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ABSTRACT

Several strains of tobacco mosaic virus were purified 
from single lesion isolates„ After isolation from the 
systemic tobacco host, coat protein from each virus strain 
was separated from the TMV-RNA molecule, and characterized 
with respect to molecular weight and isoelectric point.
The molecular weight of each coat protein preparation was 
determined using SDS polyacrylamide gel electrophoresis.
The isoelectric point for. each strain of TMV coat protein 
was established by electrofocusing in polyacrylamide gels, 
The isoelectric point of isolated coat protein was con
sistent for a given set of experimental conditions, but 
differed notably from literature values for whole virus.
The average isoelectric point determined for all coat 
proteins tested was identical. Serologic tests, including 
double diffusion and intragel cross absorption, were per
formed in order to determine the specificity of antiserum 
and the relatedness of different TMV strains. The results 
of the serologic tests showed that antiserum to U1 strain 
virus contained IgG fractions which were able to react with 
other strains of TMV. It was also shown that certain virus 
strains were serologically identical while other strains 
were serologically distinct,

viii 1



INTRODUCTION AND LITERATURE REVIEW

Serologic History of Tobacco 
Mosaic Virus

Tobacco Mosaic Virus (TMV) was the first plant virus 
used to demonstrate that a diseased plant contains a 
specific viral antigen (Beale, 192 8, 1929, 1931). Gruber 
and Durham observed in 1896, that when a suspension of 
bacteria mixed in vitro with serum from an animal previously 
innoculated with cultures of that same microorganism, there 
was a specific agglutination. Practical applications of the 
agglutination of other antigen-antibody reaction systems 
were quickly discovered. The diagnosis of typhoid fever and 
the diagnosis and typing of Pneumococcus are two important 
examples discovered during that period (Beale, 1929).

The infectious nature of tobacco mosaic disease was 
described by Mayer in 1886, but the nature of the disease 
causing agent was unknown. Various investigators had 
proposed different hypotheses.to explain the origin of the 
tobacco mosaic disease. Popular concepts, were that the 
disease was a physiologic response to unfavorable environ
mental conditions or that the excessive accumulation of 
oxidizing enzymes was responsible for the morbid condition 
of the plant (Chapman, 1913). Other researchers maintained 
that a phytotoxin was spontaneously generated in plants and



was capable of stimulating the production of the toxin in 
other plants. It was even claimed that the infectious 
agent could be cultivated in vitro in the absence of host 
cells (Olitsky, 1924), These sorts of ideas prevailed 
despite the fact Iwanowski in 1892 and Beijerinck in 1889 
isolated and classified the infectious material in tobacco 
as a filterable virus (Anderer et al,, 1960).

In 192 8, Helen Purdy Beale elucidated the nature of 
the substance responsible for the disease by applying the 
technology of serologic reactions. She immunized rabbits 
with saline extracts from healthy and infected tobacco 
plants and found that the serum from rabbits immunized with 
the infected plant extract contained a substance that formed 
a precipitate with the addition of either healthy or in
fected plant juices'. She noted that the precipitate 
resulting from the mixture of healthy tobacco extract and 
either antisera was never copious, In a later set of 
experiments she saturated both antisera with a healthy 
tobacco extract and centrifuged away the resulting precipi
tate; thus removing antibody specific for plant proteins.
An extract from diseased tobacco was added to both purified 
sera preparations and only the serum derived from infected 
tobacco plants formed a precipitate. She concluded that 
there was a substance in the diseased tobacco extract, not 
present in healthy tobacco, which was responsible for the 
antigenic reaction.
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The Antibody

Structure of Immunoglobulins
Tobacco mosaic virus is now a classic in the annals 

of virology. The physiological and biochemical properties 
of the virus have been examined extensively and are well 
documented. As a result, TMV can be used as a model system 
to study the interactions between antigen and antibody.
TMV is an antigen which can be precipitated by immunoglobu
lins. The structure of IgG will be described in order to 
clarify material that will follow in this paper,

Immunoglobulins constitute a highly heterogeneous 
population of biologically active macromolecules. The 
fundamental problem in determining antibody structure con
cerns the nature of the molecular modifications, which are 
superimposed upon a relatively consistent basic configura
tion, which generate immunoglobulins with an assortment of 
combining specificities. The general structure, which was 
proposed by Porter in 1962 for rabbit IgG, is a four- 
chained, Y-shaped structure consisting of two identical 
heavy (H) chains and two identical light (L) chains linked 
by disulfide bonds (Figure 1). The interchain disulfide 
bonds enclose loops of 60 to 7 0 amino acids along the length 
of the H and L chains, and in effect form boundaries (Singer 
and Dolittle, 1966 ? Hill et al., 1966). The molecular
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Figure 1. Schematic Diagram of an IgG Molecule (from 
Edelman and Gall, 1969).

weight of the IgG molecule is 150,000 daltons and it has a 
sedimentation coefficient of 7S (Cohen, 1974).

The various classes of IgG are differentiated within 
animal species on the basis of the amino acid sequence of 
the H chains (Cohen, 1974). Heterogeneity within a subclass 
is defined by the N-terminal variable (V) regions of the H 
and L chains. The variable region is a domain composed of 
about 120 amino acid residues. The C-terminal portion (C) 
of the H and L chains is invariant within a given subclass. 
In contrast to the classical rule of "one gene— one poly
peptide" (Beadle and Tatum, 1941), it has been established 
that at least two structural genes control the synthesis of 
each Ig chain. One gene codes for the variable portion



while the other gene codes for the constant region of each 
chain (Dreyer and Bennet, 1965; Wang et al., 1970),

When IgG molecules are digested with papain they are 
broken into three pieces. Two of these pieces are identical 
and can bind antibody. The antibody binding fragment (FAB) 
consists of a portion of the and chains and the N- 
terminal and chains. It appears that antibody speci
ficity is determined by the amino acid sequence of the FAB 
fragment (Edelman and Gall, 1969). When FAB fragments are 
chemically unfolded, there is a loss of antibody activity, 
which suggests that the secondary structure of the variable 
region generates specificity (Cohen, 1974).

Antibody Specificity
A feature of the immune response is that the 

presence of a single antigenic determinant’ can stimulate the 
production of a whole population of antibodies with dif
ferent amino acid sequences. Despite the structural diver
sity, the whole population shows a high degree of speci
ficity toward the eliciting antigen, and often a weaker 
response toward structurally related antigens. It has been 
well established that the antigen binding site on the anti
body molecule is located in the N~terminal half of the L 
chain and the N-terminal quarter of the H-chain (Edelman and 
Gall, 1969). There is evidence from many sources that the 
combining region is a cavity formed at the end of each of



the two arms of the Y-shaped immunoglobulin molecule 
(Valentine and Green, 1967; Poljak et al., 1972), It 
appears that the variable portions of the H and L chains 
form the cavity (Painter, Sage, and Tanford, 1972)„

In recent years the specificity of immunoglobulins 
has been questioned in terms of the relationship between the 
amino acid sequence of the variable domains, the number of 
antibodies an organism can make, and the number of antibody 
genes present in that organism. It has been calculated by 
Haimovich et al. (1972) that the total number of antibody 
producing cells in the mouse is in the range of 1-10 x 10^ 
cells. Since each immunocompetent cell generally produces 
a unique antibody, there is a limit to the number of anti
bodies that can be produced at any one time. If the 
antibody binding site' shows a high degree of specificity 
toward a single antigen, or even to a group of related 
antigens, a large number of genes would be required for 
antibody synthesis. In fact there would have to be nearly 
as many antibody genes as potential antigens.

Richards and Konigsberg (1973) proposed that indi
vidual immunoglobulins have multiple specificities, A 
variety of biological and biochemical evidence supports the 
gene-saving polyfunctional theory. The number of antibody
producing cells in a tadpole (10̂ ) and the number of cells

5 6required to produce detectable levels of antibody (10 -10 ) 
forms the basis of the biological evidence. It would



appear from this example that since the tadpole can respond 
to many antigens, there are too few antibody producing cells 
to account for a wide range of immune responses (Haimovich 
et al., 1972), Another example is the multiplicity of 
antibody responses found in clones of monotypic cells 
(Quattrochi, Cioli, and Gaglioni, 1969), Direct evidence 
for polyfunctional combining regions was found when studying 
the binding capabilities of different haptens to mouse 
myeloma IgA (Richards et al., 1975). Two different haptens, 
E-DNP-lys and 2-methyl-l,4-napthoquinone, bind to IgA with 
two different affinity constants: of 1 x 10~* liters/mole
and 2 x 10^ liters/mole, respectively. Further substantia
tion of the presence of multiple binding sites was obtained 
when specific portions of the site were alkylated. The 
affinity constant for only one of the two haptens was 
altered, indicating that one site was denatured while the 
other remained intact.

n TMV as an Antigen 
It has been established that antibodies are specific 

for antigen and that they may bind antigens that are 
structurally related to the eliciting antigen. It is now 
apparent that antibody specificity is a function of the 
secondary structure of the variable portion of the FAB 
fragment and there may be polyfunctional binding character
istics associated with it (Richards and Konigsberg, 1973),
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The specificity of TMV antigenic determinants 

appears to change with the conformational state of the coat 
protein (Rappaport and Zaitlin, 19 70), This was demon
strated by correlating the aggregation state of highly 
purified TMV proteins with the number of precipitin bands 
observed in Ouchterlony plates. The aggregation state of 
isolated coat protein can be regulated by raising or 
lowering the incubation temperature as long as the concen
tration, ionic strength, and pH are constant. Two explana
tions have been proposed to account for the multiple 
Ouchterlony bands. The first suggests that antibodies were 
induced to a variety of antigenic structures (Rappaport and 
Zaitlin, 1970). This implies that either impure antigen was 
injected info rabbits or that the aggregation state of the 
proteins can drastically alter the antigenic identity of the 
protein. The second proposal suggests that there is a 
single antigenic site on the surface of the protein and that 
antibody is capable of reacting with slightly altered 
antigenic conformations.

