
IMMUNOCHEMICAL STUDIES ON THE
INTERMEDIATE AGGREGATION STATES
OF TOBACCO MOSAIC VIRUS PROTEIN

Item Type text; Dissertation-Reproduction (electronic)

Authors Knuhtsen, Hjalmar Frederick Krum, 1935-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:21:43

Link to Item http://hdl.handle.net/10150/287900

http://hdl.handle.net/10150/287900


INFORMATION TO USERS 

This dissertation was produced from a microfilm copy of the original document. 

While the most advanced technological means to photograph and reproduce this 

document have been used, the quality is heavily dependent upon the quality of 

the original submitted. 

The following explanation of techniques is provided to help you understand 

markings or patterns which may appear on this reproduction. 

1. The sign or "target" for pages apparently lacking from the document 

photographed is "Missing Page(s)". If it was possible to obtain the 

missing page(s) or section, they are spliced into the film along with 

adjacent pages. This may have necessitated cutting thru an image and 

duplicating adjacent pages to insure you complete continuity. 

2. When an image on the film is obliterated with a large round black 

mark, it is an indication that the photographer suspected that the 

copy may have moved during exposure and thus cause a blurred 

image. You will find a good image of the page in the adjacent frame. 

3. When a map, drawing or chart, etc., was part of the material being 

photographed the photographer followed a definite method in 

"sectioning" the material. It is customary to begin photoing at the 

upper left hand corner of a large sheet and to continue photoing from 

left to right in equal sections with a small overlap. If necessary, 

sectioning is continued again — beginning below the first row and 

continuing on until complete. 

4. The majority of users indicate that the textual content is of greatest 

value, however, a somewhat higher quality reproduction could be 

made from "photographs" if essential to the understanding of the 

dissertation. Silver prints of "photographs" may be ordered at 

additional charge by writing the Order Department, giving the catalog 

number, title, author and specific pages you wish reproduced. 

University Microfilms 
300 North Zeeb Road 
Ann Arbor, Michigan 48106 

A Xerox Education Company 



72-22,828 

KNUHTSEN, Hjalmar Frederick Krum, 1935-
IMMUNOCHEMICAL STUDIES ON THE INTERMEDIATE 
AGGREGATION STATES OF TOBACCO MOSAIC VIRUS 
PROTEIN. 

The University of Arizona, Ph.D., 1972 
Botany 

University Microfilms, A XEROX Company, Ann Arbor, Michigan 

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED. 



IMMUNOCHEMICAL STUDIES ON THE INTERMEDIATE AGGREGATION 

STATES OF TOBACCO MOSAIC VIRUS PROTEIN 

by 

Hjalmar Frederick Krum Knuhtsen 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PLANT PATHOLOGY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 7 2 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by Hjalmar Frederick Krum Knuhtsen 

entitled IMMUNOCHEMICAL STUDIES ON THE INTERMEDIATE 
AGGREGATION STATES OF TOBACCO MOSAIC VIRUS 
PROTEIN 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

3  / g /  12. 
Dissertation Bisector Date 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance:"" 

slftj-TZ-

/V, //?< 

This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



PLEASE NOTE: 

Some pages may have 

indistinct print. 

Filmed as received. 

University Microfilms, A Xerox Education Company 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made avail'able to borrowers under rules of 
the Library. 

Brief quotations from this dissertation are 
allowable without special permission, provided that 
accurate acknowledgment of source is made. Requests for 
permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the 
head of the major department or the Dean of the Graduate 
College when in his judgment the proposed use of the 
material is in the interests of scholarship. In all other 
instances, however, permission must be obtained from the 
author. 

SIGNED vm* //t. 



ACKNOWLEDGMENT S 

The author wishes to express his gratitude to Dr. 

Milton Zaitlin, Professor of Plant Pathology and Agricul

tural Biochemistry, The University of Arizona, for his 

advice and encouragement during the course of this study. 

Appreciation is also expressed to Dr. Albert Siegel, 

Professor of Agricultural Biochemistry, The University of 

Arizona, for his helpful criticism and suggestions. 

iii 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS vi 

LIST OF TABLES viii 

ABSTRACT ix 

INTRODUCTION AND LITERATURE REVIEW 1 

Viral Structure 1 
Protein-RNA Bonds . . 3 
Protein-Protein Bonds . . . 4 
Disaggregation of the Virus 5 

A-Protein 8 
Reaggregation States of TMV U1 Protein .... 9 
Serological Behavior of TMV and TMV 

Proteins 15 

METHODS 21 

Source of Virus Strains 21 
Virus Purification 21 

Isolation of PM2 and PM5 Protein . . 22 
Preparation of Natural Strain A and S Proteins 2~2 

Molecular Weight Determinations by 
Polyacrylamide Gel Electrophoresis . . 23 

Source of Proteins 23 
Preparation of Marker Proteins for 

Electrophoresis (ShaDiro. and Maizel, 
1969) ' 24 

Preparation of Polyacrylamide Gels 
(Weber and Osborn, 1969; Dunker and 
Rueckert, 1969) ...... 24 

Staining and Destaining of Polyacrylamide 
Gels ~ 25 

Serological Techniques 27 
Succinylation of U1 S Protein ..... 29 
Protein Formolization 29 
Studies of Treated TMV Proteins in the' 

Analytical Ultracentrifuge ; 30 

iv 



V 

TABLE OF CONTENTS—Continued 

Page 

RESULTS 31 

General Results of Preparative Procedures .... 31 
Isolation of TMV Virus and Protein 31 
Titration of TMV Strain Antisera 31 

Chemical and Serological Studies of Molecular 
Aggregates of TMV. Protein 33 
The Determination of the Molecular Sizes 
of the Components of TMV Strain S 
Proteins by Polyacrvlamide Gel 
Electrophoresis 33 

TMV S and A Proteins as Multicomponent 
Antigenic Systems of Reaggregation 
States 43 

Serological Comparison of TMV U1 Proteins 
Disrupted by Exposure to Mild Alkali 
(A Protein) and 67% Acetic Acid (S 
Protein) 44 

Reactions of Unabsorbed U1 S Protein ' 
Serum and Intragel Absorptions by TMV 
Strain Proteins at 4°C ..... 49 

Reactions of Unabsorbed U1 S Protein 
Serum and Intragel Absorptions bv TMV 
S t r a i n  P r o t e i n s  a t  3 7 ° C  .  . . .  i  . . . .  .  5 7  

DISCUSSION 61 

The Low Molecular Weight Aggregates of TMV .... 61 
Results of Unabsorbed TMV Strain Proteins 

and Intragel Absorptions of Anti TMV U1 
and Y-TAMV S Protein Sera by TMV Strain 
Antigens 64 

APPENDIX A. STABILIZATION OF TMV PROTEIN . 68 

REFERENCES . . 79 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Repolymerization of TMV protein prepared by 
degradation in 67% acetic acid as described 
by Fraenkel-Conrat (1957) 16 

2. Determination of the molecular weights of 
viral coat proteins 35 

3. Comparison of electrophoretic patterns of 
Y-TAMV and TMV U1 S proteins in polv-
acrylamide gels which contain 0.1% SDS .... 37 . 

4. Comparison of electrophoretic patterns of 
the nitrous acid induced mutant -PM5 and 
U2 S proteins in polvacrvlamide gels 
which contain 0.1% SDS . . . ; . 3.8 

5. Comparison of electrophoretic migration 
patterns of PM2 and U2 S proteins in 
polyaery1amide gels which contain 
0.1% SDS 39 

6. Electrophoretic migration pattern of an 
aged (4-6 mo.), frozen preparation of 
TMV U1 in polyaerylamide gel which 
contains 0.1% SDS . . 40 

7.• Results of reacting TMV U1 A protein and 
TMV U1 S protein against anti TMV U1 
protein serum and anti TMV U1 rod serum ... 46 

8. The results of serological reactions and 
intragel cross absorption experiments 
of anti TMV U1 S protein serum with 
TMV strain S proteins and TMV nitrous acid-
induced mutant proteins reacted at 4°C .... 51 

9. The results of serological reactions and 
of intragel cross absorption experiments 
of anti TMV U1 S protein serum with TMV 
strain S proteins and TMV nitrous acid-
induced mutant proteins reacted at 37°C ... 59 

vi 



vii 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

10. Determination of the molecular weights of 
succinylated and nonsuccinvlated TMV 
U1 S proteins which have not been 
heated in the presence of 5DS 71 

11. Gel diffusion patterns comparing U1 S 
protein against U1 S proteins which 
have been treated by succinvlation 
and formolization 72 

12. Serological study of the efficiency of 
stabilization of TMV U1 S protein 
molecules and aggregates by reaction 
with formaldehvde over a pH range of 
7.0-10.5 . . 76 



LIST OF TABLES 

Table Page 

1. Titration of anti TMV U1 rod and anti 
TMV Ul, U2, Y-TAMV, and HR strain sera .... 32 

2. The estimation of the relative proportions 
of intermediate aggregates obtained upon 
electrophoresis of TMV strain protein on 
10% polyacrylamide gels in the presence 
of 0.1% SDS 42 

viii 



ABSTRACT 

Tobacco mosaic virus (TMV), a rigid rod-shaped 

plant virus of 40,000,000 molecular weight, is composed of 

approximately 2130 helically-arranged identical subunits 

which encapsidate and protect a single-stranded RNA molecule. 

Previous studies have shown that the intact virion may be 

dissociated to yield low molecular weight polymeric protein 

by treatment with 67% acetic acid (S protein) or mild alkali 

at pH 10.5 (A protein). Upon reaggregation at neutral pH 

and increased ionic strength, the protein passes through a 

series of immunologically distinct reaggregation states. 

At 4°C and/or low ionic strength both A and S proteins 

exhibit a mixture of polymers in which the monomer and 

trimer predominate. This investigation was conducted to 

elucidate some of the physical and immunological charac

teristics of these three polymers. 

When TMV S protein is examined electrophoretically 

in polyacrylamide gels after a gentle treatment with 0.1% 

sodium dodecyl sulphate (SDS), monomer, dimer, and trimer 

are found in the TMV U1 (common) and Y-TAMV strains and a 

defective mutant of TMV, designated PM5. The defective PM2 

mutant, U2 and HR strains exhibit only monomer or monomer 

and dimer as demonstrated both by polyacrylamide gel 

ix 
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electrophoresis and immunological tests with the Ouchterlony 

double diffusion agar gel system. 

S protein of the common strain was compared with A 

protein by serological analysis. As was already known 

several large, high molecular weight aggregates are present 

in A protein which are stable at 4°C. S protein, however, 

was found not to contain similar large stable aggregates. 

A correlation between the aggregates observed by 

polyacrylamide gel electrophoresis and those found 

immunologically was determined with S protein. Serological 

studies of the common strain S protein in agar gel double 

diffusion plates were performed at 4°C to favor the smaller 

aggregation states. In the absence of SDS, three distinct 

antigens were revealed when the S protein was reacted against 

its homologous antiserum, and antigenic differences between 

the smallest molecular states (monomer and dimer) and the 

trimer were confirmed by intragel cross absorptions. Thus, 

the serological evidence presented is in agreement with the 

polyacrylamide gel data and confirms that TMV U1 S protein 

exists as a monomer, dimer and trimer mixture at neutral pH, 

low ionic strength, and low temperature. 



INTRODUCTION AND LITERATURE REVIEW 

Viral Structure 

Tobacco mosaic virus (TMV) is perhaps the best 

chemically and physically characterized of the plant 

viruses. This virus is a rod-shaped particle containing 

about 5% ribonucleic acid and 95% protein. 

Bernal and Frankuchen (1941) first showed by methods 

of electron microscopy and X-ray diffraction that the virus 

was composed of small, regularly arranged and possibly 

identical subunits. Molecular weights of 32-40 million, 
o o 

lengths of 2560 A, and widths of 36-152 A were reported 

later by Lauffer (1944). 

The morphological picture of TMV had been substan

tially completed by 1957 by electron microscopy (Franklin 
o 

and Holmes, 1958). TMV is 3000 A long with a diameter of 
o 

180 A and is assembled from 2130 chemically identical sub-

units which enclose a single stranded ribonucleic acid 

molecule (RNA) with a molecular weight of about two 

million; TMV is considered as the classic rod shaped virus. 

The fine structure of TMV has been determined by the 

technique of X-ray diffraction (Watson, 1954; Franklin and 

Holmes, 1958). These investigators were able to demonstrate 

by the use of a mercury substituted preparation of TMV 

(Fraenkel-Conrat, 1959) in which a methyl mercury group is 

1 
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bound to the sulfur molecule of the single cysteine residue 

of each protein subunit, that three turns of the helix 

contain 49.02 subunits. Each turn of the protein helix 

contains 16-1/3 subunits as shown by Nixon and Woods (1960). 

Franklin and Holmes (1958) were able to demonstrate by X-ray 

diffraction that the virus contains .710 protein subunits 

per angstrom of length. 

A single-stranded ribonucleic acid (RNA) molecule is 

o 
situated 40 A from the central axial core of the intact 

virus particle and has a molecular weight of about two 

million. Gierer (1957), Boedtker (1959), and Knight and 

Woody (1958) demonstrated that one turn of the RNA helix of 
o 

pitch 23 A consists of 49 nucleotides, or three per protein 

subunit. There are 2.13 nucleotides per angstrom of length 

of the virus. 

The virus is a well defined, highly ordered struc

ture which requires no further external genetic information 

once the production of the subunits has been initiated 

(Caspar, 1963). The viral structure is formed by a self 

assembly process dependent upon a stable configuration in 

the tertiary structure of the subunit which is apparently 

determined by the amino acid sequence. 

The viral self assembly process itself is governed 

by the laws of statistical mechanics (Caspar, 1963). The 

protein subunits and nucleic acid polymerize in a special 

way under conditions which favor their lowest energy state 
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to form the intact viral particle. The length of these 

structures is determined by the length of the RNA strand, or 

in the absence of RNA, possibly by their lability to 

physical conditions which will induce fracture (Caspar, 

1963). 

