spots are detected by staining
with 02% Ponceau red in 10% aqueous acetic acid or with 1%
naphthalene black 12B or 0.01% nigrosine in methanol-water—acetic
acid (50 :40:10). The dye is removed by repeated rinsing in water,
at which time the filter paper again comes free from the surface, ex-
posing the stained protein spots.

Thin-layer gel-filtration procedures for the small-pored Sephadex
gels have also been described (Determan, 1962; Johansson and Rymo,
1962, 1964; Andrews, 1964).

C. ULTRACENTRIFUGATION

The ultracentrifuge is particularly suited to quantitative studies on
the size and homogeneity of macromolecules in solution, and it was the
introduction of ultracentrifugation that led to general acceptance of the
concept of proteins as macromolecules of defined size. It is today one
of the most useful and versatile tools for determination of particle size,
homogeneity, and interactions. The method is nondestructive and under
favorable circumstances yields molecular weight data on a few milli-
grams or less of protein. Today most analytical studies on the ultra-
centrifuge are carried out in the electrically driven Model E analytical
ultracentrifuge (Beckman-Spinco), the general availability of which
has done much to popularize ultracentrifugal measurements. Increased
sensitivity and accuracy in ultracentrifuge methods has been achieved
by the use of interference optics (Richards and Schachman, 1959;
LaBar and Baldwin, 1962). The recent introduction of a photoelectric
absorption scanning system offers still greater sensitivity (Schachman,
1963). This latter system should prove particularly valuable for studies
on scarce materials and aggregating proteins, such as virus subunits,
which tend to dissociate more readily at high dilution. Refractive
index optics require concentration of the order of several milligrams
per milliliter, while ultraviolet absorption optics are about 3—-10 times
as sensitive.

The two basic methods employed for molecular weight determina-
tions with the ultracentrifuge are the sedimentation velocity method
and the sedimentation equilibrium method.

1. Sedimentation Velocity

The sedimentation velocity method is commonly employed (1) as a
means of evaluating sedimentation homogeneity or heterogeneity and
(2) as a means of determining sedimentation coefficients, which serve
as characteristic properties of any particular protein and which may
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be used in molecular weight determinations. The protein solution is
centrifuged at high speeds, typically near 60,000 rpm, because of the
relatively low sedimentation velocity of proteins. An approximate idea
of the size and homogeneity of a preparation is quickly obtained in
this way. Heterogeneous protein solutions containing two or more
species differing appreciably in size are revealed as multiple sedimenting
boundaries. Different proteins with relatively similar sedimentation
coefficients may or may not be revealed by the sedimentation velocity
method, and it is important to remember that a single boundary in-
dicates size homogeneity but is not a sufficient, nor even an especially
good, criterion of purity.

The sedimentation coefficient of a preparation is a useful characteris-
tic of a protein preparation and may be used as a reference constant.
Methods for calculating and correcting sedimentation coefficients to
water at 20°C and zero protein concentration are described by Schach-
man (1957).

The molecular weight of a protein may be estimated from deter-
minations of its sedimentation coefficient, s, its diffusion coefficient,
D, and from a knowledge of its partial specific volume, 9, using Eq. (3)
(Svedberg and Pedersen, 1940).

RT s

M=1—-T)p5 3)

where M is the molecular weight, B the gas constant, T the absolute
temperature, and p, the density of the solution.

The partial specific volume of most proteins is in the range 0.70—
0.75. A reasonably accurate value may be calculated from the amino
acid composition of the protein on the assumption that the volume of
the protein in solution is equal to the sum of the volumes of its
constituent amino acid residues (Cohn and Edsall, 1943). This method
assumes that the protein is free of lipid and carbohydrate, the presence
of which could lead to significant errors. The most reliable procedure
for determining partial specific volumes is based on density measure-
ments. An example of the experimental determination of a partial
specific volume with a pycnometer is given by McMeekin et al. (1949).

2. Sedimentation Equilibrium Method

In the sedimentation equilibrium method, the solution is centrifuged
at relatively low speeds, so that gravitational forces are insufficient
(because of counteracting diffusional forces) to completely sediment
the protein to the bottom of the cell. When equilibrium has been
reached, one can calculate the molecular weight from semilogarithmic
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plots of the relative protein concentration at various distances from
the center of rotation by means of Eq. (4) (Svedberg and Pedersen,
1940).

2RT ¢

where o is the angular velocity in radians per second, ¢ the relative
concentration of protein, and r the distance from the center of rotation
in centimeters. According to this equation, a plot of log ¢ against r2
should give a line of constant slope for a homogeneous protein.

A number of useful variations that considerably reduce the time re-
quirement for sedimentation equilibrium experiments have been de-
veloped. A low-speed sedimentation equilibrium method is described
by Klainer and Kegeles (1955). The use of very short sedimentation
columns (van Holde and Baldwin, 1958; Yphantis, 1964) reduces the
time periods involved to a few hours.

3. Applications

Ultracentrifugal studies on proteins in aqueous solutions are gener-
ally carried out in 0.1-0.2 M salt such as NaCl or KCl in order to
swamp out coulombic effects produced by sedimentation of the charged
molecules away from their smaller counter ions. Unfortunately, while
molecular weight determinations in the ultracentrifuge require a homo-
geneous population of molecules, virus proteins are generally strongly
aggregated or even insoluble in neutral salt solutions, and appropriate
steps must generally be taken to define the proper conditions for
preparing monodisperse solutions. These include preventing formation
of disulfide crosslinkage between polypeptide chains and the use of
appropriate solvents that will not only dissolve the protein but also
dissociate its smallest polypeptide subunits into their monomer forms.

Disulfide crosslinking may be prevented by blocking all sulfhydryl
groups in a form that precludes formation of disulfide crosslinks. This is
generally done either by oxidation of sulfhydryl and disulfide bonds
to the sulfonate form with performic acid or by reduction and subse-
quent alkylation of all disulfide groups (methods for carrying out these
procedures are described in Section II,C,2,3). The relatively gentle re-
duction and alkylation procedures seem preferable to the considerably
more drastic performic acid oxidation procedure. It must be noted that
the neutral, negatively, or positively charged groups that can be intro-
duced by alkylation of the cysteine residues give enough variety so that
the insolubility problems sometimes encountered with certain alkylated
polypeptide derivatives are usually successfully surmounted by another.
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The next step is to find an appropriate solvent for the protein, which,
as mentioned above, is generally associated into polydisperse aggre-
gates. Many denaturants, including 0.01-0.1 N NaOH, 0.1 M acetic
acid, 67% acetic acid, 70% formic acid, 8 M urea, 5 M guanidine
hydrochloride, 30% pyridine, and 0.1-1% sodium dodecy! sulfate, have
been used to disaggregate virus proteins for molecular weight determina-
tions. Though polypeptides appear to be sufficiently stable to tolerate
(at least for a limited time) the extreme pH ranges represented above,
the use of strongly acid and basic solvents is generally regarded as
unwise, particularly in investigating proteins of unknown nature, and
exploration of the neutral solvents, including detergents, guanidine,
and urea, is much preferred. Of the latter, sodium dodecyl sulfate
has been most widely used because it is effective, even in relatively
low concentration, for disrupting aggregates into their respective mon-
omers. Having found a suitable solvent, the appropriate sedimenta-
tion diffusion or sedimentation equilibrium experiments are carried out
and a molecular weight calculated by the usual procedures.

Up to this point the possible preferential binding of solute components
to the protein has been ignored. For example, detergent molecules bound
to the sedimenting protein increase both the particle weight and
partial specific volume of the sedimenting unit, and this effect can be
considerable. Procedures for calculating the molecular weight of the
unbound protein from the particle weight of the protein—detergent
complex are given by Hersh and Schachman (1958). The results of
Kielley and Harrington (1960) and of Trautman and Crampton (1959)
in model studies on RNase indicate that valid molecular weight de-
terminations may also be obtained with 5 M guanidine hydrochloride
and 6 M urea as solvents. Finally, it should be noted that three com-
ponent systems such as those referred to above are still being actively
investigated, and, though it appears that their use is valid, it is de-
sirable to check the results by as many independent techniques as
possible. Their chief value in the characterization of polypeptide chains
is in setting limits on the maximum molecular weight of any particular
protein. Such information is particularly valuable when used in con-
junction with amino acid compositions that give minimum molecular
weight data.

D. ZoNAL CENTRIFUGATION ON DENSITY GRADIENTS

Another exceedingly valuable and versatile t’echnique applicable to
both analytical and preparative studies on viral proteins is that of
zonal centrifugation on density gradients (Brakke, 1955). This proce-
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dure is generally carried out in the swinging bucket rotors of the
Spinco Model L preparative ultracentrifuge and has the considerable
advantage of requiring much less technical proficiency and interpretive
sgkill than that demanded by analytical ultracentrifugation. Two types
of rotors are in general use: a small SW-39 (or SW-50) rotor that
holds three tubes of 5-ml capacity and a larger SW-25 rotor holding
three tubes of 34-ml capacity. The smaller rotor, capable of higher
speeds, is generally used for analytical or small-scale preparative work
and the larger rotor mainly for preparative work.

1. Preparation of Gradients

Though a variety of substances have been employed for the produc-
tion of gradients, sucrose is by far the most widely used. A very
useful table summarizing the densities and viscosities of sucrose solu-
tions over a wide range of concentrations has been compiled by de Duve
et al. (1959).

Crude sucrose gradients that are quite suitable for many applica-
tions may be prepared without special equipment by carefully layer-
ing into the 5-ml Lusteroid tube 1.1 ml each of four solutions of de-
creasing density, e.g., of 20, 15, 10, and 5% sucrose dissolved in a
suitable buffer. If stored 24—48 hours at constant temperature (sucrose
gradients are preferably stored at low temperature to avoid the
growth of microorganisms; alternatively, an inhibitor such as 0.05%
sodium azide may be used), a very smooth and reproducible gradient is
produced by diffusion.

A more rapid and very convenient device for generating sucrose
gradients is that described by Britten and Roberts (1960). The unit
consists of a Lucite bloeck containing two parallel chambers connected
at the bottom by a fine channel which may be closed off with a screw
pin or stopcock. A polyethylene outflow tube about 8-10 cm in length
extending from one of the chambers completes the device. It is con-
venient to have two units, one designed to fill the small tubes of the
SW-39 rotor (holding about 2.5 ml in each chamber), and the other
designed to fill the larger SW-25 tubes (capacity of about 15 ml in each
chamber).

To prepare a linear 5-20% sucrose gradient in the 5-ml Lusteroid
centrifuge tube, the connecting channel between the two chambers is
filled with 5% sucrose to displace any air bubbles, then closed by
turning the screw pin or stopcock. With the outflow tube elevated, the
chambers are loaded with 2.3 ml of the respective 5 and 20% sucrose
solutions, filling the mixing (outflow) chamber with the denser solu-
tion. A small metal mixing paddle or platinum bacteriological inoculat-
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ing loop mounted on a stirring motor is then inserted into the outflow
chamber so that the stirrer just clears the floor of the mixing chamber.
Magnetic stirring is also possible. The stirring speed is adjusted to
give good mixing with minimum disturbance of the meniscus. The
connecting channel between the chambers is now opened and the tip
of the polyethylene outflow tube is placed at the top of the centrifuge
tube to initiate the preparation of the gradient. For maximum linearity
of the gradient the outflow should be sufficiently slow that the fluid
levels in the two chambers are the same during emptying. The finished
gradients are stable for at least 48 hours if stored at constant tempera-
ture.