TMV Strains and Mutants

Wild Type TMV Strains
There are many well defined populations of TMV with 

altered, inheritable properties. Such variants are desig
nated as "strains" if they have been isolated from the field 
or in situations where their direct genetic evolution has



not been observed (Hennig and Wittmann, 1972), The most 
common form of TMV is the "Vulgare" or U1 strain of the 
virus (Siegel and Wildman, 1954). The Ul strain and other 
TMV strains can replicate in tobacco, however the host 
range is not limited to "N. tabacum. The Ul strain can 
multiply under experimental conditions in more than 200 
different plant species, including plants which are as 
phylogenetically diverse as orchids and cactus (Holmes,
1938). TMV is most commonly grown for laboratory use in 
Nicotiana tabacum L. var. Turkish Samsun. When these 
plants become infected with a wild type strain they exhibit 
systemic symptoms which consist of light and dark green 
areas on the leaves, This is known as mosaic or mottle.
Some other TMV strains show less virulent symptoms in host 
plants. U2, which is often found in Ul populations, pro
duces a mild form of the light green-dark green mosaic, In 
a mixed infection, U2 symptoms are completely masked by Ul • 
(Siegel and Wildman, 1954). The U5 strain produces a bright 
yellow mottle in Nicotiana glauca, from which it was 
originally isolated (Bald, Gumpf, and Heick, 1974). In N. 
tabacum this same strain produces a rugosity (a wrinkling) 
of the younger leaves (Siegel and Wildman, 1954). Holmes 
Rib Grass (HRG) is another mild slow growing strain. It 
produces necrotic spots in N . tabacum plants.



Induced Mutation of TMV by Nitrous Acid
Shortly after the isolation of pure TMV by Stanley 

in 1935, the effect of different chemicals on the viability 
of intact virus was investigated. Many chemicals induced a 
loss of virus infectivity, which was usually found to be the 
result of a break in the TMV RNA molecule (Hennig and 
Wittmann, 19 72), An increased production of TMV mutants was 
also observed when whole virus was treated with nitrous acid 
(Mundry and Grierer, 1958; Grierer and Mundry, 1958). A 
chemically induced mutant, in contrast to a TMV strain, is a 
population of virus whose inheritable properties differ from 
the parent strain, and whose genetic evolution has been 
observed.

The mechanism of action of nitrous acid mutagenesis 
can be explained in chemical terms. The reaction is a pH 
dependent, oxidative deamination of the RNA nucleotide bases 
by the dissociated form (NOg) of nitrous acid (Schuster and 
Schramm, 1958). The effect on the TMV RNA is that adenine 
is converted to hypoxanthine (which base pairs like 
guanine), cytosine is deaminated to uracil, and guanine into 
xanthine. Xanthine has no counterpart in TMV RNA, and is 
replaced by guanine during the next replicative cycle. It 
is possible that the deamination of the TMV RNA molecule 
might result in a permanent change in the genetic code words 
for amino acids. If for example, cytosine (C) is converted 
to uracil (U), it would change the code word for threonine,



ACUy to the code word for isoleucine, AUU. That such muta
tions occur can be demonstrated by amino acid sequence 
analysis of enzymatically cleaved protein preparations,
One, or occasionally two, base exchanges may result in one 
of the following situations: the virus may be inactivated
due to the inability to produce functional proteins thought 
to be necessary for the replicative process, or it may cause 
an alteration in the section of the RNA which codes for the 
coat protein subunits. A table of nitrous acid derived TMV 
coat protein mutants has been compiled in a review by Hennig 
and Wittmann (1972),

Isolation of Defective Mutants
"Defective Mutants" are a class of virus mutants in 

which the coat protein is unable to encapsidate the TMV RNA 
molecule, This is an important class of mutants since the 
altered coat protein interferes with the normal virus 
assembly process,

A method has been developed to efficiently produce 
and isolate nitrous acid induced mutants (Siegel„ Zaitlin, 
and Shegal, 1962), A preparation of the Ul strain is 
treated with nitrous acid to three levels of survival 
(0.015%, 0.28%, 4,2%), and is then innoculated at limit 
dilution into a systemic host. Most of these plants will 
show no signs of infection, but a few of them become in
fected by a single virion as is indicated by a single



12
yellow infection site on a leaf. Plants infected using this 
procedure have produced several slow growing defective 
mutants (Siegel et al,, 1962; Hariharasubramanian and 
Siegel, 1969), These mutants have been previously described 
in terms of their amino acid sequence and the in vitro and 
in vivo properties of their non-functional coat proteins 
(Siegel et al., 1962; Zaitlin and McCaughey, 1965; Zaitlin 
and Ferris, 1964; Hubert, 1974; Hubert, Bourque, and 
Zaitlin, 1976).

PM2; A Defective Mutant with a 
Soluble Coat Protein

The nitrous acid derived mutant PM2 was isolated 
from a yellow lesion produced in the systemic host N , 
tabacum (Siegel et al., 1962) , The PM2 coat protein, which 
was found to be serologically identical to the Ul strain, 
was unable to combine with nucleic acid in vivo. The low 
infectivity of this mutant is believed to be due to the TMV 
RNA being destroyed by cellular nucleases (Zaitlin and 
Ferris, 1964). Amino acid analysis of PM2 coat protein 
showed a threonine to isoleucine exchange and a glutamic to 
aspartic acid replacement at positions 28 and 95, re
spectively (Wittmann, 1965; Zaitlin and McCaughey, 1965) , 
when compared to the Ul strain. The glutamic to aspartic 
acid replacement is not compatible with the known action of 
nitrous acid on the nucleotide bases, and consequently may 
not have been induced by the mutagen. A threonine to
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isoleucine exchange has been observed in other defective 
mutants (Siegel, 1965) and perhaps is also responsible for 
the defective -behavior of the PM2 coat protein.

The non-functional coat protein of PM2 can be made 
to aggregate under the conditions required for the reconsti
tution of TMV (Fraenkel-Conrat, 1957; Zaitlin and Ferris, 
1964). Infectious particles can normally be produced under 
these conditions, however, this is not the case with PM2. 
Preparations of reconstituted Ul and PM2 were viewed with 
the electron microscope and it was observed that PM2 protein 
aggregated into loosely packed, elongated helical structures 
rather than the typical tightly paqked protein rod (Zaitlin 
and Ferris, 1964).

PM6 Mutants
A TMV mutant (PM6) with a non-functional coat 

protein was isolated after treating the Ul strain with 
nitrous acid. The coat protein of this mutant was found to 
have an aspartic acid to glycine and an alanine to threonine 
exchange when compared to the Ul protein (Hubert, 1974). 
Another mutant (PM6R1) with a functional coat protein was 
isolated from plants infected with PM6. Amino acid analysis 
of its cokt protein showed that it had the same alanine to 
threonine exchange as PM6, but that the aspartic acid 
residue found in Ul had been restored (Hubert, 1974). It
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is thought that the PM6R1 mutant is derived from a reversion 
of a codon in the PM6 genome (Hubert et al„, 1976).

Goals of this Investigation
The ultimate goal of this investigation is to devise 

an "immuno-isoelectric fingerprinting" assay system to 
quickly identify virus strains and mutants in early stages 
of infection. Virus coat protein will be characterized and 
identified by serologic specificity to a given antiserum, 
by serologic relatedness to other virus strains and mutants, 
and by isoelectric focusing. This sort of assay system will 
be useful in the rapid identification of defective mutants. 
Such mutants are often unable to replicate efficiently in 
their host, and, as a result, are difficult to detect by 
standard immunological methods.

Commonly used serologic and electrophoretic tech
niques will be used to develop the immuno-isoelectric assay. 
Titration of sera and antigen will be performed in 
Ouchterlony double.diffusion plates to test the sensitivity 
of antiserum for the TMV coat protein antigen. Lines of 
identity plates, developed at several different tempera
tures, will test the relatedness of TMV strains as a 
function of the protein aggregation state. The conditions 
required to produce a given aggregation state of isolated 
coat protein will be established by SDS electrophoresis in 
polyacrylamide gels of different SDS concentrations.