Protein-RNA Bonds 

Franklin and Holmes (1958) have shown that three 

nucleotides are associated with each protein subunit and are 

packed together in a regular helical fashion in the viral 

structure. It is known that the RNA does not have a simple 

repeat nucleotide sequence so the protein bonding site 
o 

(located 40 A from the axial hole of the virus) must be 

capable of combination with any of the four nucleotides of 

the viral RNA. The nucleotide protein interaction energy is 

likely to depend on the nature of the interacting nucleo

tide. The stability of the viral particle itself is likely 

to be very dependent on the presence of the RNA moiety 

(Caspar, 1963; Loor, 1967). 

Holoubeck (1962) found that protein from the common 

strain of TMV (Ul) when combined with its own RNA or the RNA 

of three related strains reconstitutes with an efficiency of 

40% as shown by infectivity; however, with RNA from the 

Holmes Ribgrass strain of TMV (HR) the reconstitution 

efficiency is only about 25%. The nucleotide sequence of 

HR-RNA has been found (Rushizky and Knight, 1960) to differ 



significantly from that of the Ul-RNA. Fraenkel-Conrat and 

Singer (1959) demonstrated that most non-viral RNAs do not 

form stable rods with TMV protein. These data tend to 

confirm the importance of the role of protein-RNA bonds in 

the stability of the virus rods. 

Protein-Protein Bonds 
• 

Interactions occur between the protein subunits as 

well as between the proteins and RNA. This is shown by the 

capacity of RNA free TMV-protein to reaggregate into long 

rods by a series of stable intermediates, rather than as a 

continuous process (Caspar, 1963). This process has been 

studied in great detail by Schramm and Zillig (1955) and 

Harrington and Schachman (1956). Caspar (1963) postulates 

different mechanisms for polymerization of RNA free protein 

and intact virions. He reasons that it would be unlikely 

that protein molecules could be added to the RNA chain as 

aggregates since it must be wrapped between successive turns 

of the protein helix. Consequently, the helix of the intact 

virion must be formed by a stepwise addition'6f subunits to 

the RNA following a basically helical path. 

This concept has been challenged recently by Butler 

and Klug (1971), who demonstrate that the reconstitution of 

TMV does not precede by a stepwise addition of subunits but 

by the addition of preformed double disc aggregates to the 

growing rod. If the hypothesis of Butler and Klug (1971) is 



correct, the stable intermediates which develop during the 

formation of virus or RNA free protein rods are now much 

more significant with regard to protein repolymerization and 

in vivo reconstitution of complete virions. 

It is of interest to study the stable intermediates 

since they allow the study of protein-protein interactions 

without the interference of.the strong protein-RNA bonds. 

Hopefully this study will lead to a more complete under

standing of the mechanics of virus particle assembly, 

specifically the role of interactions between individual 

subunits within the helix. 

Disaggregation of the Virus 

In the search for a chemical or physical basis for 

biochemical specificity in proteins of viruses, structural 

features of the molecules involved must be determined. The 

structures of viral proteins are so complex that it is 

difficult to study more than one aspect of the problem at a 

time; therefore, one must disaggregate the virus particle 

and study its component parts and intermediate products as 

the protein aggregates and finally to integrate the results. 

The first step in any analysis of the viral protein 

structure should be the separation of the viral protein from 

the RNA and other non-protein viral materials. Bawden and 

Pirie (1937) demonstrated the lability of TMV to concen

trated acetic acid and pyridine; Wykoff (19 37) introduced 
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the use of dilute alkali for this purpose. Sreenivasaya and 

Pirie (1938) disaggregated TMV with sodium dodecvl sulphate 

(SDS). Stanley and Lauffer (19 39) demonstrated the effect 

of urea and guanidine salts for this purpose and Bawden and 

Pirie (1940) utilized urethane, phenol, and sodium salicy

late. Heating the virus in the presence of salt may also be 

effective in splitting the.virus from the RNA (Bawden and 

Pirie, 1937; Cohen and Stanley, 1942). 

Most of these treatments were designed for the isola

tion of the RNA and denaturation of the protein. Intact and 

infectious nucleic acid of high molecular weight may be 

prepared by depolymerization with SDS (Fraenkel-Conrat and 

Williams, 1955) or phenol (Gierer and Schramm, 1956) and 

heating in the presence of salt (Boedtker, 1959); unfor

tunately, the protein prepared by these procedures is also 

denatured. Anderer (1959), however, found that protein 

which had been isolated by the phenol technique could be 

renatured with the use of dilute alkali at pH 13 and 

dialysed against a phosphate buffer of pH 5.6-6.0. Anderer 

(1963) set the following criteria which a protein must meet 

to be considered as renatured or that the native state had 

been regained: (1) native protein should reaggregate to 

rodlike particles with the same physical parameters as the 

original virus; (2) antibody binding capacity should be 

similar to that of the intact virus; and (3) native protein 
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should reconstitute with viral RNA and be indistinguishable 

from virus with regard to form, structure, and infectivity. 

The following techniques produce viral proteins 

which meet the criteria for native TMV or other viral pro

teins which have been separated from the RNA molecule: 

1«. Splitting TMV with concentrated acetic acid (67%) 

under carefully controlled conditions yields good 

native protein; however, the RNA released under 

these conditions is partially degraded and shows 

little or no infectivity. Protein obtained by this 

method may repolymerize into long rods at pH 5-6 

(Schramm, Schumacher, and Zillig, 1955; Franklin, 

1955). This protein may also reconstitute with the 

nucleic acid to form infectious virions with the 

same physical parameters as the intact virion 

(Fraenkel-Conrat and Williams, 1955). 

2. Exposure of TMV to dilute alkali in the cold at 

pH 10.0 to 10.5 results in the release of protein 

which from its physical characteristics in the 

ultracentrifuge appears to have a molecular weight 

of 90,000-100,000 (Schramm et al., 1955; Fraenkel-

Conrat and Williams, 1955). Most investigators 

assume that protein prepared in this manner is 
• s 

actually a hexamer of six subunits because of the 

reported molecular weight. 
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The type of alkaline medium used to split the virus 

does not appear to be critical. Sodium hydroxide has been 

used by McCarthy (1969) with TMV and sodium carbonate by 

Schramm (1947a, 1947b) with TMV. The amino alcohols have 

been found to be very effective in splitting TMV and are 

capable of achieving the desired result in a shorter time 

(Newmark and Meyers, 1957). 

A-Protein 

Schramm first noted in 1947 (a, b) that TMV protein 

exhibited a series of aggregation states of a discrete size 

when the intact virion was subjected to alkaline degrada

tion. Degradation studies were performed in a series of 

carbonate buffers varying from pH 8.2 to pH 10.5, and 

analyzed in the analytical ultracentrifuge. Results between 

different studies (Schramm, 1947a, 1947b; Schramm and Zillig, 

1955; Schramm et al, 1955; Harrington and Schachman, 1956) 

were remarkably similar and viral particles were found to be 

split by the mild alkali solution into eight different frag

ments of a definite size, suggesting that these intermedi

ates represented discrete structural components of the 

virus. 

The splitting was not considered to occur in a 

random manner by Harrington and Schachman (1956), who 

reasoned that if the reagent had broken the secondary bonds 

between the protein subunits and also the relatively labile 
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phosphodiester bonds in the nucleic acid core, the dis

aggregation would have resulted in rodlike particles of 

varying lengths during the degradation. If the particles 

had been split in such a random manner, the ultracentrifuge 

experiment would have yielded a broad boundary representing 

a spectrum of particles of different sizes. 

This random splitting does not occur as shown by the 

results of Schramm (1947a, 1947b) and Harrington and 

Schachman (1956), in which they demonstrated the formation 

of as many as eight discrete particles as a result of the 

alkaline degradation of TMV. 

The kinetics of the degradation were not studied in 

detail by Schramm (1947a, 1947b) who considered each com

ponent to correspond to a different degradation product. 

Harrington and Schachman (1956) performed a detailed kinetic 

study of the degradation of TMV in mild alkali at pH 9.8 and 

observed that at least three of the components produced by 

this, treatment result from reaggregation reactions rather 

than directly from the degradation of larger material. 

These components were identified as the 170S, 94S, and 45S 

aggregates. 

Reaggregation States of TMV U1 Protein 

The molecular weight of the TMV subunit has been ' 

sought by several investigators. A molecular weight of 

17-18,000 for the subunit was first determined by Harris and 
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Knight (1952, 1955) by determination of the number of C-

terminal threonine residues split per TMV particle by 

carboxypeptidase, and Franklin and Holmes (1956) demon

strated a molecular weight of 18,000 based on X-ray diffrac

tion data which have been interpreted in terms of repeat 

units. Anderer (1959) used alkaline solutions (pH 13.0) to 

solubilize TMV protein which had been denatured by phenol. 

He observed a sedimentation value of 2.0 and a diffusion 

constant of 9.61. From these data he calculated a molecular 

weight of 18,800 ± 10% which he felt corresponded well with 

the peptide size as determined by end group determination of 

Harris and Knight (1952). 

Wittmann (1959) attempted to study the physical 

properties of the TMV subunit by treatment with 0.12% sodium 

dodecyl sulphate (SDS) or increasing amounts of alkali. He 

reports sedimentation constants of 1.9 and 2.4 S respectively 

for the treated proteins. Ansevin and Lauffer (1959) 

obtained a molecular weight of 18,000 when protein split 

from the virus was diluted at pH 7.0 to 0.01% at 0.05 ionic 

strength and subjected to sedimentation studies in the 

analytical ultracentrifuge. 

Anderer, Kratky, and Lo (1964) and Banarjee and 

Lauffer (1966) demonstrated that TMV protein in concentrated 

acetic acid (67%) exists virtually as a monomer with a 

molecular weight of 17,500. However, viral proteins in weak 
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buffers at pH values between 7.0 and 10.5 exist in 

equilibrium with other molecular aggregates. 

Caspar (1963) states, on a theoretical basis, that 

the first stable aggregate of TMV protein subunits should be 

an equilibrium association of three monomeric units to form 

a cyclic trimer. He bases these conclusions on the number 

of weak interactions between subunits, since only one bond 

may be formed between any two subunits to form the dimer and 

as many as three are possible in the formation to the cyclic 

trimer. Caspar notes that the larger number of bonding 

possibilities in the cyclic trimer suggest that this con

figuration is the thermodynamically favored state. 

The first conclusive experimental evidence of the 

formation of the trimer as a stable intermediate during TMV 

protein reaggregation was obtained with the osmometer by 

Banarjee and Lauffer (1966). Evidence for the presence of 

the trimer as well as the dimer as a stable intermediate of 

TMV A-protein has also been presented by Eiskamp and 

Schellman (1970). Caspar (1963) recognizes the possibility 

of dimer formation but states that when the dimer concen

tration exceeds 1% of the monomer concentration, that the 

cyclic trimer will be thermodynamically favored. 

Caspar also states that in estimations of the 

relative stability of the larger aggregates, those con

formations which will be most stable will have the greatest 
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number of bonds formed. The cyclic trimer therefore should 

be favored over the tetramer, pentamer, or hexamer. 

The final stable aggregate, according to Caspar, 

which does not form a complete disc or other higher aggre

gate should be the six around one cyclic heptamer (8S), 

first observed by Schramm (1947a, 1947b) and Schramm et al. 

(1955). This aggregate should contain twelve bonds and 

would be more stable than any other smaller aggregate. 

Sedimentation values of 4.2-4.6 S for the A-protein 

component of TMV protein have been determined by Schramm and 

Zillig (1955), Harrington and Schachman (1956), and Ansevin 

and Lauffer (1959). 

The first reports of an intermediate aggregation 

state larger than A-protein were those of Schramm (1947a, 

1947b), Schramm et al. (19 55), and Markham, Frey, and Hills 

(1963). This component has reported sedimentation values of 

7.0 and 8.5 S and has been described as a cyclic heptamer by 

Caspar (1963). 

When TMV is studied in high pH buffers (developed 

first by Schramm [1947a]), it forms the 7-8.5 S component. 

This component was not seen either by Harrington and 

Schachman (1956), Simmons (1961), or Carpenter (1970) when 

using the same system as Schramm (1947a, 1947b); Schramm 

et al. (1955) again noted the development of the 8S aggre

gate. The same result was also achieved when either sodium 

bicarbonate at pH 10.5 (Fraenkel-Conrat and Williams, 1955) 



or 0.02 M ethamolamine (Newmark and Meyers, 1957) were used. 

Carpenter (1970) states that a mixture of phosphate-

carbonate buffers produced comparable results as mentioned 

above at pH 10.5. Carpenter (1970) feels, however, that the 

phosphate may enhance the rate of formation of the stacked 

disc structures, and that the ionic strength of the buffer 

is the most significant factor in the formation of TMV 

protein rods polymerized into the stacked disc structure. 

Tanaguchi (1969) noted that faster sedimenting 

components of TMV protein correspond to disc-like aggregates 

when viewed with the electron microscope. These structures-

were subsequently recognized by Tanaguchi as the one turn 

disc of 16-17 monomers (11 S component) and the three turn 

helix composed of 49 monomers. Caspar (1963), however, 

notes that the single disc structure would be thermo-

dynamically unstable since the subunit packing would be 

essentially linear. No other data implicating the existence 

of the single disc have been previously reported. The 11 S 

component which Tanaguchi observed is very likely the cyclic 

helptamer (8-12 S) which had been postulated by Caspar 

(1963) and observed by Schramm (1947a, 1947b), Schramm et al. 

(1955), and Durham and Klug (1971). 

Durham, Finch, and Klug (1971), Durham and Klug 

(1971), and Butler and Klug (1971) have identified the 20 S 

structure of Tanaguchi (1969) as a two turn disc. Durham 

et al. (1971) state that the natural state of aggregation of 
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TMV protein is not the helix but the two turn disc. These 

discs dislocate and fuse to form the helix. The two turn 

disc is central in the reaggregation process. Smaller 

aggregates build to ultimately form the two turn disc which 

then aggregates to the stacked helix and then to the native 

helix. Butler and Klug (1971) also state that the reconsti-

tution of TMV involves the two turn helical structure. 

Implication of the double disc in this process suggests 

that Caspar's (1963) notion of a stepwise addition of sub-

units is not necessarily true and implies that reaggregation 

of intermediate states occurs in vitro and is essential for 

formation of complete virions. Whether the 8S component 

(cyclic heptamer) can be assembled into two or three turn 

discs is only a matter for speculation. At present Lauffer 

and Stevens (1968) and Carpenter (1970) state that it cannot 

be directly converted to these forms. 

