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STELLINGEN 

1. De wijze waarop Darwish en medewerkers de weerstand van tinsulfide films op 

tin meten is onjuist en hun interpretatie van de resultaten is twijfelachtig. 

Darwish, N.A., Khairy, E.M., Allan, A.M. en Mahgoub, A.E. (1977). 
Journal of Electroanalytical Chemistry 83_, 99-109. 

2. De procedure voor het hechten van nucleinezuren aan geactiveerde poly-

sacchariden zoals beschreven door Potuzak en Dean is niet geschikt voor 

ribonucleinezuren. 

Potuzak, H. en Dean, P.D.G. (1978). Nucleic Acid Research _5, 297-303. 

3. Met het meten van de polarisatiegraad als funktie van de tijd kan geen 

onderscheid gemaakt worden tussen de twee modellen voor tijdsafhankelijke 

depolymerisatie van de fluorescentie, die door Dale en medewerkers zijn 

voorgesteld. 

Dale, R.E., Chen, L.A. en Brand, L. (1977). Journal of Biological 
Chemistry 252, 7500-7510. 

4. De bepaling van de kernspin relaxatietijden T. en T van water protonen 

in weefsel is niet geschikt voor de diagnose van kankergezwellen en 

tumoren. / 

Swartz, H.M. (1978). Journal of Magnetic Resonance 29, 393-396. 

5. Het ontbreken van een verklaring voor het verschil tussen twee zuur-base 

titratie curven van brome mosaic virus in het artikel van Pfeiffer en 

Durham maakt de conclusies ongeloofwaardig. 

Pfeiffer, P. en Durham, A.C.H. (1977). Virology 81, 419-432. 

.... 1% 
6. Het gebruik van de extinctiecoefflcient E_,„ = 338,4 voor de bepaling e 260 nm ° 

van de concentratie van intact oowpea ohlorotio mottle virus ribonucleine-

zuur is onjuist. 

Bancroft, J.B., Hiebert, E., Rees, M.W. en Markham, R. (1968). 
Virology 34, 224-239. 
Adolph, K.W. en Butler, P.J.G. (1977). Journal of Molecular Biology 109, 
345-357. 



7. De conclusie van Adolph en Butler dat bij hun methoden om eowpea dhtorotio 

mottle vivus te assembleren geen divalente ionen zijn vereist, in tegen-

stelling tot de methode van Bancroft en Hiebert, volgt niet uit hun 

resultaten. 

Bancroft, J.B. en Hiebert, E. (1967). Virology 32, 354-356. 
Adolph, K.W. en Butler, P.J.G. (1977). Journal of Molecular 
Biology 109, 345-357. 

8. Het is niet alleen wenselijk de experimenten over de specificiteit van de 

reaktie tussen het RNA en het manteleiwit van eowpea ohlorotio mottle virus 

te ondersteunen met kinetische gegevens van de associatiereaktie, doch ook 

gebruik te maken van de heterologe RNAs met eenzelfde moleculaire massa. 

Adolph, K.W. en Butler, P.J.G. (1977). Journal of Molecular 
Biology 109, 345-357. 
Driedonks, R.A. (1978). Proefschrift, Universiteit van Leiden. 
Herzog, M. en Hirth, L. (1978). Virology 86, 48-56. 

9. Scheiding van de nucleoproteine deeltjes van komkommermozaiekvirus na even-

wichtscentrifugering van 28 mg virus in 1,3 g RbCl opgelost in 2,2 ml 0,02 M 

natriumfosfaat, 0,01 M EDTA pH 7,0 moet worden betwijfeld. 

Lot, H. en Kaper, J.M. (1976). Virology 74, 223-226. 

10. Onderzoek dient te worden beoordeeld op basis van de probleemstelling en de 

oplossing daarvan en niet op basis van het aantal publikaties dat jaarlijks 

verschijnt en het aantal malen dat deze publikaties door andere onderzoekers 

geciteerd worden. 

11. Het verwisselen van de termen peuterspeelzaal en creche dient te worden 

vermeden. 

B.J.M. Verduin 

Characterization of eowpea chlorotic mottle virus and its assembly 

Wageningen, 3 november 1978. 
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Abbreviations and symbols. 

AET 

AMV 

A-protein 

A-protein 

Assembly buffer 

B 

BBMV 

Bentonite 

BMV 

BSMV 

°C 

c 

cal 

CCMV 

CD 

CMI/AAB 

AD 

DEP 

DIECA 

Dissociation buffer 

DTT 

1% 
260 nm 

EDTA 

EGTA 

Fluorinert 

AG 

AH 

h 

2 - aminoethylisothiouronium bromide hydrobromide 

alfalfa mosaic virus 

Bacteriophage-attachment or maturation protein; structural 
component of bacteriophage, one copy per virus particle. 

TMV - alkali protein; a mixture of oligomers of the 
structural coat protein subunit (n = 1 to 7). 

10 mM Tris-HCl, pH 7.4 
10 mM KC1 
5 mM MgCl„ 
1 mM DTT 

second virial coefficient 

broad bean mottle virus 

clay used to adsorb RNase 

brome mosaic virus 

barley ̂ tripe mosaic virus 

degree Celcius 

concentration 

4. 184 joules 

cowpea chlorotic mottle virus 

circular dichroism 

Commonwealth Mycological Institute/Association of Applied 
Biologists 

optical density difference between the left and right 
circular polarized components of light 

diethylpyrocarbonate 

diethyldithiocarbamate 

50 mM Tris-HCl, pH 7.4 
1 M NaCl 
1 mM DTT 

dithio_threitol 

extinction of a 1% solution at 260 nm and an optical 
pathlength of 1 cm 

ethylenediamine tetraacetic acid 

ethyleneglycol-bis (2-aminoethylether) tetraacetic acid 

FC-48, trade mark of 3 M Co; a heavy chase solution 
(p = 1.93 g/cm ) for use with ISCO density gradient 
fractionator 

free energy change 

enthalpy change 

hour(s) 



ISCO 

°K 

kj 

1 

M 

M 
o 

M 
w.app 

M 
w,o 

Macaloid 

mCi 

2-ME 

min 

MSE 

MW 

n 

25 

ORD 

PEG 

poly (A) 

poly (U) 

PT 

PT-D 

PVX 

r 

R 

rev/min 

RNA 

RNase 

s 

0 
S20,w 

S 

AS 

SDS 

sec 

Instrumentation Specialties Co. 

degree Kelvin 

kilojoules (1 joule = 0.239 cal) 

optical path length 

molecular weight 

mean residue weight 

apparent weight average molecular weight 

weight average molecular weight at c = o 

clay used to adsorb RNase 

-3 

milliCurie; 10 Curie. The Curie is the unit of radio

active decay: 3.7 x 10 desintegrations per second 

2-mercaptoethanol 

minute(s) 

Measuring Scientific Equipment 

molecular weight 

degree of polymerization 

refractive index at 25 C and the sodium D line 

optical rotatory dispersion 

polyethylene glycol 

polyadenylic acid 

polyuridylic acid 

pseudo top component (52 S) 

pseudo top doubles (110 S) 

potato virus X 

radius of spherical particle or distance from axis of 
rotation 

gas constant, 8.31439 joules deg mol 

revolutions per minute 

ribonucleic acid 

ribonuclease 

sedimentation coefficient 

s corrected for water as solvent at 20 C and extrapolated 
to zero concentration 

-13 
Syedberg unit of sedimentation, 10 seconds 

entropy change 

sodium dodecyl sulphate 

second(s) 



SW swinging bucket rotor 

T temperature, K 

T _triangulation number 

TBSV _tomato bushy jstunt virus 

TMV tobacco mosaic virus 

TNV tobacco necrosis virus 

TRV tobacco rattle virus 

Tris tris(hydroxymethyl)-aminomethane 

TYMV turnip yellow mosaic virus 

UV ultraviolet 

v partial -specific volume 

virus buffer 0.1 M sodium acetate, pH 5.0 
1 mM sodium azide 
1 mM EDTA 

2 
(9) mean residue molar ellipticity in degrees centimeter 

per decimol 

X wavelength 

U ionic strength 

\i micro-

p density of the solution 

p density of the solvent 

u) angular velocity, radians/sec 
f 2 

f 
r 

MS 2 

Q3 

R.7 

v2 

RNA bacteriophages belonging to the Leviviridae 
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1. INTRODUCTION 

The smaller spherical viruses consist of one or a few nucleic acid molecules 

encapsulated by a protein coat, a capsid, built up of a distinct number of function

ally equivalent structure units (Watson and Crick, 1956; Caspar and Klug, 1962). 

The structure unit may contain one or a few different polypeptide chains, but all 

structure units are similar. Larger spherical viruses may be surrounded by mem

branes and additional protein layers, but this survey is centered to the smaller, 

simple viruses. 

Upon penetration of a new virus into a susceptible host cell, uncoating of 

the virus particle takes places i.e. the protein capsid dissociates and the viral 

nucleic acid is released. The nucleic acid, which constitutes the virus genome, 

directs in the cell the replication of viral nucleic acid and the synthesis of 

virus specific proteins including coat protein. Finally the newly synthesized 

nucleic acids are encapsulated by virus coat proteins, which forms a protective 

coat around the nucleic acid. This last step in the virus multiplication process 

is called the assembly. 

For some plant viruses like the bromoviruses this assembly can be mimicked 

in vitro under appropriate solvent conditions, without any further external infor

mation. The design and stability of the structure is only determined by the speci

fic bonding of its parts: coat protein and nucleic acid. This assembly process 

distinguishes itself from template assembly, e.g. the formation of a prohead of 

bacteriophage T,, in which an internal protein core apparently plays a scaffold

ing role (Casjens and King, 1975), and enzymic assembly, e.g. maturation of the 

prohead by proteolytic cleavage of the major capsid protein (Casjens and King, 1975). 

The structures, formed during the assembly process, must be biologically active 

and have to retain the ability to dissociate and to release the nucleic acid, 

when infecting a new plant cell. Knowledge of the dissociation and assembly 

process of viruses in vitro may yield more understanding of how viruses perform 

their biological function in vivo. 

Cowpea chlorotic mottle virus (CCMV) a bromovirus has been chosen as the 
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research object for the following reasons: 

1. CCMV is a small icosahedral virus consisting of four nucleic acid molecules 

encapsidated by 180 identical polypeptide chains. The four RNA molecules have 

been numbered 1 through 4 in order of decreasing size. RNA-1 and RNA-2 are 

encapsulated separately in a protein coat, while RNA-3 and -4 form one nucleo-

protein particle (Bancroft and Flack, 1972). The three largest RNA molecules are 

the minimum set required for infectivity (Bancroft, 1971b). The smallest RNA 

molecule, which contains the coat protein cistron and is presumably the messenger 

for in vivo coat protein synthesis, is not required for infectivity, but is 

regenerated upon infection. The capsid protein cistron is also in RNA-3, but it 

is not translated in vitro to produce capsid protein (Lane, 1974). So only four 

RNA molecules and one type of polypeptide chain are comprising purified and in

fective CCMV preparations. 