Intragel cross absorption of virus coat protein with anti- 
serum will be performed to determine if there are specific 
antibody fractions which precipitate a particular virus coat 
protein. The isoelectric point of coat proteins will be 
determined by isoelectric focusing in thin slabs of poly
acrylamide. Once virus identity has been established in the 
above terms, antiserum will be focused in polyacrylamide 
tube gels. One gel will be stained and a duplicate gel will 
be electrophoresed into a gel containing TMV antigen. This 
will allow the identification and quantitation of the 
specific fraction-antigen reaction.



MATERIALS AMD METHODS

Virus' Techniques

Virus Isolation and Propagation
TMV strains were isolated from infected tobacco 

leaves by their specific symptoms on local lesion and 
systemic hosts„ A particular isolate was propagated by 
transferring a single lesion to a systemic host. The lesion 
was transferred by grinding it between the flat surfaces of 
two glass paddles. Three drops of 0.066 M phosphate 
buffer, pH 7.2, containing celite, acted as the grinding 
media. The lesion paste was rubbed on young N. sylvestris 
tobacco plants. These plants had three or four leaves of 
approximately 2 inches in length. If the proper symptoms 
were observed on N. sylvestris, virus was transferred to 12 
inch high N. tabacum L. var. Turkish SamSun plants (Table 
1). Virus was harvested when severe virus symptoms were 
present. U1 virus usually could be harvested seven to nine 
days after infection. Other strains such as HRG, U2, and US 
often required several weeks to produce a high yield of 
virus.

Virus Purification
Virus was prepared from N. tabacum L. var. Turkish 

Samsun plants infected with Ul, U2, US, or HRG strains by a
16
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Table 1. TMV Symptoms in Tobacco Plantsa

Virus strain N. tabacum N. sylvestris

U1 mosaic systemic
U2 mild mosaic local lesion
U5 rugose leaves local lesion
ERG necrotic spots local lesion

a. Table taken from Siegel and Wildman (1954).

modified method of Gooding and Hebert (1967) . Whole leaves 
were frozen and thawed three times in dry ice and acetone. 
The leaves were frozen a fourth time in liquid nitrogen and 
ground in a chilled mortar with three volumes of 0.066 M 
phosphate buffer. The slurry was squeezed through a double 
layer of cheese cloth and a single piece of Miracloth. The 
filtered suspension was centrifuged at 12,000 g for 30 
minutes to remove cellular debris. Virus was precipitated 
from the supernatant by adding 4% w/v PEG (Gulf Carbowax 
6000), and making the solution 0.3 M with respect to NaCl. 
The virus was allowed to precipitate overnight at 4-7°C 
and was pelleted by centrifugation at 2 7,000 g for 15 
minutes. The virus pellet was resuspended in a small volume
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of phosphate buffer arid the PEG procedure was repeated. The
virus, dissolved in phosphate buffer, was clarified with a
30 minute spin at 12,000 and then the supernatant was
centrifuged at 105,000 g for one hour. The virus pellet,
which was clear or on occasion slightly amber in color, was
resuspended in distilled water or phosphate buffer. The
concentration of virus in a water suspension was determined
spectrophotometrically using the extinction coefficient for 

1 % 1 cmUl, E2 6 0 nm = ‘ A typical yield was 2.3 mg virus of
fresh weight Ul infected leaf tissue. The yield for other 
strains was substantially lower.

The mutant virus strains PM6R1, PM2, and 13 wild 
type were prepared by Mrs. Ruth Smith by the same method.

Preparation of Coat Protein
TMV coat proteins were prepared using a modification 

of the method of Fraenkel-Conrat (1957) . Protein was 
stripped from approximately 5 0 mg of virus by adding 2 
volumes of cold acetic acid and stirring at room temperature 
for 10 minutes. The denatured TMV-RNA precipitated, and was 
removed by centrifugation at 12,000 g for 10 minutes. One 
volume distilled water was added to the protein-containing 
supernatant and the solution was poured into a dialysis 
membrane. The protein was dialyzed against many changes of . 
distilled water in the cold for three days. When the 
protein had precipitated in the dialysis bag, it was



collected as a loose white pellet by centrifugation at 4,000 
g for 10 minutes. The pellets were dissolved in 0.01 M 
NaOH and the pH was adjusted to 7.8 in order to dissolve the 
protein. Denatured protein was removed by centrifugation at
12,000 g for 10 minutes and any intact virus remaining was 
pelleted by centrifugation at 105,000 g for one hour„ The 
concentration of coat protein was determined spectrophoto
me trically using the extinction coefficient for Ul protein
E ioÂ Cm = 12,7. The purified proteins were divided into 2 80 nm
small aliquots and stored in the freezer. This procedure 
was used for the preparation of Ul, U2, U5, and ERG virus 
coat proteins. Coat proteins from PM6R1, PM2, and 13 wild 
type were prepared by Mrs. Ruth Smith by the same method.

Serological Techniques

Preparation of Ouchterlony Plates
Plates for immunodiffusion were prepared in the 

following manner. A phosphate buffer containing 15.26 
grams Na2HPO^ and 10.60 grams KH^PO^ was made up to 3 liters 
with distilled water (0.066 M) and its pH adjusted to 7.2. 
The gel was prepared by adding 1 gram agarose, 0.77 grams 
NaCl, 10.0 ml 0.066 M phosphate buffer to 90.0 ml distilled 
water. The solution was boiled until the agarose had dis
solved, at which point several drops of 1% sodium azide was 
added to prevent bacterial contamination. When the solution 
had cooled to 45°C, 3 ml aliquots were pipetted into petri
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dishes which were 3.5 cm in diameter. The plates were 
stored in a coveted coffee can in the cold for several 
months without any signs of contamination.

Ouchterlony double diffusion plates were used for 
both sera and coat protein titrations as well as for 
intragel and lines of identity plates. Sample wells were 
cut in the gel with a Plexiglass template and a brass cutter 
attached to a vacuum line. The wells were 3 mm in diameter 
with a 40 i-il sample capacity.

Sera Titration
Rabbit serum against Ul virus and Ul coat protein 

were generously provided by Dr. M. Nelson of The University 
of Arizona and by Dr. J. Hubert of the California Institute 
of Technology.

Sera were titrated by serial dilution in 0.066 M 
phosphate buffer, pH 7.2. Each plate contained a portion 
of diluted serum in the center well and known amounts of Ul 
protein in the surrounding sample wells. The center well 
was filled until the meniscus appeared flat against a dark 
background. Sera were diluted 1:1, 1:4, 1:8, 1:16, 1:32, 
and 1:64. Ul protein was diluted to fall in the range of
34.0 to 0.5 yg protein per volume. Sera were titred by 
determining the lowest dilution of serum which could pre
cipitate the smallest amount of Ul coat protein into a
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tight, well defined band. Serum was diluted with glycerol 
and was stored in the freezer.

Titre of TMV Coat Proteins
Serum diluted to the Ul titration point was 

pipetted in the center well. Known amounts of coat protein 
were put in the sample wells. The titration point of each 
coat protein was determined by finding the minimal amount 
of protein that would form a tight precipitin band with 
antiserum. Plates were developed in a moist, covered 
plastic box. Precipitin bands were usually visible within 
36 hours.

Lines of Identity
Ouohterlony plates were prepared in the same fashion 

as titre plates. Antiserum diluted 1:4 with glycerol was 
pipetted in the center well and known amounts of virus coat 
protein were pipetted in the sample wells. The amount of 
protein required had been titrametrically determined. The 
sample coat proteins were geometrically arranged in such a' 
way so that all possible neighbor combinations were present» 
Serologic relatedness was characterized by the precipitation 
geometry. Plates were read after 5 days.

Intragel Cross Absorption Plates
Agarose plates for intragel cross absorption were 

prepared in the same fashion as titration plates. A known
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amount of coat protein was allowed to diffuse from the 
center well for 2 4 hours„ The center well was then filled 
with antiserum and the sample wells were filled with test 
protein. A sample well containing the virus coat protein 
which was originally allowed to diffuse from the center well 
was run as a control for each plate. Plates were read 5-7 
days after the sample wells were filled.

Biochemical Techniques

SDS Polyacrylamide Electrophoresis
SDS polyacrylamide electrophoresis of TMV coat 

proteins was performed in slabs using a modified method of 
Weber and Osborn (1969) . Slab gels, 0.2 cm x 11 cm x 13 cm 
in size, were cast from a previously degassed solution of 
gel. A 10% acrylamide gel was prepared by adding 18 ml of 
solution I to 20 ml of solution III, degassing the mixture 
5 minutes, then quickly mixing 2 ml of (NH^)2^2°4 stock and 
20 yl of N,N,Nj tetramethylene diamine to the flask (Table 
2). The gel was poured into the slab apparatus using a 5 0 
cc syringe and a 16 gauge cannula. The slot forming comb 
was set into place and the gel .was overlayed with reservoir 
buffer. Polymerization was complete within an hour.