According to Caspar (1963), if conditions favor TMV 

protein reaggregation beyond the cyclic heptamer, one should 

expect the polymerization of the subunits into a two dimen

sional lattice. At this level,. Caspar (1963) has rejected 

all aggregates other than the three turn helical segment, 

the two turn helix, and the two turn double disc for poly

merization into rods. However, the 20S and 30S structures 

have been observed by several investigators (Schramm and 

Zillig, 1955; Harrington and Schachman, 1956; Simmons, 1961; 

Tanaguchi, 1969; McCarthy, 1969; Carpenter, 1970). 
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The next stage in the polymerization process would 

be the stacking of the double discs or three turn helices to 

form longer rod segments. Carpenter (1970) has shown that 

mixed helically polymerized protein and stacked disc protein 

rod hybrids may be formed by placing the stacked disc forms 

into a solution with available 4S protein and acidifying the 

solution to pH 5.6. This confirms that the helical and 

stacked disc forms may coexist on the same rods as shown by 

Markham et al. (1963). 

Figure 1 illustrates the pathways proposed by 

Carpenter (1970), Durham et al. (1971), and Caspar (1963) 

for the reaggregation of TMV protein from the monomeric 

state to the rod. 
. •• 

Serological Behavior of TMV and TMV Proteins 

The protein obtained when TMV is disrupted by acetic 

acid or alkali is antigenically heterogeneous (reacts as 

several antigens) whereas the intact virus is homogeneous. 

This heterogeneity can be observed readily in double dif

fusion studies in agar gel (Kleczkowski, 1957, 1961) as a 

multiplicity of precipitin bands or by quantitative tests 

(tube precipitin). Such quantitative tests measure the 

ratio of uncombined antigen to antibody which is complexed 

when both components are present at equivalence, as 

expressed by the presence and degree of precipitin. 



16 

200 S 

TMV U1 A or S pro- 4.0-4.6 S 
tein (pH 7.0 or 10.5) 

TMV U1 virus (Breakdown of 
virus by 67% acetic acid or 
alkaline buffers) 
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Cyclic heptamer (Caspar, 
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Repolymerization of TMV protein prepared by 
degradation in 67% acetic acid as described by 
Fraenkel-Conrat (1957) — Hypothesized pathways 
of reaggregation according to: (a) Carpenter 
(1970), (b) Durham et al. (1971), and (c) Caspar 
(1963). 
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Another characteristic noted to differentiate the 

precipitin behavior between TMV and TMV-A protein is found 

in A protein precipitates with TMV specific antibody. These 

reactions yield a dense 0 type aggregate characteristic of 

globular proteins, whereas the intact virus precipitating in 

the same system forms the loose H type precipitate charac

teristic of precipitates with flagellar antigens (Bawden and 

Pirie, 1956). 

A difference in the serological specificity between 

intact TMV and A-protein has been known for many years. 

This difference in specificity is shown by several authors 

(Jeener, Lemoine, and Lavand'Homme, 1954; Starlinger, 1955; 

Aach, 1959; Takahashi and Gold, 1960) and is expressed as a 

specificity of antibodies toward the surface of the virion 

which cannot be completely absorbed by the A-protein. 

Apparently a change in the conformation of the polypeptide 

chain that accompanies subunit aggregation or antigenic 

structures exposed during viral depolymerization (Rappaport, 

1965; Rappaport, Siegel, and Haselkorn, 1965; van Regenmortel, 

1966) affects the antigenic properties of the viral subunits 

or aggregates. This phenomenon occurs in U1, U2, Y-TAMV 

HR, and CV-4 strains of TMV which were tested by van 

Regenmortel (1967). Differences in serological specificity 

may be demonstrated in absorptions of anti TMV-A protein 

sera and are expressed as a residual of precipitating 

activity toward the TMV-A protein when the serum has been 
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completely absorbed by the intact virus (Aach, 1959; 

Rappaport, 1965). Benjamini, Shimizu, and Leung (1964) also 

feel that their antisera to TMV protein contain antibodies 

to the subunits. These differences in serological speci

ficity are also discussed in the reviews by Rappaport (1965) 

and van Regenmortel (1966). These authors attempt to 

explain these data using two models which relate changes in 

antigenicity to TMV protein polymerization data. 

These data suggest very strongly that new antigenic 

sites exist on the surface of the A-protein which had been 

previously concealed in the intact rod. The most compelling 

data favoring this hypothesis becomes available when gel 

diffusion techniques are used. Kleczkowski (1957) noted 

that a unique feature of TMV-A protein is the capacity to 

elicit several precipitin bands in agar gel double diffusion 

tests which indicates an immunological heterogeneity of the 

protein within its own system of aggregation states. 

The data of Kleczkowski (1957, 1961), according to 

Rappaport (1965), is significant not only by the multi

plicity of bands produced by the A-protein fragments but 

also by the fact that all lines fuse with the single 

precipitin *band produced by TMV. These data suggest that 

there are no antibodies directed against A-protein that are 

not also directed against the whole virus. Rappaport (1965) 

goes on to state that Kleczkowski•s data argue against the 

presence of undisclosed antigens in the virus which become 
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apparent only when the virus has been disrupted. These data 

are confirmed in absorption tests of anti TMV A-protein 

serum by Kleczkowski (1961) in which all precipitating 

activity was removed by absorption with intact TMV. 

Rappaport et al. (1965) were able to demonstrate 

several precipitin lines in Ouchterlony double diffusion 

plates with TMV U1 proteins. A-protein preparations pre

pared by the method of Kleczkowski (1957, 1961) or S-protein 

preparations prepared by the method of Fraenkel-Conrat 

(1957) (with the use of 67% acetic acid) gave similar 

results. These authors were able to show that the variety 

of antigenic types found in the TMV preparations varied with 

the temperature. More lines appear at 37°C than at either 

0°C or 50°C. These data are consistent with the aggregation 

behavior of TMV protein with respect to temperature (Ansevin 

and Lauffer, 1959; Smith and Lauffer, 1967). At low tempera- . 

ture the low molecular weight forms of TMV protein pre

dominate whereas at the elevated temperatures, the inter

mediate sized aggregates predominate. At the high 

temperature rods and helical structures are predominant. 

Since the agar gel double diffusion data reveal a different 

set of precipitin lines for each temperature studied, 

Rappaport et al. (1965) suggest that slight conformational 

changes in the polypeptide chains during polymerization 

induced an altered configuration of the exposed antigen. 
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A similar antigenic study of the proteins from TMV 

and the nitrous acid-induced defective strain of TMV (PM2) 

by Rappaport and Zaitlin (1967) again emphasizes the useful

ness of this technique to detect subtle changes in tertiary 

and quaternary packing structures of the proteins of inter

acting systems. The data from this study indicate that PM2 

proteins are immunologically similar with TMV proteins 

regardless of the state of aggregation and that an antigen 

of TMV disappears at 37° with the concurrent development of 

a new antigen within the PM2 system. 

Rappaport and Zaitlin (1970) studied the antigenic 

changes in TMV protein as a result of polymerization of the 

subunits. Variations in an antiserum with respect to the 

time at which it is drawn (early or hyperimmune) and differ

ences between rabbits have been noted by several investi

gators (Kleczkowski, 1957; Benjamini et al., 1968; Tremaine 

and Wright, 1967; von Wechmar and van Regenmortel, 1968). 

The data of von Wechmar and van Regenmortel (1968) and the 

findings of Rappaport and Zaitlin (1970) with their anti-

serum 1 support the earlier findings of Aach (1959). 

Rappaport (1965) and Benjamini et al. (1964) note that resid

ual precipitating activity after cross absorption of anti 

TMV or TMV-protein serum with TMV or TMV S-protein can 

occur in either system and occurrence of the phenomenon is 

most likely due to genetic differences between animals used 

in the production of the antiserum. 



METHODS 

Source of Virus Strains 

The Y-TAMV and Holmes Ribgrass (HR) strains used in 

this study were obtained from Dr. C. A. Knight at the Depart

ment of Molecular Biology, The University of California, 

Berkeley, California. The isolates were found to be free 

from U1 strain contamination on the basis of symptom expres

sion in the case of the natural strains and defective 

mutants. The HR strain was also tested for freedom from U1 

contamination by amino acid analysis. 

The PM2 and PM5 strains were obtained from stocks 

of viral nucleic acid reconstituted with U1 strain protein 

(Siegel, 1965). The U1 and U2 strain sources are from 

stocks which were frozen (-4°) and all were held at the 

Department of Agricultural Biochemistry, The University of 

Arizona, Tucson, Arizona. 

Virus Purification 

TMV strains which include the U1, U2, Y-TAMV, Holmes 

Ribgrass (HR) were purified by grinding twice frozen, 

infected leaves of Nicotiana tabacum L. in a Waring blender 

with 1.0 ml of 0.1 M sodium phosphate buffer (Na2HP04/ 

Na^PO^) pH 7.0 per gram of leaves. The juice was expressed 
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through cheesecloth and the large particulate material was 

removed by centrifugation at 12,000 g. 

The supernatant was twice precipitated by poly

ethylene glycol 6000 (Hebert, 1963). The partially purified 

virus thus obtained was then subjected to two cycles of 

differential centrifugation, finally being suspended in 

distilled water after the.final centrifugal cycle. 

The concentration of TMV was calculated from the 

absorbance (OD) at 260 nm. A value of 3.00 was used for the 

absorbance of a 1.0 milligram per milliter solution in a 

1 cm light path. 

Isolation of PM2 and PM5 Protein 

PM2 and PM5 infected leaves were isolated from 

tobacco plants (Nicotinia tabacum var. Turkish Samsun). 

Chlorotic areas were removed with a razor blade and stored 

in the freezer. PM2 was isolated by the method of Zaitlin 

and McCaughey (1965) and PM5 was isolated by the technique 

outlined by Hariharasubramanian and Siegel (1969). 
4». 

Preparation of Natural Strain A and S Proteins 

TMV U1 strain A proteins were produced by the mild 

alkali method of Schramm et al. (1955) as outlined by Knight 

(1963) while the S proteins were produced in essentially the 

same manner as described by Fraenkel-Conrat (1957). The 

protein was aggregated at pH 4.7 as a final step of the 

purification and resuspended in sufficient 0.001 M sodium 



hydroxide to produce the desired final protein concentra

tion. The pH was then readjusted to 9.0 at which point the 

preparation was crystal clear. The TMV strain A and S 

protein preparations were stored frozen until needed. 

The intact virus could also be disaggregated by 

treatment with 0.1 M sodium hydroxide at 4° for three to 

five days (Wittmann, 1959). The protein was salted out 

using 1/5 w/v ammonium sulfate to separate it from the 

nucleic acid fragments. The precipitate was then dialyzed 

against 0.001 M sodium hydroxide for periods which varied 

from 24-72 hours. 

The concentrations of all viral protein preparations 

were determined by dividing the absorbance at 280 nm in a 

1 cm light path by an extinction coefficient of 1.25. 

Molecular Weight Determinations bv Polvacrvlatnide 
Gel Electrophoresis 

Source of Proteins 

Proteins to be utilized as standards were obtained 

from Worthington Biochemicals Corp. The bovine serum 

albumin (BSA) was found to contain at least three electro-

phoretically distinct molecular forms which apparently 

represent the monomeric and polymeric forms of the molecule 

(Sogami and Foster, 1962). Ovalbumin (Ov), pepsin (Pep), 

and hemoglobin (Hb) did not demonstrate this tendency to 

polymerize. 
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Preparation of Marker Proteins for 
Electrophoresis (Shapiro and Maizel, 1969) 

Proteins were dissolved in 0.01 M sodium phosphate 

buffer at a concentration of about 2.0 mg/ml w/v with 1% 

2-mercaptoethanol and 0.3 M iodoacetimide added to block 

exposed sulfhydyl groups. This preparation was incubated 

for a period of 2 hours at 37°C. After incubation the 

protein solutions were dialyzed for 16 hours at room 

temperature against 1 liter of 0.01 M sodiu'm phosphate 

buffer at pH 7.0, containing 0.1/6 SDS and 0.1/6 2-

mercaptoethanol. 

Preparation of Polyacrylamide Gels (Weber and 
Osborn, 1969; Dunker and Rueckert, 1969) 

Ten per cent polyacrylamide gels were chosen because 

they possess an effective pore size which resolves proteins 

of a molecular size range between approximately 10,000 and 

66,000. Gels were prepared by mixing the appropriate 

acrylamide solutions with sufficient ammonium persulfate to 

give a final concentration of 0.075%. Gel columns 9 cm long 

were poured in Lucite tubing which had an inside diameter 

of 6 mm. The acrylamide preparation was carefully overlaid 

with 0.3-0.5 ml of water. The acrylamide to methylene-

bisacrylamide ratio was 39:1 (w/w). Besides acrylamide, the 

solutions contained 0.1% SDS, 0.1 M sodium phosphate buffer 

at pH 7.0, and 0.1% v/v N,N,N1,N'-tetramethyleneethylene-

diamine. 
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After the gels had solidified, the ends of the 

plastic tubes were covered with dialysis tubing previously 

punctured by a hypodermic needle to permit the free flow of 

fluids past the ends of the gels. The distilled water was 

poured off of the tops and the gels inserted into the 

electrophoresis apparatus. Samples of 0.5 ml each were 

mixed with a small droplet of bromphenol blue dye (0.05% in 

water) and sufficient sucrose added to result in approxi

mately 5-10% w/v sucrose. The protein solutions were then 

added to the tops of the gel columns. Care was taken to 

assure that.no air spaces existed between the gel columns 

and the buffer tank and the electrophoresis was then carried 

out at 8 milliampres for periods of 5-6 hours. The gels 

were run until the tracking dye was 0.5-1.0 cm from the 

bottom of the gel. 

