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ABSTRACT 

The common (C) and the watermelon (W) strains of 

squash mosaic virus (SMV) were purified by a combination of 

techniques including differential centrifugation, poly

ethylene glycol-NaCA precipitation, and molecular sieving by 

Sepharose. Virus preparations purified by this method were 

more easily freed .from host protein than those prepared by 

the usual procedure of differential centrifugation. 

Each strain of the virus comprises three particle 

types as distinguished by the techniques of sucrose density 

gradient centrifugation or analytical centrifugation in a 

Model E Analytical Centrifuge. The slowest-sedimenting 

fraction, known as top component, is of lower molecular 

weight and noninfectious while the faster-sedimenting, 

higher molecular weight fractions can initiate a successful 

infection. Resolution of these virus components from host 

protein was made possible by the inclusion in the purifica

tion procedure of molecular sieve chromatography; this 

improvement also yielded more of the noninfectious top 

component. 

Only two components of SMV were observed in either 

CsC£ or sucrose density gradients when preparations of SMV 

minus top component were examined. The buoyant densities in 

CsCS, of the two components of the C and W strains were 1.39 

viii 
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and 1.43 and 1.43 and 1.47 g/cc, respectively. Some evi

dence suggests that the W strain may be unstable in CsCI and 

that the buoyant density may not represent the true density 

of the particle. When the components from both strains were 

fractionated from preparative CsCjfc density gradients, only 

the less dense band of each was infectious. Infectivity 

studies of SMV components fractionated from sucrose density 

gradients showed that at least two faster sedimenting viral 

components were necessary for successful infection with both 

strains. 

Exposure of SMV to guanidine-HCi or sodium dodecyl 

sulfate yielded a soluble protein free of RNA. S£q w values 

of 2.0 were obtained for the protein in 6M guanidine-HCjfc, 

and amino acid analyses showed 233 residues in the protein 

of the C strain while 235 residues were found in the protein 

of the W strain. One more proline but one less threonine, 

serine, and leucine was found in the protein from the C 

strain as compared to that of the W strain. The minimum 

molecular weight was 29,000. The molecular weight of SMV-

protein as estimated from equilibrium ultracentrifugation 

analyses was 66,000; this may mean that the protein exists 

as a dime-r in 6M guanidine-HC^ as fingerprinting a tryptic 

digest showed 22 ninhydrin-staining spots which were two 

over the number expected upon digestion of a protein with 

9 lysines and 10 arginines. The use of polyaerylamide gel 

electrophoresis complicated the interpretation of the actual 



X 

molecular weight of SMV-protein as four migrating bands with 

molecular weights of about 30,000, 56,000, 82,000, and 

87,000 were found. Since the addition of urea increased the 

amount of material migrating in the lower molecular weight 

bands, it is thought that the actual molecular weight of 

SMV-protein is approximately 30,000. Carboxypeptidase A 

liberated leucine, serine, and glycine in a 6:3:1 ratio from 

the protein of both strains. Carboxypeptidase B and 

hydrazinolysis did not liberate amino acids from the protein. 

Leucine aminopeptidase did not release amino acid from the 

N-terminal end of SMV-protein, indicating that that end may 

be blocked. 

Son values of 17-18 and 24-25 were obtained in AU, w 
M Yg pH 7.0 phosphate buffer for the two populations of RNA 

from both strains. Under conditions which are known to 

compact RNA molecules, namely low temperature and high salt, 

S~n values of 28-29 and 42 were obtained for the sediment-
<£U,W 

ing populations of RNA. These values are considered to be 

too low to be representative of intact SMV-RNA because the 

use of HCHO (which tends to keep the molecules from compact

ing by blocking the amino groups) in the sedimentation 

analyses jrevealed many hidden breaks in the RNA strands. 



INTRODUCTION AND REVIEW OF LITERATURE 

Properties of SMV 

Squash mosaic virus (SMV) is a small spherical virus 

which infects plants predominantly of the family Cucur-

bitaceae. Recently Knuhtsen and Nelson (1968) examined five 

isolates of SMV serologically and found that they comprised 

only two serotypes which also correlated with their host 

ranges. The serotype which would infect watermelon 

(Citrullis vulgaris Schrad.) was called the watermelon 

strain (SMV-W) while the serotype which would not infect 

watermelon was called the common strain (SMV-C). It is the 

purpose of this dissertation to compare these two strains of 

squash mosaic virus biochemically and biophysically. 

Using the techniques of sucrose density gradient 

centrifugation or analytical centrifugation in a Model E 

Analytical Centrifuge, many isometric plant viruses have 

been found to consist of two or more nucleoprotein compo

nents. SMV is an isometric plant virus which consists of a 

proteinaceous top component and three higher molecular 

weight nucleoprotein components (Mazzone, Incardona, and 

Kaesburg, 1962). A number of other such viruses have been 

found among the small isometric plant viruses, and these are 

summarized in Table 1. The significance of the nucleopro

tein components is not completely understood, but in most 



Table 1. Properties of Some Isometric Viruses Producing Two Nucleoprotein 
Components3 

Base Ratio of RNA 
Per Cent Nucleotides/100 

s20 w of RNA Nucleotide 
Components Nucleoprotein 

Compo-
Virus T M B M B nent A C G U Reference 

Bean Pod Mottle 54 91 112 27 
Virus (BPMV) 

Cowpea Mosaic 
Virus (CPMV) 

60 98 119 24 

58 95 115 23 

Echte Ackerbohnen 
mosaic Virus 
(EAMV) 

98 119 26 

Radish Mosaic 
(RMV) 

Red Clover Mottle 
Virus (RCMV) 

37 M 33 17 20 30 Bancroft 
B 31 16 20 32 (1962) 

Semancik & 
Bancroft 
(1964) 

33 M&B 27 17 23 33 Bruening & 
Agrawal 
(1967) 

32 M 28 19 20 33 Van Kammen 
B 29 18 24 29 (1967) 

35 — — — — — Paul (1963) 

— — — — — — Campbell 
(1964) 

— — — — — — Valenta & 
Marcinka 
(1968) 



Table 1.—Continued Properties of Some Isometric Viruses Producing Two Nucleopro-
tein Componentsa 

s20,w of 
Components 

Per Cent 
RNA in 

Nucleoprotein 

Base Ratio of RNA 
Nucleotides/100 
Nucleotide s20,w of 

Components 

Per Cent 
RNA in 

Nucleoprotein 
Compo
nent A Virus T M B M B 
Compo
nent A C G U Reference 

Squash Mosaic 
Virus (SMV) 

56, 
57 

88, 
95 

HI, 
118 

27 35 M 32 
B 30 

16 22 
16 23 

29 
30 

Rice et al. 
(1955) 
Mazzone et 
al. (1962) 

Tobacco Ringspot 
Virus (TRSV) 

53 94, 
91 

128, 
126 

28 42 M&B 23 22 25 30 Stace-Smith 
Reichman, 
& Wright 
(1965) 
Schneider 
& Diener 
(1966) 

Tobacco Streak b 72 96 — Fulton 
(1967) 

Tomato Top 
Necrosis Virus 
(TTNV) 

52 102 126 — Bancroft 
(1968) 

Tulare Apple 
Mosaic Virus 
(TAMV) 

b 85 95 — Fulton 
(1967) 



Table 1.—Continued Properties of Some Isometric Viruses Producing Two Nucleopro-
tein Componentsa 

s20,w of 
Components 

Per Cent 
RNA in 

Nucleoprotein 

Base Ratio of RNA 
Nucleotides/100 
Nucleotide 

Virus M B M B 
Compo
nent A U Reference 

Turnip Yellow 0-1 T MM MM MM MM Matthews Turnip Yellow 
6 Booo 21 39 21 21 (1960) 

72 10 Boo 21 38 19 22 
92 20 Bo 23 38 19 20 

_ _  114 36 B1 22 38 20 20 
— — 117 35 B2 22 39 19 20 

0 37 all B 23 38 17 22 Markham & 
Smith 
(1951) 

52 b 106 — Markham 
(1951) 

Wild Cucumber 5 3  MM 0 T Yamazaki & 
Mosaic Virus 3. Kaesburg 
(WCMV) (1961) 

63 11 Tb 19 37 19 25 
— — — — 119 — 35 B 18 40 16 26 

JTable taken in part from Bruening and Agrawal (1967). 

Not observed. 
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cases there is a synergistic interaction between the nucleo-

protein components which results in an increase of infec

tivity over the infectivity observed for either component 

alone. An exception to the general case is TRSV^ which did 

not show an increase in specific infectivity upon mixing of 

the nucleoprotein components. Also, the phenomenon has not 

been investigated for EAMV, RMV, TAMV, and WCM.V; neverthe

less, the current view is that neither of the several 

nucleoprotein components is infectious by itself, but that 

at least two particles must compliment each other for a 

successful infection to occur (Bruening, 1969). 