2. Layering the Sample

To start a run the sample (0.1-0.5 ml, depending upon the purpose
of the experiment) is carefully layered on the gradient. In order to
achieve maximum performance from the density-gradient columns, it is
important that the operator be cognizant of the “droplet-sedimenta-
tion” phenomenon that may occur upon layering a sample over a
density-gradient column (Brakke, 1955). After application of the sample
to the column, the sucrose molecules diffuse into the protein band
faster than the protein diffuses out. Because of the density increment
due to the protein, the density of the solution at the edge of the sample
boundary exceeds that of the underlying sucrose solution and droplets
begin to settle. These form fine streamers, which are often visible be-
cause of the difference in refractive index of the two solutions. This
effect is not serious if the sample contains less than about 2% protein
and is layered on at least 5% sucrose and does not seem to occur after
centrifugation has been initiated. It is important, however, to be aware
of the phenomenon and not to delay too long between layering the
sample and beginning centrifugation.

3. Centrifugation

It is desirable, especially with the small SW-39 rotor, to initiate
acceleration slowly for the first 1020 seconds in order to avoid the
starting lash imparted to the rotor by the drive shaft when the two are
not fully engaged. Full acceleration may be applied as soon as the rotor
reaches slow speed. For most reproducible results, the rotor should be
brought to operating temperature prior to beginning centrifugation and
temperature settings set at the desired point. Some warming of the
contents occurs during prolonged high-speed runs, and in cases where
this is of importance, control settings should be adjusted to that
required for the proper sample temperature. At the end of the run the
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small rotor should be decelerated without braking. This precaution
is unnecessary in the case of the large rotor.

4. Sampling

The gradient column is customarily sampled by collecting drops
through a hole pierced in the bottom of the centrifuge tube. Several
special devices for more accurate collection of drops have been de-
scribed (Szybalski, 1960; Martin and Ames, 1961). The latter authors
showed that the volume of the drop sizes from a linear 5-20% sucrose
gradient were essentially constant throughout the gradient, delivering
about 15 ul per drop through a 21-gage syringe needle.

5. Applications

Zonal density-gradient centrifugation using the swinging-bucket ro-
tor has been used in the determination of sedimentation coefficients
and preparative resolution of viruses, ribosomes, nucleic acids, and pro-
teins. The present discussion will be confined to the latter. The method
is valuable as a preliminary means of determining particle size, par-
ticularly for very scarce materials where insufficient material is avail-
able for conventional optical methods in the analytical ultracentri-
fuge. Martin and Ames (1961) developed the method for determination
of sedimentation coefficients down to about 2S. In their procedure, a
0.1-ml aliquot of the material to be investigated is layered over 4.55
ml of a linear 520% sucrose gradient in an appropriate buffer. Sedi-
mentation is carried out at 3°C and 39,000 rpm for periods up to 18
hours. A useful feature of such gradients is that the increasing density
and viscosity of the sucrose gradient is almost exactly counterbalanced
by the increasing gravitational force encountered by the sedimenting
particle as it moves outward. As a result, most proteins exhibit a linear
migration with time, so that the ratio of the distances traveled by any
two solutes from the meniscus is constant and independent of time.
For solutes with similar partial specific volumes, the sedimentation
coefficient of an unknown can be determined by comparison of its rate
of sedimentation with that of a reference protein with a known sedi-
mentation constant. The method is capable of surprising accuracy with
appropriate care. A major advantage of this procedure is that any
suitable property such as radioactivity, infectivity, hemagglutination,
enzyme activity, or absorbancy can be used in locating the material
of interest. For globular, or almost globular, proteins with similar partial
specific volumes, a crude estimate of the molecular weight, M, may be
determined from the sedimentation constant alone (Schachman, 1959)
according to the relation in Eq. (5).
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81/82 = (M,/My)*3 ()

The zonal sedimentation method has been used to estimate the par-
ticle size of an isolated hemagglutinin from influenza virus using the
hemagglutinating activity as an assay and 78 and 198 y-globulin as
reference proteins (Laver, 1964). In another case, the molecular size of
radioactive protein from guanidine-degraded poliovirus was determined
(Scharff et al., 1964). In this case, 4 M guanidine hydrochloride was
included in the gradient to prevent aggregation of the virus protein.
RNase, determined enzymatically, and bovine serum albumen, deter-
mined by its absorbancy at 280 mp, were used as reference proteins.
In still another case, the split products of detergent-treated myeloblas-
tosis virus were separated and characterized by the ATPase activity
and antigenicity (complement fixation) of the respective components
(Eckert et al., 1964).

E. Oruer Puysica. METHODS

Low-angle x-ray scattering in solutions, though not often mentioned,
is a means of determining molecular weight and shape of proteins. In a
recent study using this method (Anderer et al.,, 1964), evidence was
presented that TMV protein exists in 60% acetic acid as a fully disso-
ciated monomer in which the tertiary structure is disrupted but the
secondary coiling (a-helix) is unaffected. Tobacco mosaic virus protein
in 0.01 N NaOH was shown, however, to be incompletely dissociated.
A review on the use of low-angle x-ray scattering is given by Beeman
et al. (1957).

A good introduction to the application of light scattering to molecu-
lar weight determinations is given by Tanford (1961).

A recent review on the application of osmotic-pressure techniques
to the determination of molecular weights in the presence of high con-
centrations of urea or guanidinium hydrochloride is given by Kupke
(1960).

A very direct method for examining macromolecular assemblies is
that of electron microscopy. It has been employed widely to studies on
the substructure of viruses.

IV. Amino Acid-Sequence Analysis of Virus Proteins

A. SprciFic CLEAVAGE oF PEPTIDE CHAINS

The structural analysis of a protein usually requires two principal
steps: The dissociation of multichain proteins into their single-chain
components, and the determination of the sequence of amino acids
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in the latter. The first objective is achieved by methods discussed in
Section I1,C,2,3. If the peptide chains are held together only by second-
ary linkages, then detergents, urea, or guanidine salts serve to disso-
ciate them. If disulfide bonds are involved, and this has not as yet been
observed to be the case for virus proteins, then these must be split, a
process that can be achieved by oxidation or reduction. Oxidation us-
ually destroys tryptophan and other residues, and reduction is therefore
generally the method of choice. To prevent reoxidation and reformation
of disulfide bonds by atmospheric oxygen, the reduced proteins are us-
ually stabilized by alkylating agents, as discussed above.

If the virus protein was composed of more than one type of peptide
chain, then these have to be separated. DEAE-cellulose chromatog-
raphy may be useful for this purpose, but electrophoretic methods on
paper or polyacrylamide gel have proved more generally successful (see
Section IIL,A).

The determination of the sequence of amino acids in a single-chain
protein should in principle be possible by the repeated application of
the stepwise degradation by phenyl isothiocyanate (see Section II,B4).
However, in practice, this has rarely been possible for sequences of more
than eight residues.* The customary procedure is, therefore, to de-
grade the protein by various means of specific cleavage to fragments
that are more amenable to phenyl isothiocyanate and the other methods
of sequence analysis given above. Methods for specific cleavage are
either enzymatic or chemical, and are discussed below.

1. Specific Enzymatic Cleavage

The most important tool of protein structural analysis is the enzyme
trypsin, which splits proteins only at the carboxyl end of arginine and
lysine. Theoretically, this would degrade every protein to X 4+ 1 pep-
tides if X is the number of arginine and lysine residues per mole. In
actuality, some of these bonds may be quite resistant to trypsin, as
for instance Lys—Pro and Arg-Arg. On the other hand, traces of chy-
motrypsin present in most trypsin preparations lead to varying extents
of splitting of the peptides at sites particularly susceptible to that
contaminant enzyme, so that minor components may be present in the
digests amounting to more than X 4 1. Of the various suggestions as
to how to suppress the chymotrypsin activity in trypsin preparations,
the most effective appears to be the use of TPCK-treated trypsin.
TPCK, 1-(1-tosylamido-2-phenyl)ethylchloromethyl ketone, is a spe-
cific inhibitor of chymotrypsin (Schoellmann and Shaw, 1963; Kostka
and Carpenter, 1964). The specificity of trypsin can be sharpened to

* See, however, Edman’s Sequenator [Edman and Begg (1967)].
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attack only at arginines by blocking the lysine groups by various re-
agents (see Section II,C,4). On the other hand, trypsin can be made to
split the peptide chain at cysteine residues by transforming these to
ethylamino groups (see Section II,C,3,b).

Other proteolytic enzymes have less clearly defined specificities. Chy-
motrypsin attacks the carboxyl end of the aromatic and large aliphatic
amino acids with some preference and can be used as an alternate pri-
mary agent, for the degradation of proteins. More frequently, however,
chymotrypsin, as well as the bacterial protease, subtilisin or nagarse,
are employed for secondary degradation of protein fragments, e.g., big
peptides obtained by trypsin or other reagents. The bacterial enzymes,
as well as pepsin, attack with some preference at the hydrophilic resi-
dues. Each of these enzymes can be used effectively in empirical fashion
to split a limited number of bonds in intermediate-size peptides. Us-
ually certain bonds in a given peptide are more susceptible to any one
of those enzymes than other bonds, and definite fragments result.

The enzyme thermolysin has been reported to split with some se-
lectivity at the amino end of leucine and isoleucine and may also
prove useful for specific cleavage of viral proteins (Matsubara et al,,
1965).

Trypsin, chymotrypsin, and the bacterial enzymes (usually 2-10%
of the weight of the substrate) are used at 37°C and at pH 8, and
pepsin in 102 M HCI (pH 2). When dealing with at least 0.1 upmole
of peptide, the digestion can be performed in a pH stat using 0.1 N
NaOH or preferably 0.1 N NH,OH to maintain the pH. The alkali
consumption is then an indication of the rate and extent of digestion,
which can be stopped at any desired stage of partial digestion. Al-
ternatively to the use of the pH stat, ammonium bicarborate (0.1 M)
represents a useful buffer, since its freshly prepared solutions are at
pH 7.8, and it can be removed by freeze drying.

Many proteins are rather resistant to enzymatic digestion and must
be denatured to expose sensitive sites that often lie protected within
the interior of the chain (see Section II,C,1). An additional difficulty
is that some proteins are insoluble in the aqueous media used for
enzymatic digestion, particularly if they have been isolated, as is often
the case, under denaturing conditions. However, most proteins are
soluble in 810 M wurea (provided precautions have been taken to pre-
vent chemical crosslinking; see Section II,C,1-3), and once dissolved,
often remain in solution even after considerable dilution of the urea.
Trypsin and chymotrypsin, though inactive in 8 M urea (pH 7.8),
are both fully active in 2 M urea at room temperature (Harris, 1956).
The following procedure takes advantage of these facts (Rodbell and



1. ANALYSIS OF PROTEIN CONSTITUENTS OF VIRUSES 61

Frederickson, 1956; Katz et al, 1959). A solution of protein (5-10
mg/ml) in 8 M urea is diluted to 2 M urea with 0.1 M ammonium
bicarbonate (or with water, if a pH stat is to be used to maintain
pH 8). Some proteins may precipitate upon dilution of the urea, but
these usually are dissolved during the course of digestion. Digestion
is initiated by adding 2.5 mg crystalline trypsin (2.56% in water freshly
prepared) per 100 mg of protein. Digestion is carried out for 90 minutes
at temperatures of 25°-37°C. When digesting very small volumes, phenol
red (20 pg/ml) can be used as internal indicator, since it does not inter-
fere with subsequent analysis and serves as a convenient marker dur-
ing the mapping procedure. At the end of tryptic digestion in 2 M
urea, the urea is removed by adsorbing the peptides on a small column,
0.8 X 5 cm, of Dowex 50-X2, 100 mesh, in the hydrogen form. Exhaus-
tive washing of the column with glass-distilled water removes the urea.
However, certain acidic peptides (e.g., acylated peptides) may be
eluted with the urea under those conditions. Typically amphoteric
peptides are eluted with 4 M NH,OH. For satisfactory separation of
peptides, the final mixture should be free of salts, and it is for this
reason that a volatile buffer and ammonia are preferred, which can be
removed by evaporation in a vacuum desiccator. The peptides are re-
dissolved in a small volume of dilute ammonia for mapping.