Staining and Destaining of Polyacrylamide Gels 

After electrophoresis, proteins were fixed by 

precipitation in the gel by use of 20% sulfosalicylic acid 

for 12-16 hours. The gels were then immersed in 0.02% 

Comassie brilliant blue R250 dissolved in 7% acetic acid 

which had been previously filtered to remove all insoluble 

particulates. The gels were stained in this solution for 

12-16 hours and finally the stain was leached out of the 

gels by regular changes of the 7% acetic acid solvent. When 

the gels appeared completely clear in areas not occupied by 
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precipitated protein they were measured for length as well 

as the measurement of the distance of the protein migration 

from the top of the gel. 

Since the gels swell in the acid destaining process, 

a calculation for the mobility has to include the length of 

the gel before and after staining as well as the mobility of 

the proteins and marker dye. Assuming even swelling of the 

gel the mobility can be calculated by the following formula 

as shown in equation 1 (Weber and Osborn, 1969): 

D1 °2 
M = ̂  • =-*• (1) 

L1 2 

where: = Distance of protein migration 

= Length after destaining 

D2 = Length before destaining 

L2 = Distance of the migration 

The mobilities of standards are then plotted against their 

known molecular weights (bovine serum albumin = 67,000; 

ovalbumin = 45,000; pepsin = 3 5,000, and hemoglobin = 

15,500) on a semilogarithmic scale. Molecular weights of 

unknowns are then determined by calculation of their 

mobilities and finding the corresponding molecular weights 

utilizing this standard curve. 
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Serological Techniques 

TMV U1 virus and TMV Ul-S, U2-S, Y-TAMV-S, and HR-S 

viral protein antisera were produced by 4-6 injections into 

New Zealand white rabbits. The U1 virus concentration used 

for the injections was 6.5 milligrams per milliliter and was 

suspended in phosphate buffer (0.1 M, pH 6.8). TMV strain S 

proteins were injected first at a concentration of 4.0 

milligrams per milliliter and at a concentration of 2.0 

milligrams per milliliter for the remaining three injec

tions. The S-proteins were suspended in 0.001 M sodium 

hydroxide and the suspension adjusted to a pH of 9.0 before 

being emulsified with a 1:1 ratio of Freund1s complete 

adjuvant in a syringe. All injections were given at least 

5-10 days apart. 

Quantities of 20-40 milliliters of blood were 

removed from the animals by cardiac puncture one week after 

the final injection. The blood was held two hours at room 

temperature to aid in coagulation and for 20 hours at 4°C to 

allow for complete clot retraction. 

Serum was decanted away from the clot and the 

remaining erythrocytes were centrifuged away at 2000 g. 

Antisera thus obtained were stored in the freezer until 

needed. 

Using the techniques outlined by Matthews (1957), 

antisera were titrated by the two-fold dilution method using 

1 milliliter quantities of diluted antisera with the 
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addition of 0.5 milliliter quantities of antigen diluted to 

0.2 OD units per milliliter. Reactants were incubated at 

37° for 1 hour and allowed to remain in the cold room at 4° 

for 16 hours. Titration endpoints were read to the last 

tube which revealed perceptible light scattering to the 

naked eye when compared with a control tube. 

Double diffusion studies were performed with 1.0% 

Ion Agar II (Colab, Chicago Heights, Illinois) dissolved 

in 0.0067 M phosphate buffer by steaming in the autoclave 

for five minutes. After cooling to 60°C, sodium azide was 

added to a concentration of 0.02% to the buffer to inhibit 

microbial growth during incubation. Fifteen milliliter 

quantities were poured into 8 centimeter petri dishes and 

allowed to solidify. Plates were stored under conditions of 

high humidity for periods of up to three weeks. Plates 

which were incubated at 37°C were held no longer than 4-6 

days at that temperature. Those plates which were incubated 

at 20° and 4°C were held for 6 and 10 days, respectively. 

Intragel absorptions were performed according to the 

technique of van Regenmortel (1967) using agar gel plates 

prepared as described above. The absorbing antigens which 

upon serological testing were found to be able to completely 

absorb the homologous antigen were added to the center well. 

The absorbing antigen diffused completely into the gel 

within a 16-24 hour period. The cross absorptions were then 

developed by placing the test antigens into the peripheral 
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wells and the test serum into the central well. Incubation -

conditions were identical to those described above. 

Succinylation of U1 S Protein 

Protein which had been produced from TMV U1 by the 

method of Fraenkel-Conrat (1957) was succinylated by the 

technique of Frist et al. (1965). The protein solution was 

finally dialyzed against 0.1 M Tris-phosphate buffer at 

pH 7.8. 

Protein Formolization 

All TMV proteins when reacted with 0.2% formaldehyde 

were usually held in 0.01 M borate (molarity computed with 

respect to borate ion) and adjusted to the appropriate pH. 

The solution was readjusted after the addition of formalde

hyde to regain the desired pH value. These proteins were 

allowed to react 72 hours after which time the reaction 

should be very nearly complete (Habeeb, 1969). The formalde

hyde was removed either by elution of the solution through a 

1.25 x 26 cm Sephadex G-25 column (precalibrated with a 

mixture of blue dextran and formic acid) or by dialysis 

against 1000 ml of borate buffer (0.01 M) adjusted to the 

same pH value as that at which the reaction had taken place. 



Studies of Treated TMV Proteins in the 
Analytical Ultracentrifuqe x 

S protein which had been treated chemically such as 

to completely prevent reaggregation (succinylation) was 

dialyzed against a buffer containing 0.1 M potassium 

chloride to counteract ionic changes. 

Ultracentrifugal analyses were made in the Beckman 

Model E analytical ultracentrifuge (AND Rotor) operating at 

20°C. All runs in this study were performed to determine 

the sedimentation values of low molecular weight forms of 

monomeric and trimeric TMV protein. Speeds of 56,000 were 

used consistently throughout these studies. The Schlierin 

optical system was used with bar angles ranging from 65 to 

40°. Exposure times of five seconds at 15 minute intervals 

were taken beginning at the time of reaching maximum speed. 



RESULTS 

General Results of Preparative Procedures 

Isolation of TMV Virus and Protein 

Purified TMV yielded a final pellet which was clear 

and translucent. Final virus concentrations were usually 5 

to 15 milligrams per milliliter. After appropriate dilution, 

the virus produced a spectrum typical of TMV with a minimum 

at 250 nm and a maximum at 260 nm. A small tryptophan 

shoulder was noted at 290 nm (Knight, 1963). 

TMV protein which had been produced by the technique 

of Fraenkel-Conrat (1957) produced a spectrum identical to 

that shown by Knight (1963) in which the minimum absorbance 

occurs at 250 nm and the maximum at 282 nm. The ratio 

between the absorbance values at 280 nm and 250 nm usually 

range between 2.2 and 2.4 when tested in 0.01 M phosphate 

buffer at a pH of 7.0. A small tryptophan shoulder is 

obvious at 290 nm in most of the strains tested. The TMV 

U2 and HR strain spectra are found to have a reduced 

tryptophan shoulder or no shoulder at all as previously 

observed by Ginoza and Atkinson (1955). 

Titration of TMV Strain Antisera 

The relative concentrations of TMV specific anti

bodies were determined by establishing a rough estimate of 
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precipitating activity in each serum. These titers, how

ever, are not considered equivalent when readings are 

approximately the same, since many factors involved in the 

precipitin reaction of an associating system (such as the 

particular state of aggregation of the antigen) will shift 

the ratio of optimal proportions of antigen and antibody of 

the immune reaction (Rappaport and Zaitlin, 1970). This 

phenomenon is apparent in the data of Table 1 where anti 

U2 protein serum gives a dilution end point when titrated 

against the protein considerably less than when titrated 

against U2 rods. 

Table 1. Titration of anti TMV U1 rod and anti TMV U1, U2, 
Y-TAMV, and HR strain sera. 

Antiserum 
Reciprocal of titer 

against homologous antigen3. 

U1 Rod 2560 
Ul-S Protein 8 b 
U2-S Protein 32/128 
Y-TAMV-S Protein 8 
HR-S Protein 16 

aAntigen concentration 0.1 OD units per milliliter 
(0.08 milligrams per milliliter). 

U 
Anti-U2 when titrated against U2-Protein and U2-

Rods respectively. 
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Chemical and Serological Studies of Molecular 
Aggregates of TMV Protein 

The Determination of the Molecular Sizes of the 
Components of TMV Strain S Proteins by Polyacrvlamide 
Gel Electrophoresis 

Difficulties in the determination of molecular 

weights of protein aggregates of viral coat proteins result 

from the interactions of protein subunits which produce a 

series of aggregation states. These intermediate states 

ultimately lead to the formation of RNA-free rods which 

resemble the intact virion. Changes in the temperature, 

salt concentration, pH, or age of the preparation may alter 

its spectrum of aggregates (Durham et al., 1971). 

Past analyses have been hampered by failure of 

analytical techniques to adequately separate the stable 

intermediates of A or S protein. Previous studies of viral 

protein aggregates have been performed on mixtures. Data 

from techniques such as analytical ultracentrifugation 

(Ansevin and Lauffer, 1959; Eiskamp and Schellman, 1970) 

or osmometery (Banarjee and Lauffer, 1966) reflect the 

analysis of such mixtures. These data regarding the 

physical parameters of the molecular states which comprise 

S protein are usually obtained by extrapolation. 

McCarthy (1969) using the disc electrophoretic 

technique of Ornstein (1964) and Davis (1964) demonstrated 

that the intermediate aggregation states of TMV protein could 

be separated by polyacrylamide gel electrophoresis. His 
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analytical data were obscured, however, by the influence of 

the charge effect on the mobility of the proteins. Molecu

lar weight data presented in this dissertation were obtained 

using the technique of Shapiro, Vinuela, and Maizel (1967) 

but without heating with SDS or other reagents which would 

encourage disaggregation. The presence of 0.1% SDS in the 

gel specifically rules out most of the ionic charge effect 

thus separating protein molecules on the basis of size. 

The molecular weight of the subunit has been well 

established by exacting physical and chemical means (Ansevin 

and Lauffer, 1959; Tsugita et al., 1960; Anderer et al., 

1960). It has been shown by Dunker and Rueckert (1969), 

Weber and Osborn (1969), and Lenslaw and Reichman (1970) 

that the quaternary structures of the protein may be 

destroyed by heating with SDS and 2-mercaptoethanol. 

Molecular weights of proteins thus obtained may be deter

mined with an accuracy of + 10%. 

The electrophoretic studies presented in this 

dissertation which utilize the method of Shapiro et al. 

(1967) yield results which are in good accord with the 

findings of other workers using these same techniques. 

Standard curves produced using ovalbumin, pepsin, and 

hemoglobin when plotted as mobility (Weber and Osborn, 

1969) give an excellent linear correlation with the log of 

the molecular weights of the proteins (Figure 2). 



Figure 2. Determination of the molecular weights of viral 
coat proteins — The standard curve is based on 
mobilities of marker proteins, relative to 
bromphenol blue migration, when electrophoresed 
on 10% polyacrylamide gels containing 0.1% SDS. 
Electrophoretic conditions: 6 ma per gel, 0.1 M 
phosphate buffer at pH 7.0. Abbreviations are: 
BSA, bovine serum albumin; Y-TAMV, yellow tomato 
atypical virus; U1, TMV Ul; Ov, ovalbumin; Pep, 
pepsin; U2, TMV U2; HR, Holmes ribgrass strain 
of TMV; PM2 and PM5, nitrous acid mutants of 
TMV Ul. 
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Figure 2. Determination of the molecular weights of viral 
coat proteins. 
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The identification of the monomer in these TMV 

strain protein preparations was not unexpected since its 

presence has been demonstrated by other investigators 

utilizing the ultracentrifuge and by equilibrium centrifuga-

tion (Ansevin and Lauffer, 1959; Eiskamp and Schellman, 

1970). It is apparent from Figure 3b that a fresh prepara

tion of TMV U1 S protein when electrophoresed on polv-

acrylamide gels in the presence of 0.1% SDS consists 

mostly of monomeric protein. An aged protein preparation, 

however, as shown in Figure 6 consists of three components, 

the least prominent of these being the monomer. Other 

aggregates could be produced in such a preparation at the 

expense of the monomer. 

In fresh preparations of TMV U1 S, HR S, and U2 S 

proteins (Figures 3b, 4b, and 5b) the monomeric form pre

dominates. Of the natural strains studied in this disserta

tion the Y-TAMV S protein preparations show the greatest 

discrepancies from other strains with regard to proportions 

of aggregates present (Figure 4a). Preparations of this 

protein show a reduced quantity of monomer with respect to 

the total amount of dimer and trimer present. 

The first aggregate seen in these gels is the dimer 

(calculated molecular weight, 35,000) which has a molecular 

weight as determined by the polyacrylamide gel technique of 

36,000. The emergence of the dimer in these electrophoretic 

patterns was quite unexpected. Caspar (1963) states that it 



Figure 3. Comparison of electrophoretic patterns of Y-TAMV 
and TMV U1 S proteins in polyacrylamide gels 
which contain 0.1% SDS — The migration rate is 
relative to that of bromphenol blue. The gels 
are stained with Commassie Brilliant Blue and 
scanned in the spectrophotometer at 650 nm. 
(a) Y-TAMV S protein; (b) U1 S protein. 
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Figure 3. Comparison of electrophoretic patterns of Y-TAMV 
and TMV U1 S proteins in polyacrylamide gels 
which contain 0.1% SDS. 



Figure 4. Comparison of electrophoretic patterns of the 
nitrous acid induced mutant PM5 and U2 S proteins 
in polyacrylamide gels which contain 0.1% SDS — 
The migration rate is relative to that of 
bromphenol blue. The gels are stained with 
Commassie brilliant blue and scanned in the 
spectrophotometer at 650 nm. (a) PM5 protein; 
(b) HR-S protein. 
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Figure 4. Comparison of electrophoretic patterns of the 
nitrous acid induced mutant PM5 and U2 S proteins 
in polyaerylamide gels wnich contain 0.1% SDS. 



Figure 5. Comparison of electrophoretic migration 
patterns of PM2 and U2 S proteins in 
polyacrylamide gels which contain 0.1% SDS 
— The migration rate is relative to that of 
bromphenol blue. The gels are stained with 
Commassie Brilliant Blue and scanned in the 
spectrophotometer at 650 nm. (a) PM2 protein; 
(b) U2 S protein. 
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Figure 5. Comparison of electrophoretic migration 
patterns of PM2 and U2 S proteins in 
polyacrylamide gels which contain 0.1% SDS. 