2. CCMV can be assembled from its isolated RNA and coat protein to form infective 

nucleoprotein particles which are resistent to exonuclease (Bancroft and Hiebert, 

1967). Also conditions have been described where isolated dissociated coat protein 

aggregates into an empty protein shell (Bancroft et al., 1968b). 

3. The split-genome nature of CCMV gives rise to some interesting questions about 

regulation of assembly. How are RNA-3 and -4 encapsidated together into one nucleo

protein particle? Does the coat protein recognizes the four homologous RNA mole

cules? 

4. CCMV can easily be purified in relatively high yield (0.4 mg nucleoprotein per 

gram of wet tissue) from infected plants. 

The objective of this investigation was to study the assembly of a spherical 

plant virus and characterize the assembled nucleoprotein particles. Attention was 

focused on conformational changes accompanying dissociation and assembly of nucleo

protein particles and the function of RNA-4 in the nucleoprotein particle con

taining RNA-3. 

For tobacco mosaic virus it has been demonstrated that, an aggregate of 34 

coat protein subunits, called the disk, recognizes the homologous RNA and forms an 

initiation complex in the assembly process. The high affinity of the coat protein 

for the RNA makes it possible for the protein to select its RNA from a pool of 

different RNA molecules in the plant cell. In the case of spherical plant viruses 

the existence of an initiation complex acting as a starting mechanism in assembly 

has not been detected so far. 

A brief outline of the principles governing the construction of viruses is 
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given in chapter 2. According to these principles only few types of subunit aggre

gation and intersubunit bond variation may occur. Furthermore a description of 

the assembly of tobamoviruses, Leviviridae and bromoviruses is given, and in 

particular protein-RNA recognition and interaction are compared. This chapter is 

ended with a listing of the possible interactions, which stabilise the nucleo-

protein particles. 

A prerequisite for studying the assembly of a virus is starting material 

of constant quality. Apart from this quality a thorough knowledge of the charac

teristics of virus, RNA and protein is required in order to characterise the 

assembled products. Chapter 3 describes the conditions for isolation and storage 

of intact virus and RNA, and their characterization. The use of reducing agents, 

which protect the virus and coat protein from being oxidised, caused in situ 

degradation of RNA. This degradation could effectively be prevented with chelating 

agents. 

In chapter 4 some procedures for the isolation of CCMV coat protein are 

described. The CaCl„ method yields high concentrations of RNA-free protein, even 

when isolation has to be carried out in the presence of in situ degraded RNA. 

This chapter also contains a description of the conditions for the formation of an 

empty protein shell. 

In chapter 5 the partial specific volumes and the circular dichroism of 

CCMV, its protein and RNA are compared to obtain information about the conformation 

of the RNA and the protein in situ and in solution. The dissociated protein is 

characterized by sedimentation equilibrium experiments. 

The several types of aggregate of the coat protein subunit, formed after 

changing pH and ionic strength of the solution, did not comprise an aggregate 

of size intermediate between the dimer and the capsid. This hypothetical inter

mediate, like the disk with TMV is presumed to be involved in the initiation 

process of assembly. Assuming an irreversible change in the isolated coat protein 

after dissociation at pH 7.5, whole virus was dissociated and analysed for the 

presence of an RNA-protein complex. 

Chapter 6 describes the pH- and salt-dependent dissociation of CCMV and the 

occurrence of a RNA-protein complex containing 4 to 8 protein subunits per RNA 

molecule. The RNA-protein complex obtained after dissociation of CCMV was used for 

reassociation. The nucleoprotein particles obtained by this dissociation-asso

ciation method have been compared with the nucleoproteins obtained by the known 

assembly procedures (Bancroft and Hiebert, 1967; Adolph and Butler, 1977). The 

results are described in chapter 7. 

In chapter 8 the general importance of the in situ RNA degradation is 
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discussed. Next some structural and functional aspects of the coat protein dimer 

are compared with the present data about assembly. Furthermore suggestions for 

future research with regard to RNA-protein interactions and the function of 

RNA-3 and -4 in the assembly process are presented. 

A part of the results presented in this thesis (Chapter 3 and 4) has al

ready been published (Verduin, 1974; Verduin, 1978b). Chapter 6'will be submitted 

for publication with L. Visser and C.J.M. Saris as co-authors and Chapter 7 will 

be submitted with A.J.M. Stams as co-author. Therefore the chapters of this thesis 

are presented in the form of a paper with omission of acknowledgements and refe

rences, which are gathered at the end of this thesis. 
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2. LITERATURE REVIEW ON THE ASSEMBLY OF VIRUSES 

The assembly of viruses has been reviewed in several publications: some of 

them dealing with single viruses or virus groups: spherical plant viruses 

(Bancroft, 1970); simple RNA bacteriophages (Hohn and Hohn, 1970); bromoviruses 

(Lane, 1974); tobacco mosaic virus (Butler and Durham, 1977); others covering the 

whole area of virus assembly (Leberman, 1968; Fraenkel-Conrat, 1970; Eiserling 

and Dickson, 1972; Hershko and Fry, 1975; Casjens and King, 1975; Bouck and Brown, 

1976). 

For a better understanding of the following chapters a brief review of 

literature pertaining to virus structure, the assembly of tobamoviruses, spherical 

RNA bacteriophages (Leviviridae), bromoviruses and factors influencing assembly in 

general is given. The three virus groups are compared regarding the occurrence of 

a starting mechanism for assembly by formation of a specific initiation complex 

of RNA and coat protein and the driving force of the assembly process. In several 

cases details of isolation or assembly conditions of the three virus groups are 

given in order to allow comparison with the present-day assembly conditions and 

to demonstrate similarities among the different groups. 

Virus structure. 

Protein subunits in the shells of simple viruses are arranged according to 

a few basic principles (Crick and Watson, 1956; Caspar and Klug, 1962). The first 

principle is specificity; the design and stability of the subunits enforce assembly 

into organized structures without a template or other specific external control. 

The second principle is economy: large structures are composed of many copies of 

a few kinds of subunit. In the case of small viruses, economy is enforced by the 

size of their nucleic acid, sufficient to encode only one or a few structural 

proteins (Watson and Crick, 1956). These principles together imply symmetry: 

specific, repeated bonding patterns for identical building blocks lead to a symme

trical final structure. The simplest viruses thus exhibit either helical symme

try, for rod-like structures, or icosahedral symmetry, for spherical structures. 
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T=1 T = 3 T = 4 

Fig. 2.1. Lattices of T = 1, 3 and 4 particles viewed along the 5, 3 and 2 fold 
icosahedral symmetry axes. The triangulation number T represents the mean number 
of triangles per icosahedral face. T = 1 represents the icosahedron. 
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Icosahedral symmetry implies exactly sixty equivalent locations visualized 

in the three corners of each of the 20 equilateral faces of an icosahedron (see 

Fig. 2.1, T = 1). All bonding angles between the protein subunits are identical. 

However a large number of viruses are built from multiples of sixty chemically-

identical proteins. Thus, the construction of large, self-assembling structures 

requires a certain flexibility in the subunits to enable them alternative modes of 

bonding to their neighbours or of some degree of internal bending, visualized in 

the hexamer and pentamer clustering of the coat protein subunits (see Fig. 2.1, 

T = 3). This flexibility is called quasi-equivalence (Caspar and Klug, 1962). 

By this principle of quasi-equivalence icosahedral lattices can be built in 

which the protein subunits are arranged according to the socalled triangulation 

number (Caspar and Klug, 1962). The triangulation number T represents the mean 

number of triangles per icosahedral face. Only a limited number of values for T 

are allowed in building a protein shell, like T = 1, 3, 4, 7, 9, etc. In Fig. 2.1 

the lattices with triangulation numbers 1, 3 and 4 are shown, viewed along the 

characteristic icosahedral 5-, 3- and 2- fold symmetry axes. In each triangle 

3 protein subunits may be located giving a total of subunits of 60, 180 and 240 

for T = 1, 3 and 4 lattices respectively. 

Different arrangements of the identical subunits in the icosahedral lattice 

are possible. Depending on their positions relative to the symmetry axes of the 

icosahedron, a dimer, trimer or a hexamer/pentamer clustering of structural sub-

units can be distinguished. These clusters are called morphological subunits 

(capsomers), due to their appearance in the electron microscope (Caspar and Klug, 

1962). 

In general, assembly of biological structures involving identical protein 

subunits and RNA are characterised by three steps: initiation, where protein and 

RNA recognize and form a complex, which starts further aggregation; elongation and 

termination, where either the length of the RNA molecule or the geometry of the 

assembled product limits further binding of protein. The last two steps are quite 

obvious for linear growth around a RNA molecule (see next section for assembly of 

tobacco mosaic virus), while the formation of a shell requires more imagination 

with regard to steps intermediate initiation and termination (Crane, 1950). 

Occurrence of half shells has not been demonstrated. Assembly into a sphere 

appears to be an all or nothing process, which is highly cooperative. 

Tobcanoviruses. 

The in vitro reassembly of infective tobacco mosaic virus, particles (TMV, 
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type member of the tobamoviruses) first reported in 1955 by Fraenkel-Conrat 

and Williams, is the prime example of self-assembly of a biological system. 

Fraenkel-Conrat and Williams (1955) carried out their reconstitution experiments 

by mixing a 1% (w/v) protein solution with one tenth its weight of TMV-RNA at 

pH 6 in 0.03 M acetate at 3 C for at least 24 hours. Since then the assembly 

process has been investigated in numerous studies, which have been recently sum

marized by Butler and Durham (1977). 

Only the essential aspects will be described for the type member of the 

tobamovirus group, unless stated otherwise. The TMV particle is a rigid hollow 

cylinder with a discrete length of about 300 nm and an inner diameter of 3.6 nm 

(Caspar, 1963). Its molecular weight is about 40 x 10 , and it contains about 5% 

RNA (of molecular weight 2.1 x 10 ). The protein subunits (of molecular weight 

17,400) are arranged in a single start helix with a pitch of 2.3 nm and 16.34 

subunits per turn. The single stranded RNA molecule, which is in an open state 

and moderately extended, is intercalated between the turns of the protein helix 

at a radius of 4.0 nm, with three nucleotides per protein subunit. The RNA molecule 

determines the length of the virion, running for the whole length (with perhaps a 

ring of 17 protein subunits at each end to seal in and protect the ends of the 

RNA). 