Samples were prepared so that the final SDS con
centration was 10%. Stoppered samples were immersed in 
boiling water for 1 minute in order to facilitate complexing 
the protein with SDS. The sample was applied to the sample



Table 2. Stock Solutions for a 10% Polyacrylamide Gel

I II III IV V
Acrylamide stock Catalyst Buffer stock Reservoir buffer Sample buffer

22.2 gm acrylamide 30 mg (NH ) _S O 28.25 ml 1 M NaH PO solution III 20% SDS
diluted 1:1 with

0.6 gm bis-acrylamide in 2 ml H^O 14.5 ml 0.5 M Na^HPO^ distilled H^O 10% w/v glycerol

H^O up to 100 ml prepare daily 10 ml 29% SDS 0.02% brome-

H^O up to 500 ml
0.14 M B-

phenol blue

1.14 M B- 
mercaptoethanol
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slot with a Hamilton syringe.' Each sample typically 
contained 5 to 7 yg of protein in a 30 yl or smaller 
volume.

The gel was electrophoresed at room temperature at 
40 volts, and 25-30 ma for 7 to 8 hours. The run was 
terminated when the tracking dye was approximately 2 cm from 
the bottom of the gel. The slab was stained for 2 0 minutes 
in 0.2% amido black in methanol-water-acetic acid (50:50:10, 
v/v/v), and destained overnight in methanol-acetic acid- 
water (66:10:33, v/v/v).

Molecular weight values for TMV coat proteins were 
determined using the method of Weber and Osborn (1969). The 
length of the gel was measured before and after staining, 
and the distance to the dye front was measured as well.
Three molecular weight standards, cytochrome C, myoglobin, 
and chymotrypsin, were run on the same gel as the TMV coat 
proteins.

Isoelectric Focusing
Isoelectric focusing of TMV coat proteins was per

formed in slab gels according to a modification of the 
method by 01 Farrell (19 75). Slab gels, 0.2 cm x 11 cm x 
13 cm in size were cast from a previously degassed mixture 
of 6.0 ml of 42% recrystallized acrylamide, 0.8% N,N - 
methylene-bis acrylamide, 1.2 ml of 20% w/v ampholyte pH 
range 3-5, 0.4 ml of 40% w/v ampholyte pH range,3-10, 0.4 ml
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of 4 0% ampholyte pH range 6-8, 0.8 ml Triton X-100, and
40.0 ml of freshly prepared 10 M urea. To the degassed 
mixture,20 yl of N,N,NJ-tetramethylene diamine and 20 mg 
of (NH^)2^2®2 were added and the gel was cast using a 50 cc 
syringe and a 16 gauge cannula. The gel was overlayered 
with 8 M urea, and polymerization was complete within 30 
minutes. After installing the gel in a vertical slab 
apparatus, 200 ml of 0.01 M phosphoric acid was poured into 
the upper reservoir and 200 ml of 0.02 M NaOH was poured 
into the bottom buffer reservoir. The sample slots were 
half filled wth a sample buffer containing 8 M urea, 0.014 
M B-mercaptoethanol, 1% ampholyte in the pH range 6-8, and 
0.02% methyl red. The rest of the sample slot was filled 
with 4 M urea. (Ampholytes were purchased as "Bio-byte" 
from the Bio-Rad Company, Richmond, California.) The gel 
was pre-run at 300 volts for one-half hour at room tempera
ture. After the pre-run, the upper reservoir and sample 
slots were aspirated and samples were applied with a 
Hamilton syringe. Sample size ranged from 6 to 21 yg 
protein. The samples were overlayed with 4 M urea and run 
at constant voltage for 18 to 20 hours at 100 volts. The 
run was terminated when the tracking dye had migrated as a 
thin band to the bottom third of the gel, had changed from 
orange to a bright pink, and when there had been no change 
in the amperage for an hour.
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After termination of the focusing run, the top layer 

of glass was removed from the slab apparatus and a longi
tudinal 1 cm strip was removed 3 cm from the edge of the 
gel. The strip was immediately frozen on dry ice, and would 
be used to measure the pH gradient for that gel. The re
mainder of the gel was stained for 30 minutes in 0.2% 
bromephenol blue in ethanol-acetic acid-water (10:1:9, 
v/v/v) and destained in ethanol-acetic acid-water (90:15: 
195, v/v/v). The frozen gel strip was cut into 0.4 cm 
sections and each section was put into a 1 ml aliquot of 
degassed, distilled water. The pH of each of these 
fractions was measured within an hour.



SEROLOGIC CHARACTERISTICS OF SOME 
TMV COAT PROTEINS

Experiments were performed in order to determine the 
serologic characteristics of isolated TMV coat proteins.
The titration of sera and coat proteins was performed to 
test the sensitivity of this particular antibody-antigen 
system. Antiserum, made against Ul strain virus in rabbits, 
was titred using Ul coat protein as the standard antigen.
The titration point was established by finding the minimal 
dilution of antiserum which could visibly precipitate a wide 
range of Ul coat protein concentrations. It was then 
possible to titre different coat protein preparations with 
the diluted serum. The serologic relatedness of two or more 
TMV strains was examined by testing the specificity of dif
ferent antibody fractions, present in the rabbit antiserum, 
for TMV antigen and by lines of identity plates.

Titration of Sera and Coat Proteins 
Rabbit anti-Ul virus serum was titred using Ul coat 

protein in order to determine the lower limit of sensitivity 
of antiserum for a standard antigen. Serum diluted 1:4 with 
buffer formed a detectable precipitin band with as little as
1.6 yg of isolated Ul coat protein. Serum diluted 1:4 with 
glycerol was used as a standard solution for titering other

27
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coat proteins. Rabbit anti-Ul coat protein serum could 
visibly precipitate 0.4 6 yg of Ul coat protein.

Once the titration point of the antisera had been 
established, it was then possible to titre other TMV coat 
proteins. Coat proteins isolated from U2, U5, and HRG TMV 
strains were titred using anti-Ul virus serum by finding the 
minimal concentration of protein that could form a tight 
precipitin band with antiserum. Anti-Ul virus serum could 
precipitate as little as 1.72 yg U2 protein, 3.84 yg U5 
protein, and 5.54 yg HRG protein. Anti-Ul protein serum 
was unable to precipitate proteins other than Ul (Table 3).

Table 3. Limit of Detectability of Isolated Coat Protein by 
TMV Antiserum as Defined by a Visible Precipitin 
Line on Ouchterlony Double Diffusion Plates

yg Protein detected
Sera Ul U2 . U5 . HRG

Rabbit Anti-Ul Virus 1.6 1.72 3.84 5,54
Rabbit Anti-Ul Protein 0. 46 N.R.a N.R. N.R.

a. No detectible reaction in the range of 34.0 to
0,47 yg TMV antigen.
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Differentiation of TMV Virus Strains by 

Lines of Identity Analysis
A set of experiments was performed to test the 

serological, relatedness of different TMV coat protein anti
gens. The geometric pattern formed by the precipitin lines, 
as they diffuse toward neighboring sample wells, is the 
basis of interpretation (Ouchterlony, 1968). In these 
experiments two different line patterns were observed. One 
pattern type showed a complete fusion of the precipitin 
bands, while the second pattern observed showed a lack of 
line' coalescence. The generally accepted interpretation of 
fused lines is the compared antigens are serologically 
identical. A lack of line fusion indicates that the 
neighboring antigens do not share a common antigenic deter
minant and are antigenically dissimilar (Ouchterlony, 1968).

The comparison of line patterns using various 
combinations of Ul, U2, U5, and HRG coat proteins at 25°C 
shows that Ul and U5 strains are serologically identical.
The same is also true for the HRG and U2 strains. All other 
neighbor combinations, using coat protein from the four 
different strains, showed a lack of line coalescence (Table 
4, Figure 2).

To test the effect of the aggregation state of coat 
protein on antigenic relatedness, lines of identity plates 
were developed at 42°C and 4°C. These plates were compared 
to those developed at 25°C. The plates incubated at 25°C
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Table 4. Serologic Relatedness of TMV Coat Proteins Deduced 

from Geometry of Precipitin Bands —  Antibody was 
anti-Ul virus serum. Results summarized from 
Figure 2.

Serological Related 
TMV Strains

Serologically Unrelated 
TMV Strains

U1 = U5 U2 / U5
U2 = HRG U2 i- U1

U5 ^ HRG
HRG ^ U1



Figure 2. Lines of Identity Patterns
a-b: Lines of identity pattern at room temperature;

18.6 jig Ul, 17. 0 pg U2, 15.3 yg U5, 23.4 yg HRG; 
coat protein samples in outer wells. Central well 
contains 1:4 dilution of anti-Ul virus serum.

c-d: Lines of identity pattern at 42°C. Arrangement of 
protein samples and antiserum the same as A-B.

e-f: Lines of identity pattern at 4°C. Arrangement of 
protein samples and antiserum the same as A-B.
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U 1
U 2

(a)
Ul Pattern

H R G
C  U2,q,np

H R G  
(b)

HRG Pattern

Figure 2. Lines of Identity Patterns
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and 42°C showed identical precipitin patterns. However, the 
plates developed at the elevated temperature also showed 
some secondary bands close to the antigen sample well 
(Figure 2c-d). Secondary banding was observed near the U2, 
U5, and HRG sample wells. Plates which were developed in 
the cold produced single bands in a pattern reminiscent of 
the 25°C plates; however, these bands were closer to the 
antibody well (Figure 2e-f). There was also some loss of 
line fusion.