Figure 6. Electrophoretic migration pattern of an aged 
(4-6 mo.), frozen preparation of TMV U1 in 
polyacrylamide gel which contains 0.1% SDS — 
The migration rate is relative to that of 
bromphenol blue. The gels are stained with 
Commassie Brilliant Blue and scanned in the 
spectrophotometer at 650 nm. 
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is unlikely as a stable aggregation state and speculates 

that the trimer will be formed when the dimer concentration 

exceeds 1% of that of the monomer. 

The dimer is found in all natural TMV strains when 

freshly purified protein preparations are used. In most 

strains the monomer predominates; however, in fresh prepara

tions of Y-TAMV S protein, the dimer consistently predomi

nates over the monomer (Figure 3a). When proteins from the 

nitrous acid mutants PM2 and PM5 are subjected to electro

phoresis under identical conditions the dimer forms in 

small quantities in PM5 or is not seen as in the case of 

PM2. The loss of the ability to form such an important 

aggregate in significant quantities by PM2 is indeed 

indicative of altered reaggregation properties of these 

strains. 

The largest molecular aggregate observed with use 

of 10% polyacrylamide gels has been found to form in 

quantities great enough to be measured in only three of the 

strains tested. The molecular weight of this aggregate is 
* 

53,000 and is identified as trimer (calculated molecular 

weight 52,500). This value approximates very closely three 

times the molecular weight value of the subunit (molecular 

weight 17,500) as determined by chemical means by other 

investigators. 

The peaks resulting from spectrophotometrie scans of 

polyacrylamide gels are illustrated in Figures 3-6. If 



these peaks are drawn to the baseline such as to make them 

Gaussian, cut out and weighed on an analytical balance, a 

rough estimate of relative proportions of aggregates may be 

obtained. 

Table 2 provides such data from representative 

electrophoretic runs of all protein preparations tested. 

Table 2. The estimation of the relative proportions of 
intermediate aggregates obtained upon electro
phoresis of TMV strain protein on Io% poly-
acrylamide gels in the presence of 0.1°o SDS — 
Data are expressed as percentages, of monomer, 
dimer, and trimer. 

Aggregate (%) 

Protein Monomer Dimer Trimer 

U1S (fresh) 82 18 < 5 
72 28 < 5 

U1 S (aged) 19 61 20 

U2 S 89 11 < 5 
80 20 < 5 

Y-TAMV S 20 74 6 
7 83 10 

PM2 100 < 5 < 5 
100 < 5 < 5 

HR S 82 18 < 5 
72 28 < 5 

PM5 73 17 10 
79 15 6 
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TMV S and A Proteins as Multicomponent Antigenic 
Systems of Reaggregation States 

Results of polyacrylamide gel electrophoresis of TMV 

strain proteins using the technique of Shapiro et al. (1967) 

(but with no heating of the viral protein extracts) in which 

SDS is incorporated into the gel indicate that most of the 

TMV strains have a tendency to form molecular states of 

three distinct sizes. Other longer polymers penetrate the 

gel only slightly. These states have been shown previously 

(Figures 3-6) to be composed of monomers, dimers, and 

trimers when analyzed in 10% gels. In this same system, 

the _in vitro protein of the nitrous acid-induced mutant PM2 

exists virtually as monomer. TMV strain S protein also 

consists of several other molecular states which are larger 

than the trimer and which may be found at the very tops of 

the gels shown in Figures 3-6. 

TMV A or S proteins tend to behave as a mixture 

of antigens in serological tests rather than as a single 

antigen, although each is composed of a single polypeptide 

chain. This phenomenon is apparent from the multiplicity of 

bands in gel diffusion tests elicited by each strain protein 

as shown in Figures 7-9. Kleczkowski (1957, 1961) has 

identified as many as seven such distinct antigens in a 

mixture of TMV U1 A protein. Rappaport et al. (1965) and 

Rappaport and Zaitlin (1967) also have studied TMV U1 S 

protein as a multicomponent antigenic system by inducing the 
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formation of several antigenically distinct reaggregation 

states by the use of elevated temperatures. 

These authors found that with increasing tempera

ture, aggregation proceeds via a number of intermediate 

sized aggregates formed with the maximum found at 37°C. At 

50°C polymerization proceeds to the point where helical rods 

similar to the virus predominate. 

It is the purpose of the following serological 

studies to: (1) demonstrate differences between TMV A and S 

protein preparations, (2) unravel the immunological rela

tionships between the antigenically different molecular 

states of TMV strain proteins, and (3) correlate bands found 

in serological plates with those demonstrated in poly-

acrylamide gel electrophoretic studies. ; 

Serological Comparison of TMV U1 Proteins Disrupted 
by Exposure to Mild Alkali (A Protein) and 67% 
Acetic Acid (S Protein) 

Several different methods suitable for the depoly-

merization of TMV strain proteins include those of Schramm 

(1947a, 1947b), Schramm and Zillig (1955), and Schramm 

et al. (1955) in which the virus is subjected to the action 

of mild alkali (pH 10.5, 0.2 M sodium carbonate buffer) for 

72 hours. After removal of undegraded viral particles by 

ultracentrifugation, these authors noted that several dif

ferent components which were molecular aggregates of the coat 

protein in the analytical ultracentrifuge were formed 
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during the depolymerization process. Harrington and 

Schachman (1956) restudied the phenomenon and noted later 

that processes of degradation, depolymerization, and 

reaggregation were occurring simultaneously during the 

period over which the exposure to alkali took place. The 

product of such depolymerization process is designated "A" 

protein. 

Fraenkel-Conrat (1957) developed another technique 

in which viral particles could be depolymerized by the 

action of concentrated acetic acid. The product of this 

depolymerization technique is designated "S" protein. 

Recently Carpenter (1970), using a mild alkali 

depolymerization process in his study, observed that TMV U1 

strain protein, when subjected to the action of alkaline 

buffers, depolymerizes and then repolvmerizes slowly. The 

polymers thus formed are stacked discs rather than helical 

rods. These rods are formed also by a series of discrete 

aggregation states (Caspar, 1963), but they are not in 

equilibrium with their putative precursors. They are 

resistant to small changes in buffer, pH, and concentration 

and are degraded to a denatured product only by extreme 

chemical means. 

Such differences are also observable in serological 

studies performed by the double diffusion technique as shown 

in Figure 7. Figures 7a and 7b contain TMV U1 A protein 

diluted two-fold sucessively from well a through f; this 



Figure 7. Results of reacting TMV U1 A protein and TMV U1 S 
protein against anti TMV U1 protein serum and 
anti TMV U1 rod serum — The antigens have been 
arranged in a clockwise order of decreasing concen
tration by successive two fold dilution from wells 
a to f. (a) central well filled with diluted TMV 
U1 S protein serum, peripheral wells a-f filled 
with TMV U1 A protein diluted two fold from 0.75 
mg/ml; (b) central well filled with anti TMV U1 
rod serum, peripheral wells a-f filled as in (a); 
(c) central well filled as in (a), peripheral wells 
a-f filled with diluted U1 S protein diluted two 
fold from 1.25 mg/ml; (d) central well filled as 
in (b), peripheral wells filled as in (c). 
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Antigen: Ul A protein 

Antigen: Ul S protein 

Figure 7. Results of reacting TMV Ul A protein and TMV Ul S 
protein against anti TMV Ul protein serum and 
anti TMV Ul rod serum. 
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antigen is reacted against anti TMV U1 S protein and anti 

TMV U1 virus sera respectively. 

In Figures 7a and 7b, U1 A protein has been used as 

the antigen. Most apparent are the heavy precipitin bands 

w h i c h  a r e  d e s i g n a t e d  H  o r  H v  i n  a d d i t i o n  t o  c o m p o n e n t s  1 , 2 ,  

and 3. These large aggregates are not observed in the TMV 

U1 S protein preparation as seen in Figures 7c or 7d. 

Figures 7c and 7d contain TMV U1 S protein also diluted two

fold from wells a through f and reacted against the same 

antisera mentioned previously (placed into the central walls 

of Figures 7c and 7d respectively). The presence of the 

higher aggregation states in these immunodiffusion plates 

under such conditions can be explained readily in light of 

the data of Carpenter (1970) that polymerization in alkaline 

buffers produces large, stable reaggregation states. 

A comparison of Figures 7a and 7b shows differences 

in the specificities of the different antisera which reflect 

their origin. Anti U1 S sera are capable of resolution of 

protein molecules and aggregates which move rapidly toward 

the vicinity of the antiserum well. The anti U1 rod serum, 

however, tends to resolve those aggregates more clearly 

which are much larger as indicated by their tendency to 

precipitate in the vicinity of the antigen well. 

The results of Kleczkowski (1957, 1961) in which as 

many as seven precipitin bands are produced in agar gel 

double diffusion plates when U1 A protein is reacted against 
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anti U1 rod serum may now be explained in part by these 

data. As previously noted, the alkaline degradation of U1 

produces several stable as well as soluble reaggregation 

states. 

The U1 S protein (Figures 7c, 7d) is composed mostly 

of low molecular weight components as demonstrated by their 

rapid mobility toward center well. Three components 

(designated 1, 2, and 3) may be resolved in Figure 7c. Two 

of these precipitin bands near the central antiserum well 

(components 1, 2) are indistinct, but they may be resolved 

more readily when the concentration is decreased as in wells 

e and f. The third precipitin band is very weak due to the 

low concentration of this aggregate in the protein prepara

tion. Figures 7b and 7d, which contain anti U1 rod serum in 

the center well, show that these sera differ in their ability 

to resolve these smallest of TMV protein components, when 

compared to Figures 7a and 7c. 

The results shown in Figure 7 suggest that any study 

of the immunochemistry of TMV protein is complicated by 

several different reaggregation processes. It would be 

advantageous to limit this study as much as possible to one 

such series of aggregation states. 

TMV nucleoprotein is known to be depolymerized to 

the monomer by 67% acetic acid (S protein) (Anderer et al., 

1964; Banarjee and Lauffer, 1966). Because TMV U1 S strain 

protein begins reaggregation from the monomeric subunit and 
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aggregates reversibly to the RNA free rod form, it was 

chosen as the most appropriate starting material for an 

immunochemical study of the low molecular weight reaggrega-

tion states of TMV strain proteins. 

Reactions of Unabsorbed U1 S Protein Serum and 
Intragel Absorptions bv TMV Strain Proteins 
at 4°C 

The following series of Ouchterlony double diffusion 

plate experiments is intended to examine the multiantigenic 

nature of the mixture of aggregates which comprise TMV 

strain protein preparations. Intragel absorptions (Figures 

8b-8f, 9b-9f) are shown to elucidate qualitative differ

ences between heterologous reactivities of the sera and 

aggregation states of several related TMV strain S protein 

antigens. The amount of reaggregation of these proteins is 

determined to some extent by the age of the preparation, 

temperature of incubation, ionic strength of the suspending 

buffer during incubation and the concentration of the 

protein. It has also been shown in this dissertation using 

electrophoresis with polyacrylamide gels that the amino acid 

composition of the protein monomer may exert considerable 

influence over the number and relative proportions of the 

reaggregation states produced (Figure 4 as an example). 

The immunodiffusion results generally appear to 

support those of polyacrylamide gel electrophoresis. Two 

TMV U1 S protein preparations were subjected to 



electrophoresis in polyacrylamide gels containing 0.1% SDS 

are are shown in Figures 3b and 6. The electrophoretic 

patterns of U1 S protein differ significantly with regard 

to the degree of aggregation and the types of molecular 

species present between preparations. Monomer and dimer 

are present in the spectrophotometric scans of gels of 

fresh preparations of U1 S-protein (Figure 3b), but in the 

aged preparations (Figure 6) we see the emergence of the 

trimer of U1 S protein. It is of considerable interest to 

note here that the greatest part of the molecules of U1 S 

protein are not observed to be aggregated beyond the trimer 

either in the polyacrylamide gel studies at 20°C or in the 

immunodiffusion tests at either 20° or 4°C. However, some 

larger aggregates are apparent but not resolved in 10% gels 

(Figure 3b for example). U1 S protein does not aggregate 

beyond the trimer at low temperatures thus limiting the size 

of the molecules which react within the S protein-anti S 

protein serological system to monomer, dimer, or trimer 

under these specific environmental conditions. 

The immunodiffusion studies confirm these findings. 

Figure 8a consists of six peripheral wells containing S 

proteins of several TMV strains; well (a) contains U1 S 

protein and it is reacted against its homologous antiserum. 

Precipitin bands which form are a result of the precipitin 

reaction between a mixture of protein molecules and anti 

U1 S protein antibodies which will react with the protein in 



Figure 8. The results of serological reactions and intragel cross absorption 
experiments of anti TMV U1 S protein serum with TMV strain S proteins 
and TMV nitrous acid-induced mutant proteins reacted at 4°C — The 
proteins have been arranged in a.clockwise order. (a) Central well 
filled with anti TMV U1 S protein serum and not absorbed. Well a = 
Ul; b = U2; c = Y-TAMV; d = PM2; e = HR; f = PM5. (b) Central 
well filled initially with U2 S protein, then 16 hours later with 
anti Ul S protein serum. Surrounding wells contain the same 
materials as in (a).' (c) Central well filled initially with PM2 
protein, then 16 hours later with anti Ul S protein serum. 
Surrounding wells contain the same materials as in (a). (d) 
Central well filled initially with Y-TAMV S protein, then 16 hours 
later with anti Ul S protein serum. Surrounding wells contain the 
same materials as in (a). (e) Central well filled initially with 
HR S protein, then 16 hours later with anti Ul serum. Surrounding 
wells contain the same materials as in (a). (f) Central well filled 
initially with PM5 protein, then 16 hours later with anti Ul protein 
serum. Surrounding wells contain the same materials as in (a). All 
antigens for absorption are adjusted to 4.0 milligrams per milliliter, 
test antigens are adjusted to a concentration of 2.0 milligrams per 
milliliter. Reactions are carried out at 4°C. 



F i gure 8. The results of serological r e a c t i o n s and intragel cross absorption 
experiments of anti TMV Ul S protein serum with TMV strain S proteins 
and TMV nitrous acid-induced mutant proteins reacted at 4°C. 
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various stages of aggregation. Other TMV strain proteins 

react with anti U1 S protein serum by virtue of their 

ability to cross react with this serum. 