Protein obtained by either the acetic acid method (Fraenkel-Conrat, 1957) 

or the alkali method (Schramm et al., 1955, Fraenkel-Conrat and Williams, 1955) 

can reassociate into different oligomeric and polymeric aggregates of the coat 

protein subunit depending on protein concentration, pH, ionic strength or 

temperature of the solvent. Apart from the helical polymer (< 40 S, 'at low pH, 

high ionic strength and high temperatures) and the A-protein (4 S, at high pH, 

low ionic strength and low temperature) an oligomeric unit, called the disk 

(20 S, at neutral pH, moderate ionic strength and room temperature), containing 

34 protein subunits has been observed. This protein oligomer occurs at physiologi

cal conditions as intermediate between A-protein and helix and appears to play a 

crucial role in the initiation of the assembly process of RNA and protein 

(Butler and Klug, 1971). The disk, comprising two rings of 17 subunits each, 

recognises a certain region of the RNA molecule. It appears probable that this 

specificity in vitro also occurs in vivo since less than 2% of the RNA in virus 

preparations comes from the host cell (Siegel and Huber, 1970; Siegel, 1971) 

and in mixed infections only very low concentrations of particles with masked 

genomes have been obtained: potato virus X - potato virus Y - tobacco mosaic 

virus (Goodman and Ross, 1974) and barley stripe mosaic virus - tobacco mosaic 



virus (Dodds and Hamilton, 1974). Some genomic masking occurs if one of the 

virus coat proteins is inactive or absent (Atabekova et al., 1975). The probabili

ty of non-specific interaction is higher at the elongation (Talliansky, Atabekova 

and Atabekov, 1977), than at initiation of reconstitution. 

At present the following sequence of assembly steps is hypothesised based on 

observation in the electron microscope (Otsuki et al., 1977; Ohno et al. , 1977; 

Ohno et al., 1977; Butler et al., 1977; Lebeurier et al., 1977) and sequencing of 

encapsidated RNA regions (Zimmern and Wilson, 1976). A loop of RNA, located approxi

mately 1000 nucleotides from the 3'-terminus, inserts into the central hole of the 

disk, rearranging the two layers of the disk into a starting helix. Subsequently 

elongation takes place in the direction of the 5'-end by addition of coat protein 

either in the form of disks or of A-protein. Hereby the unencapsidated RNA is 

supposed to be pulled through the central hole of the already formed rod before it 

is moulded into a helix. Partly reassembled TMV particles therefore should show 

in the electron microscope a rodlike appearance with two RNA strands protruding 

from the same end of the nucleated rod which has been demonstrated by Lebeurier 

et al. (1977) and Butler et al. (1977). After finishing assembly in the direction 

of the 5'-end as a result of the length of the RNA molecule, assembly proceeds 

towards the 3'-terminus making the virus particle RNase resistent (Ohno et al., 

1977). 

The driving force for protein-polymerization processes has been attributed 

to the increase in entropy of solvent molecules as a consequence of hydrophobic 

binding (Lauffer, 1975). Hydrophobic groups dissolved in water structurise the 

surrounding water molecules thereby diminishing the translational and rotational 

freedom of the water molecules i.e. the entropy of water. Clustering of these 

hydrophobic groups decreases their area of contact with water and consequently 

leaves more water molecules to move free. This increase in entropy of water 

(A S > 0) causes hydrophobic groups to turn away from water spontaneously; they 

form a "hydrophobic bond" (A G < 0 according to A G = A H - T A S). Stevens and 

Lauffer (1965), demonstrated the release of approximately 30 water molecules 

per protein subunit upon polymerization of the coat protein into a helix. From 

calorimetric studies on this polymerization process positive values of A H were 

obtained (Stauffer et al., 1970; Srinivasan and Lauffer, 1970), indicating an endo-

thermic polymerization. These results, together with similar results on other 

polymerizing systems, forced Lauffer (1975) to make the following statement: 

"All endothermic polymerization processes have to be water entropy-driven". 

This driving force does not exclude H-binding, ion-pair formation or Van der 

Waals interaction to take part in the interaction of protein with nucleic acid. 

19 



It is probable that these types of interaction are involved in the specificity 

of the reaction (Chothia and Janin, 1975). 

From X-ray diffraction studies of crystals of the disk (Champness et al., 

1976) and of fibers of the nucleoprotein (Stubbs et al., 1977; Holmes et al., 

1975) the secondary and tertiary structure of the protein and the nucleic acid 

have been determined. In the disk the protein subunit consists of 4 radially 

oriented a-helices connected by random coil structures. The interior of the disk 

adjacent to the central hole could not be detected by X-ray diffraction analysis 

of crystals due to high internal mobility of this region. The binding of RNA to 

the disk causes a conformational transition in the polypeptide chain. One of the 

four radial a-helices is elongated and also a new helical stretch is formed. 

This a-helix orients parallel to the cylindrical axis and creats a rigid wall 

which separates the RNA from the central hole. This conformational change is also 

observed when the disk is polymerized into a helical rod by lowering the pH and 

is confirmed by circular dichroism measurements (Schubert and Krafczyk, 1969). 

Formation of the a-helix parallel to the cylindrical axis is attended with 

the location of 4 acidic and 2 basic amino acid residues in an hydrophobic 

environment near the inner radius of the protein. This clustering of mainly 

carboxyl groups is called the "carboxyl cage" (Stubbs et al. , 1977). The hydro

phobic environment causes the carboxyl groups to deprotonate two pH units above 

their normal pK of 4.6. It explains the anomalous acid-base titration behaviour 

(Caspar, 1963), whereby near pH 7.0 several protons are released, which cannot be 

accounted for by histidine residues because histidine is absent in TMV. The 

delayed proton release of carboxyl groups has also been observed with several 

other plant viruses: CCMV (Jacrot, 1975), BMV (Pfeiffer and Durham, 1977), 

potato virus X (Shaw, 1997) and tobacco rattle virus (Durham and Abou Haidar, 1977). 

The RNA molecule lies between subunits in successive turns of the virus 

helix so that the binding site is in two halves, between the top of one subunit 

and the bottom of the next. One half is the base binding site, located on one of 

the four radial helices. This helix has a large number of hydrophobic aliphatic 

residues, which form three faces to bind the three bases. The other half of the 

binding site is a helix providing three arginines to form ion pairs with the 

three phosphate groups. 

The present view on assembly agrees well with the present knowledge of 

replication and translation of TMV-RNA. The region of the RNA which has a high 

affinity for the coat protein is located just left of the 5'-end of coat protein 

cistron. The binding of the protein may regulate the processing of the RNA to 

prevent formation of coat protein messenger. Such repression of viral non-coat 
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protein synthesis by coat protein has been demonstrated with RNA bacteriophages 

and will be described in the following section. 

Levivividae. 

A second group of viruses of which assembly has been studied comprises the 

isometric ribophage group. These socalled Leviviridae are characterised by icosahe-

dral particles with a diameter of about 25 nm (Fenner, 1976). Members of this family 

are f , f„, MS„ and QB. The genome consists of one molecule of singlestranded RNA 
^ 6 

with a molecular weight of about 1.2 x 10 and is surrounded by 180 identical 

protein subunits. A third phage structural component, the A-protein or maturation 

protein is necessary to obtain infectious virus. Only when one copy of A-protein 

per protein shell is present, properly sedimenting and RNase resistant particles 

are produced which can attach to their bacterial hosts. 

The first succesful in vitro reaggregation of isolated RNA bacteriophage coat 

protein and RNA to form phage-like particles has been achieved by Sugiyama et al. 

(1967) with MS„ and by Hohn (1967) with f . RNA isolated from the phage by phenol 

extraction and coat protein isolated by dissociation of the virus in 66% (v/v) 

acetic acid have been mixed and either dialysed against 0.15 M saline buffered 

at pH 7.2 with Tris at 4°C (Hohn, 1967) or incubated in a similar buffer at 37°C 

for a number of hours (Sugiyama et al., 1967). The reassembled particles sediment 

at about 70 S compared with 80 S for the virus, they contain less RNA and are 

biologically inactive. Since the discovery of the A-protein of R]7 (Roberts and 

Steitz, 1967; Steitz, 1968 a,b,c), about one copy per virus particle, reconsti-

tution experiments including RNA, coat protein and A-protein are possible. When 

partially purified A protein from R._ is added to an assembly mixture containing 

coat protein and RNA, the yield of infective particles increased several hundred

fold over control experiments from which A-protein is omitted. Still the biological 

activity does not approach the activity of the original virus as shown for plant 

viruses. 

When MS? RNA is assembled with low molar ratios of coat protein a nucleo-

protein (complex I) with approximately 6 protein subunits per RNA molecule is 

formed. It has a sedimentation coefficient very close to that of free RNA. The 

formation of complex I seems to be a specific process, and MS„ RNA can not be 

substituted by other RNAs (Sugiyama et al., 1967). Although recognition of protein 

by homologous RNA and subsequent complex formation occurs, there was no difference 

in physical and biological properties of phage-like nucleoprotein particles as

sembled from the complex and additional protein in comparison with particles 
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assembled directly from isolated RNA and protein. During in vitro protein 

synthesis with MS. RNA as messenger RNA a complex similar to complex I is 

formed. The formation of this complex then greatly reduces the synthesis of 

some non-coat proteins, whereas the synthesis of coat protein is almost un

affected. These results support the proposition that complex I is involved in 

the mechanism for the shut-off synthesis of non-coat proteins in MS„ infected 

cells (Sugiyama and Nakada, 1968). Reinvestigation of the formation of complex I 

for f„ in an ionic environment identical with that needed for in vitro protein 

synthesis reveals that repression of RNA polymerase synthesis is due to the 

attachment of six molecules of coat protein per RNA molecule (Zagorska et al., 

1975; Chroboczek and Zagorksi, 1975). 

The coat protein, can aggregate into well defined structures in the absence 

of RNA and A-protein. When bacteriophage f protein, isolated by the acetic acid 

method, in water is dialysed against 0.02 M phosphate buffer containing 0.1 M NaCl 

icosahedral shells resembling the phage coat are formed (Herrmann et al., 1968). 

Matthews and Cole (1972a) have demonstrated the need for low temperatures, high 

protein concentration or the presence of RNA to promote shell formation of f„ 

coat protein. Chemical modification of amino acid of f coat protein shows the 

necessity of arginines and C-terminal tyrosine for shell forming activity (Matthews 

and Cole, 1972b). 

Small aggregates of the coat protein subunit with sedimentation coefficients 

of 5.5 S (9 subunits) and 11 S (18 subunits) have been demonstrated for R _ 

(O'Callaghan et al., 1973) and f„ (Zelazo ans Haschemeyer, 1970). They only 

exist under strong denaturing conditions and their role as intermediates in phage 

assembly is speculative. 

An extensive review of the structure and assembly of the simple RNA bacterio

phages has been given by Hohn and Hohn (1970) and Knolle and Hohn (1975). The first 

assembly experiments of RNA bacteriophages ran parallel to those performed with 

spherical plant viruses to be described in the next section. 

Bvornovivuses 

In 1967, the first spherical plant virus, CCMV has been reassembled from its 

isolated and separated components (Bancroft and Hiebert, 1967). The RNA has been 

obtained by phenol extraction and the protein by dissociating the virus in 1 M 

NaCl at pH 7.4 and removing the RNA by centrifugation. A typical assembly experi

ment proceeds as follows: 1 part by weight of RNA dissolved in 10 mM Tris-HCl 

pH 7.4, 10 mM KC1, 0.5 mM MgCl„ is mixed with 3 parts by weight of protein dissol-
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ved in 20 mM Tris-HCl pH 7.4, 1 M NaCl, 1 mM dithiotreitol (DTT) and dialysed for 

at least two hours at 4°C against 10 mM Tris-HCl pH 7.4, 10 mM KC1, 5 mM MgCl„ 

and 1 mM DTT (Bancroft and Hiebert, 1967). 