2. Specific Chemical Cleavages

N-Bromosuccinimide and related compounds have been shown to
split peptide chains at the carboxyl end of tryptophan and to a lesser
extent of tyrosine, but the quantitative aspects of this reaction leaves
much to be desired. Cyanogen bromide treatment of proteins, on the
other hand, has proved a very valuable method, since it splits with
good specificity at methionine residues, transforming the methionine
into C-terminal homocysteine lactone (Gross and Witkop, 1962).
Since most proteins contain only a few methionine residues, this method
splits proteins into a few large fragments, which can subsequently be
digested with trypsin. Alternatively, big tryptic peptides containing
methionine can be secondarily degraded with cyanogen bromide.

A 30- to 40-fold molar excess of CNBr over methionine is weighed in
glass-stoppered vials and added to the protein dissolved in 0.1 N HCl
or, preferably, in 50-80% formic acid. The reaction mixture is held at
25°-30°C for about 24 hours, then diluted with water and lyophilized.
The residue is taken up in water with dropwise addition of 0.1 N NaOH
until all is in solution at or about pH 8, and the resulting fragments
are separated by Sephadex, DEAE-cellulose column chromatography,
or gel electrophoresis.
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Another useful tool consists in heating the protein, or preferably
smaller fragments, in dilute acid (pH 2, 0.01 N HCl). This leads to a
release of aspartic acid residues (Partridge and Davis, 1950; Tsung
and Fraenkel-Conrat, 1965). Asparagine is deamidated and more
slowly released; few other bonds are broken at a time when over 70%
of the aspartic acid is released. The fragments from both sides of the
aspartic residues are separated chromatographically, as usual.

The search for new procedures for selective cleavage is quite active,
but not all methods that are proposed are found to live up to ex-
pectations when applied to a new protein by an investigator other than
the originator. One of these methods that has not yet been ‘“checked
out” independently is the specific cleavage at proline residues by means
of sodium in liquid ammonia (Wilchek et al., 1965).

After a protein has by combinations of the methods listed been
reduced to peptides containing, hopefully, 10 residues or less, this mix-
ture must be resolved before the amino acid-sequence analysis of each
peptide can be tackled.

B. SEPARATION orF PEPTIDES

Enzymatic degradation or selective chemical cleavage gives an array
of more or less definite peptide fragments. Elucidation of the amino
acid sequence of the parent chain ideally requires isolation in high
yield and characterization of each peptide fragment. Because of the
wide range of peptides that could possibly be encountered, each pro-
tein and protein digest presents its own peculiarities and special dif-
ficulties, and no generally successful formula for resolution of peptide
mixtures can be put forward.

1. Ion-Exchange Chromatography

The most successful means for preparative resolution of peptide
mixtures has been the use of ion exchangers in combination with pH,
salt, and organic-solvent gradients. The automatic amino acid analyzer
affords a practical route to preparative resolution of peptides contain-
ing up to 20-25 amino acid residues. Dowex 50-X2 (Hirs et al., 1956)
and Dowex 1-X2 (Rudloff and Braunitzer, 1961) have been successfully
used to resolve mixtures of up to about 20 peptides. A very desirable
feature of ion-exchange resins is their ability to handle reasonably large
amounts of material. Thus preparative columns of Dowex 1 and Dowex
50 (2.5 150 cm) are capable of resolving 200-600 mg or more of
hydrolyzate. Phosphocellulose, with an even higher capacity, has been
reported capable of handling similar loads on columns of only 2.4 X 25
cm (Canfield and Anfinsen, 1963).
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Since peptides are usually amphoteric, they can be adsorbed on
cation exchangers under conditions sufficiently acidic to protonate es-
sentially all of their amino and carboxyl groups. The adsorbed peptides
are then eluted by gradually increasing the salt concentration or pH.
For example, a peptide mixture in 0.2 M pyridine acetate buffer at pH
3.5 will be adsorbed to a column of Dowex 50 equilibrated against
the same buffer and the peptide components eluted successively and
roughly in order of their respective net electrical charges, starting with
the least basic, by a linear gradient obtained by gradual addition of
1 M pyridine acetate at pH 5.0.

In contrast, elution from an anion exchanger such as Dowex 1 with
an alkaline pH decreasing to acid and/or increasing salt concentration
yields the most basic peptides first. Besides volatility, the use of py-
ridine-containing buffers also has the advantage of reducing the
danger of bacterial decomposition of peptides during their isolation.
Ammonia, pyridine, collidine, or trimethylamine, and formic or acetic
acids are most commonly employed for preparing volatile buffers.
Gradients of almost any desired profile can be generated with a multi-
chambered device called the Varigrad (Peterson and Rowland, 1961).

The particular buffers and gradients to resolve any particular mixture
of peptides must generally be determined empirically. For such ex-
ploratory analytical work, 1-2 mg of digest may be fractionated on the
automatic amino acid analyzer on small columns, e.g., 0.9 X 17 cm
(Jones, 1964). Preparative columns of the same height and 2-3 c¢m in
diameter can then be used when satisfactory conditions for resolution
have been established. Since some very large peptides might fail to be
eluted from ion-exchange resins, it is advisable to determine recoveries
of material applied to the column. The number, height, and elevation
of peaks on preparative columns may be monitored with the aid of a
stream divider by passing a portion of the effluent stream through the
reaction chamber of the amino acid analyzer while collecting the re-
maining portion of the stream in a fraction collector. Alternatively,
when volatile buffers are employed, aliquots of the collected fractions
may be dried in a vacuum oven overnight at 70°-80°C and analyzed
after alkaline hydrolysis by ninhydrin (see Section II,A,2) or by the
Lowry procedure.

Lowry peptide analysis. The Lowry procedure gives a rough measure
of the size of the peptide and insures detection of peptides that in the
intact form give a low ninhydrin color. For detection of peptides by
the Lowry procedure (Lowry et al., 1951) 10-100 pg of peptide is mixed
with 1.0 ml of a reagent freshly prepared by mixing 50 ml of 2% Na;COs
in 0.1 N NaOH with 1.0 ml of 0.5% CuSO4:5H,0 in 1% sodium eit-
rate. The mixture is allowed to stand for 10 minutes or more at room tem-
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perature, then 0.1 ml of Folin-Ciocalteau phenol reagent (commercially
available), diluted with water to 1 N acid, is added with rapid mixing,
and the absorbancy at 750 mp is measured after 30120 minutes. Though
not strictly quantitative nor proportional to the amount of material
(because the color yield varies somewhat for different peptides, depend-
ing on their content in aromatic amino acids and other factors), the
method is nevertheless very useful for rough estimations of peptide
amount because of its sensitivity and ease of routine application.

For direct amino acid analysis selection of a single peak tube is
advocated. For preparative purposes, all tubes under a peak are pooled.
The peptide material is recovered by lyophilizing to remove solvents
and volatile buffer and the residue is dissolved in 1-2 ml of water. In-
soluble peptides may often be dissolved by adding a little ammonium
hydroxide or ammonium carbonate. The purity of peptides in the re-
spective fractions may be estimated (1) by amino acid analysis (in-
tegral ratios are expected for pure peptides), and (2) by one- or two-
dimensional chromatography or electrophoresis on paper or on thin
layers (see Section IV,B4).

2. Gel Filtration (see Section III,B)

As mentioned earlier, some large peptides may not be eluted from
ion-exchange resins, and it may be advantageous to fractionate a pep-
tide digest by gel filtration prior to ion-exchange chromatography. Very
large peptides are then customarily broken down by further enzymatic
or chemical treatment to small fragments more amenable to resolution
on columns or paper, and further characterization.

Of the two different materials presently available for gel filtration,
polyacrylamide and crosslinked dextran (Sephadex), the latter is more
widely used. Sephadex G-10 and G-25 are best adapted to resolving
typical peptide mixtures, though G-50 or gels with even larger pore
sizes may occasionally be useful for resolving very large fragments.
Sephadex gels appear to discriminate between peptide fragments pri-
marily on the basis of size (Stepanov et al., 1961), with the exception
of those containing aromatic residues, particularly tryptophan. The
latter peptides evidently interact with the gel and elute more slowly
than would be expected on the basis of their size. This effect is, how-
ever, largely prevented by the use of aromatic solvents such as phenol-
acetic acid—Hz0 (1 :1:1) (Synge and Youngson, 1961) or acetic acid—
pyridine—water (60 : 15 :25) (Porath and Lindner, 1961). Peptides,
especially in small amounts, when passed through Sephadex in distilled
water may also be bound, but this effect is overcome by working with
volatile buffers of moderate ionic strength (0.02-0.1 M). The absorp-
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tion effect is most marked for basic peptides and probably is due to the
presence of ionized carboxyl groups in the gel.

3. Paper Chromatography and Electrophoresis (Mapping)

Methods of chromatography and/or electrophoresis have proved to
be very useful techniques for checking the purity of peptide fractions
from ion-exchange or gel-filtration columns. They have also been em-
ployed as micropreparative purification techniques, but they have sev-
eral limitations in this regard. As stated, the elution of small amounts
of peptides, particularly large ones, from paper is far from quantitative,
and the background of amino acid contamination from paper is very
difficult to remove. Finally, the small amounts that can be fractioned
by two-dimensional use of paper barely allow for amino acid analysis,
but rarely suffice for further purification or proof of purity by other
methods.

Fifty to 500 ug of a peptide or peptide mixture are applied to a strip
of Whatman 3 MM filter paper and developed with butanol-acetic
acid—water (4:1:5), dried, and developed with ninhydrin. Peptides
rich in aromatic amino acids often move very slowly in this solvent
and may be speeded up by addition of various amounts of pyridine
to the above solvent (e.g., butanol, acetic acid, water, pyridine,
30:6:24:20). For micropreparative work the peptides to be eluted
for further analysis are separated on washed filter paper and located
by light staining with 0.01% ninhydrin in acetone, or by spraying only
narrow guide strips. They may be eluted from the paper with 0.1 N
NH,OH or 1-5% pyridine in water. Any filter paper fibers are removed
by centrifugation and the supernatant solution dried under a current of
air or nitrogen. Recoveries are usually of the order of 50-80%.

A two-dimensional combination of electrophoresis and chromatog-
raphy has proved very useful for resolution of even rather complex mix-
tures of peptides. Tryptic digests of different proteins can be resolved
by this technique to give characteristic and usually unique patterns
of peptide spots called “peptide maps” or “fingerprints” (Ingram, 1958).

A widely used technique capable of separating as many as 80 peptides
on a single sheet of filter paper has been described by Katz et al.
(1959). In this procedure, 1-2 mg of hydrolyzate (together with a little
phenol red, which serves as a marker) in 2040 pl of distilled water is
applied to an 18%% X 221 inch sheet of Whatman 3 MM filter paper
and dried in a cool airstream. The sample is chromatographed 16 hours
or more in a solvent consisting of n-butanol, acetic acid, and water
(4:1:5, v/v/v). (The solvent separates into two phases. The upper
turbid phase is filtered to clarify it and is used as the developing solvent
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within 24 hours for most reproducible results.) The paper is then dried
in an oven at 70°C.

After chromatography and just before electrophoresis, 0.1 wmole of
arginine is added to the origin line (parallel to the direction of
chromatography) at a point just beyond the phenol red spot. Arginine
serves as the electrophoretic reference standard. The paper is then
moistened with buffer [pyridine, acetic acid, and water (1 :10: 283)
pH 3.7], avoiding the origin line, which is moistened by the movement
of buffer inward from both sides. This procedure washes material at
the origin into a thin line. After blotting excess buffer, the paper, cooled
by immersion in a bath of Varsol, which is itself cooled by water circu-
lated through the coils, is subjected to electrophoresis in the same buffer
at an applied voltage of 2000 V for about 75 minutes, when arginine
should reach the top of the paper. The paper is then removed, dried, and
stained by dipping in 1% ninhydrin in acetone and allowed to stand over-
night at room temperature.