The reactions developed by anti U1 S protein serum 

against U1 S protein shown in well (a) are designated in 

this dissertation as monomer (1), dimer (2), and trimer (3) 

based on the results obtained by polyacry1amide gel electro

phoresis. No other aggregates have been observed in such 

high concentrations as to be developed in agar gel diffusion 

tests at pH 7.0 low ionic strength, and 4°C by serological 

methods. 

A fresh preparation of U2 S protein reaggregates 

via the monomer-dimer mechanism as demonstrated by poly-

acrylamide gel electrophoresis (Figure 5b, Table 2) much in 

the same manner as observed in fresh preparations of U1 S 

protein. The trimer is not observed in the polyacrylamide 

gel studies in significantly large quantities. Immuno

diffusion studies in agar gel show that U2 S and Y-TAMV S 

proteins in wells b, cf of Figure 8a cross react with anti 

U1 S protein serum. The cross reaction is quite weak and 

exists only with larger aggregates (arrows designated t) 

considered to be dimer or trimer based upon their distance 

of migration toward the center well being similar to the 

trimer of U1 S protein. 

Cross reactivity may be decreased as quaternary 

structure is destroyed or because of chemical differences 



between U1 and U2. The ultimate manifestation of this 

phenomenon may be noted when attempting to react HR S 

protein which has been placed in well (e) of Figure 8a 

against anti U1 S protein serum. Chemical differences are 

so great and disruption of the quaternary structure of HR 

so radical that this protein no longer has the capacity to 

form a discrete band of precipitin when reacted against 

anti U1 S protein serum. 

The defective proteins of the nitrous acid mutants 

PM2 and PM5 (Figure 8, wells d, f) react with U1 S protein 

serum to form precipitin bands in response only to the 

monomeric and dimeric protein aggregates (bands 1 and 2). 

These proteins are identical serologically to the U1 S 

protein monomers and dimers at 4°C and ionic strength .3 u 

as demonstrated by the unbroken line of identity between 

U1 S protein and PM5 protein. PM2 protein has previously 

been shown to be identical to U1 S protein by Rappaport and 

Zaitlin (1967) at both 4° and 37°C. The serological reac

tion showing only monomer and dimer corresponds well with 

the results of polyaery1amide gel electrophoresis analysis 

(Figures 4a, 5a) which indicates that only negligible 

quantities of trimer form when these mutant proteins 

reaggregate. 

If one could absorb out all cross reacting anti

bodies from an antiserum of one TMV strain S protein with S 

protein monomers or aggregates of another related strain 



leaving antibodies specific to individual aggregation 

states, it would aid in the understanding of the nature of 

this multicomponent system of antigens which comprise the 

TMV strain S proteins. Such fractionation of the serum 

might present a means to develop a better understanding of 

the cause and nature of antigenic heterogeneity within the 

TMV S protein reaggregation system. The ideal experimental 

arrangement would be the chemical stabilization and purifi-
» 

cation of certain aggregation states for antiserum 

fractionation, but this approach was found not to be 

technically feasible (see Appendix). 

The approach selected to assist in the fractionation 

of antiserum to attain some of the above objectives is the 

utilization of antigens where the characteristics of the 

three lowest aggregation states are known from polyacryla-

mide gel studies (Figures 3-6). The intragel absorption 

technique of van Regenmortel (1967) is utilized. In this 

technique, intragel absorptions remove cross reacting 

antibodies from the serum leaving a circular zone of 

precipitate about the antiserum well, which is designated 

in this dissertation as the immunospecific barrier. Cross 

reactive antibodies are precipitated within this zone and 

antibodies which do not react pass through the immunospecific 

barrier to react with antigens placed in the peripheral 

wells within the gel matrix and form a specific precipitin 

arc. For example, absorptions of the serum by predominantly 
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large aggregation states of TMV strain S proteins should 

remove all antibodies specific for the larger molecular 

states thereby leaving antibodies of the smaller states to 

pass through the immunospecific barrier and react. Evidence 

for such differences in the selectivity of antibodies 

elicited by TMV strain S proteins in rabbits is given in 

Figures 8 and 9. 

The unique advantage of this technique is the 

ability to visualize the precipitin bands which represent 

protein monomers or aggregates of protein monomers within 

the precipitating system, and then the subsequent loss of 

precipitin bands upon absorption of the antiserum by the 

antigen of a related strain. 

The absorptions shown -in Figures 8b-8f show anti 

U1 S protein as serum absorbed by three natural TMV strain 

S proteins and two nitrous acid mutant proteins. The 

resulting precipitin patterns show loss of antibody activity 

for certain aggregation states while retaining activity for 

others, depending on the particular antiserum and antigen 

employed. 

Absorption of anti U1 S protein serum by U2 or HR S 

protein (Figures 8b or 8e) produces a precipitin pattern 

indicating reciprocal removal of cross reacting antibodies 

to these strains as well as those which react with Y-TAMV 

protein. The cross reacting antibodies involved with the 

removal of such aggregates demonstrate a broad spectrum of 
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cross reactivity for related strain aggregates based on 

their reactivity with the proteins of three or four natural 

TMV strain S proteins. Only U1 S protein and the closely 

related defective proteins of PM2 and PM5 remain least 

affected by the absorption. 

It is interesting that HR S protein which does not 

produce specific precipitin arcs with anti U1 S protein 

serum will exhibit a trace reaction when examined with the 

intragel absorption procedure (Figure 9e). 

It is known from electrophoresis of Y-TAMV S protein 

in polyacrylamide gels containing 0.1% SDS that this TMV 

strain reaggregates forming a predominance of dimer and a 

significant quantity of trimer (Table 2). Size and chemical 

differences have already been seen to eliminate cross 

reactions between anti U1 S protein serum and heterologous 

TMV antigens (Figures 8b and 8d). It is important to note 

that Y-TAMV S protein, which is apparently composed of 

larger aggregates, is capable of absorption of an antibody 

which cross reacts with U1 trimer and the high molecular 

weight aggregate associated with the U2 and Y-TAMV S pro

teins (designated 3 and t) in Figure 8. Complete absorption 

is not accomplished since antibodies against the low 

molecular weight states (arrows designated Sm in Figure 8) 

which represent monomer and dimer are able to pass through 

the immunospecific barrier to form precipitin arcs. 



57 

The converse is true when anti U1 S protein serum is 

absorbed with the defective proteins of the nitrous acid 

mutants PM2 and PM5. Absorption of anti U1 S protein 

serum by these proteins results in the removal of antibodies 

specific for low molecular weight protein molecules allowing 

only those antibodies specific for larger aggregates to pass 

through the immunospecific barrier. The result is seen in 

Figures 8c and 8f (arrows). These results are also 

strengthened by data from polyaerylamide gel electro

phoresis in 0.1% SDS of these mutant proteins. Figures 4a 

and 5a indicate that under the conditions specified, these 

defective proteins exist essentially as populations of 

monomers and dimers. Other aggregates are present only in 

negligible quantities. In double diffusion plates (Figure 

8a) reaggregation scarcely proceeds further than the dimeric 

state. It is apparent that this peculiar aggregation 

behavior is responsible for the ability of these proteins 

to absorb antibodies specific for the low molecular weight 

protein molecules. The only antibodies being available for 

reaction are those specific for the larger aggregates 

(trimers) which are able to pass through the immunospecific 

barrier. 

Reactions of Unabsorbed U1 S Protein Serum and 
Intragel Absorptions by TMV Strain Proteins at 37 C 

Reactions of anti U1 S protein and TMV strain S 

proteins with accompanying absorptions which have been 
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developed at 37°C are shown in Figure 9. The arrangement of 

plates is the same as noted in Figure 8. Under these 

temperature conditions several high molecular weight 

reaggregation states are present which did not exist pre

viously at 4°C. These high molecular weight aggregates may 

be noted but are not resolved well at the tops of some of 

the gels as shown in Figures 3-6. The effective pore size 

of the gel matrix is too small to permit deep penetration 

into the gel, and no attempt is made to correlate aggregates 

seen in agar gel double diffusion plates held at 37°C with 

polyacrylamide gel electrophoresis data. When the tempera

ture is raised to 37°C gel diffusion patterns of TMV strain 

proteins are altered significantly as shown in Figure 9a 

wells a-f. The antigens diffuse slowly as a result of their 

size (Rappaport et al., 1965) and are located close to the 

antigen wells. 

Monomers and dimers noted at 4°C are now polymerized 

to large stable intermediate states. The aggregate desig

nated by the large open arrow (b) in intragel absorptions 

shown in Figure 9 was first identified by Rappaport and 

Zaitlin (1967) and subsequently demonstrated by them to be 

immunologically identical with U1 S protein. This reaction 

of identity is confirmed by intragel absorption of U1 S 

protein serum by PM2 protein (Figure 9c) in which it is 

quite clear that absorption of anti U1 S protein serum is 

complete at this temperature. 



Figure 9. The results of serological reactions and of intragel cross absorption 
experiments of anti TMV U1 S protein serum with TMV strain S proteins 
and TMV nitrous acid-induced mutant proteins reacted at 37°C — The 
proteins have been arranged in a clockwise order. (a) Central well 
filled with anti TMV U1 S protein serum and not absorbed. Well a = 
Ul; b = U2; c = Y-TAMV; d = PM2; e = HR; f = PM5. (b) Central 
well filled initially with U2 S protein, then 16 hours later with 
anti Ul S protein serum. Surrounding wells contain the same 
materials as in (a). (c) Central well filled initially with PM2 
protein, then 16 hours later with anti Ul S protein serum. 
Surrounding wells contain the same materials as in (a). (d) 
Central well filled initially with Y-TAMV S protein, then 16 hours 
later with anti Ul S protein serum. Surrounding wells contain the 
same materials as in (a). (e) Central well filled initially with 
HR S protein, then 16 hours later with anti Ul serum. Surrounding 
wells contain the same materials as in (a). (f) Central well filled 
initially with PM5 protein, then 16 hours later with anti Ul protein 
serum. Surrounding wells contain the same materials as in (a). All 
antigens for absorption are adjusted to 4.0 milligrams per milliliter, 
test antigens are adjusted to a concentration of 2.0 milligrams per 
milliliter. Reactions are carried out at 37°C. 



Figure 9. The results of s erological rea c tions and of intragel cross absorption 
experiments of anti TMV Ul S protein s erum with TMV strain S proteins 
and TMV nitrous acid-induced muta n ·t proteins reacted at 37°C. 
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TMV HR and U2 strains bear a close relationship 

serologically and in aggregation behavior (Figures 8c and 

8e). However, intragel absorptions by U2 or HR S protein 

at 37°C reveal obvious differences between these strain 

proteins as shown in Figures 9b and 9e. The arrows (c, d) 

designate precipitin bands which result from reactions 

between the antigens which have become polymerized by 

heating at 37°C and the specific antibody which passes 

through the immunospecific barrier. 

The large aggregate polymerized from PM5 protein 

shown in Figure 9a, well f, is characterized by a complete 

lack of serological relationship with large polymers of 

adjacent U1 S protein. Partial intersection of precipitin 

bands (spur) is obvious where the arcs meet as designated by 

a small solid arrow (a) between wells a and f in Figure 9a. 

The heterogeneity of PM5 protein and U1 S protein polymers 

formed at 37°C is confirmed in Figure 9f (arrows) in which 

anti U1 S protein serum has been absorbed by PM5 protein by 

the intragel absorption technique. This absorption contrasts 

with that of anti U1 S protein serum by PM2 (Figure 9c) in 

that some antibodies are able to pass through the immuno-

specific barrier. 



DISCUSSION 

The Low Molecular Weight Aggregates of TMV 

McCarthy (1969) studied the molecular composition of 

both U1 S and A proteins by polyacrylamide gel electro

phoresis at low temperature (4°C). His results agree 

qualitatively with those shown in Figure 5 of this disser

tation, since as much as 96% of the protein which he 

electrophoresed comprised three main components, the re

mainder being large aggregates in low concentration. 

Molecular weights could not be determined accurately with 

the system which he utilized; however, with the technique 

of Shapiro et al. (1967) used in this dissertation, 

molecular weights of the components of S protein can be 

measured and are found to consist of monomer, dimer, and 

trimer. 

Monomer and trimer previously have been found by 

several authors (Ansevin and Lauffer, 1959; Banarjee and 

Lauffer, 1966; Eiskamp and Schellman, 1970) to be in 

equilibrium, but the presence of the dimer in S protein 

preparations was unexpected. Caspar (1963) has calculated, 

based on bond energies between subunits, that the quantity 

of trimer would be greater than the dimer if the dimer might 

exceed the monomer concentration by more than 1%. He 
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therefore considered the dimer to be an improbable aggrega

tion state in TMV S or A proteins. 

The dimer and trimer are not observed if the rigorous 

SDS and heat treatment procedure (Lenslaw and Reichman, 

1970) is followed. If the TMV S proteins are disaggregated 

gently by exposure to 0.1% SDS and examined in the electro-

phoretic system at room temperature, the quaternary struc

tures are not lost and the presence of several distinct 

aggregation states may be demonstrated. 

The possibility that dimers are formed as a result 

of exposure of U1 S protein to SDS must be considered. How

ever, it is unlikely that the formation of dimer is artifac

tual since PM2 protein which is nearly identical chemically 

with U1 S protein and which exhibits no conformational dif

ferences from U1 at 4° or 37°C (Figures 8c, 9c) does not 

dimerize to an appreciable extent. All natural TMV strains 

tested do exhibit a tendency to form the dimer although their 

compositions vary widely. These data imply that the dimer 

is likely to be closely associated with rod formation and 

therefore a true intermediate aggregation state. 

Data presented in this dissertation strongly suggest 

that the dimer is a very important component in TMV strain S 

proteins and is present in large quantities. The presence 

of the dimer in TMV S proteins in significant quantities 

cannot be explained in the light of existing data from 

either ultracentrifugation studies (Ansevin and Lauffer, 
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1959; Lauffer, 1966) or osmometer studies (Banarjee and 

Lauffer, 1966). The only exception is the report of Eiskamp 

and Schellman (1970) in which the monomer-dimer-trimer 

linear association mechanism is favored over the monomer-

trimer mechanism when determined from the results of high 

speed equilibrium-sedimentation experiments. 