Intragel Cross Absorption of TMV Coat Proteins
Several sets of intragel cross absorption plates 

were developed to test the reactions of different TMV coat 
protein strains with excess fractions of absorbed antiserum.
A known amount of TMV coat protein was allowed to diffuse 
from the center well for 2 4 hours. ' Afterward, the center 
well was filled with a 1:4 dilution of antiserum in glycerol, 
and the sample wells were filled with a known amount of TMV 
coat proteins. In the initial reaction, Ul virus antiserum 
reacts to completion with a sample antigen; thus removing 
antibody specific for that coat protein, and allowing any 
remaining cross reacting antibodies free to react with 
antigens in the surrounding wells (Figure 3).

The cross absorption of Ul coat protein shows that 
Ul has a different antibody specificity than U2 as only the 
U2 sample precipitates (Figure 4a). In the reverse case,
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Figure 3. Schematic Diagram of Intragel Cross Absorption —  
(a) Antigen "a" diffuses from center well for 24 
hours; (b) center wells are filled with antiserum
and sample wells with antigens; (c) shows that
all "a" specific antibody has been saturated, 
that excess antibodies are present to react with 
other test antigens, and that antigen "a" and 
antigen "e" react with the same antibody fraction.



Figure 4. Intragel Cross Absorption of TMV Coat Proteins 
Using Anti-Ul Virus Serum
(a): Ul, 18,6 pgr'Ul, 17.0 yg; U5, 15.3 yg; HRG
23.4 yg. Absorbing antigen 27.2 yg Ul.
(b): Ul, 18.6 yg; U2, 17.0 yg, U5, 15.3 yg; HRG
23.4 yg. Absorbing antigen 34,0 yg U2.
(c): Ul, 18.6 yg; U2, 17.0 yg; U5, 15.3 yg; HRG
23.4 yg. Absorbing antigen 3 0.6 yg U5.
(d): Ul, 18.6 yg; U2, 17.0 yg; U5, 15.3 yg; HRG
23.4 yg. Absorbing antigen 23.4 yg HRG.



(c) (d)

Figure 4. Intragel Cross Absorption of TMV Coat Proteins 
Using Anti-Ul Virus Serum



when U2 is the absorbing protein, only the Ul sample well 
presents a precipitin reaction (Figure 4b). When U5 or HRG 
are the absorbing coat proteins, there may be several excess 
antibody fractions available to react with sample proteins. 
In the first example, where U5 is the absorbing antibody, 
precipitin bands are formed by the Ul, U2, and HRG sample 
wells. The U5 sample well does not show a precipitin 
reaction because all of the U5 antibody binding sites have 
been saturated in the first step of the intragel procedure. 
When HRG is the absorbing antigen there are excess anti
bodies present which can visibly react with the Ul and U2 
coat protein samples (Figure 4c-d). These results are 
summarized in Tables 5 and 6.
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Table 5. Intragel Cross Absorption of TMV Coat Proteins

Antiserum 
Absorbed to

Test Antigen
Ul U2 U5 HRG

U1 - +a ' - —
U2 + — — -
U5 + + - +
HRG + + - -

a. The symbol + 
precipitin band.

indicates the presence of a

Table 6. Antigenic 
Intragel

Relatedness of TMV 
Cross Absorption

Coat Proteins by

U1 ^ U2, U1 = U5,HRG 
U2 f Ul, U2 = U5,HRG 
U5  ̂U1,U2,HRG
HRG f U1,U2, HRG = U5



BIOCHEMICAL CHARACTERISTICS OF SOME 
TMV COAT PROTEINS

SDS polyacrylamide electrophoresis and isoelectric 
focusing in slab gels was performed in order to compare the 
biochemical properties of TMV coat proteins with those from 
TMV mutants. Isolated TMV coat proteins were run on SDS 
polyacrylamide gels for two reasons: (1) to establish the
conditions that would produce monomers, and (2) to determine 
if the molecular weight of the monomeric subunits agreed 
with published values. The isoelectric point of the coat 
proteins was established by electrofocusing in polyacryla
mide slab gels. The purpose in making this measurement was 
to determine whether TMV coat protein from different strains 
were different in pK^.

Molecular Weight Estimation of 
TMV Coat Proteins

It has been shown that the separation of proteins 
by polyacrylamide electrophoresis in the presence of the 
anionic detergent sodium dodecyl sulfate (SDS) is dependent 
on the molecular weight of the protein (Weber and Osborn, 
1969). The binding of SDS anions to the protein is presumed 
to be the basis for protein separation, as the gross 
negative charge imposed upon the macromolecule is

37
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proportional to the molecular weight of the protein (Weber 
and Osborn, 1969).

To determine the molecular weights of TMV coat 
protein samples, proteins of known molecular weight and 
purity were used as standards. The mobilities of cyto
chrome C (13, 370 d), myoglobin (16, 890 d), and chymotrypsin 
(21,600 d) were measured and a straight line plot of 
molecular weight vs mobility was constructed. It has been 
established that polypeptide molecular weights can be deter
mined with an accuracy of at least + 10% using this tech
nique (Weber and Osborn, 1969).

It was found that the aggregation state of TMV coat 
protein varies with the SDS concentration. In order to 
produce monomers it was necessary to use 0.2% SDS in the 
gel and 10% final concentration in the sample buffer.
Under these conditions coat proteins ran as a single band 
with a molecular weight varying from 17,700 to 18,000 
daltons. When a lower concentration of SDS was in either 
the gel or the sample buffer, protein dimers or trimers were 
present as the predominant protein bands on the gel (Table 
.7, Figure 5a, 5b, 5c).

Isoelectric Point of TMV 
Coat Proteins

TMV coat proteins were electrofocused in thin slabs 
of polyacrylamide in order to determine their isoelectric 
point. Isoelectric focusing is an equilibrium method used
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Table 7. Molecular Weight of TMV Coat Proteins as a 

Function of SDS Concentration

Amount of SDS in Gel and in Buffer
0.1% SDS Gel 

1.0% SDS Buffer
0.1% SDS Gel 

10% SDS Buffer
0.2% SDS Gel 

10% SDS Buffer
Molecular Weights of Proteins Observed in Gels

Virus Major Minor Maj or Minor. Major

U1 50,000 23,000 34,000 17,700 17,900
U2 45,000 18,000 34,000 17,700 17,800
U5 49,000 34,000 17,700 17,800
HRG 45,000 33,600 16,000 17,700
PM 2 17,000 17,800
#13(w,t.) 34,000 17,700 18,000
PM6R1 21,000



40

r, n u *4 j U III i t I

It
e w

Q

(a) 0.1% SDS in gel, 1.0% SDS in sample buffer. Proteins 
on gel were: (1) Ul, 18 yg; (2) U2, 18 yg; (3) U5,
15.6 yg; (4) HRG, 6.45 yg; (5) cytochrome C, 10 yg;
(6) myoglobin, 15 yg.

Figure 5. SDS Electrophoresis of TMV Coat Proteins



(b) 0.1% SDS in gel, 10% SDS in sample buffer. Proteins 
on gel were: (1) Ul, 8.75 yg; (2) U2, 8.75 yg; (3) U5
7.8 yg; (4) HRG, 6.3 yg; (5) #13(w.t.), 6.3 yg; (6) 
PM6R1, 6 yg; (7) PM2, 6.75 yg; (8) cytochrome C, 7 yg 
(9) myoglobin, 7.5 yg; (10) chymotrypsin, 5 yg.

Figure 5.--Continued SDS Electrophoresis of TMV Coat 
Proteins
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(c) 0.2% SDS in gel, 10% SDS in sample buffer. Proteins on
gel were: (1) U1, 4.55 \igj (2) U2, 4.55 pg; (3) U5,
6.24 pg; (4) HRG, 3.78 pg; (5) #13(w.t.), 5.25 pg; (6) 
PM2, 5.4 0 pg; (7) cytochrome C, 6 pg; (8) myoglobin,
5 pg; (9) chymotrypsin, 3.5 pg.

Figure 5. ̂"-Continued SDS Electrophoresis of TMV Coat 
Proteins
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to separate amphoteric molecules in a pH gradient according 
to the pH at which they are no longer able to move in an 
electric field. The pH gradient is formed by the electrol
ysis of amphoteric buffers known as carrier ampholytes. The 
protein migrates in the gradient until there is no net 
charge on the molecule. Under optimal conditions, molecules 
whose pK^ differ by as little as 0.005 pH units, can be 
resolved (Righetti and Drysdale, 1974).