An investigation as to the kinds of components in a 

SMV preparation was first made by Rice et al. (1955), who 

found three components which sedimented at 56, 88, and 111 

S20 w* These components and those of other isometric multi-

component viruses have subsequently been called top (T), 

middle (M), and bottom (B), respectively (Bancroft, 1968). 

Since the nucleoprotein components of SMV (M and B) are 

difficult to separate in sucrose density gradients, their 

fractionation was attempted in a RbCA density gradient 

(Mazzone et al., 1962). Using these gradients, four 

components were found, and the infectivity was associated 

with the three more dense components. More recently 

Bruening (1969) showed that the infectivity of cowpea mosaic 

1. The abbreviations are explained in Table 1. 
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virus (CPMV), another member of the squash mosaic group of 

viruses, was also associated with the three more dense 

components. In fact he found that he could initiate infec

tion through some component combination of M and (upper 

bottom) or M and (lower bottom). It is possible that SMV 

initiates infection in the same manner as CPMV. 

Properties of the Protein Subunit 

Various differences have been found in the coat 

protein composition from virus strains—biological variants 

which may differ slightly in host range, symptomatology, and 

serology. Differences of coat protein composition among six 

strains of TYMV were reported by Symons et al. (1963). 

Essentially the strains were categorized into two groups as 

defined by nucleotide base composition, and within each 

group the protein composition was similar; however, there 

were marked differences between the groups in the content of 

lysine, histidine, arginine, aspartic acid, threonine, 

serine, and phenylalanine. Differences in the amino acid 

composition of coat protein from the strains of southern 

bean mosaic virus (Ghabrial, Shepherd, and Grogan, 1967), 

alfalfa mosaic virus (Tremaine and Stace-Smith, 1969), and 

tobacco mosaic virus (Knight, 1963) have also been reported. 

At the present time there are no reports in the 

literature comparing the amino acid composition of proteins 

obtained from strains of SMV; however, amino acid analyses 



of a strain similar to SMV-C were conducted by Mazzone et 

al. (1962) for comparison of T, M, and B component protein 

composition. No difference was found in protein composition 

of M and B components, but unexpectantly T component dif

fered significantly in the values for arginine, threonine, 

serine, alanine, and methionine. This difference was 

surprising in that no other plant virus is known to have 

more than one species of coat protein associated with its 

top and bottom components. For example, amino acid analyses 

on the protein of top and bottom components of alfalfa 

mosaic virus (Tremaine and Stace-Smith, 1969), turnip yellow 

mosaic virus (Fraser and Consentino, 1957), and wild 

cucumber mosaic virus (Yamazaki and Kaesburg, 1961) have 

shown no difference in composition. In addition, top and 

bottom components were shown to be serologically-alike for 

BPMV (Bancroft, 1962), CPMV (Bruening and Agrawal, 1967), 

and TYMV (Matthews, 1960; Rappaport, Siegel, and Haselkorn, 

1965). Therefore, it would be worthwhile to reexamine the 

amino acid composition of the protein of top and bottom 

components of SMV as this is the only plant virus of those 

examined which has been reported to have two kinds of pro

tein associated with the virus particles. 

Properties of the Viral KNA 

Most plant viruses contain RNA molecule(s) whose 

molecular weight ranges from one to two and a half million 
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million (Knight, 1963). SMV does not seem to be an excep

tion; by multiplying the molecular weights of the virus 

components by the fraction of RNA in the components, 
g 

Mazzone et al. (1962) calculated 1.6 and 2.4 x 10 as 

molecular weights of M and B component RNA. 

As yet the extraction of SMV RNA has not been 

reported; however, two species of RNA have been extracted 

from BPMV and CPMV, two viruses which are serologically-

related to SMV. The S__ values of the BPMV RNAs were <cu, w 

19 and 24 (Semancik and Bancroft, 1964), and those of CPMV 

were 23 and 33 (Bruening and Agrawal., 1967) and 22 and 28 

(Van Kammen, 1967). Therefore, it is very probable that two 

species of RNA may be extracted from SMV, and by obtaining 

the S20 w values according to Boedtker (1968), an interesting 

comparison can be made between the calculated molecular 

weight of the RNA species and the predicted values of M and 

B component RNA. 



METHODS AND MATERIALS 

Virus Culture and Purification 

For this study the virus strains were kindly 

supplied by Mr. H. K. Knuhtsen and Dr. M. R. Nelson of the 

Department of Plant Pathology, The University of Arizona. 

The common or severe strain, SMV-C, was cultured in pumpkin, 

Cucurbita pepo L. var. Small Sugar, and the watermelon 

strain, SMV-W, was cultured in cantaloupe, Cucumis melo L. 

var. Hale's Best No. 36. Usually three weeks after inocula

tion both directly-inoculated and systemically-infected 

leaves were harvested and frozen until used for purification 

of the virus. 

Virus was purified by a modification of the proce

dure of Knuhtsen and Nelson (1968). Approximately 250 g of 

frozen, infected leaves were homogenized with 250 ml of 

M ^5 pH 7.0 Sorenson's phosphate buffer containing 0.02% 

sodium azide in a Waring blender. The homogenate was 

pressed through cheesecloth, and the extract was centrifuged 

at 12,000 g for 10 minutes. The supernatant was heated at 

60° for 10 minutes and cooled on ice to 10°. The green 

flocculate was removed by centrifugation at 12,000 g for 10 

minutes, and polyethylene glycol 6000 (PEG) and NaC£ 

(Gooding and Herbert, 1967) were added to the supernatant to 

give a final concentration of 8 and 4%, respectively. After 

9 
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stirring for 2-3 hours at 4°, the virus precipitate was 

collected by centrifugation at 12,000 g for 10 minutes, and 

the pellets were allowed to resuspend overnight in a few ml 

M 
of Y5 PH 7.0 phosphate buffer-0.02% sodium azide. The virus 

solution was clarified by centrifugation at 12,000 g for 10 

minutes, and the PEG-NaC£ cycle was repeated a second time 

using 4% instead of &% PEG. The virus pellet was dissolved 

M 
in Y5 PH 7.0 phosphate buffer-0.02% sodium azide and further 

purified on a 2.5 x 45 cm Sepharose 4B column which was 

equilibrated with the same solvent. Four milliliter frac

tions were collected and monitored at 260 m|a. The fractions 

containing virus were pooled, and the virus was precipitated 

by the 4% PEG-4% NaC£ procedure previously described. After 

resuspending the virus in Y5 pH 7.0 phosphate buffer-0.02% 

sodium azide and clarifying at 12,000 g for 10 minutes, the 

concentration of the virus was determined using an average 

of the extinction coefficients of the 95 and 118 Son wr virus zu, w 

components. These values of 6.8 and 8.65, respectively, 

were calculated by Mazzone et al. (1962) using a concentra

tion of 1 mg/ml of virus component in. a 1 cm light path at 

260 mu. After determining the concentration, the virus 

solution was stored at 4°. 

Buoyant Density Studies 

Equilibrium sedimentation analyses of SMV particles 

were conducted in CsCS, solutions as described by Szybalski 



(1968). Approximately 60 ng of SMV-C and SMV-W in 0.1-.2 ml 

of pH 7.0 phosphate buffer were added to 1.9 ml of CsC£-

M Y5 pH 7.0 phosphate buffer solutions with approximate 

densities of 1.42 and 1.45 g/ml for the C and W strains, 

respectively. The densities of the virus solutions were 

measured and adjusted to 1.42 and 1.45 g/ml by adding small 

amounts of a very dense (1.8 to 1.9 g/ir.l) CsC£ stock solu

tion. 

Six-tenths of a ml of virus solution was placed in a 

12 mm single sector cell, and the cell was sealed. Typical 

runs were made at 20° and 44,000 rpm in a Model E Analytical 

Centrifuge (Beckman Instruments, Inc., Palo Alto, Calif.). 

After 18 hours ultraviolet photographs were taken, and 

microdensitometer tracings were made using a Beckman 

Analytrol (Beckman Instruments, Inc., Palo Alto, Calif.). 

Buoyant densities were calculated by comparing two different 

runs using the equations: 

P" - P» 
_ o o 

a ~ H« - H" 
o o 

and 

P = I" + aH» 
o o 

where a is the actual density gradient, P£ and P^ are the 

initial adjusted densities of the solutions, ITJ and are 

the corrected distances between the band and the point of 



12 

isoconcentration, and P is the buoyant density of the virus 

component (Szybalski, 1968). 