Similar procedures could be used to reassemble brome mosaic virus (BMV) 

and broad bean mottle virus (BBMV), which together with CCMV make up the group 

of the bromoviruses (Hiebert et al., 1968; Harrison et al., 1971). This virus 

group is characterised by the multicomponent nature of the genome, divided over 

three different nucleoprotein particles (Bancroft, 1970a, 1971a, Gibbs, 1972, 

see for review on bromoviruses Lane 1974). The relationship between the RNA 

molecules and the three different nucleoprotein particles of CCMV is shown in 

Fig. 2.2. The RNA molecules are numbered according to decreasing molecular weights: 

1 Z ^ ^ 3 L ^ 4 
MW 1.20 1.07 Q81 Q25^x40 6 

RNAs 

L p= l356g/cm3 

M p= l360g/cm3 

H p =1.364 g/cm3 

VIRIONS 

Fig. 2.2. Schematic representation of the distribution of CCMV RNA molecules over 
virions of different buoyant density. The RNAs marked with an asterisk constitute 
the genome of the virus, and RNA-4 arises during infection from RNA-3 and codes 
for the coat protein. Three types of nucleoprotein particle are present, called 
light (L), medium dense (M) and heavy (H) particles according to their density (p) 
in CsCl (Bancroft and Flack, 1972). 

RNA -1, -2, -3 and -4 with molecular weights of 1.20, 1.07, 0.81 and 0.25 x 10 

g/mol respectively (Reijnders et al., 1974). 

The two largest RNA molecules are encapsidated separately in a heavy (H, RNA-1) 

and a light nucleoprotein particle (L, RNA-2). RNA-3 and -4 are encapsidated to

gether in a medium dense (M, RNA-3+4) particle (Bancroft, 1971b, Bancroft and 

Flack, 1972). Biological activity of extracted RNA is only obtained when RNA-1, 
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-2 and -3 are present in the inoculum. A similar relation between RNA and nucleo-

protein has been demonstated for BMV and BBMV (Lane and Kaesberg, 1971, Hull, 1972). 

The bromoviruses are stable around pH 5.0 and sediment apparently homogeneous 

at 88 S. Increasing the pH to 7.5 at low ionic strength (y < 0.2) causes a drop in 

sedimentation coefficient to 78 S and makes the virus particle sensitive to 

RNase and protease (Incardona and Kaesberg, 1964; Bancroft et al., 1967; 

Bancroft et al., 1968b; Incardona, 1973; Adolph, 1975; Pfeiffer and Hirth, 1975; 

Pfeiffer, 1978). This phenomenon is called the swelling process. The effective 

hydrodynamic radius of the virus particle increases due a radial extension of 

RNA and protein within the nucleoprotein particle as demonstrated for BMV with 

intensity fluctuation spectroscopy (Zulauf, 1977) and neutron small-angle 

scatering (Jacrot et al., 1967; Jacrot et al., 1977; Chauvin et al., 1978). 

The swelling process appears to be irreversible as the sedimentation coefficient 

of the swollen particles backtitrated to pH 5.0 does not return to 88 S, but 

becomes 84 S. The radii of BMV nucleoprotein particles increase from 13.4 nm at 

pH 5.0 to 15.5 nm at pH 7.5 in the presence of 0.2 M KC1 and 10 mM EDTA. Upon 

backtitration to pH 5.0 the radius becomes 13.7 nm. Reversibility can be obtained 

in the presence of 10 mM MgCl„ but in this case the swelling at pH 7.5 does not 

proceed to its full extend (r = 15.0 nm, Chauvin et al., 1978). 

Increasing the salt concentration (u > 0.5) at pH 7.5 causes the swollen 

particles to dissociate into RNA-protein complexes and protein subunits (Hiebert, 

1969). This phenomenon has been used to isolate the protein from the mixture 

after sedimentation (Bancroft and Hiebert, 1967) or precipitation (Yamazaki and 

Kaesberg, 1963; Verduin, 1974: chapter 4) of the RNA. The precipitated RNA can be 

recovered by dissolving in EDTA and subsequent phenol extraction (Herzog et al., 

1976; Verduin, 1978b: chapter 3). A schematic view of the swelling and dissoci

ation of the bromovirus nucleoproteins is given in Fig. 2.3. 

The isolated coat protein, free of nucleic acid, has the capacity to form 

several quaternary structures dependent on conditions of ionic strength, pH and 

temperature: sheets, tubes, empty protein shells, double shells and rosettes 

(Bancroft et al., 1968a; Bancroft et al., 1969a; Adolph and Butler, 1974; Pfeiffer 

and Hirth, 1974 a and b ) . The formation of empty protein shells is of great 

interest as it indicates that the protein structure holds the information for the 

formation of icosahedral particles (Bancroft et al., 1968a; Finch and Bancroft, 

1968). The other structures are probably formed after small changes in the inter-

subunit bondangles as described by the quasi-equivalent theory of Caspar and Klug 

(1962). In contrast to natural protein capsids (top components), which do not 

contain RNA, such as occur with cowpea mosaic virus (CPMV) and turnip yellow 
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PARTIALLY SWOLLEN VIRUS SWOLLEN VIRUS 

PM75 

Fig. 2.3. A schematic representation of the swelling and dissociation of the bromo-
viruses. In vertical position ionic strength and in horizontal position the pH has 
been varied. At low ionic strength pH 7.5 both the presence and the absence of 
Mg has been shown. A virus part icle is represented by a cross section of the 
icosahedral part icle , through 4 three-fold and 4 five-fold symmetry axes. In this 
way 8 RNA loops, in interaction with hexamer and pentamer clusters of the coat 
protein are in the plane of the paper, while two are out (broken l ine) . The 
strings represent the RNA molecules and the ellipses represent protein subunits. 
The dotted ellipses represent protein subunits with a high affinity for the RNA, 
observed with dissociated virus (Chapter 6). The location of RNA and protein is 
based on structural analysis of BMV and i t s similarity with CCMV (Jacrot et a l . , 
1976, 1977). 

mosaic v i rus (TYMV) (Semancik, 1966; Van Kammen, 1967; Markham and Smith, 1949; 

Kaper, 1960) these a r t i f i c i a l l y made capsids have l e s s e lec t ronegat ive charge 

than the i n t ac t nucleoprotein p a r t i c l e s and are therefore ca l led pseudo top com

ponents (Bancroft e t a l . , 1968a). Similar capsids can be obtained a f te r degra

dat ion of nucleoproteins in 0.5 M CaCl„ a t pH 5.6 or in 1 M KC1 pH 12 (Pfeiffer 

and Hi r th , 1974a; Incardona, 1968; Bancroft, 1970b). 

The r a d i a l extension of RNA and p ro te in within nucleoproteins during the 

swelling process i s caused by repuls ion between the negat ively charged phosphate 

groups of the RNA and the negat ively charged p ro t e in . The negat ive charge of the 

p ro te in increases due to deprotonation in the pH range from 6.5 to 7 .0 . T i t r a 

t ion of nucleoprotein so lut ions with a l k a l i between pH 5.0 and 8.0 causes the 

r e l ease of approximately 7 protons per CCMV or BMV coat p ro te in subunit in 0.2 M 

KC1 ( Jac ro t , 1975; P fe i f fer and Durham, 1977). Upon b a ck t i t r a t i on with acid 
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to pH 5.0 approximately the same amount of protons were adsorbed although the 

titration curves obtained with alkali and acid did not coincide over the whole 

pH range from 5 to 8. A hysteresis loop was observed with all bromovirus (Jacrot, 

1975; Pfeiffer and Durham, 1977). Maximum displacement of protons was found at 

pH 6.9 (5°C) or 6.8 (23°C) for CCMV in 0.2 M KC1 and pH 6.4 (23°C) for BMV in 

0.05 M KC1, which coincide with the pH values at which the structural changes 

of the nucleoproteins take place (Incardona and Kaesberg, 1964; Incardona et al., 

1973; Adolph, 1975). At least for CCMV the structural changes in the nucleo-

protein upon swelling is not due to conformational changes in the RNA and must 

therefore be attributed solely to the protein (Adolph, 1975b). 

Bromovirus coat proteins can also encapsidate other RNA molecules (Bancroft 

et al., 1969b; Adolph and Butler, 1'977). A typical nucleotide sequence is not 

obligatory necessary to protein shell formation and the only requirement for 

nucleation and shell formation at neutrality is the repeating phosphate back

bone of the nucleic acids. Even polyanions, like polyvinyl sulphate and sodium 

dextran sulphate, other than polynucleotides may serve in the shell formation 

process. Using oligo (U) it was demonstrated that at least a minimum requirement 

of 23 nucleotides is needed to induce capsid formation (Bancroft et al., 1969b). 

The final product sedimented faster than 70 S indicating the presence of poly

anions with a minimum molecular weight of 1 x 10 . 

The assembled products have been characterised by sedimentation analysis, 

infectivity tests and observations in the electron microscope. However, the assem

bled particles have not been analysed for RNA content, nucleoprotein composition 

or type of interaction between the protein subunits or the protein and the RNA. 

The next section describes the possible interactions in macromolecules, 

their nature and conditions for stability. 

Interactions 

The strongest interactions between macromolecules are the covalent bonds 

involving the sharing of electrons. The potential energy has a sharply defined 

minimum of the order of -167 to -419 kJ/mol at the equilibrium bond length which 

is in the range 0.1 - 0.2 nm for the atoms of organic molecules. The activitation 

energy required for forming or breaking covalent bonds is also very high and 

in biological systems such bonds are formed or broken only by catalytic action of 

enzymes. 

All non-covalent molecular interactions are electrostatic in nature and are 

the result of the forces between some combination of charge, dipole or induced 
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dipole, e.g. ionic bonds, hydrogen bonds, and Van der Waals bond. The energy of 

the attractive interactions at the equilibrium separation ranges from the order 

of -42 to 84 kj/mol for ionic bonds to about 4 kJ/mol for the fluctuation dipole-

induced dipole of London dispersion force which is the physical basis of the Van 

der Waals bond. The hydrogen bond, involved in base pairing of nucleic1 acid mole

cules, possesses free energy of interaction intermediate those of the ionic or 

Van der Waals bonds (10 kJ/mol base pairs, Tinoco et al., 1973). The bond distances 

range from about 0.2 to 0.5 nm, being longer for the weaker interactions. 

In general, any non-covalent molecular bond results not from a single type of 

interaction, but rather from a combination of different types. The hydrogen bond, 

which is principally a dipole-dipole interaction, can also be described as partial

ly ionic and does involve some sharing of electrons. Moreover, the strength of the 

various interactions may give a misleading impression of their significance in 

biological structures. Ionic bonds are not normally formed in an aqueous environ

ment, although they are quite strong. The reason for this is that the formation 

about each ion of a hydration shell of water molecules held by charge-dipole 

interactions leads to a larger decrease of free energy than a single salt link. 