Somewhat simpler in manipulation are methods where electrophoresis
is performed first (e.g., pH 6.4 pyridine-HAc-H.O, 10 : 0.4 : 90), fol-
lowed by chromatography in butanol-acetic acid—water or pyridine—
isoamyl alcohol-water (35 :35:30). Besides the Varsol-type tanks,
electrophoresis can conveniently be performed on cooled plates such as
the Pherograph (Brinkmann Instruments Co.).

4. Thin-Layer Chromatography (Mapping) with Silica Gel

Thin-layer chromatography, because of its great sensitivity, is a
useful technique, particularly in those instances where the available
material is scarce. An additional advantage is a considerable saving
of time compared to paper chromatography. The various techniques
and applications of thin-layer chromatography are reviewed in the
books by Randerath (1963) and Stahl (1964).

The method is usually carried out on thin, even layers of a substrate
(such as silica gel, cellulose, polyacrylamide, Sephadex, or any other
suitable material) spread on sheet glass cut into standard sizes, gen-
erally 10 X 20 cm for single-dimensional work, 20 X 20 cm for two-
dimensional work. The plates are thoroughly cleaned first in hot de-
tergent water and, if necessary, with 1% KOH in methanol; they are
finally well rinsed with distilled water and air dried prior to spreading
the thin layer. The following procedure (Wieland and Georgopoulos,
1964) gives good peptide maps with 200-300 pg of hydrolyzate. The thin
layers are formed from silica gel with a starch binder, which forms an
exceptionally rugged and durable layer. To prepare the plates, 25 gm of
silica gel S (commercially available from C. A. Brinkmann, Westbury,
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New York) is suspended in 70 ml of boiling water, briefly heated to
nearly boiling to dissolve the starch, deaerated with the aid of a water
pump to remove bubbles from the gel, and spread on clean 20 X 20 em
glass plates in a layer 0.37 mm thick with the aid of a prewarmed
spreader (Brinkmann). After allowing 20 minutes for the layers to gel,
the plates are dried in a vertical position for 30 minutes at 110°C,
then cooled to room temperature and used either immediately or stored
in a closed desiccator without a drying agent.

Two hundred to 300 pg of peptide dissolved in 10 ul of water or dilute
aqueous ammonia is applied as a spot 3—4 mm in diameter to a corner
of the plate 2 e¢m from the lower edge and 7 cm from the anode side.
The sample is applied in a cool stream of air in order to keep the spot
as small as possible. A small spot of aqueous 1% ammonium picrate
marker is then applied just below the sample spot.

For electrophoresis the plate is sprayed as evenly as possible with a
buffer composed of pyridine—acetic acid—water (100 : 4 : 896, v/v/v)
pH 6.4, taking care not to get it too wet (just glistening). Excess buffer
is gently blotted from the surface with filter paper, avoiding the origin.
The ends of the plate are then connected to the electrode vessels with
filter paper laid 1 em wide across either end of the plate. A sheet of
dialysis tubing folded over the plate end of the paper wicks suppresses
siphoning of buffer between the electrode vessel and the thin layers.
A thick glass plate cover laid over the paper wicks anchors the leads
and suppresses evaporation during electrophoresis. Electrophoresis is
carried out on a cooled surface at about 50 V/em (40 mA) until the
picrate spot has moved about 5 cm (about 40 minutes). The plate is
then dried 30 minutes at 110°C and chromatographed at right angles
to the direction of electrophoresis.

The plate is positioned in 1 em of solvent containing pyridine—ace-
tic acid—n-butanol-water (40 : 14 : 68 : 25, v/v/v/v). Chromatography
is carried out in a tightly closed solvent-saturated vessel lined with
filter paper. When the solvent reaches the upper edge the plate is re-
moved, dried 40 minutes at 110°C, and chromatography is repeated.
After drying as above, the plate is sprayed with ninhydrin (1.2 gm
of ninhydrin, 30 ml of 2 N acetic acid, 350 ml of n-butanol, and 600 ml of
methanol). The peptide spots are developed by drying at 110°C or by
storing in the dark at room temperature after blowing the vapor from
concentrated aqueous ammonia over the plate.

5. Other Methods of Peptide Separation

Another technique that may prove very useful for the detection and
resolution of peptides is electrophoresis on polyacrylamide gels. This
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combined use of gel filtration and electrophoresis has been applied to
analysis of the peptide fragments from g-galactosides treated with
cyanogen bromide (Steers et al., 1965). Because the analytical method
as generally employed (cf. analytical polyacrylamide electrophoresis)
relies on the insolubility of a peptide-dye complex, it might be antici-
pated that the value of this method will be limited to detection of only
rather large peptides; the minimum size of peptides detectable by
this technique has not yet been established. Nevertheless, electrophore-
sis on polyacrylamide, especially in conjunction with urea and other
suitable solubilizing agents, may be expected to be especially suited
for the study of very large peptide fragments, which are not readily
resolved by ion-exchange methods.

Countercurrent distribution (Craig and Craig, 1950) has proved use-
ful in studies on the peptides of TMV protein (Gish et al., 1958).

C. AMINO AcID- AND PEPTIDE-SEQUENCE ANALYSIS

The methods of amino acid-sequence analysis of peptide fragments
of viral proteins are in principle the same as those discussed in Section
II,B. The most useful single tool is probably the phenyl isothiocyanate
method of stepwise degradation from the amino end.* The paper-strip
technique is advocated for longer peptides, while shorter oligopeptides
may be more conveniently handled in solution. The second most use-
ful procedure may be the use of carboxypeptidase. Partial acid hydroly-
sis is also frequently a convenient tool. If the N-terminus is deter-
mined by FDNB, and the C-terminus is given by the mode of obtaining
the peptide (arginine or lysine in tryptic peptides, tyrosine or pheny!l-
alanine in many chymotryptic peptides), then isolation and analysis
of two or three small fragments obtained by random acid treatment
frequently allow the complete sequence to be reconstructed.

To establish the order of fragments in larger peptides, as well as in
the original protein chain, requires the use of more than one method
of fragmentation. This is best illustrated by a short hypothetical chain:

Ala—Gly—Leu—Asp—Arg— Thr—Tyr—Ser—Met—Lys—Val—Asp—Phe

+ Trypsin } }
Tz 7
+ Chymot’x{ypsin }

+ CNBr }

(m)
*See the footnote on p. 58.
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The composition of the two or three fragments obtained by the specific
action of each of the four methods listed unequivocally defines the order
of the fragments, and only tripeptide sequences remain to be deter-
mined after this series of degradations, separations, and analyses of
fragments.

The same principle approach of isolating overlap peptides serves to
establish the linear arrangements of tryptic fragments in full-size
proteins. Chymotrypsin is a convenient enzyme to obtain many frag-
ments, and electorphoretic separation of all basic peptides is likely
to supply the overlap sequences required to align the original tryptic
peptides.

If disulfide groups were present in the original virus protein, then
the problem remains, which pairs of the aminoethylcysteines (or car-
boxymethylcysteines, as the case may be) were originally linked to each
other. This is best established by digesting the nonmodified proteins
with pepsin and isolating the sulfur-containing peptides. Each of these
must then be oxidized with performic acid, and the amino acid com-
position of each half-cystine peptide should identify the location of
the crosslinkage on the previously determined amino acid-sequence
map of the oxidized chain.

V. Renaturation of Virus Proteins and Reconstitution of Viruses

It has been known for many years that the protein of the TMV can
be separated from the RNA under conditions that allowed its recovery
in seemingly native form. The native state of proteins has been
variously defined; one of the definitions is that it is the ability of the
protein to perform its function. Degradation of the virus by alkali (pH
10.5) and by 67% acetic acid, both at 0°C, was shown to give protein
preparations that under suitable conditions were able to aggregate in
typically helical manner to rods indistinguishable from the original
virus. If intact RNA was added, virus rods were formed that showed
all the properties characteristic of natural TMV particles, namely, in-
fectivity, stability, enzyme resistance, etc. (Fraenkel-Conrat and Wil-
liams, 1955; Fraenkel-Conrat and Singer, 1957, 1959). Thus the protein
was native.

Studies on the ability of the protein to bind 3H indicated that many
protons were irreversibly bound if the virus, split either by acetic acid
or by alkali in the presence of 3H,0O, was then brought back to neu-
trality by dialysis against water containing the same concentration
of 3H,0. The renatured protein did not lose its ®H content upon pro-
longed exposure to H,O at pH 5-8. This proton binding was independ-
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ent of an additional quantity of 3H fixed upon reconstitution of the
protein with RNA to form virus at pH 7 (Fraenkel-Conrat, 1965).

Thus, it appears that the act of disaggregation leads to a conforma-
tional disturbance of the subunit peptide chain and that this loss of
conformation is freely reversible (see Anderer et al., 1964). This is more
dramatically demonstrated by dissolving the protein in 10 M urea or 0.1
N NaOH, conditions that are generally accepted as denaturing
(Anderer, 1959). Native functional protein can be recovered even after
this, and the yet stronger denaturing action of 5 M guanidine salts
at pH 9, if autoxidation of the sulfhydryl group is prevented by the
addition of mercaptoethanol (about 1% ). Renaturation of TMV protein
is achieved by dialysis against pH 6-7 phosphate buffer (0.02 M), or
by passage through a G-25 Sephadex column equilibrated with this
buffer. If denatured protein precipitates quickly upon dialysis, as it
does, for instance, after guanidine denaturation, then the material may
be redissolved in 8 M urea and treated with 1% mercaptoethanol for an
hour at 25°C. The product usually remains soluble and becomes re-
natured upon a subsequent second step of dialysis against buffer.

Thus, it appears that the peptide chain conformation of this virus
protein is a consequence of its amino acid sequence, a conclusion that
has in recent years been arrived at with several enzyme and other pro-
teins. It is of obvious biological consequence that the sole functions of
the invading virus are to induce the host cell to replicate its RNA
and allow its message or information to be translated into the linear
sequence of 158 amino acids, and that from this stage on the matura-
tion of the virus particle proceeds as a thermodynamically favored and
spontaneous process in vivo, as it does in vitro.

While one is tempted to assume that such principles will have gen-
eral validity, no similarly definitive evidence for the renaturability of
other virus proteins has yet been reported, nor has it been possible to
reconstitute viruses other than TMYV and its strains from their nucleic
acid and protein components in infective form.

Attempts to substitute other nucleic acids or other proteins than the
homologous pair have met with variable success. RNA and protein
obtained from different strains of TMV usually combine to typical vi-
rus rods, although the more distant the strain relationship, as gaged
by the protein composition, the poorer the yield of stable virus
(Fraenkel-Conrat and Singer, 1957, 1959; Holoubek, 1962).

The RNA of the phage MS82 gives TMV-like rods with TMV proteins
that are predominantly 60% of the length of TMYV, in accordance with
the fact that MS2 RNA has a molecular weight of 1.1 X 10%, 55%
of that of TMV RNA (Sugiyama, 1966). The yields of this mixed virus
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were quite variable and in many experiments negligible. Thus the nega-
tive results obtained in single experiments with other natural (non-
viral) RNA samples cannot be regarded as proof that these could not
also interact with TMV protein. It may be that a minor factor that is
as yet not sufficiently controlled is required for the initiation of the
cocrystallization of non-TMV RNA with TMV protein.

When a variety of synthetic polynucleotides were tested for their
ability to combine with TMV protein, only poly-A, poly-I, and mixed
polymers rich in purines formed stable viruslike rods (Fraenkel-Conrat
and Singer, 1964). It may thus be supposed that among the three nu-
cleotides passing through each protein subunit there must be at least
one purine to achieve a stable linkage. In surveying the amino acid
sequence of TMV protein, as transcribed into codons, this condition
can be met for all but one pair of amino acids, 12 and 13 in the coat
protein chain, which according to present knowledge must contain at
least five pyrimidines in a row.
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1. Introduction

The accurate chemical analysis of any naturally occurring material
depends upon the isolation of this material in a pure form. Isolation
and analysis of pure virus particles present a particularly difficult
problem because of the minute size and the intimate association of
the particles with host cellular material that may be of very similar
chemical composition. In the field of virus research, the primary ana-
lytical interest has centered upon the nucleic acid composition. There
is little available knowledge concerning the accurate total chemical
composition of any virus particle.