Separation of Virus Components in Sucrose 

Large-scale separations of top component were 

obtained by zonal centrifugation in sucrose density gradients 

using a SW 25.1 rotor in a Spinco Model L2 ultracentrifuge. 

/ M 
A linear gradient of 5-20% sucrose in Y5 PH 7.0 phosphate 

buffer and 0.02% sodium azide, prepared in a Buchler Gradient 

Maker (Buchler Instruments, Inc., Fort Lee, N. J.), was over 

layered with 12-20 mg of virus in a volume of 2-3 ml and 

centrifuged for 3 hours at 23,000 rpm with the brake off. 

Top component was located with the aid of visible light, 

removed with a syringe, and dialyzed against water before 

hydrolysis in 6N HCA. 

Small-scale separations of virus components for 

infectivity studies were done in essentially •' he same 

sucrose density gradients as previously described; however, 

the gradients were made in SW 41 rotor tubes, and 0.25-1.5 

mg of virus was layered and centrifuged for seventy minutes 

at 30,000 rpm with the brake off. Seven-drop fractions were 

collected with an Isco Density Gradient Fractionator 

(Instrumentation Specialties Company, Inc., Lincoln, 

Nebraska), made approximately 5% with respect to Celite, 

and inoculated onto three pumpkin or cantaloupe plants. 
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Separation of Virus Components in CsCl 

Preparative equilibrium density gradient centrifuga-

tion in CsCJL was performed as follows: 500-800 i-ig of virus 

minus top component was mixed in a Spinco 50 rotor tube with 

5 ml of CsCH solution, with an approximate density of 1.41 

g/ml. The refractive index of the solution at 20° was 

measured in a Zeiss refractometer (Carl Zeiss, Inc., New 

York, N. Y.), and the exact density was determined from a 

plot of density versus refractive index (Handbook of 

Chemistry and Physics. 1965-1966). The final density was 

adjusted to 1.41 g/ml by mixing a drop of water or dense 

CsCH solution with the sample solution and redetermining the 

refractive index. The tubes were topped with mineral oil 

and centrifuged in a Spinco Model L2 for 44 hours at 35,000 

rpm with the brake off. By shining visible light up through 

the bottom of the tube, the virus zones were located, 

M removed with a syringe, and dialyzed against ̂ 5 pH 7.0 

phosphate buffer. Celite (Johns Manville) was added to 

approximately 50 mg/ml, and the infectivity of the C and W 

strain components was determined on 7. to 10 pumpkin and 5 to 

11 cantaloupe plants, respectively. 

Preparation of Viral Protein 

SMV-protein was prepared by a modification of 

procedures previously described for obtaining protein from 

potato virus x (Reichmann, 1960; Miki and Knight, 1968). 
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SMV at 1-5 mg/ml was degraded upon exposure to 2M guanidine 

hydrochloride (GHCA) at 4° overnight while as high as 6M 

GHCJL was necessary to dissociate 20 mg/ml of SMV. The 

precipitated RNA was removed by centrifugation at 3,000 g 

for 5 minutes, and the protein concentration of the 

supernatant was determined using the assumed value of 1.5 as 

the OD280 of a solution in a 1 cm light path (Layne, 

1957). The protein was stored at 4° in GHC4 or dialyzed 

against water, lyophilized, and stored at -16°. Orcinol 

tests (Markham, 1955) were conducted on protein in solution 

or on lyophilized protein to determine the amount of RNA 

remaining as a contaminant. 

Sedimentation Velocity Analyses of SMV Protein 

Sedimentation velocity runs were conducted in a 

Model E Analytical Centrifuge. Most runs were conducted at 

25° in an artificial boundary cell. In these cells 0.3 ml 

of 6-7M GHC4, previously dialyzed against the protein solu

tion, was placed in the center sector. Two-tenths of a 

milliliter of protein solution, 7-10 mg/ml in 6-7 GHCjfc, 

was placed in the sample sector, and the run was conducted 

for 6 hours at 56,000 rpm. Sedimentation constants were 

calculated by the graphical method of Markham (1960) and 

corrected to Sor. values. Corrections for the increase in zu, w 

density and viscosity of GH.CJL to that of water were obtained 

from the publication of Kawahara and Tanford (1966). 
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Molecular Weight Estimation of SMV-Protein by 
Sedimentation Equilibrium Analysis 

The molecular weight of SMV-protein was estimated by 

sedimentation equilibrium analysis in a Model E Analytical 

Centrifuge as described by Yphantis (1964). SMV-protein was 

prepared by dissociation of SMV with GHCjfc as described pre

viously, and the concentration of protein was adjusted to 

0.05-0.10% and dialyzed against 6M GHCj£. Before each run 

the schlie.ren optical system was converted to Rayleigh 

interference optics as described in the Model E Instruction 

Manual. The runs were conducted in an AN-D rotor using a 

sedimentation equilibrium counterbalance and a cell con

taining a 6 channel Yphantis centerpiece which allows one to 

observe three solution-solvent pairs. To view the entire 

length of a solution column, 90 |_il of base fluid (FC-43, 

perfluorotributyl amine, 3 M Company, Minneapolis, Minn.) 

were placed in the solvent channel, and 100 Ml of 6M GHC£ 

were placed on top of the base fluid. In the corresponding 

solution channel were placed 95 |Jl of base fluid and 90 |al 

of protein solution which had been dialyzed against the 

6M GHCj6 used in the solvent channel. The cell was sealed, 

and runs were conducted for 24-48 hours at 30-40,000 rpm 

and 25°. Fringes were recorded on Kodak Spectroscopic II-F 

or II-G plates, and the upward displacement was measured on 

a Unitron Model TMS-1557 Microcomparator (Unitron Instrument 

Company, Newton Highlands, Mass.). When the upward 
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displacement of the fringes exceeded 0.006 inch, the log of 

the displacement in microns was plotted versus distance 

along the axis of rotation, and the molecular weight at 

points along the curve were calculated by the equation: 

MW = ctK where a = and b = E This is a least 

squares treatment of a point on the curve. Values of Xn 

were chosen as -0.010, -0.005, 0, 0.005, and 0.010 while Yn 

represents the log of five consecutive fringe displacements 

centered about the point, and Xr is the distance in cm from 

the center of rotation to the X coordinate chosen as 0. 

RT 1 7 K = —7T (—=—) where R is the gas constant 8.314 (10 ) erg 
U)'2 1-vp 

mole-1 degree-!, is the temperature in °C, uu = rpm x 

v is the partial specific volume which was assumed to be 

0.725 cc/g (Ullmann et al., 1968), and P is the density of 

the 6M GHCI solvent as taken from Kawahara and Tanford 

(1966). 

Molecular Weight Estimation of SMV-Protein 
by Electrophoresis 

The molecular weight of SMV-protein was estimated by 

electrophoresis in polyacrylamide gels containing sodium 

dodecylsulfate (SDS) as described by Shapiro, Vinuela, and 

Maizel (1967). Two to 4 mg of SMV in 1 ml of water were 

dissociated by heating at 50° for 3 hours in the presence of 

1% SDS and 1% mecaptoethanol and dialyzed against 500 ml of 

0.1M pH 7.0 sodium phosphate buffer containing 0.1% SDS. 

The dialyzate was made 5% with respect to sucrose, and 
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1 drop of 0.05% bromphenol blue in water was added as a 

migration reference. Reference protein solutions at 2 mg/ml 

were prepared in the same manner as SMV, and 10-30 |al of the 

dialyzate were layered on top of 15% acrylamide gel columns 

and electrophoresed for 4-6 hours at 8 ma per gel. After 

measuring the length of the gel and the middle of the blue 

dye band, the gels were fixed with 20% sulfosalicylic for 

12-16 hours, stained with 0.025% Coomassie Blue for 4-6 

hours, and destained with 7% acetic acid. After destaining, 

the gels were scanned in a Gillford Model 240 Spectro

photometer (Gillford Instruments, Inc., Oxford, Ohio) at 

560 m|J. The length of the gel and the distance to the 

middle of the protein peak were measured from graphs 

obtained with a Beckman Model 1100 Recorder, and the 

mobility of the protein was calculated by the equation of 

Weber and Osborn (1969): 

, .n .. _ distance of protein migration 
mo i i y - length after destaining 

length before staining 
x distance of dye migration 

The mobility of the SMV-protein was then correlated with 

molecular weight of the reference proteins on a semilog plot 

of molecular weight versus mobility. 