The isoelectric points of coat proteins isolated
from Ul, U2, U5, HRG, PM6R1, PM2, and #13 (w.t.) TMV strains

\

were determined using several different electrofocusing 
conditions. The pK^ of all TMV coat proteins were found to 
be identical for a given set of focusing conditions (Table 
8). The average pBL for coat proteins separated in a 3% 
polyacrylamide slab gel containing 8 M urea and 1.0% total 
ampholyte in the pH ranges 3-10, 3-5, and 5-7 was 5.44 + 
0.095 pH units. A single slab was run using 5% poly
acrylamide and the same urea and ampholyte concentration as ' 
the previous set of gels. The higher gel concentration 
helped to prevent the protein bands from diffusing after 
the power supply had been turned off. The pK. for the seven 
different coat proteins was 5.54 + 0.053 pH units (Figure 
6a). A third type of focusing gel, again using 5% poly
acrylamide and 8 M- urea, was run with the pH 5-7 buffer 
replaced by a pH 6-8 range ampholyte. The rationale for 
this change was simply that the pH 5-7 buffer was



Table 8. Isoelectric Point of TMV Coat Proteins

Focusing
Conditions •U1 U2 U5 HRG PM6R1 PM2 #13 (w. t.) pk^ average

3% PAG 5. 6 5.3 5.3 5.2 5.4 5.5
8 M Urea 5. 5 5.3 5.4 5.5 5.6 5.6 5.44 + 0.095
Ampholyte 1% w/v 
3-10, 3-5 r 5-7 5.5 5.4 5.6 5.5

5% PAG 5.6 5.5 5.5 5.6 5.6 5.5 5.5 5.54 + 0.053
8 M Urea
Ampholyte 1% w/v 
3-10, 3-5, 5-7 '

5% PAG 5.0 4.7 4.7 5.1 4.9 4.8 5.0
8 M Urea 5.1 5.1 4.9 5.0 5.1 4.9 5.0 4.97 + 0,075
Amplolyte 1% w/v 
3-10, 3-5, 6-8 5.0 5.0 5.0

pkl calculated 
from amino 5. 66a 5. 57b 5. 66a 5.64° 5.67d 5.66e
acid comp. -

a. Knight (1963).
b. Von Regenmortal (1967) •
c. Hubert (1974),
d. Zaitlin and McCaughey (1965).
0  F Analysis by Mrs. Ruth Smith, found to be like Ul strain



Figure. 6. Isoelectric Focusing of TMV Coat Proteins
(a) 5% polyacrylamide, 1% w/v total ampholyte 
in the pH ranges 3-10, 5-7, 3-5, 8 M urea. 
Proteins on gel were: (1) Ul, 12.0 pg; (2)
U2, 12.5 pg; (3) U5, 7.7 pg; (4) HRG, 6.45 yg? 
(5) PM6R1, 12 yg; (6) PM2, 20 yg; (7) #13(w.t.), 
21 yg.

(b) 5% polyacrylamide, 1% w/v total ampholyte
in the pH ranges 3-10, 6-8, 3-5, 8 M urea. 
Proteins on the gel were: (1) Ul, 12.0 yg;
(2) U2, 12.5 yg; (3) U5, 7.7 yg; (4) HRG,
6.45 yg; (5) PM6R1, 12 yg; (6) PM2, 20 yg;
(7) #13(w.t.), 21 yg.

1
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(b)
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1 a

Figure 6. Isoelectric Focusing of TMV Coat Proteins
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temporarily unavailable. For reasons that are not obvious, 
the pK^ for proteins averaged for three gels is considerably 
lower- The average and standard deviation for the proteins 
as a group is 4.97 + 0.075 pH units (Figure 6b).

All TMV proteins tested ran as a single major band 
with the same isoelectric point. An exception to this was 
HRG protein. HRG protein consistently focused with one 
major band and several minor bands. This is believed to be 
due to the breakdown of HRG progein in urea. HRG protein 
is known to be more susceptible to degradation than the 
other RMV coat proteins (Zaitlin, 1.976) . Minor bands were 
also observed where protein samples which were frozen and 
thawed many times were used. The minor bands undoubtedly 
represented degraded protein species.

To determine whether the isoelectric point of 
denatured Ul coat protein differed from protein in the 
native conformation, the isoelectric point of Ul coat 
protein was measured in tube gels that differed in urea 
concentration, but were identical in all other respects.
The urea concentration ranged from 0 M - to 9 M. Sample was 
applied to one gel and the pH gradient was measured in a 
duplicate gel. In spite of the wide range of urea 
molarities in the tube gels, the shapes of the pH gradient 
produced in each gel are remarkably similar (Figure 7).
A table of pK^ vs urea concentration appears to show a wide 
variance in the distribution of values (Table 9). However,
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Figure 7. pH Gradients of Polyacrylamide Tube Gels of Different Urea Concentra
tions -- Urea concentrations noted at right of each curve.
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Table 9. Effect of Urea on the pK^ of U1 Coat Protein

Urea Cone. 0 M 1 M 3 M 5 M 7 M 9 M

PKi 5.1 5.6 5.6 5.6 5.3 6.2

except for the 9 M data point, all other values for the 
pK^ of Ul coat protein are within the range of values found 
in slab gels which contained 8 M urea (Table 8).



DISCUSSION

A cross-reactive antiserum was produced in rabbits 
using TMV, Ul strain, as the eliciting antigen. The titre 
of this antiserum was highest for Ul coat protein, but it 
could precipitate U2 coat protein nearly as efficiently. 
Precipitin bands formed when this serum was titred against 
U5 and HRG coat proteins; however, it took 2.4 times more 
U5 protein and 3.5 times more HRG protein to produce an 
observable reaction with a'1:4 dilution of antiserum. 
Antiserum against Ul monomer protein subunits was also 
obtained from immunized rabbits. This serum had a high 
titre for Ul protein, nearly four times that of the previous 
serum, but it was unable to precipitate any other coat 
protein. The different in antibody specificity of these two 
sera may indicate that the conformation of the eliciting 
antigenic determinant in the whole virus particle may be 
informationally less specific than protein subunits.

The antigenic relatedness of four different strains 
of TMV coat protein was determined by observing the patterns 
formed by the extensions of their precipitin bands. Plates 
were developed at three different temperatures (4°C, 25°C, 
42°C) in order to determine the influence of temperature on 
the aggregation state and antigenic identity of TMV coat 
.proteins. At room temperature, there were single precipitin
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bands, some of which showed fusion of their extremities with 
the neighboring band. The presence of fused bands indicates 
that Ul and U5 are serologically identical as were the 
strains U2 and ERG. All other neighbor combinations using 
the four coat protein preparations revealed no other 
related pairs.

Plates developed at 4°C showed single precipitin 
bands, which were observed somewhat closer to the antiserum 
well than in the other sets of plates. This indicates the 
migration of small molecular weight coat protein species. 
According to Rappaport, Siegel, and Haselkorn (1965), the 
most stable states for TMV protein subunits at low tempera
tures are the monomer and the trimer. There was some loss 
of band fusion, perhaps meaning that the predominant protein 
species at 4 °C differed from that at room temperature.

At elevated temperatures (42°C) some secondary bands 
were present as well as the basic pattern observed at 25°C. 
Multiple bands were observed by the U2, U5, and ERG sample 
wells. These bands, which formed near the antigen well, are 
representative of large subunit aggregates. The secondary 
bands did not coalesce with the neighboring antigen bands.

The data presented in the above lines of identity 
plates are in conflict with Rappaport and Zaitlin (19 70). 
They observed that single precipitin bands formed only at 
50°C and that multiple bands were present in 25°C and 4°C 
diffusion plates. Observed differences of TMV coat protein
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aggregation properties, as a function of temperature, could

Xbe due either to the rabbit antisera or to the phosphate 
buffer used. It is possible that the rabbit used in the 
experiments, presented in this thesis, produced an anti
serum whose titre for aggregates is different than that used 
by Rappaport and Zaitlin (1970). The other explanation lies 
in the use of different phosphate buffers, Rappaport and 
Zaitlin used a 0.066 M phosphate buffer, pH 7.2; while a 
0.05 M phosphate buffer, pH 7.1, was used in the present 
s tudy.

Intragel cross absorption is a method whereby anti
serum is allowed to react to completion with an antigen and" 
is then tested with other antigens. Antibodies specific for 
the absorbing antigen are removed, and any remaining anti
bodies are free to react with sample antigens .• The inter
pretation of intragel cross absorption plates involves the 
detection of precipitin bands as a function of the 
absorbing antigen and sample antigen. When a precipitin 
line is present, it is indicative of excess antibodies, 
present in the antiserum, which can react to a sample 
antigen. The excess antibodies must be of a concentration 
which can form an insoluble precipitate with antigen. - 
Antibodies of either too high, or more likely, too low a 
concentration to precipitate antigen, go undetected.

Intragel cross absorption experiments using isolated 
TMV coat proteins as antigens and anti-Ul virus antiserum
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gave results which are difficult to interpret when compared 
to lines of identity data. When Ul protein was the 
absorbing antigen, the only sample antigen which was able 
to react was U2. This implies that there is a unique anti
body population in the serum specific for U2. When anti
serum is absorbed with U2 only the Ul sample well produced 
a reaction. Apparently there is also a unique antibody 
population which is specific for Ul antigen. These results 
further substantiate the lack of serologic relatedness of 
these two virus strains as shown by lines of identity data.