Lwoff (1957) has defined true viruses as substances that contain
either DNA or RNA, multiply by means of their nucleic acid, and
possess no energy-generating enzymes. Certain viruses or classes of

* This work was supported, in part, by U.S. Public Health Service research
grants HE-03299 and HE-05209 and Research Career Award HE-K6-734 ifrom
the National Heart Institute.
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viruses are subject to inactivation by ether, suggesting that lipid in
some form is essential for preservation of virion structure; this ether
sensitivity may be found in both DNA- and RNA-containing viruses
(Green, 1965). The function of lipids in viruses is probably structural;
the lipids are part of a lipoprotein that is present in the cell membrane.
Franklin (1962) has classified viruses according to the presence or
absence of structural lipids. He has marshaled evidence to show that
viruses with structural lipids are assembled at the cell surface and
that the lipid is probably a cellular membrane. Among the viruses
that possess peripheral structural lipids are myxoviruses, arborviruses,
herpes, measles, avian tumor viruses, some mouse tumor viruses, rabies,
and vesicular stomatitis. Hog cholera virus has also been shown to be
sensitive to ether (Loan, 1964).

The literature on analysis of the lipids present in viruses has been
slow in developing, not only because of the peripheral interest in this
topic but also because of lack of sensitive micromethods that could
be applied. In the last decade, the development of paper chromato-
graphic methods for lipid analysis, followed by the availability of the
simpler technique of thin-layer chromatography, have made possible
the rapid, accurate analysis of small quantities of viral lipids. These
methods, together with gas-liquid chromatography, also allow for
identification of the fatty acids present in various lipid classes.

Although there is still relatively little information concerning the
complete spectrum of viral lipids and their component fatty acids,
these data should be forthcoming. Knowledge concerning changes in
individual lipid components during cycles of viral replication and/or
infection will assist in evaluation of mechanisms of viral growth and
infection.

II. Lipid Methodology
A. GENERAL CONSIDERATIONS

Any assessment of the biological significance of a compound or a class
of compounds ultimately depends upon the development of adequate
methods for their extraction, isolation, and quantitation. Lipids, when
compared with carbohydrates and proteins, are seen to possess certain
unique physicochemical properties; they generally are nonpolar mole-
cules, are insoluble in water, are easily susceptible to air oxidation,
and are sensitive to temperature extremes. These properties have neces-
sitated the evolvement of unique analytical techniques designed to iso-
late the lipid in a form nearly identical to that which it exhlblts in
its native milieu. ,
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Thus, lipids are extracted from biological samples with organic
solvents and are protected against oxidation by processing the ex-
tracts in a nitrogen atmosphere. After extraction, samples are then
chromatographically fractionated by means of silicic acid placed into
columns, spread onto glass plates, or impregnated on filter papers or by
gas—liquid chromatography.

Discussions of these chromatographic techniques (Section B,1—4)
will apply mainly to those types of lipids found in significant amounts
in biological tissues, exclusive of the nervous system. Analyses of
gangliosides, cerebrosides, and sulfatides, therefore, have not been
touched upon in detail. Finally, since it would be impossible to docu-
ment all pertinent references to lipid methodology, only those pro-
cedures most frequently used will be cited.

1. Extraction Procedures

Lipids may be extracted from biological samples with a variety of
organic solvents. Chloroform—methanol (2 : 1, v/v) (Folch et al., 1957)
is the most commonly employed solvent system. One part of the tissue
is extracted with 20 parts of the solvent mixture. After the extract is
dried and concentrated to a small volume (not to dryness), the sample
is suitably prepared for chromatographic fractionation.

Lipids have been extracted from influenza viruses (PR8, DSP, and
Lee) (Frommbhagen et al., 1958; Kates et al., 1961) and from avian
BAI-strain virus (Rao and Beard, 1964) with this solvent system.

Another lipid extraction solvent system, less widely employed, is
ethanol—ether (3:1, v/v) (Bloor, 1928). A solvent-to-tissue ratio
of 30: 1 is generally used. Lipids have been extracted from influenza
virus A and B (Taylor, 1944; Graham, 1950) with this technique.

Lipids also have been isolated from mumps virus with diethyl
ether—methanol (2:1) (Soule et al.,, 1959), from Rous sarcoma virus
with chloroform—ethanol (2:1) (Bather, 1957), or from equine en-
cephalomyelitis virus with mixtures of acetone—alcohol (1 :1) and ben-
zene (Taylor et al.,, 1943).

2. Processing and Preservation of Lipid Extracts

a. Processing of Euxtracts. When processing micro- and milligram
quantities of lipids, it is a good precaution to wash all appropriate
glassware with chloroform-methanol (2 :1) or with suitable lipid sol-
vents, since most commercial detergents contain lipid contaminants
that may potentially interfere with analysis of individual lipid classes.

After extraction, the lipid material should be processed as quickly
as possible, or properly preserved. Lipid extracts are susceptible to
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degradation by air, owing primarily to attack by molecular oxygen at
the double bonds of fatty acids or to degradation by elevated tem-
peratures. These degradative effects can be minimized by working
under nitrogen and by using moderate temperatures whenever possible.

Antioxidants also have been added to lipid extracts to prevent or
retard oxidation. Hydroquinone (Mattson and Volpenhein, 1962) and
4-methyl-2,6-di-tert-butyl-phenol (BHT) (Wren and Szczepanowska,
1964) are often used. BHT appears to be a particularly good anti-
oxidant because it can be added in a low concentration (0.005%) and,
if so desired, can easily be removed from individual lipid fractions.
Moreover, this compound apparently completely protects phospholipids
from oxidation.

b. Preservation of Extracts. If a large number of virus samples are
harvested, they may be lyophilized or frozen and stored under nitrogen
in a vacuum desiccator at —20°C until extraction can be accomplished.

After the lipid extract is subfractionated into component lipid
classes, fractions should be collected and concentrated as quickly as
possible. Since it is often impractical to quantitate each of these
samples in a single working day, they may be stored under nitrogen,
in the cold, in Teflon-lined screw-cap vials; alternately, these fractions
can be stored in a vacuum desiccator over phosphorus pentoxide in a
nitrogen atmosphere. The most desirable procedure is storage of lipid
fractions in sealed ampules under vacuum in a nitrogen atmosphere.

Further guidelines to the extraction, processing, and preservation
of lipid extracts may be obtained from articles by Sperry (1955),
Entenman (1957, 1961), Svennerholm (1964), Galanos and Kapoulas
(1965), and Van Slyke and Plazin (1965), and from a book by Stahl
(1965).

3. Purtfication of Solvents

Only solvents of analytical-grade purity should be used in the proc-
essing or chromatography of lipids. Redistillation of solvents is desir-
able; it often reduces the extent of oxidation of samples and, in
general, improves chromatographic separation of lipid classes. Diethyl
ether, in particular, should be tested for the presence of peroxides
and should then be redistilled where indicated. Methods for purifica-
tion of organic solvents can be found in books by Vogel (1956) and
Bush (1961).

4. Preliminary Analysts of Lipid Extracts

Colorimetric analysis for free and/or total cholesterol (Sperry and
Webb, 1950), for phospholipid phosphorus (Fiske and Subbarow,
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1925; Bartlett, 1959), for total fatty acids (Albrink, 1959), or for
total lipid (Castaldo et al., 1964) can be performed directly on aliquots
of the lipid extract.

Preliminary subdivision of the extract into a neutral lipid fraction
and a phospholipid fraction can be achieved by (1) dialyzing a petro-
leum ether solution of the lipid in a thin rubber sac (van Beers et al,,
1958), (2) partitioning the extract in a binary solvent system composed
of petroleum ether—87% ethanol (1 :1) (Galanos and Kapoulas, 1962),
(3) precipitating phospholipids from an acetone solution with magne-
sium chloride (Sinclair, 1930), or (4) shaking an ether solution of the
lipid extract with silicic acid (Marks et al., 1960).

However, further fractionation by column, by thin-layer, or by paper
chromatography is necessary to subdivide neutral lipids into free fatty
acids, mono-, di-, and triglycerides, cholesterol, and cholesterol esters
and to subdivide phospholipids into lysolecithins, sphingomyelins, phos-
phatidyl serines, phosphatidyl ethanolamines, and lecithins.

B. CaroMATOGRAPHIC TECHNIQUES FOR FRACTIONATION OF LIPID
ExTRACTS

1. Column Chromatography

If more than 50 mg of the lipid extract is available, fractionation
by column chromatography should be performed. Lipid mixtures have
been chromatographed on a variety of solid supports. A number of
mixtures of organic solvents have been used as elutriants. Separation
of neutral lipid classes routinely has been achieved using silicic acid
(Borgstrom, 1952; Fillerup and Mead, 1953; Hirsch and Ahrens,
1958) or Florisil (Carroll, 1961) supports. Lipids can be eluted from
the column with mixtures of either petroleum ether and diethyl ether
(Fillerup and Mead, 1953), diethyl ether and hexane (Carroll, 1961),
or benzene and hexane (Horning et al., 1960).

Neutral lipids can be subfractionated into six or seven major classes
with this technique. An example of the type of separation attainable
by Florisil chromatography (Carroll, 1961) is given in Fig. 1. Individual
lipid classes were eluted from the Florisil column according to the
schedule of solvent systems described in Table 1.

More recently, Unisil (a specially hydrated preparation of silicic
acid) has been employed as a solid support for column chromatography
of lipids. This innovation has provided a more reproducible separation
of lipid classes and has permitted attainment of more rapid flow rates.
Unisil chromatography has been used for separation of the lipids of
tissue-culture cells (Rothblat et al., 1963) and of pleuropneumonia-
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Fia. 1. Separation of lipid classes on a 30-gm column of Florisil. Ten milliliter
fractions were collected. The column load consisted of 40 mg each of cholesterol pal-
mitate, tripalmitin, cholesterol, 1,2-dipalmitin, and l-monopalmitin. (After Carroll,
1961.)

TABLE I
EruTioN SCHEDULES FOR FLORISIL CHROMATOGRAMS®
30-gm column Eluting 12-gm column
(2.0 X 17.0 cm) solvent (1.2 X 15.0 cm)
Eluent (ml) (ml)
Hydrocarbons 50 Hexane? 20
Cholesterol esters 120 59, ether in 50
hexane
Triglycerides 150 159, ether in 75
hexane
Cholesterol 150 259, ether in 60¢
hexane
Diglycerides 150 509, ether in 60°
hexane
Monoglycerides 150 29, methanol 75
in ether
Free fatty acids 150 49, acetic acid 75
in ether

e After Carroll, 1961.
b Purified Skellysolve B.
¢ It may be found more convenient to elute both cholesterol and diglyceride fractions

with 140 ml of 259, ether in hexane.

like organisms (Smith, 1964), by means of the elution scheme of
Horning et al. (1960).

Phospholipid classes may also be separated on silicic acid columns,
with the use of various proportions of chloroform and methanol as
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elutriants (Hanahan et al, 1957). Recently, more discrete separation
of phospholipids on diethylaminoethyl- (DEAE) cellulose columns was
reported (Rouser et al., 1961b, 1963, 1964). Eleven fractions are ob-
tained from the DEAE column using combinations of chloroform,
methanol, acetic acid, and ammonia (Table II). If further subdivision
of each neutral lipid and each phospholipid fraction is desired, thin-
layer chromatography can be employed.