Amino Acid Analyses 

Amino acid analyses were conducted on the protein 

from both strains of SMV. Approximately 3-4 mg samples of 
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lyophilized SMV-protein were placed in hydrolysis tubes, and 

5 ml of 6N HCJL was added. A cycle of freezing, evacuating, 

flushing with nitrogen, and thawing was conducted twice, and 

after the final thaw the frozen, evacuated tubes were placed 

in an oven at 108° + 2° for 24 hours and 72 hours. The 

hydrolyzates were removed and dried in vacuo at 80-90°, and 

the residue taken up in pH 2.2 sodium citrate buffer to give 

approximately 1 mg protein per ml. A 1 ml sample was then 

applied to an ion-exchange column of a Beckman Model 120B 

Amino Acid Analyzer. The values of threonine and serine 

were obtained by extrapolating the 24 and 72 hour hydrolysis 

values to zero hydrolysis time. Cysteine was determined 

independently on protein samples oxidized by the method of 

Hirs (1956), and tryptophan was determined spectrophoto

metrically as described by Beaven and Holiday (1952). The 

amino acid values for each hydrolysis time represent the 

average of three runs on protein from three separate virus 

preparations. 

Tryptic Digestion and Peptide Mapping 

The strains of SMV were S-carboxymethylated as 

described for turnip yellow mosaic virus (Harris and Hindley, 

1965). SMV-protein was obtained as described previously, 

and the GHC4 was removed by dialysis against water. The pH 

of the dialyzate was adjusted to 7.8 and maintained there 

with dilute NH^OH as the insoluble protein was digested with 
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TPCK-treated trypsin (Worthington Biochemical Corporation, 

Freehold, N. J.) at a substrate:enzyme ratio of 100:1. 

After about 3 hours at 37°, digestion was stopped by adjust

ing the pH to 3-4 with 0.1N HCA, and the solution was 

lyophilized. The residual peptides were dissolved in 0.1-.2 

ml of 5N NH^OH, and 1-10 Hi was applied to a 20 x 20 cm thin 

layer plate covered with a 250 u layer of Adsorbosil-5 

(Applied Science Labs, Inc., State College, Pa.). Separa

tion of the peptides was done at room temperature by two-

dimensional chromatography using isopropanol:ammonia (2:1) 

in the first direction and butanol:acetic acid:water:formic 

acid (4:1:1:1) in the second direction. After drying, the 

peptides were located by spraying with an aerosol bomb 

containing 0.5% ninhydrin in butanol (Nutritional Bio-

chemicals Corporation, Cleveland, Ohio). 

Carboxyl-terminal Analysis: Carboxypeptidase A 

Carboxyl-terminal analyses with carboxypeptidase A 

were conducted on whole virus and on SMV-protein according 

to the method of Harris and Knight (1955). DFP-treated 

carboxypeptidase A (Worthington Biochemical Corporation, 

Freehold, N. J.) was dissolved in 1% NaHCO^ at 4° with the 

aid of a few drops of 0.1N NaOH until the final concentra

tion of enzyme was 0.065 mg/ml. An equal volume of this 

enzyme solution was added to SMV in water at 9 mg/ml and 

incubated at 37° and pH 8.5 for 1 and 5 hours. The reaction 
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was stopped by adjusting the pH to 2.5 with 0.1N HCA. 

Subsequently, the incubation mixture was centrifuged for 30 

minutes at 36,000 rpm to pellet protein and undissociated 

virus. The supernatant containing the carboxyl-terminal 

residues was removed and lyophilized. The residue was taken 

up in 1 ml of pH 2.2 sodium citrate buffer and analyzed in a 

Beckman Model 120B Amino Acid Analyzer. Tobacco mosaic 

virus strain TS-38 (Hariharasubramanian, Zaitlin, and 

Siegel, 1970) with threonine as the carboxy-terminal amino 

acid was used as a standard. Similar experiments were con

ducted on SMV-protein except that incubation times of 0.5, 

5, and 50 minutes were used. 

Carboxyl-terminal Analysis: Carboxypeptidase B 

Carboxyl-terminal analyses with carboxypeptidase B 

were conducted on SMV-protein as described in The Worthinqton 

Enzyme Manual (1968). Carboxypeptidase B (Worthington 

Biochemical Corporation, Freehold, N. J.) was diluted with 

0.025M pH 7.65 Tris buffer containing 0.1M NaCi to a final 

concentration of 20 ug/ml. Two ml of Tris.buffer with salt 

and 1 ml of enzyme solution were added to 10-12 mg of SMV-

protein and incubated at room temperature for 0.5 and 5.0 

hours. The reaction was stopped by acidifying to pH 4 with 

0.1N HCZt and the insoluble protein was removed by 

centrifugation for 10 minutes at 10,000 rpm. The super

natant containing the carboxyl-terminal residues was removed 
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and lyophilized. After taking up the residue in 1 ml of 

water and adjusting the pH to 2.2, analyses for released 

amino acids were made in a Beckman Amino Acid Analyzer. Ten 

milligrams of peptide I of tobacco mosaic virus protein were 

obtained from Dr. V. Hariharasubramanian and used as a 

control. 

Carboxyl-terminal Analyses: Hydrazinolysis 

Hydrazinolysis was conducted as described by the 

method of Fraenkel-Conrat and Tsung (1967). One to 15 mg of 

lyophilized SMV-protein was placed in a hydrolysis tube, and 

0.4-.8 ml of 95% hydrazine (Eastman Organic Chemicals, 

Rochester, N. Y.) was added. After sealing the tube under 

vacuum, the samples were heated at 110° for 6-95 hours. 

After cooling, each sample was evaporated to dryness over

night in a vacuum dessicator containing concentrated E^SO^ 

and CaC^2. The residue was taken up in pH 2.2 sodium 

citrate buffer and applied to a Beckman Amino Acid Analyzer. 

Tobacco mosaic virus (strain TS-38) was used as a standard. 

N-terminal Analysis: Leucine Aminopeptidase 

N-terminal analyses with leucine aminopeptidase were 

conducted on whole virus and on SMV-protein as described in 

The Worthinqton Enzyme Manual (1968). Three-tenths of 1 mg 

of Worthington enzyme was brought into solution with 2.6 ml 

of 0.05M Tris-HC£ buffer (pH 8.5 at 37°), containing 0.05M 

MgCj^. The enzyme mixture was activated by heating at 37° 
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for 2 hours and stored at -16° when not in use. To assay 

for enzyme activity, 0.1 ml of activated enzyme solution was 

added to 1 mg of virus protein or 5 mg of virus in 0.5 ml of 

0.05M Tris-0.05M MgCj^ buffer solution and incubated at 37° 

for 0.5 and 5.0 hours. The reaction was stopped by adding 

IN HCX to bring the pH to 2.5. As a control, 0.6 ml of 

leucyl-glycyl-glycine at 1 mg/ml was treated in the same 

manner. 

Nucleic Acid Preparation and Analysis 

Viral RNA for sedimentation velocity analyses was 

usually obtained by dissociation of virus with GHCJ£. TO 

M virus at .2 mg/ml in ̂  pH 7.0 phosphate buffer was added in 

equal volume of 4M GHCJI. After standing overnight at 4°, 

the precipitated RNA was collected by centrifugation at 

2,000 rpm for 3-5 minutes at 4°. The pellet was resuspended 

M in chilled ^5 PH 7.0 phosphate buffer and clarified at 

10,000 rpm for 10 minutes at 4°. Since the activity of 

RNAase was of primary concern throughout the extraction 

procedure, the RNA was kept on ice at all times, all glass

ware was flamed, and boiled water was used to make the 

reagent and buffer solutions. 

For band sedimentation velocity analyses, approxi

mately 1 |Jg of RNA in 5-7 (al of buffer was placed in the 

sample well of an Epon band-forming centerpiece, arid 0.6-

.7 ml of 1M NaC£ was placed in the sector space. The runs 



were conducted in a Model E Analytical Centrifuge at 44,000 

rpm, and ultraviolet photographs were taken at 4 minute 

intervals after reaching speed. The photographs were 

scanned with a Beckman Analytrol, and sedimentation 

constants were calculated by the graphical method of 

Markham (1960). Boundary sedimentation velocity analyses 

were done very similarly to band analyses except that a 

M single sector centerpiece was filled with a Y5 PH 7.0 

phosphate buffer solution of RNA at 40 ng/ml, and photo

graphs were taken at 8 minute intervals. In some cases 

where the RNA was treated with HCHO (Boedtker, 1968) the 

exposure intervals were 16 minutes. Precautions against 

RNAase activity during these analyses included washing the 

cell parts with detergent and chilling before use, pre-

cooling the rotor and centrifuge chamber, and conducting the 

runs at 7-10°. 



RESULTS AND DISCUSSION 

Virus Purification 

Both strains of SMV were purified by differential 

centrifugation, PEG-NaC£ precipitation, and Sepharose 4B 

chromatography. After adding the PEG-NaCi precipitation and 

Sepharose 4B chromatography steps to the differential 

centrifugation step, virus yields were increased to 50-100 

mg from 5-15 mg virus per 100 g of infected leaf tissue. 