When U5 coat protein is the absorbing antigen, 
precipitin bands form near all sample wells except the U5 
well. This confirms that the U5 antibodies were saturated 
in the first step of this procedure. However, there were 
still antibodies available which could precipitate a range 
of TMV antigens. When HRG is the absorbing antigen, there 
are antibodies present which can react with both Ul and U2 
coat proteins.

The last two examples are difficult to interpret 
when the lines of identity data are also taken into con
sideration. Lines of identity plates showed that Ul virus 
coat protein is serologically identical to U5. One would 
therefore not expect a precipitin band by the Ul sample well 
when U5 is the absorbing antigen. This could mean that the 
titre for that specific excess antibody is higher for Ul 
than U5. A second explanation is that there are two
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different antigenic determinants on the U5 virus coat 
protein; one which is of a higher titre than the other.
When HRG.is the absorbing antigen, precipitin bands are 
formed by the Ul and U2 sample wells. HRG and U2 proteins 
had been shown to be serologically identical in lines of 
identity plates, and one would therefore not expect a pre
cipitin band by the U2 sample well when HRG is the absorbing 
antigen. This problem can not be resolved until antiserum 
has been prepared against each of the viruses and all the 
appropriate cross absorption and line patterns have been 
tested.

Two biochemical parameters of isolated TMV coat 
proteins were defined: their molecular weight and their
isoelectric point. The molecular weight of the isolated TMV 
coat protein subunit in SDS polyacrylamide slab gels was 
found to range from 17,700 to 18,0 00 daltons. This is in 
agreement with the values established by Anderer (1963) of 
17,539 daltons and by Wittmann (1959) of 17,500 daltons by 
the amino acid composition of coat protein subunits.

The usual conditions for running an SDS gel calls 
for 0.1% SDS in the gel solution and 1.0% SDS, final con
centration, in the sample buffer. However, due to the 
tendency for TMV coat protein to aggregate around pH 7.0 
(Caspar, 19 63; Lauffer and Stevens, 1968), it was necessary 
to drastically increase theSDS. When the SDS concentration 
was 0.1% in the gel and 1.0% in the sample buffer, the
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predominant protdin species was an approximate trimer of 
50,000 to 45,000 daltons (Table 7, Figure 7a). The trimer 
corresponds to the stable protein aggregate known as "A- 
protein." The molecular weight is somewhat lower than 
expected for the protein trimer due to inaccuracies at the 
high molecular weight end of the standard curve. When the 
sample buffer SDS was increased to 10.0%, the predominant 
species was a dimer for all coat proteins except PM2, which 
ran as the monomer (Figure 7b). It required a SDS concentra
tion of 0.2% in the gel and 10.0% in the sample buffer to 
insure that protein subunits were present entirely as 
monomers (Figure 7c).

The isoelectric point of highly purified TMV coat 
proteins was determined in thin slabs of polyacrylamide.
The average isoelectric points of Ul, U2, U5, ERG, PM2,
PM6R1, and #13 (w.t.) coat proteins separated in a 3% poly
acrylamide gel, containing 8 M urea and ampholyte in the pH 
ranges 3-10, 3-5, 5-7, was 5.44 + 0.095 pH units (Table 8). 
When the aery1amide concentration was increased to 5%, to 
minimize diffusion, the averaged pK^ of the same coat 
proteins was 5.54 + 0.053 pH units.

The measured isoelectric points of isolated TMV coat 
proteins are in reasonable agreement with those calculated 
by the' amino acid composition (Table 8). The pFh of 
several coat protein strains was calculated by averaging 
the pK^'s of the charged groups of each amino acid in the
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TMV coat protein subunit. The isoelectric points determined 
in this manner were between 5.57 and 6.57 pH units.

A third type of gel, where the 5-7 buffer was 
replaced by a 6-8 range buffer, was prepared and run several 
times. In this gel, the pK^ of the coat protein was con
sistently lower, with an average value being 4.97 + 0.075 
pH units. It is known that certain ampholyte species bind 
to some proteins (Catsimpoolas, 1974), and perhaps there is 
something unique in this respect about the interaction of 
the pH 6-8 range buffer and TMV coat proteins.

} In order to determine if the conformational state 
of the isolated Ul protein affects the isoelectric point, 
tube gels which ranged from 0 M to 9 M urea were focused.
It appears that the conformation of isolated TMV coat 
protein has little effect on the isoelectric point. How
ever, the native conformation of coat protein on the TMV RNA 
molecule does alter the pIV of the whole virus. Oster 
(1951) determined the pH at which whole virus precipitated 
by turbidity measurements. The isoelectric point of Ul and 
HRG viruses in citrate-HCl buffer was 3.5 and 4.0 pH units. 
In water, the pK^ of these two virus strains was higher at 
3.91 and 4.49 pH units, respectively. Ginoza and Atkinson 
(1955) also determined the isoelectric points of several 
strains of TMV using the turbidimetrie method of Oster 
(1951). The isoelectric point for the following TMV strains 
in water are: Ul 3.83, U2 4.17, and U5 4.15 pH units.



SUMMARY

This thesis constitutes the preliminary study re
quired for developing an immuno-isoelectric fingerprint 
assay system for the identification of viruses in early 
stages of infection. It was found that antiserum produced 
against U1 strain virus was able to precipitate all TMV coat 
proteins tested. Antiserum made against monomeric Ul coat 
protein subunits reacted strongly with Ul protein antigen, 
but failed to react with other TMV coat proteins. Lines of 
identity plates showed that Ul and U5 as well as the 
antigens U2 and HRG are serologically identical. Intragel 
cross absorption of TMV coat proteins showed that there are 
cross reacting antibodies in rabbit and anti-Ul virus serum 
which are able to precipitate several strains of isolated 
TMV coat proteins. The requirements for producing monomeric 
TMV coat protein subunits in SDS polyacrylamide gels are 
0.2% SDS in the gel and 10.0% SDS in the sample buffer.
The molecular weight of coat protein monomers produced under 
these conditions varies from 17,700 to 18,000 daltons. The 
averaged isoelectric point of TMV coat proteins in poly
acrylamide focusing gels is 5.49 + 0.079 pH units for all 
samples tested. The isoelectric point for the same coat 
proteins as determined by their amino acid composition is 
5.6 pH units.
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A fingerprint assay system necessitates that TMV 
coat proteins be unequivocally identified by at least two 
criteria. The isoelectric point and the molecular weight 
of TMV coat protein subunits are not sufficient points of 
identification. The pK^ of isolated TMV coat protein 
appears to be highly conserved, as all experimentally 
determined values were within a standard deviation of one 
another. The molecular weight of TMV protein subunits do 
not differ by an amount detectable by SDS electrophoresis.

It would seem likely that TMV coat proteins could 
be unequivocally identified by combining immunologic and 
isoelectric techniques. The immunological characteristics 
of TMV coat protein have been determined by lines of 
identity and integral cross absorption plates. The specific 
fraction of cross reacting antibody, which precipitates a 
given TMV antigen, could probably be identified by focusing 
antiserum in tubes of polyacrylamide. One of the focused 
tube gels would be stained and the duplicate gel would be 
electrophoresed into a slab gel containing TMV antigen.
The identification and quantitation of the cross reacting 
antibody and the immunologic characterization of antigen 
should provide sufficient information for the immuno- 
isoelectric fingerprint of TMV coat proteins.



LIST OF ABBREVIATIONS

Ab Antibody
Ag Antigen

Ch Heavy chain of an IgG molecule, constant region

C1 Light chain of an IgG molecule, constant region
FAB Antibody binding fragment
IgG Immunoglobulin G
pKi Isoelectric point
PM Protein mutant
RNA Ribonucleic Acid
SDS Sodium dodecyl sulfate -

Vh Heavy chain of an IgG molecule, variable region

V1 Light chain of an IgG molecule, variable region

58



REFERENCES

Anderer, F. A. (1963). Recent studies on the structure of
tobacco mosaic virus. Advances in Protein Chemistry 
18:1-35.

Anderer, F, A., H, Uhlig, E. Weber, and G. Schramm. (1960).
Primary structure of the protein of tobacco mosaic 
virus, Nature 186:922-925.

Bald, J. G,, D. J. Gumpf, and J. Heick, (1974). Transition 
from common tobacco mosaic virus to the Nicotiana 
glauca form. Virology 69:467-476.

Beadle, G. W., and E. L. Tatum. (1941). Genetic control of 
biochemical reactions in Neurospore. Proc. Nat.
Acad, of Sci., U.S.A. 27:499-506.

Beale, H. P. (1928)„ Immunologic reactions with tobacco
mosaic virus. Proc. of the Soc. for Expt. Bio.,
New York 25:702-709.

Beale, H. P. (1929). Immunologic reactions with tobacco
mosaic virus. Journal of Experimental Medicine
49:919-927.

Beale, H. P. (1931). Specificity of the precipitin reaction
in tobacco mosaic disease. Contributions Boyce 
Thompson Institute 3:529-537.