The reduced quantity of dimer in PM2 and PM5 

protein suggests that it is at this early stage of reaggre-

gation that the defective nature of these proteins becomes 

apparent. The dimerization of PM2 may be recognized in 

immunodiffusion studies (Figure 8) and the immunoelectro-

phoretic study of Rappaport and Zaitlin (1967) when inter

preted in light of data presented in this dissertation. 

According to Caspar's (1963) hypothesis, a reduction in the 

capability of a TMV strain protein to dimerize would affect 

those bonds between the connecting units of the basic helix 

o 
of 23 A pitch. This may well be applicable to polymerized 

PM5 protein. This defective protein exhibits a weakness 

between individual subunits within the disc as well as 

between the discs. The resultant breaks or nicks are 

apparent in electron micrographs of PM5 presented by 

Hariharasubramanian and Siegel (1969). 

The presence of the monomer and trimer have been 

demonstrated in preparations of TMV" U1 by ultracentrifuga-

tion and osmometry. Previous identification of the trimer 

has been accomplished only by indirect techniques in which 
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molecular weights are determined on an aggregate as part of 

a mixture. The electrophoretic data obtained by use of the 

technique of Shapiro et al. (1967) allows separation of the 

trimer from the monomer and dimer. This technique allows a 

very precise direct measurement for the first time of all 

three low molecular weight components and assures accurate 

identification of these components. Data presented in this 

dissertation confirm the findings of Caspar (1963) and 

Lauffer (1966) that the largest aggregated protein component 

in U1 S protein at low temperature is the trimer. 

The direct identification of the trimer and molecu

lar weight determination by polyacrylamide gel electro

phoresis is perhaps the best evidence available to date that 

the trimer is a stable intermediate in TMV strain protein 

reaggregation. 

Results of Unabsorbed TMV Strain Proteins and 
Intragel Absorptions of Anti TMV U1 and 

Y-TAMV S Protein Sera bv TMV 
Strain Antigens 

TMV U1 S protein, when studied by Ouchterlony 

double diffusion techniques at 4°C, reacted against anti 

TMV U1 S protein serum, produces a maximum of three 

precipitin bands which are apparently due to reactions of 

antibody specific for monomer, dimer, or trimer. This 

result is reasonable upon consideration of the data of 

Durham and Klug (1971) which indicate clearly that the 8S 

protein aggregate, the only molecular state which is 
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intermediate between the trimer and discs, does not form at 

5°C, and is in agreement with the results of electrophoretic 

data as discussed above. 

It is obvious from such studies (Figure 8a) that the 

defective protein strains of PM2 and PM5 are able to form 

dimer, although this dimer must be quite defective in 

nature since it is found in reduced quantities or undetected 

at all in polyacrylamide gel electrophoresis studies. The 

most important difference which may be observed from these 

serological studies, however, is the apparent lack of trimer 

formation by the defective proteins. 

It appears from electron microscope data (Zaitlin 

and Ferris, 1964; Hariharasubramanian and Siegel, 1969) that 

it is the intrahelical bonds of PM2 and PM5 which have 

been affected by the chemical mutation of the viral ,;genome 

by nitrous acid treatment. Data presented in this disserta

tion suggest that impairment in the aggregation process is 

with the formation of the trimer. 

Rappaport and Zaitlin (1967) studied U1 S and PM2 

proteins by immunodiffusion and immunoelectrophoresis. 

These authors also reported the absence of an aggregate in 

the PM2 protein preparations when incubated at 4°C. It is 

also evident from their data that PM2 when subjected to 

Immunoelectrophoresis is limited in its ability to 

reaggregate. Their observation helps to verify the findings 

presented in this dissertation in that PM2 reaggregation is 
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limited (at low temperatures) mostly to monomer and then to 

dimer to a lesser extent. 

Intragel absorptions were performed to study the 

immunological relationships between individual aggregates of 

TMV strain S proteins and the immunological relationships of 

these proteins to those of other TMV strain S proteins. 

The variables introduced into these studies by 

chemical differences as well as differences in quaternary 

packing structures of viral proteins hamper immunological 

interpretations. Antigenic similarities, however, may be 

demonstrated by use of this technique as noted by absorp

tions with U2 and HR strains at 4°C (Figure 8) which cross 

react with the same antibodies. Antigenic differences 

introduced as the quaternary structure becomes complex upon 

polymerization may also be noted in similar absorptions 

which were incubated at 37°C (Figure 9). 

The interrelationships between the state of poly

merization and antibody specificity are demonstrated in 

Figures 8c and 8f and confirm antigenic differences between 

the monomer-dimer mixtures and the trimer. In Figure 9c 

antigenic homogeneity between the polymers of PM2 and U1 

(Rappaport and Zaitlin, 1967) are readily confirmed. 

Heterogeneity between the PM2 and U1 antigens with PM5 is 

also obvious in Figure 9f. 

Changes in the quaternary structure, which become 

obvious upon polymerization of the protein, are shown 



clearly by the defective proteins of the nitrous acid 

mutants PM2 and PM5. PM2 forms a new antigen when the 

temperature is raised to 37°C which is immunologically 

identical with U1 S protein polymerized under the same 

conditions. Such is not the case for PM5 which forms a 

distinctly new antigenic configuration upon polymerization 

at 37°C exhibiting complete lack of relationship with the 

U1 S protein. 

Such radical antigenic changes among closely related 

viral proteins suggests that a cautious approach should be 

used toward interpretation of relationships between 

serologically active protein fragments. For example, 

Milne and Grogan (1969) treated the long flexous viral 

particles of watermelon mosaic viruses I and II with SDS 

and performed an immunological analysis on the fragments. 

Their conclusion of "no serological differences" must be 

restricted to the viral protein fragments alone. As has 

been demonstrated by data presented in this dissertation, 

the quaternary structures of viral proteins are at least 

as important as chemical composition in the determination 

of antigenicity of the intact viral particle. 



APPENDIX A 

STABILIZATION OF TMV PROTEIN 

Stabilization of TMV protein monomers and aggregates 

of monomers was attempted but met only with limited success. 

The following sections describe the results of two such 

attempts. 

Succinylation of U1 S Protein 

Initial attempts at stabilization of the TMV monomer 

and other TMV U1 S protein intermediate aggregates were 

directed toward the interruption of the mechanism of poly

merization. Methods used include succinylation of free 

amino groups (Frist et al., 1965) or treatment of free amino 

groups with formaldehyde (von Wechmar and van Regenmortel, 

1968). These treatments were directed toward chemical 

modification of the e-amino group of lysine which has been 

implicated in the reaggregation process by Perham and 

Richards (1968). Material thus treated was examined in the 

hope of finding serologically active protein molecules which 

had not lost any of their original specificity. 

TMV-S protein which had not been succinylated has a 

sedimentation coefficient of 4.2-4.6 S (Frist et al. , 1965; 

Schramm et al., 1955; Durham et al., 1971). The sedimenta

tion coefficient is found to approach 1.9 S as the 
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concentration decreases (Ansevin and Lauffer, 1959). How

ever, when TMV U1 S protein which has been succinylated 

(Frist et al., 1965) is examined in the analytical ultra-

centrifuge it sediments as one apparent component. When 

these workers carried out dilutions of TMV S protein which 

had been succinylated they found that their curve extra

polated to a value of about 2.6 S. This value lies between 

Caspar's (1963) theoretical S value estimate for the 

monomer and dimer of TMV U1 A protein subunits. Such 

sedimentation values could possibly be accounted for by a 

heterogeneous population of monomers and dimers. 

Succinylation of TMV U1 S protein was performed in 

an attempt to produce a stable molecular state. Material 

so treated behaved much as that reported by Frist et al. 

(1965). Succinylated U1 S protein which was examined in the 

analytical ultracentrifuge with Schlierin optics also moved 

as a single boundary (Figure 11c). The preparation was 

examined at a concentration of 12 milligrams per milliliter. 

The S value determined at this concentration was 1.9 S which 

is in good agreement with the data of Frist et al. (1965) 

when determined at the same concentration. 

If this protein preparation were indeed homogeneous 

then one should expect to find only one distinct band in 

polyacrylamide gel electrophoresis studies carried out in 

0.1% SDS. This protein should have a low molecular weight, 
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presumably that of a dimer, since it has been found that the 

monomer has an S value of 1.9 S and the value for suc-

cinylated S protein is 2.6 or perhaps slightly higher. 

The results of molecular size determinations obtained 

by the technique of Shapiro et al. (1967) but without heating 

the protein preparation are shown in Figure 10. The great 

bulk of TMV U1 S protein present as a result of succinyla-

tion was found to exist as dimer, with a trace of monomer. 

The molecular weight values determined for these two 

molecular states are 22,000 for the monomer and 40,000 for 

the dimer. Native U1 S proteins exhibit molecular weights 

of 18,500 for the monomer and 36,000 for the dimer in the 

same study. 

The apparent discrepancy between the molecular sizes 

of TMV U1 S and succinylated U1 S protein may be explained 

by the findings of Konings et al. (1969). They found that 

the sedimentation and viscosity measurements as well as 

electron microscopy data indicate that succinylated 

subunits of a haemocyanin of the snail Helix pomatia 

undergo considerable unfolding as a result of succinyla-

tion. Figure 11a compares three different antigens against 

anti TMV U1 S protein serum. Wells a and d contain TMV 

U1 S protein which has been treated with 0.2% formalde

hyde; this treated protein is compared against U1 S protein 

which has been succinylated in well c (0.4 mg/ml) and well e 

(1.2 mg/ml). Succinylated U1 S protein is compared against 



Figure 10. Determination of the molecular weights of 
succinylated and nonsuccinvlated TMV U1 S 
proteins which have not been heated in the 
presence of SDS — Standard graph based on the 
mobilities of marker proteins electrophoresed 
on 10% polyacrylamide gels containing 0.1% SDS, 
6 ma per gel, 0.1 M phosphate buffer at pH 7.0. 
Abbreviations are: Pep, pepsin; tryp, trypsin; 
Hb, hemoglobin; U1, TMV U1 S protein; U1 S 
succ, succinylated U1 S protein. 
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Figure 10. Determination of the molecular weights of 
succinylated and nonsuccinylated TMV U1 S 
proteins which have not been heated in the 
presence of SDS. 



Figure 11. Gel diffusion patterns comparing U1 S protein against U1 S proteins 
which have been treated by succinylation and formolization — (a) 
Central well filled with undiluted anti U1 S protein serum. Well a = 
formalin treated U1 S protein (0.17 mg/ml); b = untreated U1 S protein 
(0.20 mg/ml); c = succinylated U1 S protein (0.4 mg/ml); d = formalin 
treated U1 S protein (0.17 mg/ml); e = succinylated U1 S protein 
(1.2 mg/ml); f = untreated U1 S protein (0.2 mg/ml). (b) Central well 
filled with anti succinylated U1 S protein serum. Well a = untreated 
U1 S protein; b = alkaline treated U1; c = succinylated U1 S protein; 
d = U1 S protein; e = TS-38 S protein; f = alkaline treated TS-38. 
All proteins at 0.2 mg/ml concentration. (c) Sedimentation patterns 
of succinylated U1 S protein in 0.1 M tris-azide (pH = 7.6) containing 
0.1 M KC1. Concentration = 12 mg/ml. Temperature, 20°, rotor speed, 
56,000 rev./min. First photograph at time of reaching maximum speed, 
16 minute intervals between photographs. 



Figure 11. Gel diffusion patterns comparing Ul S protein against Ul S proteins 
which have been treated by succinylation and formalization. 
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untreated U1 S protein which has been placed in wells b 

and £. 

The monomer, dimer, and trimer of U1 S protein 

(Figure 11a, wells b and f) are readily discerned and are 

designated in Figure 11a by arrows numbered 1, 2, and 3, 

respectively. It is obvious that succinylated U1 S protein 

produces a reaction of partial identity with the monomer of 

U1 S protein (arrow a). The succinylated U1 S protein 

molecules have been altered significantly by the chemical 

treatment while the formalin treated protein has not. The 

apparent reaction of identity between formalin treated U1 S 

protein and succinylated U1 S protein (Figure 12a, wells c, 

d, e) is the result of reactions of these chemically altered 

molecules and antibody molecules with a broad spectrum of 

cross reactivity. 

Evidence that succinylated U1 S protein has been 

altered significantly was first noted by the capacity of 

this material to react strongly with anti succinylated U1 S 

protein serum, but poorly in comparison with anti U1 S 

protein serum. 

This reduced capacity of U1 S protein to react with 

anti succinylated U1 S protein serum is shown in Figure lib. 

Wells a and d contain U1 S protein; well e contains TS-38 

S protein, a nitrous acid-induced temperature sensitive 

mutant which is chemically similar to TMV U1 

(Hariharasubramanian, Zaitlin, and Siegel, 1970); wells b 



and f contain U1 S protein and TS-38 S protein respectively 

which have been treated with 0.1 N sodium hydroxide (to 

prevent reaggregation). The reactions between the antiserum 

and native S proteins are weak and produce only traces of 

specific precipitin. The reactions between the antiserum 

and the alkali treated proteins are more intense. The 

strongest and most discrete precipitin reactions are found 

in the homologous system and it is clear that succinylated 

U1 S protein acts as a different immunogen. 

It has been shown by. Zschocke and Bezkorovainy 

(1970) that proteins which have been succinylated may 

partially or completely lose their ability to react with 

specific antiserum upon succinylation, depending upon the 

extent of the chemical modification. Succinylated proteins 

primarily give rise to antibodies which are specific for the 

succinyl residues. 

Zschocke and Bezkorovainy (1970) also found that 

partially succinylated transferrin proteins gave precipitin 

lines with their specific antiserum as well as to anti-

succinylated transferrin serum. The reaction of partial 

identity shown by succinylated transferrin when compared 

with native transferrin and developed against anti-

trans ferrin serum is in good agreement with the results 

obtained with TMV protein (designated by arrow a in Figure 

11a). Their finding that antibodies against succinylated 

proteins are directed mostly toward the succinyl residues is 
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also in agreement with the results presented in this dis

sertation (Figure lib). 