As shown in Figure 1, the virus preparation was resolved 

into two peaks by a column of Sepharose 4B. The enormous, 

initial peak was concluded to be virus from its absorption 

spectrum with a maximum at 260 mn, serological reactivity 

with SMV antiserum, and infectivity of host plants while the 

smaller, slower-eluting peak was considered to be host pro

tein from its absorption spectrum with a maximum at 280 mn 

and its presence when the preparation from uninfected tissue 

was chromatographed. The host protein peak was still 

present in preparations of SMV that had been purified by 

five cycles of high and low speed centrifugation indicating 

that centrifugation is not a completely satisfactory method 

for the purification of SMV. 

In summary SMV was purified by a combination of 

techniques including differential centrifugation, PEG-NaCj& 

precipitation, and Sepharose 4B chromatography, and this 
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Figure 1. Sepharose Chromatography of a Preparation of SMV 

Approximately 40 mg of virus obtained by the PEG-NaC£ method from 60 g 
3 week-infected leaves was eluted through a 2.5 x 45 cm column of Sepharose 4B 
with pH 7.0 phosphate buffer. Four-milliliter fractions were collected and 
monitored at 260 m|-L. The small trailing peak was also present when uninfected 
tissue was used in the extraction procedure. 
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combination of techniques was found to be better than dif

ferential centrifugation alone for the following reasons: 

1. Virus extracts from 3 week-infected plants could be 

clarified of host protein. Using the technique of 

differential centrifugation, it was virtually 

impossible to clarify virus extracts from plants 

infected longer than 10-12 days. 

2. Six to 10-fold more virus was obtained. Presumably 

the increase in virus yield was due to 8-10 more 

days of virus multiplication in the host. 

3. Virus could be obtained faster and more easily from 

2-3 liter volumes by precipitation and low speed 

centrifugation rather than by centrifugation of 

300 ml aliquots (the maximum volume the ultra-

centrifuge would accommodate at one time) at high 

speeds for 2 hours. 

4. It was also observed that relatively more top 

component was obtained by the addition of PEG-NaC4 

precipitation and Sepharose chromatography to the 

purification procedure. The most probable reason 

for obtaining more top component is that no high 

speed centrifugation was involved. High speed 

centrifugation tends to enhance the loss of top 

component because it does not sediment as fast as 

middle and bottom components. In fact, it. was found 

that top component was completely eliminated from 
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SMV preparations by five cycles of high and low 

speed centrifugation. 

The addition of molecular sieve chromatography as a 

final purification step was really a boon to the SMV purifi

cation procedure. Sepharose 4B resolved host protein(s) 

from the virus, and reproducible amino acid analyses of 

SMV-protein were not obtained until chromatographed virus 

was used as a source of protein. 

Buoyant Densities of SMV Components 

The buoyant densities of both strains of SMV were 

determined by CsCjJ equilibrium density gradient centrifuga

tion, and two components—designated as light and heavy 

respective to their gradient position—were detected. 

Table 2 shows that the C strain had components whose 

densities" were 1.39 and 1.43 while the W strain had com

ponents whose densities were 1.43 and 1.47 g/cc. The data 

represent buoyant densities on three separate virus prepara

tions for each strain. 

The buoyant densities of the SMV strains as obtained 

in this study are similar to some of those which were 

obtained by Bruening (1969) for a strain of cowpea mosaic 

virus (which is serologically-related to SMV); he obtained 

values of 1.297, 1.402, 1.422, and 1.470 g/cc for the four 

components of CPMV. Assuming a density of 1.30 g/cc for the 

top component of SMV (which was removed from these 
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Table 2. Buoyant Densities of SMV Components 

Run 

Strain Component 1 2 3 Average 

C lighc 1.389 + 
1.385 
1.396 

.004 1.396 
1.392 
1.401 

1.391 
1.387 
1.398 

1.390 1.396 1.392 1. 393 

c heavy 1.430 
1.427 
1.437 

1.429 
1.425 
1.434 

1.430 
1.426 
1.437 

1.432 1.429 1.431 1.431 

w light 1.425 
1.427 
1.424 

1.430 
1.429 
1.429 

1.427 
1.428 
1.427 

1.426 1.429 1.427 1.427 

w heavy 1.475 
1.475 
1'.475 

1.469 
1.467 
1.469 

1.474 
1.473 
1.473 

1.475 1.468 1.473 1.472 
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preparations), it is still noticeable that SMV has one less 

component than CPMV; however, Mazzone et al. (1962) showed 

that a fourth component does exist. The difference between 

the number of components found in this work and the work of 

Mazzone et al. (1962) appears to be in the amount of virus 

which was applied to the gradient. For example, Mazzone 

et al. (1962) loaded 30-40 mg of SMV onto gradients and 

reported that the relative amount of bottom component 2 (Bg) 

is very small and sometimes only appears as a shoulder on 

the less dense bottom component 1. In the experiments 

reported here 10-15 |ag and 500-800 ng of SMV were examined 

analytically and preparatively, respectively, so it is very 

likely that a very minor fourth component, corresponding to 

, would not be seen. 

It is not known whether the components of SMV have 

the same biological function(s) as the corresponding CPMV 

component, nor is it known if their densities are artifacts 

of CSCJi gradients. Some evidence that the W strain may be 

unstable in CsCX, was obtained when it was observed that both 

components floated near the meniscus in preparative gradients 

when the initial density was 1.45 g/cc but would band within 

the gradient when the initial density was 1.41 g/cc. Hence, 

the difference in component densities between strains may be 

due to W strain instability in CsCA. 
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Infectivity of Virus Components from 
Sucrose Density Gradients 

The infectivity of virus components of both strains 

was examined after fractionation on sucrose density 

gradients. Figure 2 shows that two populations of virus 

particles were separated; these particles were designated as 

slow and fast respective to their sedimentation behavior. 

Figure 2 also shows that the infectivity correlates to a 

region of the gradient where both slow and fast particles 

are present. These results are the same for both strains 

and were repeated on three separate virus preparations. The 

interpretation of these results is that at least two compo

nents of SMV are necessary to initiate infection of host 

plants. 

Infectivity of Virus Components from 
CsCA Density Gradients 

The biological relationship of the viral components 

of both strains of SMV was also examined by observing their 

inherent infectivity after removal from linear Csd density 

gradients. Virus components separated into two zones— 

designated as light and heavy respective to their gradient 

position. Individual zones were removed with a syringe, 

M dialyzed against ̂ 5 pH 7.0 phosphate buffer, and diluted to 

- 2  10 mg/ml before inoculation onto pumpkin and cantaloupe 

plants. As Table 3 shows, the lighter but not heavier zone 

of both strains was infectious. These results may seem 



Figure 2. Infectivity of Virus Components After Sucrose Density Gradient 
Centrifugation 

After centrifugation in a 5-20% gradient for 70 minutes at 30,000 rpm in 
SW41 rotor, seven-drop fractions were collected and inoculated onto host plants. 
Sedimentation is to the right, and —o—o— refers to OD at 260 mp.. 1/3, 2/3, and 
3/3 refer to the fraction of plants infected, and — means 0/3 plants were 
infected. 
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Table 3. Infectivity of Virus Components After Equilibrium Centrifugation in 
CsC£ Gradients 

After centrifugation at 35,000 rpm for 44 hours, virus bands were removed 
with a syringe, dialyzed against ijL. pH 7.0 phosphate buffer, and diluted to 10~* 
mg/ml before inoculation onto pumpicin or cantaloupe plants. 

Virus Components 

Common Strain Watermelon Strain 

Virus Light Heavy Light Heavy 
Preparation Component Component Unseparated Component Component Unseparated 

1 8a/10 0/9 9/9 10/11 0/7 5/6 

2 9/10 0/9 7/7 6/6 0/5 5/5 

a8 of 10 plants inoculated became infected. 



contradictory to those with sucrose gradients (above), but 

they were repeated on two virus preparations and may mean 

that all of the genetic information for SMV is carried in a 

less dense component. However, it may be possible that two 

closely-banded components, which were observed as one band, 

initiated the infection of host plants. 