TABLE II
EvvuTion oF ANEMONE Lipip FroM DEAE®?
Total
Fraction Weight  lipid
nos. Solvent Lipid class(es) (gm) (%)
7-15 C/M 9/1 Lecithin and nonionic lipid 0.17996 38.3
16-19 C/M 9/1 5 uncharacterized components 0.01314 2.8
20-42 C/M 7/3 Phosphatidyl ethanolamine and  0.06952 14.8
ceramide aminoethyl-
phosphonate
43-50 C/M 7/3 Primary ceramide aminoethyl- 0.07167 15.2
phosphate 4+ phosphatidyl
ethanolamine
51-65 C/M 7/3 Uncharacterized ninhydrin- 0.00995 2.1
positive lipid
66-81 CH;0H Uncharacterized lipid 0.02845 6.1
82-101 C/HAc 3/1 Pigments 0.00950 2.0
102-128 C/HAc 3/1 4+ 0.01 Almost pure phosphatidic acid 0.01535 3.3
M NH,Ac
129-131 HAec *“Phosphatidyl serine” and 0.04972 10.6
uncharacterized lipid
132-148  HAc Pigments 0.00386 1.5
149-183 C/M 4/1 +10ml  “Phosphatidyl inositol” and 0.01310 2.8
conc. agueous uncharacterized lipids
NH; per liter —_

0.46422 99.5

o After Rouser et al., 1963.
b C = chloroform, M = methanol, HAc = acetic acid, NH,Ac = ammonium acetate.

2. Thin-Layer Chromatography

If less than 50 mg of a lipid extract is available, it is desirable
to separate lipids by thin-layer chromatography (TLC). Alternately,
this technique may be used as a tool to authenticate the homogeneity
of lipid fractions obtained by column chromatography. TLC is a more
convenient, more economical, and more rapid technique than column
chromatography, since less solvent and much less time is required to
achieve separations.
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The most widely used adsorbent for thin-layer chromatography is
silica gel G, a mixture of silicic acid containing calcium sulfate as a
binder. The adsorbent is mixed with water (1:2, v/w) and spread in
thin layers (250-1000 n), using a commercially available spreader,
onto 20 X 20 cm glass plates. After activation of the adsorbent layers
in an oven at 110°-120°C, the plates are ready for use.

Practical approaches to the preparation of silica gel-coated plates
may be obtained from books by Stahl (1965), Randerath (1963),
Bobbitt (1963), Truter (1963), and Marini-Bettolo (1964). Review
articles by Mangold (1961, 1964), Nichols (1964), Morris (1964), and
Schlenk (1964) should prove helpful as guides to the separation of
naturally occurring neutral lipids and phospholipids.

The best separation of neutral lipids is obtained on silica gel
G-coated plates, using a combination of petroleum ether, diethyl
ether, and acetic acid as developing solvents. The separation of a neu-
tral lipid sample, using a mixture of petroleum ether—diethyl ether—
acetic acid (90:10:1) (Malins and Mangold, 1960) as the mobile
phase, is shown in Fig. 2. Mono- and diglycerides are not completely
separated from cholesterol and free fatty acids, but suitable separation
can be obtained by alteration of the solvent ratio.

A more discrete subdivision of individual neutral lipid fractions,
particularly subfractionation of sterols, sterol esters, triglycerides, or
fatty acid methyl esters, may be obtained using silica gel G adsorb-
ents impregnated with silver nitrate (Morris, 1964).

Phospholipids remain at or near the origin when one uses petroleum
ether—diethyl ether—acetic acid solvent systems. They may be eluted
from the silica gel plates, reapplied to freshly coated plates, and
fractionated by means of combinations of chloroform, methanol, and
water as the mobile phase; or an aliquot of the lipid extract may be
applied at the origin. Fig. 3 depicts the separation of a phospholipid
mixture with chloroform-methanol-water (65 :25:4) (Wagner, 1960;
Wagner et al., 1961). Neutral lipids migrate to the solvent front if this
solvent system is used. Equally or more effective unidimensional sepa-
rations of phospholipids by TLC have been described by Skipski et al.
(1962, 1963), Miildner et al. (1962), Nichols (1963), and Redman and
Kelnan (1964).

If further subdivision into more discrete types of phospholipids is
desired, the entire phospholipid sample or the individual fractions may
be rechromatographed on silica gel G using two-dimensional chroma-
tography (Skidmore and Entenman, 1962; LePage, 1964; Nichols,
1964). Alternately, two-dimensional TLC may be performed using
layers of silicic acid impregnated with magnesium sulfate (Rouser et al.,
1964).
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Fic. 2. Thin-layer adsorption chromatography of lipid classes on silica gel. Sol-
vent: petroleum hydrocarbon—diethyl ether-acetic acid, 90 : 10 : 1, v/v/v. Develop-
ment time: 40 minutes. Indicator: dichlorofluorescein. Amounts: 20 gamma, each.
(a) Octadecene-9, (b) oleyl aleohol, (¢) oleyl aldehyde, (d) oleic acid, (e) methyl
oleate, (f) cholesteryl oleate, (g) monoolein, (h) diolein, (i) triolein, (j) trilinolein,
(k) trilinolenin, (1) tricaproin (a) and tristearin (B), (m) cholesterol, (n) selachyl
aleohol, (o) selachyl diolein, (p) oleyl oleate, (q) dioleoyl lecithin. (After Mangold,
1961.)

| ' 1 1 ' | |
i 2 3 4 5 6 7

Fiq. 3. Separation of phospholipids on silica gel. Solvent: chloroform—-methanol-
water, 65 :25 :4, v/v/v. Development time: 2 hours. Indicators: Rhodamin B
and Dragendorff reagent. Amounts: 50-100 gamma each. (1) Lysolecithin, (2) sphin-
gomyelin, (3) lecithin, (4) cephalin, (5) cerebroside, (6) cardiolipid, (7) mixture.
(After Mangold, 1961.)
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Lipids may be localized on thin-layer chromatograms with a variety
of chemical reagents. The most commonly utilized chemical procedures
involve (1) spraying the plate with sulfuric acid followed by charring
or (2) exposing the plate to iodine vapor. The latter technique is
rapid, nondestructive, and allows for reclamation of the compound after
the iodine has sublimed. A list of those reagents most frequently em-
ployed to visualize lipids is given in Table III. Detailed descriptions
of other color reactions that are used to detect lipids on thin-layer
plates or on paper chromatograms have been described by Mangold
(1961), by Ansell and Hawthorne (1964), and in previously cited
references to TLC textbooks.

TABLE III

REAGENTS FOR DETECTION OF LIPIDS ON THIN-LAYER
orR PaPER CHROMATOGRAMS

Reagent Type of lipid Reference
Sulfuric acid (conc. or 509, All Morris ef al. (1961)
agqueous)
2','7’-Dichlorofluorescein All Malins and Mangold (1960)
(0.2% in 969, ethanol)
Todine vapors Unsaturated Malins and Mangold (1960)
Ninhydrin Aminophosphatides Wagner ef al. (1961)

(0.29%, in n-butanol-
aqueous acetic acid
10%, 95 : 5)
Dragendorf reagent Choline phosphatides =~ Wagner et al. (1961)
(a) 1.7 gm basic bismuth
nitrate in 100 ml
aqueous acetic acid
(20%)
(b) 40 gm potassium iodide
in 100 ml water
Reagent
20 ml of (a) plus 5 ml of
(b) plus 70 ml water

3. Gas-Liquid Chromatography

Gas—liquid chromatography (GLC) is now routinely employed to
identify and often to quantitate a wider variety of compounds, in-
cluding sterols and fatty acid methyl esters.

The primary chemical constituent of any lipid is the fatty acid.
Analysis of the fatty acid spectrum of a total lipid extract or of in-
dividual lipid fractions, separated by column or thin-layer chromatog-
raphy, can be achieved by GLC. Free fatty acids or individual lipid
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classes are converted to the fatty acid methyl esters by means of
HCl-methanol (James, 1960) or BClz—methanol (Supina, 1964).
Separation of the resultant fatty acid methyl ester mixture is
achieved by chromatography on coiled or U-shaped glass columns.
These columns are packed with celite supports coated either with
Apiezon L or M or with a polymer of ethylene glycol [poly (ethylene
glycol adipate) or poly(ethylene glycol succinate)]. Columns are oper-
ated at temperatures between 180° and 200°C. A tracing of a series
of peaks is obtained. Each peak may then be identified by comparison
with reference standards. The relative absolute proportion of each fatty
acid methyl ester is determined by measuring the area of each peak.
This proportion is compared with a standard curve prepared for each
fatty acid methyl ester. The separation of the fatty acids commonly
found in biologic samples is illustrated by the GLC chart in Fig. 4.

020 Column packing : 13.2 gm 40 % Reoplex 400
on 60-80 mesh Celite 545
Column: 20cm x 05 cm
Flow rate : 271 mi/min He at STP
0I5} Temperature : 202°C

Sample volume:  ~5 ul

” C C
3
Z oot
=
005 4:
Cao
Y IS LN | / N
[0} 5 Lo} 15 20 25 30 35 40 45 50 55

Time,minutes

F1c. 4. Separation of mixture of fatty acid methyl esters containing methy] arachi-
donate. (After Orr and Callen, 1959.)

More information on detailed techniques and applications of GLC
to the separation of fatty acid methyl esters can be obtained from
review articles by James (1960, 1964), Supina (1964), and Horning and
Vanden Heuvel (1963).

Analysis for sterols, including cholesterol, may also be achieved by
GLC. Chromatographic separation has been achieved by means of a
coiled column packed with a solid support composed of a diatomaceous
earth preparation (Gas Chrom, Anakrom, or Chromosorb W), which
is coated with dichlorodimethylsilane and finally with a silicone
polymer (SE-30 or SE-52 is commonly used). The column is operated
at temperatures between 200° and 250°C. Resolution and quantitation
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of such closely related sterols as cholesterol and desmosterol, which
differ in structure by only one double bond, can be achieved by GLC.

Review articles by Horning et al. (1963) and by Horning and
Vanden Heuvel (1963, 1964) are useful references for the application
of GLC to the separation of sterols.

4. Paper Chromatography

The use of paper chromatography (PC) for separation of lipids
has largely been supplanted by the use of TLC. This technique, how-
ever, is still an equally useful analytical tool for several reasons.
Paper chromatograms are easier to handle; radioactive compounds
are more readily detected by autoradiography or by 2z-scanning (with
greater sensitivity) than are the more fragile and thicker thin-layer
plates. However, compared to TLC, PC does not have equal resolving
power; less material can be analyzed; and more carefully controlled
chromatographic conditions are required to achieve clear, reproducible
separations.

Filter or glass fiber papers impregnated with silicic acid ordinarily
have been used as supporting phases for the separation of neutral
lipids and phospholipids into discrete classes. A more uniform silica

Ist Solvent, CMW ———

o]

2nd Solvent, DAW —

Fia. 5. Two-dimensional chromatogram of rat liver lipids. (1) Lysolecithin, (2)
inositol phosphatide, (3) sphingomyelin, (4) phosphatidyl serine, (5) unidentified
(possibly lysophosphatidyl ethanolamine), (6) lecithin, (7) unidentified (possibly
cerebroside), (8) phosphatidyl ethanolamine, (9) cardiolipin, (10) combined neutral
lipids. CMW = chloroform-methanol-water, 65 : 25 : 4; DAW = diisobutyl ketone-
acetic acid-water, 40 : 25 : 5. (After Marinetti, 1965.)
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gel-impregnated filter paper, which has higher resolving power and a
higher loading capacity, has recently become available (Marinetti,
1965). The degree of resolution of phospholipids obtained on this sup-
port is shown in Fig. 5.

More specific applications of PC to the separation of lipids may be
obtained from review articles by Marinetti (1962, 1964), Rouser
et al. (1961a), and Hamilton and Muldrey (1961). Phospholipids of
the lipid coat of influenza (Kates et al., 1961) and mumps (Soule
et al., 1959) viruses have been analyzed using silicic acid-impregnated
filter paper.

C. QUANTITATION OF Lirip CLASSES

After chromatographic fractionation of the lipid extract has been
achieved, an estimate of the amount of each type of lipid may be
obtained by colorimetry. A compilation of those colorimetric methods
most commonly used for analysis of each type of lipid or for functional
groups contained in the lipid is given in Table IV.