This charge-dipole interaction is also the driving mechanism of the ionization of 

acids. 

The weakest bonds are, in a way, the most important in determining the struc

ture and bonding properties of macromolecules. The selections of coordinated very 

weak forces in the design of biological macromolecules makes their stable confor

mations a sensitive function of their internal composition and of the interactions 

with their external environment. Thus, dynamic molecules can be selected for 

specific functions. This would not be possible if their design were determined 

by a few strong interactions. Nevertheless, the functional conformational changes 

which do take place are likely to be small. If very different folding or packing 

arrangements of macromolecules had comparable stability, the probability of 

achieving any unique structure would be small and, moreover, the activation energy 

required for transmissions between grossly different states would be very high 

(Caspar, 1966 a and b ) . 

So far forces between molecules have been considered. However, the stability 

of any system depends both on the forces between its component parts and on the 

entropy. The entropic nature of hydrophobic interactions, as mentioned with TMV, 

and their significance in protein structure have been clearly described by 

Kauzmann (1959). 

The influence of the external environment on electrostatic and hydrophobic 

binding are different. High temperatures and ionic strengths weaken or disrupt 
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electrostatic bonds but favour hydrophobic bonds. The importance of hydrophobic 

protein-protein interactions with TMV has clearly been demonstrated by Lauffer 

(1975). Structural studies elucidated also hydrophobic interactions between the 

bases of the RNA and hydrophobic amino acids in an a-helix of the coat protein 

subunit (Stubbs et al., 1977). Apart from the hydrophobic interactions both RNA 

and protein are involved in electrostatic interactions. These ionic bonds have been 

demonstrated between the phosphate groups of the nucleic acids and the basic 

amino acids of the protein or between the acidic and basic amino acids of dif

ferent subunits. A combination of hydrophobic and electrostatic interactions in 

the protein is demonstrated with the "carboxyl cage" of TMV. The carboxyl groups 

in this cage release their protons at high pH values due to the hydrophobic 

environment and the sharing of the protons with other charged groups (Stubbs et al., 

1977). Similar types of interaction, phosphate-basic amino acid interaction and 

abnormal-titrating carboxyl groups, have been demonstrated for the Leviviridae 

and the bromoviruses although they have not been investigated in detail as for 

TMV. 

In conclusion TMV and the Leviviridae coat protein recognize their homologous 

RNas, which has not yet been demonstrated for the bromoviruses. Oligomeric units 

of coat protein subunits occur with both TMV and Leviviridae but with the latter 

no fundamental function during the assembly could be assigned. TMV has a typical 

entropy driven assembly due to hydrophobic interactions and the Leviviridae and 

the bromoviruses most likely follow the same principle, however with some more 

electrostatic contributions. 

28 



3. DEGRADATION OF COWPEA CHLOROTIC MOTTLE 

VIRUS RIBONUCLEIC ACID IN SITU 

Immediately after purification of cowpea chlorotic mottle virus 
(CCMV) in situ degradation of RNA-2 into two distinct RNA fragments 
begins. Upon storage of purified virus, even at 4 C, all four viral 
RNAs degraded into small heterogeneous pieces. Addition of thiols 
accelerated degradation, as did higher temperatures. Addition of 
chelating agents in low concentrations prevented the in situ RNA 
degradation. 

Isolated CCMV-RNA was not degraded in the presence of thiol com
pounds. If the RNA was, however, reassembled with isolated coat pro
tein into virus-like particles, degradation of the RNA occurred. A 
mixture of empty protein capsids and RNA also caused degradation of 
RNA. In a mixture of isolated RNA and purified virus, both degrada
tion of added and in situ RNA occurred, but not to the extent of the 
degradation of the same amount of RNA within virions. 

Addition of radical scavengers to purified virus partially pre
vented the in situ degradation of CCMV-RNA, suggesting a radical 
mediated mechanism for the nucleic acid degradation. 

INTRODUCTION 

Cowpea chlorotic mottle virus (CCMV) is frequently used for the study of 

the assembly process of spherical viruses (Lane, 1974, for review). CCMV produces 

three types of spherical nucleoprotein particle, each with a diameter of 25 run 

and a protein coat constructed of 180 identical structural subunits. The particles 

have similar sedimentation coefficients but can be distinguished by buoyant den

sity differences in CsCl or RbCl. The particles contain four RNAs, RNA-1, -2, -3 

and -4 with molecular weights of 1.20, 1.07, 0.81 and 0.25 x 10 respectively. 

The smallest two are encapsidated together, the other two separately (Bancroft 

and Flack, 1972). 

If CCMV is kept in buffer solutions at pH 5.0, where the virus is presumed 

to be stable and resistant against nuclease (Bancroft and Hiebert, 1967) the 

RNA degrades (Bancroft and Flack, 1972; Verduin 1974, Chapter 4). 

I report here on the in situ degradation of CCMV-RNA and the characteriza

tion of virus particles containing degraded RNA. The influence of thiol compounds, 

chelating agents and different quaternary structures of CCMV coat protein on the 
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degradation of RNA is described. Finally, a sequence of reactions involving a 

superoxide radical and causing the in situ RNA degradation is proposed. 

MATERIALS AND METHODS 

Isolation of CCMV. CCMV was purified from the leaves of 7-days-infected cowpea 

plants as described before (Verduin, 1974, Chapter 4). Once it was established 

that EDTA prevented RNA degradation, the leaves were homogenized in buffer 

containing 10 mM disodium EDTA and all other buffers, contained 1 mM disodium 

EDTA. Virus was stored in 0.1 M sodium acetate pH 5.0 containing 1 mM sodium 

azide and 1 mM disodium EDTA (virus buffer). 

"Preparation of washed and native ooat protein. Coat protein was prepared accord

ing to the CaCl„ method (Verduin, 1974, Chapter 4). Dissociated protein, free of 

RNA, was associated into spherical particles, called empty capsids or pseudo top 

components (PT) by dialysing overnight at 4 C against 1.0 M NaCl, containing 1 mM 

dithiothreitol (DTT) buffered with 50 mM sodium acetate at pH 5.0 (Bancroft et al., 

1968a). The empty capsids formed were collected by centrifugation (3 h 180,000 g). 

The supernatant, containing dissociated protein, which did not reassociate into 

empty capsids, was discarded. The pellet was resuspended in 1.0 M NaCl, 1 mM DTT 

buffered with 50 mM Tris-HCl, pH 7.5 which dissociated the empty capsids again. 

The solution was then cleared from aggregated protein and undissociated capsids 

by centrifugation for 3 h at 180,000 g. Repeated association and dissociation 

of coat protein in the presence of thiol compounds may remove contaminating pro

tein and selects viral protein which is still capable of capsid formation. 

Extraction of RNA from CCMV. Purified virus was diluted to a final concentration 

of 0.5 - J.0% (w/v) in a solution containing 0.1% (w/v) macaloid, 2 mM EDTA, 0,1 M 

NaCl, J% (w/v) sodium dodecyl sulphate (SDS), buffered with 50 mM sodium acetate 

at pH 5.0, and stirred for 15 minutes at room temperature. One volume of a mix

ture of phenol (freshly distilled and water-saturated), m-cresol (distilled) and 

8-hydroxyquinoline (v:v:w = 7.5:1:0.075) and one volume of chloroform were added 

and the emulsion was stirred for another 15 min at room temperature (Kirby, 

1965; Perry et al., 1972). The phases were separated by centrifugation (5 min 

at 5.000 g_) and the water phase was extracted twice more with phenol. Phenol was 

removed by extraction with ether and the ether was evaporated with nitrogen gas. 

RNA was precipitated from the aqueous solution with 2.5 volumes of cold absolute 

ethanol and one drop of 3.5 M sodium acetate pH 5.5 per ml of aqueous phase. Using 

this method more than 70% of the theoretical yield of RNA could be obtained, based 
] % 

on Aj c m at 260 nm = 250 for RNA and an RNA content of 24% (Bancroft and Hiebert, 
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1967; Bancroft et al. , 1968b). The absorbance ratios: A 2 6 Q n m / A
2 8 o run a n d 

A„,_ /A„„,. were 2.2 and 2.5 respectively, and the RNA contained less than 
260 nm 230 nm 

0.1% (w/w) of protein as determined by the method Lowry et al. (1951). 

Occasionally RNA was prepared from the nucleic acid precipitate, obtained 

when virus was dissociated in 0.5 M CaCl„, for preparation of protein. The pellet, 

consisting of a complex between the phosphate groups of the RNA and Ca , was 

resuspended in 10 mM disodium EDTA and dialyzed for at least 48 h against suc

cessive changes of EDTA solution. Residual protein was removed by one extraction 

with the chloroform-phenol mixture and the RNA was further purified as described 

above. About 60% of the theoretical yield of RNA could be obtained. After exten

sive dialyses, to remove EDTA, the RNA had the same spectral properties mentioned 

above, but the RNA preparation contained less RNA-1 and -2 and was more degraded 

(Fig. 3.4A) than the RNA obtained by phenol extraction of virus at pH 5.0 (Fig. 

3.4G). 

Assembly of virus and empty caps-ids. Viral RNA, dissolved in 10 mM Tris-HCl pH 

7.4 containing 10 mM KC1 and 0.5 mM MgCl„, was mixed with coat protein in the 

proportion 1:3 (w/w) and dialysed against 10 mM KC1, 5 mM MgCl2, and 1 mM DTT 

buffered with 10 mM Tris-HCl at pH 7.4 (assembly buffer) for two h at 4 C (Bancroft 

and Hiebert, 1967). The reassembled products were dialysed against virus buffer 

and used without further purification. Empty caps ids for the examination of the 

effect of coat protein on RNA degradation were prepared from the washed disso

ciated protein by dialysing overnight at 4 C against 0.2 M NaCl, 1 mM DTT, buf

fered at pH 5.0 with 50 mM sodium acetate. A lower salt concentration was used 

to prevent an ionic strength effect on the RNA degradation, although no effect 

was observed between 0 and 0.2 M NaCl. 

Polyaorylamide gel electrophoresis• Viral RNA was analysed by electrophoresis 

at 10 C or 60 C in 2.6% (w/v) polyacrylamide gels with the buffer system used 

by Loening (1967, J969). Glycerol (final concentration 10% (v/v)) was added to 

RNA solutions before application to the gel. If RNA within nucleoprotein particles 

had to be analysed, the particles were dissociated at room temperature in a solu

tion of 10% (v/v) glycerol and 2% (w/v) SDS in water, for at least five minutes, 

and 50 ul of the solution of the dissociated virus, equivalent to 10 pg of RNA, 

was subjected directly to electrophoresis for 4 h at 4 V per cm of gel. After 

electrophoresis the gels were kept overnight in water and scanned at 260 nm with 

a Beckman Model 25 spectrophotometer equipped with a gelscanner. As a control the 

gels were stained afterwards in 0.01% (w/v) Toluidine Blue in 40% (v/v) methoxy-

ethanol to detect irregularities and extra bands not resolved with the gelscanner. 
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Evaluation and comparison of the state of the degraded RNA. For measuring in situ 

degradation of CCMV-RNA, virus at a concentration of 0.16% (w/v) in virus buffer, 

without EDTA, containing 1% (v/v) 2-mercaptoethanol (2-ME) was incubated for 2 h 

at 37 C, unless stated otherwise. The degradation was stopped by adding EDTA to 

a final concentration of 1 mM. A sample was analysed on 2.6% (w/v) polyacrylamide 

gels. 