Properties of the Protein 

Purification 

Squash mosaic virus has been dissociated by many 

procedures including heat treatment above 70° (Freitag, 

1956), a pH above 9.3 (Mazzone et al., 1962), and 6 to 8M 

urea (Mazzone et al., 1962). In the study reported here, 

several other procedures were tried and found to dissociate 

SMV, and these are exposure to glacial acetic acid (Fraenkel-

Conrat, 1957), IN HC4 (Kalmakoff and Tremaine, 1967), 1M 

CaCj^ (Yamazaki and Kaesburg, 1963), 2M GHC4 (Reichmann, 

1960), and 1% SDS with 30 minutes heat at 50° (Maizel, 

White, and Scharff, 1968). Unfortunately, all of these 

procedures yield insoluble protein except for the GHCX and 

SDS methods. However, upon dialysis against water the 

GHC4 prepared protein becomes very insoluble and will not 

redissolve in GHCjfc. Other attempts to redissolve the 

aggregated GHC£ prepared protein such as SDS treatment, 

oxidation with performic acid (Hirs, 1956), succinylation 

(Frist et al., 1965), or S-carboxymethylation (Harris and 
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Hindley, 1965) were unsuccessful. Also succinylation or 

S-carboxymethylation of intact virus before dissociation 

with GHC4 did not render a soluble protein. 

Except where stated otherwise, chemical studies on 

SMV-protein were conducted on protein prepared by the use of 

GHCJU. A typical spectrum of SMV-protein in GHCJi as seen in 

Figure 3 shows a maximum at 278-280 m|a and a minimum at 255 

m|i. Orcinol tests showed less than 1% UNA associated with 

the protein as opposed to 1M CaCj^-prepared protein which 

still contained 20-25% RNA. Although the absorbance was not 

measured, IN HCjfc-prepared protein also contained considerable 

amounts of RNA as the addition of orcinol and heat produced 

an intense green color. From the absorption spectrum in 

Figure 3, it would appear that a satisfactory method for 

obtaining SMV-protein was found; the maximum at 280 mp. and 

the minimum at 255 m|a are typical of protein. 

Sedimentation Velocity Analyses 

A sedimentation velocity pattern of purified SMV-

protein at 9.5 mg/ml is presented in Figure 4. Only one 

peak was observed when the protein was centrifuged in 6M 

GHCJG at 56,000 rpm in an AN-D rotor. The sedimentation 

constant of this material, corrected to 20° and water, was 

2.0 S. The average sedimentation constant was based on two 

runs for each strain, and, no difference in S„rt values ' ' Zij , w 

was found for the proteins of the two SMV strains. Judging 



Figure 3. Ultraviolet Absorption Spectrum of SMV Protein in GHC£ 

The protein was in 2M GHCJand, based on an OD of 1.5/mg/ml in a 1 cm 
lightpath at 280 mui, the concentration is about 0.62 mg/ml. A Gillford Model 240 
Spectrophotometer was used to record the spectrum. 
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Figure 4. Sedimentation Pattern of SMV-Protein 

Protein at approximately 9.5 mg/ml was centrifuged 
in 6M GHCX at 56,000 rpm at 20°. Sedimentation is from left 
to right, and the picture was taken 75 minutes after 
reaching speed. 
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from these data, it would appear that most of the SMV-

protein belongs to a homogeneous population of molecules; 

however, the limits of the technique are such that only a 

crude estimate of homogeneity can be made. 

Molecular Weight by Equilibrium Ultracentrifugation 

Dilute solutions of the protein in GHC£ were 

examined for molecular weight values by the Yphantis (1964) 

meniscus depletion method. Figure 5 shows the results of a 

typical run with 0.05% SMV-protein in 6M GHC4 and represents 

one of four experiments (two experiments were conducted on 

each strain). The average molecular weight of the protein, 

based on the linear portion of the plot is 66,000. Based on 

amino acid analyses which will be discussed' in the section, 

Amino Acid Analyses, this result could be interpreted to 

mean that the actual molecular weight of SMV-protein is 

66,000 or that SMV-protein exists as a dimer in 6M GHCJ&. 

Since the plot in Figure 5 concaves upward, heterogeneity of 

the protein population is indicated; this observation would 

lend support to the suggestion that SMV-protein dies exist 

as a dimer in 6M GHCX. 

Molecular Weight Estimation by Polyacrylamide 
Gel Electrophoresis 

The molecular weight of the protein of both strains 

of SMV was estimated by electrophoresis in polyacrylamide 

gels by the method of Shapiro et al. (1967). Figure 6a 



Figure 5. Molecular Weight Estimation of SMV-Protein by 
Sedimentation Equilibrium Analysis 

SMV-protein at 0.05% in 6M GHC£ was centrifuged at 
36,000 rpm and 25° in a Model E Analytical Centrifuge 
equipped with Rayleigh Interference Optics. After 20 hours 
fringes were recorded on Spectroscopic II-F plates, and the 
upward displacement measured with a microcomparator. 
Molecular weights at each point were calculated as described 
by Yphantis (1964). 
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Figure 6. Electrophoretic Migration Pattern of SMV-Protein 

Approximately 2 mg of SMV-virus in 1 ml of water 
were dissociated with 1% SDS and heat, and 20-30 (-il of these 
preparations were applied to 15% polyacrylamide gels. 
Electrophoresis was for 4 hours at approximately 8 ma/gel. 
After fixing with 20% sulfosalicylic acid for 12-16 hours, 
staining with 0.025% Coomassie Blue for 4-6 hours, and 
destaining with 7% acetic acid, the gels were scanned at 
560 mu in a Gillford Model 240 Spectrophotometer. Figure 6b 
represents the pattern for the same protein preparation as 
used for Figure 6a except that urea was added to the protein 
in a final concentration of 4M before applying to the gels. 
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shows three of the four protein bands which were produced 

upon the dissociation of SMV by heat and SDS; the fourth and 

fastest migrating band did not appear on the trace but could 

be seen when the gel was placed in front of a backing such 

as white paper. Figure 6b shows the same virus preparation 

as in Figure 6a except that the relative amounts of protein 

in the bands were altered by the addition of urea to the 

protein solution before application onto the gels. Less 

protein appeared in the two slower bands (1 and 2) while 

more protein migrated in the two faster bands (3 and 4). In 

addition, enough protein was disaggregated by the urea so 

that the fourth and fastest band would appear in the trace. 

Figure 7 shows a standard curve which was obtained 

by plotting the log of the molecular weight of hemoglobin, 

trypsin, and pepsin against their mobilities (Weber and 

Osborn, 1969; Dunker and Rueckert, 1969). From standard 

curves such as Figure 7 the molecular weight of the bands of 

SMV-protein preparations was extrapolated. The values of 

approximately 30,000 for the fastest band, 56,000 for the 

second fastest band, 82,000 for the third fastest band, and 

87,000 for the slowest band represent the average of three 

runs on one virus preparation of each strain. 

The results of this experiment were surprising as 

four protein bands were not expected, and their appearance 

complicates the interpretation of the molecular weight of 

SMV-protein by electrophoresis. The results could mean that 



Figure 7. Semi-Log Plot of Molecular Weight Against Relative Electrophoretic 
Mobilities of Reference Proteins 

Separate preparations of hemoglobin, pepsin, and trypsin at 2 mg/ml were 
prepared and run under the same conditions as described for Figure 6. 
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Figure 7. Semi-Log Plot of Molecular Weight Against Relative Electrophoretic 
Mobilities of Reference Proteins 
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the virus protein preparations were contaminated with host 

protein(s); however, this is unlikely as the virus prepara

tions were chromatographed on Sepharose columns which would 

separate protein molecules from virus particles. The 

results could also mean that more than one kind of protein 

is associated with the virus particle; however, only one 

kind of protein has been found associated with the plant 

viruses examined so far (Fraenkel-Conrat, 1968). The third 

interpretation is that the various bands represent aggrega

tion states of the virus protein. Although the first two 

possibilities cannot be eliminated, the aggregation possi

bility is favored, as protein molecules are known to 

aggregate under these conditions (Dunker and Rueckert, 

1969). In addition, the shifting of amounts of protein to 

lower molecular weight material upon addition of urea 

implies that the bands are aggregation states of related 

material. 

Amino Acid Analyses 

When Mazzone et al. (1962) conducted amino acid 

analyses on undegraded SMV-particles, no information on the 

exact number of amino acids in the coat protein was avail

able as tryptophan and cysteine values were not determined 

and glycine values were high probably due to breakdown 

products of viral RNA which would also be hydrolyzed in the 

preparation. In addition, no attempt was made to determine 
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what the minimal molecular weight was nor whether the 

minimal molecular weight is the actual molecular weight of 

the protein subunit. No attempt was made to determine the 

C- and N-terminal residues of the protein. Many of these 

characteristics were determined and are reported here and in 

subsequent sections. 