TABLE IV
MEeTHODS FOR COLORIMETRIC ANALYSIS OF VARIOUS LiIPIDS
Type of lipid References
A. Neutral lipid
1. Free cholesterol Sperry and Webb (1950)
2. Total cholesterol Sperry and Webb (1950); Mann

Modification (Mann, 1961) of
Zlatkis method (Zlatkis et al., 1953)

3. Free fatty acids Dole (1956); Albrink (1959);
Duncombe (1963)
4. Glycerides (mono-, di-, Van Handel and Zilversmit (1957)
and tri-)
B. Phospholipids
1. Phospholipid phosphorus Fiske and Subbarow (1925);

Bartlett (1959)
2. Phospholipid nitrogen

a. Choline nitrogen Dumas
b. Serine or ethanolamine Kjeldahl
nitrogen
3. Amino groups Lea and Rhodes (1955)
4. Nitrogenous bases
a. Choline Wheeldon and Collins (1958)
b. Serine and ethanolamine Collins and Wheeldon (1958)
C. Both phospholipids and neutral
lipids
1. Total fatty acids Albrink (1959)

2. Lipid ester groups Rapport and Alonzo (1955)
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In addition to these methods, determination of the composition and
relative proportion of fatty acids of each lipid class may be deter-
mined by GLC, as previously described in Section II,B3.

Examples of the application of various techniques described above
to the analysis of viral lipids is presented in Table V.

Il1. Applications of Existing Methodology to Lipid-Containing
Viruses

A. MYXOVIRUSES

The most extensively studied of the lipid-containing viruses have
been the myxoviruses, particularly the influenza group. The total lipid
of PR8 virus is about 37% (Ada and Perry, 1954). Graham (1950)
subjected several strains of influenza virus (PR8, DSP, and Lee) to
ethanol-ether (3 :1) extraction and determined phospholipid phos-
phorus only in the extract. Taylor (1944) subjected the PR8 and Lee
strains of human influenza virus and a strain of swine influenza virus
to two extractions: by alcohol-ether (3 : 1), then by petroleum ether.
He analyzed the cholesterol as digitonide and the phospholipid as
phosphorus and calculated the neutral lipid content by difference. His
results showed that all three types of flu had similar lipid composition:
total lipid 22-24% ; phospholipid 10.7-11.3% ; cholesterol 3.7-7.0% ; and
neutral lipid 5.1-7.7%. These results are in fairly close agreement
with those obtained by more sophisticated methods of separation and
analysis.

Frommhagen and his co-workers (1958, 1959) analyzed the lipids
of three strains of flu (PRS8, DSP, and Lee) and reported the lipid
spectrum to resemble that of the host cell. They found 6-7% cho-
lesterol and about 12% phospholipid, principally cephalin, sphingo-
myelin, and lecithin. Their analyses were carried out using an infrared
spectroscopic technique developed by Freeman et al. (1957), coupled
with silicic acid chromatography. Using paper chromatography for the
analysis of the phospholipids of PRS8, Armbruster and Beiss (1958)
reported the presence of several cerebrosides. More recently, Kates
et al. (1961) analyzed the phospholipids of influenza virus using chloro-
form-methanol extraction and chromatography on silicic acid-impreg-
nated paper (Marinetti et al., 1958; Marinetti and Stotz, 1956) and found
that the phospholipid (11-16% of the total) is primarily sphingomyelin
(35%), lecithin (28%), and phosphatidyl ethanolamine (22%). The
phospholipid separation was carried out using virus that had been grown
in chick embryo. Comparison of the virus phosphatides with those pres-
ent in the host indicated the presence of more lecithin and less sphin-
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gomyelin in the host than in the virus. When the phosphatides of influenza
virus propagated in calf kidney cells were analyzed, the major phos-
pholipids were found to be lecithin (36%), sphingomyelin (14%), phos-
phatidic acid (12%), and an unidentified compound (14%). The host
cells contained much less of the phosphatidic acid and the unknown phos-
pholipid than did the virus, but the quantities of lecithin and sphin-
gomyelin were comparable. Using gas—liquid chromatography, the fatty
acids of the viral lipids were determined for virus grown either in chick
embryo or calf kidney cells. The predominant fatty acids in calf kidney-
grown virus were palmitic (23%), oleic (21%), stearic (21%), linoleic
(24%), and arachidonic (6% ). This fatty acid spectrum is almost iden-
tical with that found in the host cell. Comparison of the fatty acids of
chick embryo-grown virus with those of the host again showed very
similar patterns, but the percentages of individual fatty acids were
somewhat different: palmitic (32% ), linoleic (9%), oleic (29%), stearic
(13%), and arachidonic (6%).

Also found were appreciable quantities of plasmalogens, principally
compounds containing palmityl and stearyl aldehydes. The pattern of
plasmalogen aldehydes closely resembled that of the host cells.

Among the multiform myxoviruses, the most complete lipid analysis
was carried out on mumps virus by Soule et al. (1959). Using Mari-
netti’s technique of chromatography on silicic acid-impregnated filter
paper, these workers found that the phospholipid fraction of this virus,
which represents 7% of the total lipid content, is primarily sphingo-
myelin (60%), with lecithin (11%), phosphatidyl serine (10%), and
phosphatidyl ethanolamines (19%) accounting for the remaining phos-
phatides. They were able to detect fatty acid, triglyceride, and free
and ester cholesterol in their chromatograms, but did not quantitate
these lipids. Newcastle disease virus has been reported to contain 27.2%
total lipid and to have a high phospholipid content, but no more exact data
are available (Cunha et al., 1947). Sendai virus, after being subjected to
purification by adsorption on red cells, differential centrifugation, and
gel filtration, was extracted with petroleum ether and the fatty acids
extracted after saponification of the lipid extract. Gas-liquid ehromatog-
raphy of the fatty acid methyl esters showed the fatty acids of Sendai
virus to be palmitic (20.5%), stearic (30%), oleic (35%), and linoleic
(14.5%) (Smirnova and Virkus, 1964).

B. ARBOVIRUSES

Of the arboviruses, the lipids of Eastern equine encephalomyelitis
have been analyzed by Taylor et al. (1943). Extraction and direct
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analysis were used, and the total lipid (54% ) was reported to contain
phospholipid (35%), cholesterol (14%), and neutral fat (10%). Re-
cently Hardy and Arbiter (1965) reported the presence of phospholipid-
containing lipid inclusions in L cells infected with Venezuelan equine
encephalomyelitis.

Pfefferkorn and Hunter (1963) reported on the phospholipid content
of Sindbis virus. The principal phospholipids were lecithin (38%),
phosphatidyl ethanolamine (25%), and sphingomyelin (25%).

C. AviaN TuMor VIRUSES

Bather (1957) performed a chloroform—methanol (2:1) extraction
on Rous sarcoma virus and found that it contained 42-44% lipid.

The lipids of avian myeloblastosis virus were determined gravi-
metrically after extraction of purified virus pellets serially by 80%
methanol, chloroform—methanol (2 :1), and ethanol. The total lipid
content was found to be 35% (Bonar and Beard, 1959). In a more com-
plete study, Rao and Beard (1964) followed extraction with thin-layer
chromatography of the neutral lipids on silica gel G using petroleum
ether—ethyl ether—acetic acid (90 : 10 : 1) as the developing solvent and
phospholipids on the same adsorbent using chloroform—methanol-7 N
ammonium hydroxide (35 : 60 : 5). Cholesterol accounted for 34% of the
total lipid, neutral lipids for 5.3%, and the phospholipid classes as
follows: lysolecithin 2.1% ; sphinogomyelin 16% ; phosphatidyl serine
7.4% ; phosphatidy] ethanolamine 21% and lecithin 11%.

D. OrHER VIRUSES

No work has been done to elucidate the lipid composition of any
of the other ether-sensitive viruses. Among the ether-resistant viruses,
vaceinia virus has been shown to contain about 6% lipid (Hoagland
et al., 1940). The lipid was obtained by extraction of the purified
virus with alcohol-ether (3:1); the cholesterol (1.4%) and phos-
pholipid (2.2%) content was determined chemically, and the neutral
fat content (2.2%) by difference. The cholesterol could be removed by
a second ether extraction. The resistance of this virus to ether suggests
that the lipids are not an integral part of the cell surface.

The available literature relating to the lipid compositions of viruses
is given in Table VI

IV. Summary

The primary function of the lipids present in viruses seems to be
to maintain the structural integrity of their membrane. These lipids
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may also play an important role in the interaction of virus with host
cells and in their agglutination of erythrocytes (Nicoli, 1965). With
the availability of better methods of viral purification, it should be
possible to obtain workable quantities of virus that are free of host—
cell contamination. The present state of development of lipid method-
ology makes possible the separation and identification of all classes
of viral lipids. The limiting factor is the availability of sufficient mate-
rial.
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1. Introduction

The replication of RNA viruses requires an enzymatic mechanism
utilizing RNA as template. It has been assumed that such a reaction
occurs in a manner analogous to that of DNA-directed nucleic acid syn-
thesis, as depicted in the following:

n APPP AP
+ | Al
n UPPP UP
+ + RNA=2RNA + | + 4n PP
n GPPP GP
+ |
n CPPP CP_l,

Such a system, utilizing RNA as template and ribonucleoside triphos-
phates as substrate, is not known to occur in uninfected animal, plant,
or bacterial cells. It has been found, however, that infection with RNA-
containing viruses results in the appearance of RNA polymerase ac-
tivity formerly absent in extracts of the host cell (Astier-Manifacier

99



100 J. THOMAS AUGUST AND LILLIAN EOYANG

and Cornuet, 1965; August et al., 1963; Baltimore and Franklin, 1962;
Cline et al,, 1963; Haruna et al., 1963; Ho and Walters, 1966; Horton
et al., 1966; Lust, 1966; Plagemann and Swim, 1966; Weissmann et al.,
1963; Wilson and Bader, 1965). Partially purified enzymes have been
studied in several laboratories. Weissmann et al. (1964) obtained a frac-
tion purified about 20-fold, with an activity of 1 mpmole UMP incorpo-
rated per milligram of protein per minute, from Escherichia coli Hfr
3000 infected with phage MS2. This fraction has been shown to catalyze
the synthesis of parental-type RNA in a reaction that utilized RNA as-
sociated with the enzyme (Weissmann, 1965). August et al. (1965)
obtained an RNA-dependent fraction with an activity of 40 mpumoles
GMP incorporated per milligram of protein per minute and purified
about 100-fold from E. colt K38 infected with su-11, an amber mutant
of phage f2. The purified enzyme utilized many different types of
RNA as templates to catalyze the synthesis of RNA resembling a com-
plementary strand (Shapiro and August, 1965). Haruna and Spiegelman
(1965), using E. coli Q-13 infected with phage Qg, obtained a fraction
catalyzing 0.4-1 mumoles UMP incorporation per milligram of protein
per minute in a reaction requiring Q8-RNA as template and catalyzing
the synthesis of infectious viral RNA (Pace and Spiegelman, 1966). The
procedure described in this paper yields a 500-fold purified QB-RNA
polymerase with an aectivity of 50-75 mpmoles GMP incorporated per
milligram of protein per minute.

II. Detection
A. PrerPARATION OF RNA Puace-INFECTED BACTERIA

1. Principle

The appearance of a phage-associated RNA polymerase activity in
extracts of infected bacteria follows a temporal sequence after infec-
tion. Thus, to detect the presence of such an enzyme, the activity in
uninfected bacteria should be compared with that of bacteria harvested
at different times after infection. The presence of host enzymes may
cause difficulty in the detection of a phage-associated enzyme and, as
described below, precautions are necessary to avoid such interference.
In this respect, a convenient host is E. colt Q-13, a mutant that con-
tains low levels of polynucleotide phosphorylase and RNase 1 (Geste-
land, 1966).