Scans were taken of gels containing RNA from virus incubated for 2 h at 37 C 

in the presence of EDTA (undegraded RNA, A ) , the absence of EDTA (completely de

graded RNA, B) and in the presence of various compounds (test RNA, C) and total 

areas under the absorption curves were determined by weighing. The degree of de

gradation was expressed as (A-C)/(A-B) x 100%. 

Electron microscopy- Electron micrographs of virus particles were obtained with 

a Siemens Elmiskop I. The nucleoprotein particles were negatively stained on a 

carbon coated grid with 2% (w/v) uranyl acetate in double distilled water. 

Analytical ultracentrifugation. Sedimentation analysis and the determination of 

buoyant densities in RbCl were performed in a Beckman Model E analytical ultra-

centrafuge equipped with Schlieren optics. The densities of the nucleoprotein 

particles were determined by the method of Ifft et al. (1961) from Schlieren 

patterns obtained after centrifugation of 0.025% (w/v) CCMV and 38% (w/v) RbCl 

in virusbuffer for 40 h at 20 C and 44,770 rev/min. A density-weight percentage 

relationship for RbCl was obtained from International Critical Tables. 

Rate zonal centrifugation. Virus (250 ug) incubated under different conditions 

was dissociated in 2% (w/v) SDS and layered on top of a 10-50% (w/v) linear 

sucrose density gradient and centrifuged for 15 h at 25,000 rev/min. and 20 C 

in an Beckman SW 41 rotor (Neal and Florini, 1972). The contents of the tube were 

fractionated by an ISCO density gradient fractionator Model 185 and the absorption 

at 281 and 257 nm was monitored with two LKB Uvicords II absorption-meters con

nected with two Servogor recorders. 

Infectivity test- Virus infectivity was measured by local lesion assay on leaves 

of horticulturally soft Chenopodium hybridum L. (Rochow, 1969). The preparations 

to be tested were inoculated with a glass spatula onto one-half of 10 leaves, 

dusted with Carborundum. The opposite halves were inoculated with control virus, 

a standard virus preparation of 0.1 A,,. per ml producing about 40 lesions 

per half leaf. The necrotic lesions were counted after five days and the infect

ivity was expressed as: (total number of lesions on ten test halves/total number 

of lesions on the control halves) x 100. 

Chemicals and enzymes. Thiol compounds were obtained from Boehringer. 2-ME, 2-

aminoethylisothiouronium bromide hydrobromide (AET) and pancreatic ribonuclease 
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were obtained from Koch-Light, Calbiochem and Sigma, respectively. All other 

chemicals used were analytical grade products from Merck. Disodium EDTA was sol

uble up to 0.2 M in sodium acetate at pH 5.0. Superoxide dismutase isolated from 

bovine erythrocytes was a gift from Dr. S.G. Mayhew. 

RESULTS 

In vitro degradation of CCMV-RNA in situ 

If CCMV was purified by the procedure of Bancroft et al. (1972) the RNA from 

the virus always showed some degradation. The electropherogram (Fig. 3.IB) showed 

in addition to the virus specific RNAs-1, -2, -3 and -4, two peaks which will be 
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Fig. 3.1. Electrophoresis patterns of CCMV-RNA in 2.6% (w/v) polyacrylamide gels 
at 10 C in the buffer system described by Loening (1967, 1969). Virus, 3 days 
after starting purification, was dissociated in 10% (v/v) glycerol and 2% (w/v) 
SDS and, 40 ug of dissociated virus in 50 ul were applied onto the gels and 
electrophoresed for 4 h at A V/cm of gel. (A) Virus purified and kept with EDTA 
and, (B) virus purified and kept without EDTA. The arrows and the respective 
numbers indicate the distinct RNA species found with infectious CCMV at pH 5.0. 

referred to as RNA-5 and -6, with molecular weights of 0.64 and 0,45 x 10 re

spectively. RNA-5 and -6 were observed within 48 to 72 h after starting the puri

fication. In contrast, virus purified and stored in the presence of 1 mM EDTA, 
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had little degraded RNA (Fig. 3.1A). 

If electrophoresed in polyacrylamide gels at low temperatures, CCMV-RNA show

ed occasionally more heterogeneity (Fowlks and Young, 1970; Bancroft, 1971). This 

heterogeneity, visualized as band broadening and overlapping of RNA-1 and -2 (Fig. 

3. IB), could be eliminated by heating the sample and was therefore probably due 

to different secondary structures of the four RNA components. Electrophoresis of 

RNA from dissociated virus at 60 C gave highly reproducible RNA patterns, always 

with the same relative amounts of the four RNA species and was therefore used in 

all further experiments. With this procedure no difference could be found between 

RNA patterns of isolated RNA and RNA from dissociated virus put directly on gels. 

Variations in the relative amounts of the RNA species caused by the procedure 

for extracting the RNA (Bancroft and Flack, 1972) were eliminated using our 

methods. It should be emphasized that electrophoresis at lower temperatures (10 to 

25 C) resulted in a better separation of the RNA species if the RNA had been iso

lated from the virus particles and precautions had been taken to eliminate secon

dary structure or residual protein (Bancroft, 1971). With the standard procedure 

at 60 C, virus preparations with and without RNA species 5 and 6 were compared. 

From the different peak heights of RNA-4 and -2 relative to RNA-3 (Fig. 3.2A and 
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Fig . 3 .2 . E l ec t rophores i s p a t t e r n s of CCMV-RNA in 2.6% (w/v) polyacrylamide ge l s 
a t 60 C in the buffer system described by Loening (1967, 1969). (A) Virus pu r i f i ed 
and kept wi th EDTA and, (B) v i r u s pu r i f i ed and kept without EDTA. For d e t a i l s see 
F i g . 3 . 1 . 
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B) it was concluded that the appearance of species 5 and 6 was accompanied by 

a loss of RNA-2. A similar conclusion for the origin of RNA-5 and -6 was drawn 

by Bancroft and Flack (1972). 

Equilibrium density gradient analysis in RbCl of virus with degraded RNA, 

did not reveal any change in the nucleoprotein component ratio, nor in the den

sity of the particles. By analysis on polyacrylamide gels or RNA from separated 

particle fractions, RNA-5 and -6 were detected in nucleoprotein particles with 

the same buoyant density as the particles containing RNA-2. This confirmed that 

soon after virus purification, some viral RNA-2 degraded into RNA-5 and -6, with

out any change in the buoyant density of the particle containing the degraded RNA. 

Storage of virus 

Besides specific degradation of RNA-2, into RNA-5 and -6, a random degrada

tion of the other RNA components was observed, when virus was kept for 96 hours 

at 4 C in 0.1 M sodium acetate buffer pH 5.0 containing 1 mM sodium azide. First, 

degradation of RNA-1 occurred as indicated by the change in peak height relative 

to RNA-4 (Fig. 3.3B, D and F) . Storing for longer periods resulted in the degrada

tion of RNA-2, -3 and even RNA-4 (results not shown). The degradation of RNA-1 

and -3 and the further degradation of RNA-2 did not result in distinct absorption 

peaks in 2.6% (w/v) polyacrylamide gels but rather an increase of absorbance in 

the area between RNA-3 and -4. 

In the presence of 1% (v/v) 2-ME the in situ degradation at pH 5.0 and 4 C 

was much faster. Virus kept for 96 hours with 2-ME contained RNA that no longer 

produced a distinctive absorption pattern on 2.6% (w/v) polyacrylamide gels (Fig. 

3.3E). The nucleic acid apparently had been degraded into fragments with molecular 

weights lower than 100,000 which had run off the gel. No in situ RNA degradation 

was ever observed, if the virus was preserved in buffer containing 1 mM EDTA, 

and the virus could be stored for 6 months and longer in the refrigerator at 4 C 

without any change in the RNA pattern. 2-ME did not cause significant in situ 

degradation of virus RNA in the presence of EpTA. 

Ribonuolease contamination 

Saha (1974) reported that ribosomal RNA could be specifically degraded by 

low concentrations of added RNase. Therefore the effect of various RNase. inhib

itors on the purification of CCMV was examined. Macaloid or diethylpyrocarbonate 

(DEP), with final concentrations in the leaf homogenate of 1% (w/v) or 3% (v/v) 

respectively, did not prevent the degradation. Using chloroform-butanol in the 

virus purification, a procedure which might denature enzymes adsorbed at the sur

face of virus particles (Geelen et al., 1972), had no effect on the RNA degrada-
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Fig. 3.3. Electrophoresis patterns of 
CCMV-RNA in 2.6% (w/v) polyacrylamide 
gels. The effect of incubation with and 
without 2-ME for various periods of 
time on the in situ degradation of CCMV-
RNA. Virus, 30 h after the start of the 
purification without EDTA, was kept for 
(B) 2, (D) 24 and (F) 96 h at 4°C and pH 
5.0 in 0.1 M sodium acetate buffer con
taining 1 mM sodium azide; A, Ct and E 
show the patterns obtained when virus 
was kept for the same periods under 
identical conditions in the presence of 
1% (v/v) 2-ME. Arrows and numbers in
dicate the distinct RNA species found 
with infectious CCMV. Electrophoresis 
was at 60 C. For further details see 
Fig. 3.1. 

tion. Neither was the RNA degradation inhibited when virus was kept after purifi

cation in the presence of macaloid or DEP or was re-extracted with chloroform-

butanol. From these results it appears unlikely that an RNase on the outside of 

the virus particle, was responsible for the degradation of the RNA in situ. This 

conclusion was supported by the finding that virus incubated for 30 minutes at 

37 C in 0.1 M sodium acetate, pH 5.0 and 1 mM sodium azide with pancreatic RNase, 

even at an enzyme virus ratio of 1/10 on a weight basis, did not stimulate in 

situ RNA degradation. 

Influence of chelating agents 

EDTA prevents alfalfa mosaic virus (AMV) loosing infectivity (Van Vloten-

Doting et al., 1970). It appeared that EDTA was also a very effective inhibitor 
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of the in situ degradation of CCMV-RNA. Addition of 10 mM EDTA during purification 

of virus prevented the appearance of significant amounts of RNA-5 and -6. To see 

whether the effect of EDTA was due to its chelating properties or to some other 

specific effect, three other chelating agents were tested at different concen

trations. Ethyleneglycol-bis (2-aminoethylether) tetra-acetic acid (EGTA) pre

vented the in situ degradation of CCMV-RNA as effectively as EDTA at concentration 

ranging from 0.1 M to 0.5 mM. Citrate was less effective, but 1 mM citrate in

hibited RNA degradation to some extent. Diethyldithiocarbamate (DIECA) affected 

the degradation of the RNA only at high concentrations. If virus was incubated 

with 0.1 M DIECA the RNA pattern on gels was similar to that of virus without 

degraded RNA. These results suggest that di- or tri-valent cations may be involv-
2+ 2+ 

ed somehow in the in situ degradation of CCMV-RNA. However, addition of Mn , Mg 
2+ . 

or CO in tenfold molar excess over 1 mM EDTA did not overcome the effect of 

EDTA. 