The results of amino acid analyses made on SMV-

protein of both strains are presented in Table 4. The 72 

hour hydrolysis values were used in the average for arginine, 

isoleucine, and valine. In the cases of threonine and serine 

the values obtained by extrapolation to zero hydrolysis time 

were used. Based on 12 phenylalanine residues, the minimum 

molecular weight calculated for SMV-protein is about 29,000, 

and the C strain contains 233 amino acids as compared to 235 

amino acids for the W strain. The difference in the total 

number of amino acid residues per subunit is that the C 

strain has an additional proline but has one less threonine, 

serine, and isoleucine than the W strain. 

In addition to the amino acid analyses on the pro

tein of both strains, the amino acid composition of top 

component was compared with that of total virus protein. 

Table 5 shows that the ratio of amino acids in the protein 

obtained from all the virus components. 

These results are in contrast with those reported by 

Mazzone et al. (1962) who found that top component differed 

significantly from middle and bottom components in the 



Table 4. Amino Acid Composition and Estimated Molecular Weights of Protein Sub-
units of Two Strains of Squash Mosaic Virus 

C W C W 
Relative Molar Ratio3 Relative Molar Ratioa Assumed Number 

Strain 24 hrb 72 hrb 24 hrb 72 hrb of Residues/ 
Amino Acid Hydrolyzate Value Hydrolyzate Value Subunita 

Lysine 8.9 9.2 9.0 9.3 9 9 
Histidine 3.7 3.8 3.7 3.8 4 4 
Arginine 9.2 9.6 9.3 9.5 10 10 
Aspartic Acid 25. 3 25.3 25.1 24.6 25c 25c Threonine 19.3 18.6 19.8 17.8 20 2lc 
Serine 15.8 13.9 16.5 13.9 17C 18 
Glutamic Acid 18.2 18.5 18.5 18.0 19 19 
Proline 11.6 12.0 11.1 11.3 12 11 
Glycine 14.8 15.1 15.3 14.7 15 15 
Alanine 22.0 22.3 21.7 22.0 22 22 
Valine 10.2 11.1 9.8 10.6 11 11 
Methionine 4.8 4.9 5.1 4.6 5 5 
Isoleucine 16.2 17.2 16.4 17.8 17 18 
Leucine 23.3 23.2 23.0 23.1 23 23 
Tyrosine 3.9 2.9 4.0 3.9 4 4 
Phenylalanine 12.0 12.0 12.0 12.0 12d l2d Tryptophan . < < 
Cysteic Acid 4 4 

Total Residues 233 235 

Molecular Weight (No NHg) 29,200 29,400 
a 
, Based on phenylalanine as 12. 
Average of three analyses. 

cObtained by extrapolation to zero hydrolysis time. 
^Determined spectrophotometrically. 
Value obtained on separate analyses of perfprmic acid oxidized protein. 



Table 5. Amino Acid Composition of Top Component and Total 
Virus Protein 

Relative Molar Ratioa 

Strain 
Amino Acid 

Total Topb Total Topb Top/Total 
Strain 

Amino Acid C W C W 

Lysine 8.9 9.0 9.1 9.0 1.01 0.99 

Histidine 3.7 4.0 3.7 3.8 1.08 1.03 

Arginine 9.2 10.0 9.3 9.8 1.09 1.05 

Aspartic Acid 25. 3 25. 3 25.1 24.7 1.00 0.98 

Threonine 19.3 19.1 19.8 18.7 0.99 0.94 

Serine 15.8 16.0 16.5 16.5 1.01 1.00 

Glutamic Acid 18.2 19.1 18.5 18.9 1.05 1.02 

Proline 11.6 11.5 11.1 11.4 0.99 1.03 

Glycine 14.8 15.3 15.3 15.9 1.03 1.04 

Alanine 22.0 22.3 21.7 22.6 1.01 1.04 

Valine 10.2 10.0 9.8 10.0 0.98 1.02 

Methionine 4.8 3.8 5.1 4.4 c c 

Isoleucine 16.2 15.4 16.4 16.1 0.95 0.98 
r 

Leucine 23.3 22.4 23.0 22.6 0.96 0.98 

Tyrosine 3.9 4.0 4.0 4.0 1.03 1.00 

Phenylalanine 12.0 12.0 12.0 . 12.0 1.00 1.00 

a 

Based on 24 hour hydrolysis times. 

Id Average of two analyses. 

c Methionine was excluded in this comparison as its 
degradation products were observed. 
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values of alanine, arginine, methionine, serine, and 

threonine. This difference in amino acid composition of 

top component and the rest of the virus components was 

probably due to contaminating host protein as no difference 

was found when chromatographed virus was used in the present 

work. In fact, when SMV was purified by differential 

centrifugation (as were the preparations of Mazzone et al.),' 

it was shown by molecular sieve chromatography that the 

virus preparations still contained host protein. Therefore, 

contaminating host protein is the most obvious reason for 

the discrepancy between the work of Mazzone et al. (1962) 

and the work presented here. 

Peptide Mapping 

As shown in Table 4, there should be 9 lysines and 

10 arginines per minimal subunit of SMV-protein. Treatment 

of such a subunit with trypsin (which cleaves on the carboxyl 

side of lysine and arginine) should produce twenty peptides 

unless some of the lysines and arginines are adjacent or 

terminal in the amino acid sequence of the protein. As 

Figure 8 shows, twenty-two spots were found on the peptide 

map of the protein from both the C and W strains. These 

results indicate that there probably is no difference between 

strains in the lysine and arginine content of the protein 

and that the minimal molecular weight which was calculated 

from amino acid analyses may be the actual molecular weight 



Figure 8. Diagram of a Typical Peptide Map Obtained with a 
.Tryptic Digest of 8 mg of SMV-Protein 

Chromatography was run in isopropanol:37% ammonia, 
2:1, for 3 hours, on an Adsorbosil-5 thin layer plate. The 
plate was dried, turned 90°, and chromatographed for 3 hours 
in butanol:acetic acid:water:formic acid, 4:1:1:1. The spots 
indicated are ninhydrin positive. X indicates very strongly 
ninhydrin positive. 
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Figure 8. Diagram of a Typical Peptide Map Obtained with a 
Tryptic Digest of 8 mg of SMV-Protein 
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of the SMV-protein. Although two more ninhydrin-positive 

spots were observed than expected, it is possible that these 

arose from incomplete digestion of the viral protein. 

End Group Analyses 

Analyses for the C-terminal amino acid residue of 

SMV-protein were made both by carboxypeptidase treatment and 

hydrazinolysis. Carboxypeptidase A (CPA) releases threonine 

from tobacco mosaic virus strain TS-38 as judged by 

cochromatography on paper with authentic standards. CPA 

releases leucine, serine, and glycine in a 6:3:1 ratio from 

either intact SMV or SMV-protein, and no other amino acids 

were detected. After 1 and 5 hours CPA would release 83 and 

92%, respectively, of the expected C-terminal leucine from 

the W strain, but only 52 and 57%, respectively, were 

released for the same time periods for the C strain. CPA 

treatment would also dissociate some of the virus particles 

as a flocculation was observed when the enzyme was incubated 

with the virus. CPA treatment of lyophilized C strain pro

tein for 50 minutes resulted in a release of 55% of the 

expected amount of leucine from the C-terminal end of the 

protein. Only a trace of leucine and glycine was observed 

for the 0.5 and 5.0 minute incubation times. 

These results suggest that the amino acid sequence 

at the C-terminal end of SMV-protein is -gly-ser-leu; how

ever, caution should be exercised in this judgment as 
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peptide bonds involving glycine are hydrolyzed very slowly 

by CPA (Sanger, 1956). For example, the C-terminal 

sequence of human serum albumin, -ala-ala-ala-gly-leu, 

yielded a release pattern in which the amount of alanine at 

all times exceeded tha amount of glycine. Thus a different 

sequence was suggested. The release of amino acids from 

SMV-protein by CPA also implies that the C-terminal residue 

is not a basic amino acid or proline; basic amino acids are 

not hydrolyzed at all and proline is hydrolyzed very slowly 

from peptide chains. 

Carboxypeptidase B (CPB) would quantitatively 

liberate arginine from peptide I of TMV-protein but would 

not liberate any amino acids from SMV-protein. The failure 

of CPB treatment to release amino acids from SMV-protein 

was expected as the specificity of CPB is for basic amino 

acids at the C-terminal end of peptide chains, and neutral 

amino acids had been liberated by CPA treatment. 

Efforts to corroborate the results of CPA treatment 

by hydrazinolysis were unsuccessful. Hydrazinolysis would 

liberate 47% of the C-terminal threonine from TMV-protein, 

but the same procedure would not liberate any amino acids 

from SMV-protein. No readily available explanation for the 

failure of hydrazinolysis to liberate the C-terminal amino 

acid residue from SMV-protein is apparent as the variables 

of amount of hydrazine added, length of hydrazinolysis 
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treatment, amount of protein treated, and method of protein 

preparation were examined. 