Formaldehyde Treatment of TMV U1 S Protein 

In another attempt to obtain a homogeneous popula

tion of intermediate reaggregation states, or individual 

subunits, stabilization of TMV protein was attempted with 
• « 

formaldehyde according to the technique of von Wechmar and 

van Regenmortel (1968). 

U1 S protein treated at pH values between 7.0 and 

10.5, tested by gel diffusion at pH 7.0, is quite reactive 

with anti U1 S protein serum (Figures 12a and 12b). The 

central wells of both plates have been filled with anti U1 S 

protein serum and the outer wells contain formaldehyde-

treated proteins alternated with a U1 S protein control 

preparation which has not been treated in any way. 

As shown in Figure 12b, well h which contains un

treated U1 S protein consisting of monomer, dimer, and 

trimer and designated by arrows m, di, and tri respectively. 

It is apparent that the formaldehyde-treated protein is not 

aggregated beyond the monomer since the precipitin band 

designated m forms a reaction of identity with the monomer. 

The dimer (di) of U1 S protein continues to form precipitin 

well into the gel beyond the reaction crescent of the U1 S 

monomer and the formaldehyde-treated protein. 



Figure 12. Serological study of the efficiency of stabiliza
tion of TMV U1 S protein molecules and aggre
gates by reaction with formaldehyde over a pH 
range of 7.0-10.5 — (a) Center row of wells 
filled with undiluted anti U1 S protein serum. 
Well a = U1 S protein treated with formaldehyde 
at pH 7.0; b = untreated control; c = U1 S 
protein treated with formaldehyde at pH 8.0; 
d = untreated control; e = U1 S protein treated 
with formaldehyde at pH 9.0. Bottom row charged 
with the same antigens as the top row. (b) 
Center row of wells filled with undiluted anti 
U1 S protein serum. Well f = untreated control; 
g = Ul S protein treated with formaldehyde at 
pH 10.0; h = untreated control: i = LT1 S protein 
treated with formaldehyde at pH 10.5; j = 
untreated control. Bottom row charged with the 
same antigens as the top row. 
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Figure 12. Serological study of the efficiency of stabiliza
tion of TMV Ul S protein molecules and aggre
gates by reaction with formaldehyde over a pH 
range of 7.0-10.5. 
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The amount of stabilization varies with the pH at 

which the reaction takes place. When the reaction occurs at 

pH 7.0 (well a), the trimer is lost but the monomer and 

dimer are still discernable. At pH 8.0 (well c) stabiliza

tion becomes apparent as shown by the formation of dimer 

precipitin designated by arrows di. At pH 8.0-10.5 the 

intensity of these dimer precipitin bands increases. It is 

of interest to note that if the reaction is carried out at 

pH 10.6 or greater, the protein no longer has the capacity 

to react with its homologous antiserum. 

According to the data of Perham and Richards (1968), 

the ability of formaldehyde to prevent reaggregation is 

related to the property of this chemical to complex the 

epsilon amino group of lysine. Data presented in Figure 12 

generally verify this assumption since the greatest degree 

of stabilization occurs at pH 10.1 and 10.5. 

Treatment of U1 S protein by formaldehyde was 

effective in preventing the reaggregation of monomers and 

dimers to trimers at pH 7.0 and prevented the reaggregation 

of dimer when formaldehyde-treated at pH 10.5. The actual 

stabilization of other higher molecular weight aggregates 

failed. This failure suggests that the methylene bridges 

between surface amino groups of individual subunits may not 

form. Aggregates then assume some of the lower molecular 

forms upon changing the environmental conditions such as 
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temperature and ionic strength which favor such depoly-

merization. 

Formaldehyde is known to have an affinity for free 

amino groups at pH 9.0 (Habeeb, 1966). The greatest degree 

of stabilization afforded by formaldehyde is accomplished at 

about the pKa of the epsilon amino group of lysine. These 

data confirm the findings of Perham and Richards (1968) that 

the reaggregation of TMV U1 S protein very likely depends on 

the involvement of lysine in formation of intersubunit bond

ing. The disappearance of trimer at low pH values (Figure 

12) suggests that amino groups may be involved in those 

bonds, but stabilization of monomer occurs only as the pH 

approaches the pKa of the epsilon amino group of lysine. 

The possibility that this group is involved in intrasubunit 

interactions between dimers should be seriously considered 

into the scheme of chemical interactions between viral 

protein subunits. 



REFERENCES 

Aach, H. G. (1959). Biochim. Biophys. Acta. 32, 140. 

Anderer, F. A. (1959). Z. Naturforsch. 14 b, 24. 

Anderer, F. A. (1963). In: Advances in Protein Chemistry 
(C. B. Anfinsin, M. C. Anson, and J. T. Edsel, 
eds. ) , pp. 1-37, Academic Press, New York. 

Anderer, F. A., Kratky, O., and Lo, R. (1964). Z. Natur
forsch. 19 b, 906. 

Anderer, F. A., Uhlig, H., Weber, E., and Schramm, G. 
(1960). Nature 186, 922. 

Ansevin, A. T. , and Lauffer, M. A. (1959). Nature 183, 1601. 

Banarjee, K., and Lauffer, M. A. (1966). Biochemistry 5, 
1957. 

Bawden, F. C., and Pirie, N. W. (1937). Proc. Roy. Soc. 
Lond. B 123, 274. 

Bawden, F. C., and Pirie, N. W. (1940). Biochem. J. 34, 
1278. 

Bawden, F. C., and Pirie, N. W. (1956). J. Gen. Microbiol. 
14, 460. 

Benjamini, E., Shimizu, M., and Leung, C. Y. (1964). 
Biochemistry 3, 1115. 

Benajmini, E., Schimizu, M., Young, J. D., and Leung, C. Y. 
(1968). Biochemistry 7, 1253. 

Bernal, J. D., and Frankuchen, I. (1941). J. Gen. Physiol. 
25, 111. 

Boedtker, H. (1959). Biochim. Biophys. Acta. 32, 519. 

Butler, P. J. G., and Klug, A. (1971). Nature New Biology 
229, 47. 

Carpenter, J. M. (1970). Virology 41, 603. 

79 



80 

Caspar, D. L. D. (1963). In: Advances in Protein Chemistry 
(C. B. Anfinsen, M. C. Anson, and J. T. Edsel, 
eds.), pp. 37-121, Academic Press, New York. 

Cohen, S. , and Stanley, W. M. (1942). J. Biol. Chem. 144, 
589. 

Davis, B. J. (1964). Ann. N. Y. Acad. Sci. 121, 404. 

Dunker, A. K., and Rueckert, R. R. (1969). J. Biol. Chem. 
244, 5074. 

Durham, A. C. H., and Klua, A. (1971). Nature New Biol. 
229, 42. 

Durham, A. C. H., Finch, J. T., and Klug, A. (1971). Nature 
New Biol. 229, 37. 

Eiskamp, J. C., and Schellman, J. A. (1970). Fed. Proc. 29, 
508. 

Fraenkel-Conrat, H. (1957). Virology 4, 1. 

Fraenkel-Conrat, H. (1959). In: Sulfur in Proteins (R. E. 
Bensch, P. D. Bover, I. M. Klotz, W. R. Middlebrook, 
A. G. Szent-Gyorgyi, and D. K. Schwartz, eds.), 
pp. 329, Academic Press, New York. 

Fraenkel-Conrat, H., and Singer, B. (1959). Biochim. 
Biophys. Acta. 33, 359. 

Fraenkel-Conrat, H., and Williams, R. C. (1955). Proc. Nat. 
Acad. Sci. U. S. 41, 690. 

Franklin, R. (1955). Biochim. Biophys. Acta. 18, 313. 

Franklin, R. E., and Holmes, K. C. (1956). Biochim. Biophys. 
Acta. 21, 405. 

Franklin, R. E., and Holmes, K. C. (1958). Acta. Cryst. 11, 
213. 

Frist, R. H., Bendet, I. J., Smith, K. M., and Lauffer, 
M. A. (1965). Virology 26, 558. 

Gierer, A. (1957). Nature 179, 1297. 

Gierer, A., and Schramm, G. (1956). Nature 177, 702. 

Ginoza, W., and Atkinson, D. E. (1955). Virology 1, 253. 



Habeeb, A. F. S. A. (1966). Anal. Biochem. 14, 328. 

Habeeb, A. F. S. A. (1969). J. Immunol. 102, 457. 

Hariharasubramanian, V., and Siegel, A. (1969). Virology 37, 
203. 

Hariharasubramanian, V. , Zaitlin, M., and Siegel, A. (1970). 
Virology 40, 579. 

Harrington, W. F., and Schachman, H. K. (1956). Arch. 
Biochem. Biophys. 65, 278. 

Harris, J. I., and Knight, C. A. (1952). Nature 170, 613. 

Harris, J. I., and Knight, C. A. (1955). J. Biol. Chem. 214, 
215. 

Hebert, T. T. (1963). Phytopathology 53, 362. 

Holoubeck, V. (1962). Virology 18, 401. 

Jeener, R., Lemoine, P., and Lavand1 Homme, C. (1954). 
Biochim. Biophys. Acta. 14, 321. 

Kleczkowski, A. (1957). J. Gen. Microbiol. 16, 405. 

Kleczkowski, A. (1961). Immunology 4, 130. 

Knight, C. A. (1963). Protoplasmatologia 4 Part 2, 37. 

Knight, C. A., and Woody, R. B. (1958). Arch. Biochem. 
Biophys. 78, 460. 

Konings, W. N., Dijk, J., Wichertjes, T., Seuvery, E. C., 
and Gruber, M. (1969). Biochim. Biophys. Acta. 188, 
45. 

Lauffer, M. A. (1944). J. Am. Chem. Soc. 66, 1188. 

Lauffer, M. A. (1966). Biochemistry 5, 2440. 

Lauffer, M. A., and Stevens, C. (1968). In: Advances in 
Virus Research (K. M. Smith and M. A. Lauffer, eds.), 
pp. 1-63, Academic Press, New York. 

Lenslaw, J. A., and Reichman, M. E. (1970). Virology 42, 
724. 

Loor, F. (1967). Virology 33, 215. 



82 

Markham, R. , Frey, S. , and Hills, G. J. (1963). Virology 20, 
88. 

Matthews, R. E. F. (1957). Plant virus serology, Cambridge 
Univ. Press. 128 p. 

McCarthy, D. (1969). J. Gen. Virol. 

Milne, K. S. , and Grogan, R. G. (1969). Phytopathology 59, 
809. 

Newmark, P., and Meyers, R. W. (1957). Fed. Proc. 16, 226. 
(Abstr.) 

Nixon, H. L., and Woods, R. D. (1960). Virology 10, 157. 

Ornstein, L. (1964). Ann. N. Y. Acad. Sci. 121, 321. 

Perham, R. N., and Richards, F. M. (1968). J. Mol. Biol. 33, 
795. 

Rappaport, I. (1965). In: Advances in Virus Research (K. M. 
Smith and M. A. Lauffer, eds. ), pp. 223. Academic 
Press, New York. 

Rappaport, I., and Zaitlin, M. (1967). Science 157, 207. 

Rappaport, I., and Zaitlin, M. (1970). Virology 41, 208. 

Rappaport, I., Siegel, A., and Haselkorn, R. (1965). Virology 
25, 325. 

Rushizky, G. W., and Knight, C. A. (1960). Proc. Nat. Acad. 
Sci. U. S. 49, 945. 

Schramm, G. (1943). Naturweissenschaften 31, 94. 

Schramm, G. (1947a). Z. Naturforsch. 2b 249. 

Schramm, G. (1947b). Z. Naturforsch. 2b, 112. 

Schramm, G., and Zillig, W. (1955). Z. Naturforsch. 10b, 
493. 

Schramm, G., Schumacher, G., and Zillig, W. (1955). Z. 
Naturforsch. 10b, 481. 

Shapiro, A. L., and Maizel, J. (1969). Anal. Biochem. 29, 
505. 



8 3  

Shapiro, A. L., Vinuela, E., and Maizel, J. V.f Jr. (1967). 
Biochem. Biophys. Res. Comm. 28, 815. 

Siegel, A. (1965). Unpublished data, The Univ. of Arizona. 

Simmons, N. S. (1961). Proc. 5th Internatl. Congr. 
Biochem. Moscow, p. 95. 

Smith, C. E., and Lauffer, M. A. (1967). Biochemistry 6, 
2457. 

Sogami, M., and Foster, J. (1962). J. Biol. Chem. 239, 850. 

Sreenivasaya, M. , and Pirie, N. W. (1938). Biochem J. 3(2, 
1707. 

Stanley, W. M., and Lauffer, M. A. (1939). Science 89, 345. 

Starlinger, P. (1955). Z. Naturforsch. 10b, 493. 

Takahashi, W. N., and Gold, A. H. (1960). Virology 10, 449. 

Tanaguchi, M. (1969). Biochim. Biophys. Acta. 181, 244. 

Tremaine, J. H., and Wright, N. S. (1967). Virology 31, 481. 

Tsugita, A., Gish, D. T., Young, J., Fraenkel-Conrat, H., 
Knight, C. A., and Stanley, W. M. (1960). Proc. Nat. 
Acad. Sci. U. S. 46, 1463. 

van Regenmortel, M. H. V. (1966). In: Advances in Virus 
Research (K. M. Smith and M. A. Lauffer, eds. ) , 
pp. 207. Academic Press, New York. 

van Regenmortel, M. H. V. (1967). Virology 31, 467. 

von Wechmar, B. M., and van Regenmortel, M. H. V. (1968). 
Virology 34, 36. 

Watson, J. D. (1954). Biochim. Biophys. Acta. 13, 10. 

Weber, K., and Osborn, M. (1969). J. Biol. Chem. 244, 4406. 

Wittmann, H. G. (1959). Experientia 15, 174. 

Wykoff. R. W. G. (1937). J. Biol. Chem. 122, 329. 

Zaitlin, M., and Ferris, W. (1964). Science 143, 1451. 



84 

Zaitlin, M. , and McCaughey, W. F. (1965). Virology 26, 500. 

Zschocke, R. H., and Bezkorovainy, A. (1970). Biochim. 
Biophys. Acta. 200, 1. 