The effect of thiol compounds 

As 2-ME st imulated the in s i t u degradation of CCMV-RNA in the absence of 

EDTA, several t h i o l compounds were t e s t ed . CCMV was incubated a t pH 5.0 with dif

ferent concentrat ions of the compounds l i s t e d in Table 3.1 for 2 h a t 37 and 

Table 3 . 1 . S t imula t ion of the in s i t u degradat ion of CCMV-RNA by t h i o l compounds. 

Thiol compounds 

-SH mo 

0.1 
0.5 
0.01 
0.005 
0.001 
0 

larity cysteine 

1) 
++++ 
++++ 

++ 

-

DTT glutathione 2-ME thioglycollic DIECA 
acid 

++++ +++ ++++ +++ NT 
++++ +++ +++ ++++ + 
++ +++ + ++++ ++ 
NT NT NT +++ + 
+ + + ++ NT 

CCMV (1.6 mg/ml) was incubated for 2 h at 37 C in 0.1 M sodium acetate buffer, 
pH 5.0, containing 1 mM sodium azide and the thiol compound in the desired con
centration. The reaction was stopped by adding an equal volume of 20% (v/v) gly
cerol, 4% (w/v) SDS and 2 mM EDTA in water. An aliquot of 0.05 ml was analysed 
on 2.6% (w/v) polyacrylamide gels. The different degrees of degradation were 
determined after 4 h electrophoresis at 60 C with a voltage of 4 V/cm of gel. 

1) +++++, indicates completely RNA, showing little or no absorbance on 2.6% 
(w/v) polyacrylamide gels; -, no degradation. 

2) NT, not tested. 

the degradation of the RNA was compared. All thiol compounds stimulated the in 

situ degradation of CCMV-RNA at pH 5.0. Of the different compounds DIECA was least 

effective. Increasing the thiol concentration stimulated degradation of the RNA. 

Cysteine, DTT and glutathione stimulated the degradation maximally at a con

centration of 0.01 to 0-05 M while a further increase in concentration had no 

effect. Thioglycollic acid even decreased the amount of degraded RNA at concen-
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trations of 0.05 to 0.1 M. 

The pH of all thiol compound solutions were adjusted to 5, before adding 

to the incubation mixture. The adjustment of pH was necessary since the RNA 

degradation depended on pH. In the range from pH 4.5 to pH 6.5 the most rapid 

degradation was found at pH 5.0 (results not shown). 

Isolated RNA did not degrade when incubated with the various thiol compounds 

at 37°C. 

The effect of coat protein 
If one volume of isolated RNA (0.4 mg/ml) was incubated at 37 C with one 

volume of CCMV (1.6 mg/ml) in the presence of 2-ME, less RNA degradation was ob

served than with virus alone (Fig. 3.4A, B and C). Apparently the added RNA had 

an effect similar to EDTA. 

However, if one volume of isolated RNA (0.4 mg/ml) was mixed with one volume 

0 1 2 3 4 5 0 
Distanc* migrated (cm) 

Fig. 3.4. Electrophoresis patterns of in situ degraded CCMV-RNA in 2.6% (w/v) 
polyacrylamide gels at 60 C; the effect of different states of aggregation of 
the coat protein. Lower diagrams: purified virus preparations were incubated in 
0.1 M sodium acetate, pH 5.0,. 1 mM sodium azide and 1% (v/v) 2-mercaptoethanol 
at 37 C for 2 h prior to electrophoresis. (A) 10 ug of isolated RNA, (B) 40 ug 
of virus, (C) 20 ug of virus + 10 ug of isolated RNA, (D) 30 yg of empty protein 
capsids + 10 yg of isolated RNA, (E)-40 yg of 'virus1, reassembled in the presence 
of EDTA, (F) 40 yg of 'virus' reassembled in the absence of EDTA, (G) 10 yg of 
isolated RNA. Upper diagrams: as lower ones, except that all preparations were 
incubated at 37 C without 1% (v/v) 2-ME, prior to dissociation of the nucleopro-
teins with SDS and electrophoresis on gels. For details of electrophoresis see 
Fig. 3.1. Two different preparations of RNA were used: (A), (C) and (D), RNA 
obtained from a phenol extraction of the Ca-precipitated RNA during the protein 
preparation; (E), (F) and (G), RNA obtained from phenol extraction of virus at 
pH 5.0, as described in Materials and Methods. 
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empty protein capsids (1.2 mg/ml) in 0.2 M NaCl, 1 mM DTT and 50 mM sodium acetate 

buffer, pH 5.0 and incubated at 37 C in the presence of 2-ME, the RNA degraded 

(Fig. 3.4D). Probably the higher protein-RNA ratio is responsible for the degrada

tion of the RNA because in situ degradation was independent of the presence or 

absence of 0.2 M NaCl (results not shown). 

If virus particles were reassembled from isolated RNA and washed coat pro

tein as described by Bancroft and Hiebert (1967) the RNA degraded in situ upon 

storage of the assembled particles in virus buffer without EDTA or after incuba

tion with 2-ME at 37°C (Fig. 3.4F). This also demonstrated the need for high pro

tein-RNA ratios to induce RNA degradation. Incorporation of 1 mM EDTA in the buf

fer solutions prevented degradation of RNA during assembly, and in situ RNA deg

radation of reassembled virus particles upon incubation with 2-ME at 37 C (Fig. 

3.4E). 

These results show that virus coat protein is involved in the in situ deg

radation of CCMV-RNA, although native virus structure is not essential for activ

ity. Because the in situ degradation can be prevented by EDTA or other chelating 

agents it appears unlikely that the in situ degradation of the RNA is due to nu

cleases encapsidated by the virus. 

Characterization of virus with in situ degraded RNA 

Incubation of virus with 1% (v/v) 2-ME at 37 C for 4 h resulted in the deg

radation of its RNA into fragments with molecular weights of less than 100,000 

(cf Fig. 3.5A and E). Virus particles containing degraded RNA sedimented at the 

same rate as virus with undegraded RNA (Fig. 3.5B and F ) . The buoyant density 

of these nucleoprotein particles in RbCl and the relative amounts of each of the 

components were not changed (Fig. 3.5C and G). No aggregation or disintegration 

of virus particles was apparent from the sedimentation behaviour and in the elec

tron microscope the virus particles were similar to those of virus with undegraded 

RNA (Fig. 3.5D and H ) . From these results it may be concluded that in the in situ 

degradation of the RNA into low molecular weight fragments did not have an effect 

on the morphology, density and hydrodynamic properties of the virus. The degraded 

RNA did not show distinct bands after electrophoresis on 6 or 10% (w/v) polyacryl-

amide gels, indicating that the RNA had degraded to heterogeneous small fragments. 

On gels it was difficult to establish a quantitative relation between the loss 

of RNA-1, - 2 , -3 and -4 and the appearance of small heterogeneous fragments. 

Therefore virus was incubated for 0, 60 and 120 minutes at 37 C with 1% (v/v) 2-ME, 

dissociated with SDS and analysed on 10 to 50% (w/v) linear sucrose density gra

dients (Fig. 3.6, B to F ) . It was shown that the degradation of RNA-J, -2 and -3 
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Fig. 3.5. Characteristics of CCMV, purified and kept in the presence (A to D) and 
absence (E to H) of EDTA, after incubation for 4 h at 37°C with 1% (v/v) 2-ME. 
(A,E). Electrophoresis patterns of RNA in 2.6% (w/v) polyacrylamide gels at 

60 C. Arrows and numbers indicate the distinct high molecular weight 
RNA species found in CCMV. For details of electrophoresis see Fig. 3.1. 

(B,F) Schlieren pattern of CCMV (5 mg/ml) sedimenting in the analytical ultra-
centrifuge. The picture was taken 16 minutes after the rotor had reach
ed a speed of 31,410 rev/min at 20 C. The sedimentation is to the right. 
Bar angle: 60°C. 

(C,G) Schlieren pattern of the isopycnic centrifugation of CCMV in RbCl after 
40 h at 44,770 rev/min at 20 C. Centrifugal force to the right; concen
tration: 0.25 mg/ml, bar angle: 60°C. 

(D,H) Electron micrographs of CCMV on carbon coated grids, negatively stained 
with 2% (w/v) uranyl acetate in distilled water. The bar represents 
100 nm. 

was accompanied by increasing amounts of slowly sedimenting heterogenous material 

(compare Fig. 3.6, D to F). The areas under the absorbance patterns of the gra

dients were cut as indicated in the Fig. 3.6 and weighed. The absorption areas 

appeared to be the same within 10%, indicating that the different gradients con

tained the same amount of RNA. So the conclusion can be drawn that incubation 

of virus with 2-ME degraded its RNA into small heterogeneous fragments and that 

RNA was not lost due to aggregation of RNA or failure of virus to dissociate. 

Immediately after incubation, the same virus preparations were analysed on 2.6% 

(w/v) polyacrylamide gels for direct comparison of the degraded RNA patterns on 

gels and in sucrose gradients (compare Fig. 3.7 with Fig. 3.6). The decrease in 

the peak heights of RNA-1, -2 and -3 in the electropherogram corresponded with 

the increase of slowly heterogeneous sedimenting material in the sucrose gra

dients (Fig. 3.6 and 3.7, lower panels). Also some CCMV-RNA was degraded in situ 

when the virus was incubated for these long periods with 2-ME at 37 C even in 

the presence of EDTA (Fig. 3.6 and 3.7, upper panels). 

Virus, purified and kept without EDTA, rapidly lost its infectivity, when 

incubated with 2-ME. Table 3.2 shows that after 90 minutes incubation about J0% 

of the infectivity was left, whereas CCMV, purified and kept with EDTA, then in-
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Fig. 3.6. Rate zonal sucrose density gradient centrifugation patterns of CCMV-
RNA in different states of degradation. Virus (2.5 mg/ml), purified and kept with
out EDTA, incubated with 1% (v/v) 2-ME in 0.I M sodium acetate, pH 5.0, contain
ing 1 mM sodium azide at 37 C for (D) 0, (E) 60 and (F) 120 min, was dissociated 
with 2% (v/v) SDS and 0.25 mg of the dissociated product was analysed on 10 to 
50% (w/v) linear sucrose density gradients in an SW 41 rotor for 15 h at 
25,000 rev/min and 20 C. The contents of the tubes were monitored at 257 and 
281 nm. As control, virus purified and kept with EDTA was incubated at 37 C with 
2-ME in the presence of 1 mM EDTA, during (A) 0, (B) 60 and (C) 120 min. The 
absorbance at the top of the gradient, shown also with control virus, is due to 
the SDS-denatured coat protein from the dissociated virus. Near the bottom of 
the tube some absorbing material could be detected, which appeared to be SDS 
precipitated in about 50% (w/v) sucrose. 

cubated with 2-ME in the presence of 1 mM EDTA, retained 65% of the infectivity 

of the control preparation, treated with 2-ME on ice. From these data the rate 

of inactivation can be calculated; t,, incubation time after which 5Q% of the 
5 

infectivity is lost, is 30 minutes. Table 3.2 further shows that virus, which 

was purified and kept without EDTA, contained some RNA-2 degraded into RNA-5 and 

-6 and had 20% lower infectivity, compared with virus that was purified and kept 

with EDTA. 