The virus as well as virus protein was investigated 

for N-terminal groups by means of leucine aminopeptidase 

treatment. Under the conditions used 40% of the leucine was 

liberated from the tripeptide leucyl-glycyl-glycine by the 

enzyme, but no free-N-terminal amino acids could be detected 

when SMV and SMV-protein were subjected to the same hydrol

ysis conditions. These results suggest that the N-terminal 

amino acid residue of SMV-protein is blocked. 

Sedimentation Velocity Analyses of Viral RNA 

Viral RNA was obtained by dissociation of the virus 

M 
with 2M GHCjfc. The RNA was dissolved in Y5 PH 7.0 phosphate 

buffer and analyzed in a Model E Analytical Centrifuge. 

Figure 9 shows that two populations of RNA molecules were 

obtained; however, most microdensitometer traces of both 

boundary and band photographs showed a more diffuse 

boundary for the faster sedimenting component. Table 6 

shows the results of the analyses for Sor. values and zu, w 

indicates that the values for both strains are approximately 

the same. For example, the slower RNA component of both 

strains sedimented in phosphate buffer at a rate of 17-18 

Svedberg units while the faster RNA component of both 

strains sedimented in the same buffer at 24-25 Svedberg 

units. In NaCi the slower RNA component of both strains 



Figure 9. Microdensitometer Tracing of SMV-RNA 

The RNA was adjusted to 40 Hg/ml in 0.07M pH 7.0 phosphate buffer and 
centrifuged in a Model E Analytical Centrifuge at 7-10° and 44,000 rpm. The 
ultraviolet photograph was taken 16 minutes after reaching speed and was traced 
on a Beckman Analytrol. 
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Table 6. Sedimentation Constants of SMV-RNA 

SMV was dissociated with 2M GHC£, and the RNA was 
taken up in pH 7.0 phosphate buffer. Centrifugation was 
in a Model E Analytical Centrifuge at 7-10° and 44,000 rpm. 
Ultraviolet photographs were taken at 4-8 minute intervals, 
and S values were corrected to S0_ values. Zu, w 

C W 

Strain Component Slow Fast Slow Fast 

Runs in ̂ 5 7.0 

Phosphate Buffer 

1 18.3 24.2 17.2 24.4 

2 17.7 24.6 17. 3 25.9 

Average 18.0 24.4 17.3 25.2 

Runs in 1M NaC4 

1 27.9 39.5 27.5 39.7 

2 27.5 44.2 • 30.5 45.1 

Average 27.7 41.9 29.0 42.4 



sedimented at 28-29 Svedberg units while the faster RNA 

component of both strains sedimented at approximately 42 

Svedberg units. 

The 18 and 24 Sor. values of SMV-RNA are similar 
A\J ,  W 

to those obtained for BPMV-RNA by Semancik and Bancroft 

(1964); however, these S20l w values appear to be too low 

for RNA molecules which Mazzone et al. (1962) calculated as 

1.6 and 2.4 x 10^ molecular weight. For example, TMV-RNA 
g 

has an value of 32 and a molecular weight of 2 x 10 . zu, w 

(Mandeles and Bruening, 1968). Therefore, some breakage 

may have occurred to the RNA strands. The unusually high 

values of 29 and 42 S2Q w obtained in 1M NaCjJ appear to be 

an effect of low temperature and high salt. Both of these 

conditions cause RNA strands to fold on themselves and thus 

sediment faster (Spirin, 1964). 

When RNAs from three separate virus preparations 

were treated with 3% HCHO in 0.09M Na2HPC>4 + 0.01M NaH2P04 

buffer, and sedimented in the Model E Analytical Centrifuge, 

a single population of RNA molecules was observed. The 

S20 w va^ues 0:E tlle from these virus preparations were 

7.82, 8.83, and 8.11 Svedberg units. When these sedimenta

tion constants were used in Boedtker's equation, Q w = 

0.05M®*^ (Boedtker, 1968), molecular weights of 3.16, 4.26, 

5 and 3.38 x 10 , respectively, were obtained. These 

molecular weight values of SMV-RNA are about the same as 

the molecular weight value obtained for satellite tobacco 
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necrosis virus RNA (Reichmann, 1964); however, there are 

many observations that make it very doubtful that the in 

5 vivo molecular weight of SMV-RNA is 4 x 10 . These observa-

M 
tions are: (l) low S£q w values in -jij PH 7»° phosphate 

buffer; (2) diffuse boundaries on both boundary and band 

photographs; (3) the existence of two populations of RNA 

molecules before HCHO treatment and only one population of 

molecules after HCHO treatment; and (4) low molecular weight 

values as compared to the usual plant virus RNA values 
g 

ranging from 1 to 2.5 x 10 . All of these observations 

suggest that some strand breakage occurred to the SMV-RNA 

molecules. 



SUMMARY AND CONCLUSIONS 

A procedure for the preparation of chromato-

graphically-pure SMV from infected plant tissue was 

developed. The procedure involved a combination of 

techniques including differential centrifugation, 

PEG-NaC£ precipitation, and molecular sieve 

chromatography and produced yields of 50-100 mg of 

virus per gram of infected leaf tissue. The 

procedure was applicable to the common and water

melon strains of SMV. 

Two bands of virus particles were visible in 

preparative CsCji density gradients; only the less 

dense compound of both strains was infectious. In 

analytical CsCJl density gradients, buoyant densities 

of 1.39 and 1.43 g/cc were found for the C strain 

while 1.43 and 1.47 g/cc were found for the W 

strain. These differences may be due to less 

stability of the W strain in CsCZ. 

Sucrose density gradients separated SMV preparations 

into 3 components, a proteinaceous top component and 

2 faster-sedimenting nucleoprotein components. The 

infectivity of fractions taken from the gradient 

correlated to a region where both of the nucleo

protein particles were present. This observation is 

55 
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the basis for the conclusion that at least two 

components are required for SMV multiplication. 

There was no difference "between strains in this 

observation. 

4. Two procedures were found which would produce a 

soluble SMV-protein; these were the GHC4 and SDS 

plus heat methods, and they were useful on both 

strains. 

5. Sedimentation velocity analyses were conducted on 

SMV-protein, and S£Q w values of 2.0 were obtained 

for both strains. 

6. As determined by equilibrium ultracentrifugation, 

the molecular weight of the smallest component in 

6M GHC4 protein preparations from both strains is 

66,000. A comparison of this value with those 

obtained for other plant virus proteins would 

suggest that SMV-protein exists as a dimer in 

6M GHC4. 

7. The approximate molecular weight of SMV-protein as 

obtained by polyacrylamide gel electrophoresis was 

30,000, 56,000, 82,000, and 87,000 for the four 

components. It is suggested that these values 

could represent aggregation states of SMV-protein. 

8. Amino acid analyses of SMV-protein showed that the 

minimum molecular weight was 29,000. The protein 

from C strain had 233 amino acids while the protein 



from W strain had 235 amino acids; the difference in 

total number of residues was an additional proline 

in the protein from C strain while the protein from 

W strain had an extra threonine, serine, and 

isoleucine. 

9. The results of amino acid analyses of top and total 

virus protein enables one to conclude that there is 

no difference in amino acid composition between top 

component and the others. 

10. Fingerprints of the protein from both strains showed 

22 ninhydrin-staining spots. Although no definite 

conclusion was made, this evidence suggests that the 

actual molecular weight of the protein is the same 

as the minimal molecular weight calculated from the 

amino acid data. 

11. Only three amino acid residues were released by 

carboxypeptidase A from the C-terminal end of SMV-

protein; the amounts of leucine, serine, and glycine 

were released in a 6:3:1 ratio. As expected, 

carb&xypeptidase B did not release any amino acids 

from SMV-protein, but, unexpectedly, neither did 

hydrazinolysis. No conclusion as to the sequence at 

the C-terminal end of the protein was drawn from 

these experiments, but the evidence suggests a 

C-terminal sequence of -gly-ser-leu for both strains. 
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12. No amino acid residues were released by leucine 

aminopeptidase from the N-terminal end of protein 

obtained from either strain of SMV; these results 

suggest that there is no free amino group at the 

N-terminal end of SMV-protein. 

M 
13. In Y5 PH 7.0 phosphate buffer S2Q w values of 17-18 

and 24-25 were calculated for the two populations 

of SMV-RNA molecules. The S_ values were 28-29 /tv, w 

and 42 when the RNA was centrifuged in 1M NaCji. In 

both cases strand breakage was evident, and when the 

RNA was treated with 3% HCHO, one population of RNA 

molecules sedimented which had an average molecular 

5 weight of 4 x 10 . This value is considered to be 

too low for the actual molecular weight of SMV-RNA. 
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