Caspar, D.' L, D„ (1963). Assembly and stability of the
tobacco mosaic virus particle. Advances in Protein 
Chemistry 18:37-121.

Catsimpoolas, N. (1974). Isoelectric focusing: fundamental ■ 
aspects. In: New Developments in Separation Methods, 
ed. by Eli Grushka. Marcel Dekker, New York.

Chapman, C, H. (1913), Mosaic and allied diseases with 
special reference to tobacco and tomatoes. Ann.
Pep, Mass. Agrlc. Expt. Station xxv:9 4-10 4.

Cohen, S. (1974). Antibody structure. In: Disorders of 
Protein Metabolism, ed, by G. K, McGowan and G. 
Wallers. Journal of Clinical Pathology by the 
British Medical Association, London.

59



60
Dreyer, W. L., and J. C. Bennet. (1965). The molecular

basis of antibody formation: a paradox„ Proc. Nat, 
Acad, of Sci., U.S.A. 54:864-868.

Edelman, G. M ., and W. E. Gall. (1969). The antibody 
problem, Ann. Rev, Biochem. 38:415-466.

Fraenkel-Conrat, H. (1957). Degradation of tobacco mosaic 
virus with acetic acid. Virology 4:1-4.

Ginoza, W „, and D. E. Atkinson. (1955) , Comparison of some 
physical and chemical properties of eight strains 
of TMV. Virology 1:253-260.

Gooding, G. V., Jr., and T. T. Hebert. (1967). A simple
technique for purification of tobacco mosaic virus 
in large quantities. Phytopathology 57:1285-1287.

Grierer, A., and K. W. Mundry. (1958). Production of
mutants of tobacco mosaic virus by chemical altera
tion of its ribonucleic acid in vivo. Nature 182: 
1457-1458.

Gruber, M., and H. E. Durham. (1896), Erne neue Methode zur 
raschen Erkennug des cholerauibrio und des typhus- 
bacillus. Miinchener Med, Wochenschur 43 : 285-286 .

Haimovich, J., H. N, Eisen, E. Hurwitz, and D. Givol. (1972). 
Localization of affinity labeled residues on the 
heavy and light chains of two myeloma proteins with 
anti-hapten activity. Biochemistry 11:2389-2397.

Hariharasubramanian, V.., and A. Siegel. (1969) . Charac
terization of a new defective strain of TMV.
Virology 37:203-208.

Hennig, B. , and H. G. Wittmann. (1972). Tobacco mosaic 
yirus: mutants and strains. In: Principles and 
Techniques in Plant Virology, ed„ by C. I. Kado and 
H'. O. Agrawal, Van Nostrand Re inhold Co. , New York.

Hill, R. L,, R, Delaney, R. E. Fellow, and H. E. Lebovitz.
(196 6)» The evolutionary origins of the immuno
globulins. Proc, Nat. Acad, of Sci,, U.S.A. 56: 
1762-1769.

Holmes, F „ O. (1938). Taxonomic relationships of plants 
susceptible to infection by tobacco mosaic virus. 
Phytopathology 28:58-66.



61
Hubert, J. J. (1974). A TMV mutant with nonfunctional coat 

protein which can revert to a mutant with functional 
protein. Ph.D. Thesis, University of Arizona, 
Tucson.

Hubert, J. J., D. P. Bourque, and M. Zaitlin. (1976). A TMV 
mutant with a nonfunctional coat protein and its 
revertant: relationship to the virus assembly 
process. Journal of Molecular Biology. In Press.

Knight, C. A. (1963). Chemistry of viruses. Proto- 
plasmatologia 4:1-77.

Lauffer, M. A., and C. Stevens. (1968). Structure of the 
tobacco mosaic virus particle: polymerization of 
tobacco mosaic virus protein. Advances in Virus 
Research 13:1^63.

Mayer, A. (1866). Uber die Mosaikkrankeit des Tobaks. 
Handwertsch vers.-stat xxxii:450-467.

Mundry, K. W., and A. Grierer. (1958). Die erzungung von 
mututonen des Tobakmosaik virus durch chemische 
behandlung sieher Nucleinsaure in vitro. Z_.
Vererbungsl 89:614-630.

0'Farrell, P. (1975). High resolution two-dimensional 
electrophoresis of proteins. Journal of Bio
chemistry 250:4007-4021.

Olitsky, P. K. (1924). Experiments on the cultivation of 
the active agent of mosaic disease of tobacco and 
tomato. Science ix:593-594.

Oster, H. (1951) . The pKj_ points of some strains of tobacco 
mosaic virus. Journal of Biological Chemistry 190: 
55-59.

Ouchterlony, O. (196 8). Handbook of Immunodiffusion and 
Immunoelectrophoresis. Ann Arbor Science 
Publishers, Inc., Ann Arbor, Michigan.

Painter, R. G., H. J. Sage, and C. Tanford. (1972).
Contributions of heavy and light chains of rabbit 
IgG to antibody activity. Biochemistry 11:1327- 
1337.



62
Poljak, R. J. , L. M. Axnzel, H. P. Avery, and L. N. Becka.

(1972). Structure of Fab at 6 A resolution. • Nature 
New Biology 235:137-140.

Porter, P. P. (1962). The structure of gama-globulin and 
antibodies. In: Basic Problems of Neoplastic 
Disease, ed. by A. Gellhorn and E. Hirschberg. 
Columbia University Press, New York.

Quattrochi, R., D. Cioli, and P. D. Gaglioni. (1969). A 
study of immunoglobulin structure: an estimate of 
the variability of the human light chain. Journal 
of Experimental Medicine 130:401-415.

Rappaport, I., A. Siegel, and R. Haselkorn. (1965).
Influence of the state of subunit aggregation on 
the antigenic specificity of TMV and TYMV. Virology 
25: 325-328. ■

Rappaport, I,, and M. Zaitlin. (197 0) . Conformational 
changes in the antigenic determinant of tobacco 
mosaic virus protein resulting from polymerization 
of the subunits. Virology 41:208-217.

Richards, F. F., and W. H. Konigsberg. (1973). Specula
tions :• how specific are antibodies. Immunochemistry 
10:545-553.

Richards, F. F., W. H. Konigsberg, R. W. Rosenstein, and 
J. H. Varga. (1975). On the specificity of 
antibodies. Science 187:130-137.

Righetti, P. G., and J. Drysdale. (1974). Isoelectric 
focusing in polyacrylamide gels. Journal of 
Chromatography 98:271-321.

Schuster, H., and G. Schramm. (1958). Bestimung der
biologisch Wirksamaen einheit in der Ribosnuclunsaure 
de Tabakmosaikvirus auf chemischem Wege.
Naturforsch 130:697-704.

Siegel, A, (1965) . Artificial production of mutants of
tobacco mosaic virus. Advances in Virus Research 
11:25-60.

Siegel, A., and S. G. Wildman. (1954). Some natural
relationships among strains of tobacco mosaic virus. 
Phytopathology 44:277-282.



63
Siegel, A., M. Zaitlin, and 0. P. Shegal. (1962). The 

isolation of defective tobacco mosaic strains.
Proc. Nat. Acad, of Sci., U.S.A. 48:1845-1856.

Singer, S. J., and R. F. Dolittle. (1966). Antibody active 
sites and immunoglobulin molecules. Science 153: 
13-25.

Stanley, W. M. (1935). Isolation of a crystalline protein 
possessing the properties of tobacco mosaic virus. 
Science 81:644-645.

Valentine, R. C., and W. M. Green. (1967). Electron
microscopy of an antibody hapten complex. Journal 
of Molecular Biology 27:615-617.

Von Regenmortel, M. H. W. (1967). Serologic studies on
naturally occurring strains and chemically induced 
mutants of TMV. Virology 31:467-480.

Wang, A. C., S. K. Wilson, J. E. Hopper, H. H. Fudenberg, 
and A. Nisonoff. (1970). Evidence for control of 
synthesis of the variable regions of the heavy 
chains of immunoglobulins G and M by the same gene. 
Proc. Nat. Acad, of Sci., U.S.A. 66:337-351.

Weber, K., and M. Osborn. (1969). The reliability of the 
molecular weight determinations of dodecyl sulfate 
polyacrylamide gel electrophoresis. The Journal of 
Biological Chemistry 244:4406-4412.

Wittmann, H. G. (1959). Darstellung und physikalische
charakterisierung de Peptideketten de Tabakmosaik- 
virus. Experimentia 15:174-175.

Wittmann, H. G. (1965). Die proteinstruckter der defekt- 
mutante PH2 des tobakmosaikvirus. Z. Vererbungsl 
97:297-304.

Zaitlin, M. (197 6) . Professor of Plant Pathology, Cornell 
University, personal communication.

Zaitlin, M., and W. Ferris. (1964). Unusual aggregation 
of a non-functional tobacco mosaic virus protein. 
Science 143:14 51-1452.

Zaitlin, M., and W. F. McCaughey. (1965) . Amino acid
composition of non-functional tobacco mosaic virus. 
Virology 25:500-503.