2. General Techniques

a. Media and Solutions. Several media may be used for the prepara-
tion of phage stocks (Watanabe and August, this volume). In these
experiments, a medium was devised to be used for the preparation of
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phage stocks as well as of phage-infected bacteria for enzymatic
studies. This medium (GC medium) has the advantage that it can be
autoclaved in complete form, reducing excessive manipulation and thus
the possibility of contamination.

The GC medium contains the following (per liter): 1.21 gm of Tris,
5.0 gm of NaCl, 1.0 gm of NH,CI, 0.052 gm of Na,HPO,-7H.0, 0.1 gm
of MgSO,, 10 gm of casamino acids, 10 ml of glycerol, and 2.5 ml of
1.0 M HCL Prior to infection with RNA bacteriophage, 1.0 ml of
1 M CaCl, must be added per liter.

Hard agar contains (per liter) 10 gm of Difco Bactotryptone, 8 gm of
NaCl, 1 gm of glucose, and 10 gm of Difco agar. After the agar has melted,
1.5 ml of 1 N NaOH and 2 ml of 1 M CaCl; per liter are added. Petri
dishes are filled with about 30-35 ml of hard agar that has been steri-
lized and cooled to 45°-50°C. After the agar has hardened, the covered
plates are inverted and allowed to dry at room temperature for 2448
hours. The plates may then be stored for 1-2 weeks at 4°C.

Soft agar contains (per liter) 10 gm of Difco Bactotryptone, 8 gm of
NaCl, 1 gm of glucose, and 6 gm of Difco agar. After the agar has
melted, 1.5 ml of 1 N NaOH and 2 ml of 1 M CaCl;, per liter are added.
Soft agar is stored at 4°C in tightly stoppered 100-ml bottles.

Diluent used for titering RNA phage suspensions contains (per liter)
0.01 M Tris at pH 7.5, 0.001 M MgCl,, 0.1 M NaCl, and 10 mg of gelatin.

Lysing solution contains (per 100 ml) 10 mg of lysozyme, 0.01 M
EDTA at pH 7.5, and 1 M Tris at pH 7.5.

b. Preparation of Cultures. A single colony of bacteria is transferred
into a flask containing GC medium. The flask is aerated at 37°C until
the bacteria reach a concentration of 3-5 X 10® cells per milliliter. (It
is convenient to estimate bacterial concentration by absorbance at 660
mp.) To check for phage contamination, an aliquot of the culture is
plated by the agar-layer method (Adams, 1959). This culture is also
used as plating bacteria to confirm the cell’s ability to act as host for
RNA phage infection. Cultures stored at 4°C remain viable for ap-
proximately 1 week.

c. Preparation and Assay of Phage. The RNA phage infects only male
strains (Hfr and F+) of E. coli. Both plating and inoculating bacteria
must be in the early logarithmic phase of growth (3-5 X 108 cells/
ml), since RNA bacteriophages may not adsorb to bacteria grown to
stationary phase or grown at temperatures below 31°C, presumably
because under these conditions the bacteria become F— phenocopies
(Lederberg et al., 1952).

Phage titer and host range are determined by plaque formation util-
izing the agar-layer method (Adams, 1959). After the top agar has
hardened, the plates are inverted and incubated at 37°C with good aer-
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ation for 12-25 hours.* Plates should be examined during the first 24
hours, since the plaques may become obscure. The plaque size and
morphology may differ depending on plating conditions.

Phage stocks are prepared by infecting bacteria in early exponential
growth with a single plaque. A convenient procedure is to inoculate 500
ml of medium in a 2-liter flask with a bacterial concentration of ap-
proximately 5 X 10° bacteria. The culture is incubated at 37°C with
maximum aeration. At a density of 3-5 X 10% cells/ml, the bacteria
are infected with a single plaque. After incubation for 4-6 hours, lysis
is completed by the addition of lysing solution, 0.05-0.10 volumes, and
chloroform (1%, v/v). This lysate is used without further purification
for the preparation of infected cells. The lysate may be stored at 4°C
but should be titered prior to use, since there may be a loss in infectiv-
ity with time. Phage titer is determined by plaque formation and the
agar-layer method (Adams, 1959).

3. Preparation of Phage-Infected Bacteria

Detection of phage polymerase activity is conveniently performed
in the following manner. Six 2-liter flasks, each containing 500 ml of
medium, are inoculated with 2.5 X 10*° bacteria. The flasks are incu-
bated at 37°C with maximum aeration until the bacterial concentra-
tion reaches 3-5 ) 10® cells per milliliter. Calecium chloride, 0.5 ml
1 M, is added to each flask. RNA phage are then added at a multiplic-
ity of infection of 2040 to all but one flask. Incubation with vigorous
aeration is continued, and flasks are removed at timed intervals, such
as 5, 10, 20, 30, and 40 minutes. Immediately upon removal from the
incubator, each flask is cooled to 10°C in a Dry Ice-acetone bath and
stored at 4°C until all samples are collected. The bacteria are har-
vested by centrifugation, and the cell pellets are stored at —20°C until
time of use. The uninfected culture should be plated to check for con-
tamination. Moreover, a sample of one of the infected cultures should
be assayed for infective centers by the agar-layer method to verify that
the conditions were appropriate for infection. The results of infection
at various time intervals with different RNA bacteriophage are shown
in Fig. 1.

4. Preparation of Cell-Free Extracts

Cold alumina (Alumina A-301, Aluminum Company of America),
equal to twice the weight of bacteria, is added to each of the frozen

*It should be emphasized that good aeration is necessary. Plaque formation 1s
known not to occur when a large number of plates are placed in a closed oven.
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Fic. 1. Phage RNA polymerase activity following infection with RNA bacterio-
phage. E. coli Q-13 was grown and infected with various RNA bacteriophage, as
described in the text. The preparation of cell-free extracts and assay of phage RNA
polymerase activity are also described in the text.

bacterial pellets. The bacteria are disrupted by grinding with a mortar
and pestle for approximately 10 minutes until the mixture assumes a
smooth, moist, and sticky consistency. The paste is then suspended in
4 volumes of a buffer solution containing 0.05 M Tris-HCl at pH 7.2,
0.006 M MgCly, 0.005 M 2-mercaptoethanol, and 0.001 M EDTA in
20% (v/v) glycerol. The suspension is centrifuged at 10,000 g for 5
minutes to remove the alumina and then at 30,000 g for 10 minutes.
The supernatant (crude extract) is decanted. This crude extract usu-
ally contains approximately 15-20 mg/ml protein, and 5~20-ul aliquots
are used to assay for viral RNA polymerase activity.

B. Assay or RNA Virus RNA POLYMERASE

1. Principle

The assay measures the incorporation of acid-soluble ribonucleotides
into acid-insoluble material.* Other enzymatic reactions known to in-
corporate ribonucleotides are inhibited as follows: DNase is added to
inhibit the DNA-dependent RNA polymerase reaction. Phosphoenolpy-
ruvate and pyruvate kinase are added to inhibit the polynucleotide
phosphorylase reaction. GTP is used as the labeled substrate to avoid

* This acid-insoluble material must also be characterized as RNA. Procedures
that may be employed are described elsewhere (August et al., 1965).
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polyriboadenylate polymerase and adenylate—cytidylate pyrophos-
phorylase activity.

2. Materials

Materials were obtained from the following sources: unlabeled and
11C-labeled ribonucleotides from Schwarz BioResearch, Orangeburg,
New York; pyruvate kinase and 2-phosphoenolpyruvate (tricyclohexyl-
ammonium salt) from California Corporation for Biochemical Re-
search, Los Angeles, California; Tris, “Trizma Base,” from Sigma
Chemical Co., St. Louis, Missouri; pancreatic deoxyribonuclease I,
electrophoretically purified free of RNase, from Worthington Biochem-
ical Corporation, Freehold, New Jersey.

The conductivity of distilled or deionized water used for the prep-
aration of reagents was less than 0.1 ppm as NaCl.

3. Reagents

(1) 50% glycerol; (2) Tris-HCI buffer, pH 7.5, 0.5 M; (3) MgCl,,
0.1 M; (4) 2-mercaptoethanol, 0.1 M; (5) phosphoenolpyruvate, 0.1
M; (6) pyruvate kinase, 100 pg per milliliter; (7) **C-GTP (2-5 X
108 cpm per micromole), 0.01 M; (8) ATP, 0.01 M; (9) UTP, 0.01 M;
(10 CTP, 0.01 M, (11) DNase, 1 mg per milliliter; (12) trichloroace-
tic acid (TCA), 5%, containing 0.02 M sodium pyrophosphate.

4. Procedures

The assay mixture contains 0.05 ml of Tris, 0.03 ml of MgClz, 0.01 ml
of 2-mercaptoethancl, 0.01 ml of phosphoenolpyruvate, 0.01 ml of pyru-
vate kinase, 0.01 ml of **C-GTP, 0.02 ml each of ATP, UTP, and CTP,
0.01 ml of DNase, 0.005-0.02 m! of enzyme, and 50% glycerol to a final
volume of 0.25 ml. (Additional RNA need not be added to the incubation
mixture when a crude extract is the enzyme fraction.) After incubation
for 20 minutes at 37°C, the mixture is cooled in ice, and approximately
3 ml of cold TCA-pyrophosphate solution is added. The contents are
filtered through a membrane filter (Millipore Type HA, pore size 45 g,
diameter 25 mm) and washed four times with about 1-ml volumes of the
TCA-pyrophosphate solution. The filter is glued to a planchet and
dried by gentle heating. [A convenient glue is the Borden’s cement
(Elmer’s Glue-all), but this glue, when not dry, will initiate a dis-
charge in windowless gas-flow counters.] The acid-insoluble radioac-
tivity is measured in a windowless gas-flow counter. [The radioactivity
may also be measured by placing the filters in vials containing phos-
phor (3 gm of 2,5-diphenyloxazole and 100 mg of 1,4-bis-2-(5-phenyloxa-
zolyl) benzene per liter of reagent-grade toluene) and counted in a
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liquid-seintillation spectrophotometer.] Reaction mixtures acidified
immediately after the addition of all the components or those lacking
enzyme serve as blanks.

The mumoles GMP incorporated may be calculated from the specific
activity of the labeled substrate. One unit of activity is defined as the
incorporation of 1 mumole per 20 minutes at 37°C. The specific activity
of the enzyme, mupmoles per 20 minutes per milligram of protein, must
be calculated in order to compare extracts from infected and unin-
fected bacteria.

Ill1. Purification
A. GeENERAL TECHNIQUES

1. Materials

Materials were obtained from the following sources: Alumina A-301,
Aluminum Company of America; Dextran 500, Pharmacia Fine Chemi-
cals, Inc., New York, New York; polyethylene glycol (Carbowax 6000),
Union Carbide Chemicals Co., New York, New York; glycerol, “spectro-
quality reagent,” Matheson, Coleman and Bell, Norwood, Ohio; ammo-
nium sulfate, “special enzyme grade,” Mann Research Laboratories, Inc.,
New York, New York; Tris, “Trizma Base,” Sigma Chemical Co., St.
Louis, Missouri; DEAE,* “Cellex-D High-capacity,” Bio-Rad Labora-
tories, Richmond, California; hydroxylapatite, Hypatite C, Clarkson
Chemical Co., Inc., Williamsport, Pennsylvania.

The conductivity of distilled or deionized water used for the prep-
aration of reagents was less than 0.1 ppm as NaCl.

QBS-RNA is obtained from lysates prepared as previously described.
The phage are purified as described elsewhere (Watanabe and August,
this volume). The suspension of purified phage is mixed with an equal
volume of phenol (the phenol is redistilled and immediately prior to
use washed twice with 0.1 M potassium phosphate, pH 7.5) in a glass-
stoppered test tube and the tube is rolled gently at room temperature
for about 10 minutes. The phases are separated by centrifugation at
15,000 g for 5 minutes. The top layer is removed and the RNA precipi-
tated with the addition of 2 volumes 