The role of oxygen in the degradation 

Murata et al. (1972b, 1973) reported in situ degradation of the ds-DNA of 

bacterophage J by low concentrations of thiol compounds. These authors explained 

their results by the action of highly reactive superoxide radicals 0,,', which 

could directly or indirectly inactivate the nucleic acid. To examine whether this 
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Fig. 3.7. Electrophoresis patterns of 
CCMV-RNA degraded to different degrees 
in 2.6% (w/v) polyacrylamide gels. A 
sample of 0.065 mg of the dissociated 
product described in Fig. 3.6. was 
analysed on polyacrylamide gels as des
cribed in Fig. 3.1. For explanation 
of symbols see Fig. 3.6. 

Table 3.2. Infectivity of CCMV-preparations with in situ degraded RNA in 

Chenopodium hybridum L. 

Infectivity 

Incubation time 
with 2-ME 
(minutes) 

Virus purified, kept and 
incubated with EDTA 

Virus purified, kept and 
incubated without EDTA 

0 
30 
60 
90 

100 
109 
70 
65 

78 
52 
13 
10 

Virus (1.6 mg/ml), with or without 1 mM EDTA, was incubated with 1% (v/v) 2-ME 
at 37 C in 0.1 M sodium acetate, pH 5.0, containing 1 IDM sodium azide. After 0, 
30, 60 and 90 minutes 1 mM EDTA was added and samples were removed from the in
cubation mixture and diluted to a virus concentration of 0.1 A_,- /ml with 
10 mM sodium phosphate, pH 6.0, containing 1 mM MgCl„. Virus preparations, after 
incubation were tested on 10 half leaves of Chenopodium hybridum L. The opposite 
halves were inoculated with control virus: a standard virus preparation, produc
ing about 40 lesions per half leaf. 

*) Infectivity was expressed as (total number of lesions on ten test halves/ 
total number of lesions on the control halves) x 100. Numbers are averages 
of three experiments. 
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mechanism was responsible for the 2-ME induced degradation of CCMV-RNA, CCMV was 

incubated with 2-ME but without EDTA in a N„ atmosphere, or in the presence of 

compounds known to inactivate superoxide radicals. Superoxide dismutase and 2-

amino-ethylisothiouronium bromide hydrobromide (AET) both scavenge superoxide 

radicals (McCord and Fridovich, 1969; Murata and Kitagawa, 1973a and b ) . Bubbling 

nitrogen gas through a virus solution for 10 minutes prior to incubation with 

2-ME under N„ in a sealed tube reduced the in situ degradation of CCMV-RNA (Fig. 

3.8D) compared with control virus without N. (Fig. 3.8C). Incubation of virus in 
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Fig. 3.8. Electrophoresis patterns of in situ degraded CCMV-RNA in 2.6% (w/v) 
polyacrylamide gels at 60 C; the effect of several radical scavengers on the RNA 
degradation. 

(A) Virus in 0.1 M sodium acetate buffer, pH 5.0, + 1 mM sodium azide kept on 
ice. 

(B) Virus in buffer without EDTA incubated for 2 h at 37°C. 
(C) Virus in buffer without EDTA incubated for 2 h at 37°C with 1% (v/v) 2-

mercaptoethanol,. 
(D) Virus in buffer without EDTA; the solution was bubbled with nitrogen gas 

for 10 min, sealed and incubated for 2 h at 37°C with 2-ME under N_. 
(E) Virus in buffer without EDTA incubated for 2 h at 37°C with 2-ME in the pres

ence of 3.5 x 10 M superoxide dismutase. 
(F) Virus in buffer without EDTA incubated for 2 h at 37°C with 2-ME in the pres

ence of 3% (w/v) 2-aminoethylisothio-uronium bromide hydrobromide. 

Before electrophoresis, viral preparations were dissociated in a 1 mM EDTA, 10% 
(v/v) glycerol and 2% (w/v) SDS mixture and 0.065 mg of nucleoprotein was applied 
to gels. 

the presence of 0.35 x 10 M superoxide dismutase without nitrogen gas also de

creased in situ degradation of CCMV-RNA (Fig. 3.8E>. Both results demonstrate 

that the involvement of molecular oxygen can partially explain the process. The 

almost complete inhibition of the in situ CCMV-RNA degradation in the presence 

of 3% (w/v) AET, a radical scavenger (Freese and Freese, 19661, suggests that RNA 

degrades predominantly by a free radical mechanism (Fig. 3.8F). 

With AET, lower concentrations were sufficient to prevent the in situ RNA 

degradation. With superoxide dismutase, however, complete inhibition could not 

be observed, even at a concentration of 10 M. 
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DISCUSSION 

In purified CCMV, some RNA-2 degraded into distinct RNA fragments; RNA-5 

and -6. Upon storage, RNA within purified virus degraded further in situ. 2-ME 

stimulated this degradation. The degraded RNA consisted of small heterogeneous 

RNA fragments. Low concentrations of EDTA and other chelating agents prevented 

the in situ RNA degradation. 

I do not know of any described degradation or inactivation of a plant virus 

by reducing agents. A protective effect of EDTA was also demonstrated for AMV 

by Van Vloten-Doting et al., 1970, who did not explain the effect. Complete in

activation of AMV occurred when the purified virus was kept for 14 days at 4 C. 

This inactivation was prevented by EDTA. 

For bacterial viruses Murata et al. (1971, 1972a and b) have observed 

degradation of isolated and in situ nucleic acid by reducing agents which could 

be prevented by chelating agents. The rates of inactivation of bacteriophage 

Jt by 2-ME (Murata et al., 1972a) are comparable with my data from infectivity 

tests, although it has to be borne in mind that the rate is strongly dependent 

on the concentration of the reducing agent and the pH of the incubation mixture 

(Murata et al., 1971; Murata and Kitagawa, 1973b). Murata et al. (1973) explained 

their results by a radical mediated mechanism, without specifying the process. 

Suppression of RNA degradation by radical scavengers also suggests the in

volvement of a radical. Cecil and McPhee (1959) suggested the following reactions 

for the oxidation of a thiol compound (RSH) by oxygen, catalysed by traces of 

contaminating metals, e.g. Fe : 

Fe RS complex + 0 » Fe RS complex + o"', 

0^' + RSH • H0~ + RS' , 

RSH + RS' + Fe RS complex • Fe RS complex + RSSR + H . 

I have found that, for the in situ degradation of CCMV-RNA, oxygen is required 

as well as free radicals. The effect of chelating agents can also be explained 

by assuming a metal mediated inactivation. 

The fact that RNA-2 is split into two distinct fragments, while the other 

RNAs are not, suggests that RNA-2 is somewhat differently packed in the coat pro

tein shell. A similar degradation mechanism during purification catalysed by as

corbic acid rather than 2-ME is feasible. The radical species responsible for 

the breaks in CCMV-RNA has not been determined. 

Van Hemmen and Meuling (1975) demonstrated that the inactivation of DNA by 

radiolysis of oxygenated aqueous DNA solutions was strongly pH-dependent. Under 
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slightly acidic conditions the superoxide radical is in equilibrium with an hydro-

peroxyl radical (HO.) according to HO ;r± 0. + H with a pK value of 4.9 (Van 

Hemmen and Meuling, 1975). These authors found that a decrease in pH of the in

cubation medium increased the rate of inactivation, suggesting an hydroperoxyl 

radical (HO.) as inactivating radical rather than the superoxide radical (0. ). 

Both 0. and HO' can react with H.O., formed from 0. , HO. and water, to produce 

an OH radical. This hydroxyl radical can react with nucleic acids by a mechanism 

similar to enzyme catalysed hydrolysis (Yagi,' 1972). The in situ degradation of 

CCMV-RNA was maximal at pH 5.0 and decreased at both acidic and basic pH values; 

hence for CCMV, a hydroxyl radical might be the inactivating species. 

Probably coat protein is a source of traces of metal ions. In virus purified 

using EDTA, RNA can degrade in situ after extensive dialysis of the virus against 

several changes of EDTA-free buffer. Apparently the coat protein collects trace 

amounts of metals from buffer and salt solutions of analytical grade chemicals 

during this procedure. The degradation of CCMV-RNA in situ varied among different 

virus preparations probably because of the varying amounts of contaminating metals. 

The resistance of isolated RNA to degradation by 2-ME was not absolute, but de

monstrated the low free-metal content of isolated RNA. It will be necessary to 

analyze the metal content of CCMV preparations to test this hypothesis. A study 

of the influence of metals on the integrity of RNA and virus at pH 5.0 and 7.5 

in the presence or absence of thiol compounds will be needed to discriminate be

tween the complexity of either specific metal or oxygen effects. In preliminary 

2+ . . 

experiments I have observed that Cu prevented in situ degradation of CCMV-RNA. 

Here, a metal scavenged the superoxide radical and thus prevented in situ RNA 

degradation. 

Some contribution to the in situ RNA degradation of semiquinones, generated 

by oxidation of polyphenols or the reduction of 0-quinones, which are adsorbed 

to the coat protein, can not be excluded. However, extraction of virus from tissue 

in the presence of DIECA and ascorbic acid, known to prevent polyphenoloxidase 

activity and covalent linkage of quinones to virus, did not prevent in situ RNA 

degradation. Isolated CCMV-RNA can be inactivated by a mixture of chlorogenic 

acid and tyrosinase as was reported by Woods and Agrios (J974), although the in

activating species, a quinone, semiquinone or RNase was not unequivocally demon

strated. Bancroft (J971) extracted degraded RNA from virus, which was also in

cubated with chlorogenic acid and tyrosinase. The influence of quinones on CCMV 

in vivo and in vitro is now being investigated. 

Dawson & Kuhn (J 974) found low specific infectivities with CCMV from 10- to 

20-days-infected cowpea plants. When this virus of low specific infectivity was 
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subjected to phenol extraction, over 85% of the RNA was lost and the remainder 

appeared degraded and was relatively noninfectious (Wyatt and Kuhn, 1975). I 

neither observed low specific infectivities of CCMV from 20-day-infected cowpea 

plants nor degraded RNA if the virus was purified in the presence of EDTA (results 

not shown). 

I have observed that brome mosaic virus and tobacco mosaic virus ribonucleic 

acids were also degraded in situ, when virus was incubated with 2-ME (results 

not shown). The degradation could be prevented by chelating agents. At least for 

BMV, CCMV, TMV, AMV (Van Vloten-Doting et al., 1970) and tobacco streak virus 

(Fulton, 1975) addition of EDTA to homogenization and storage buffers greatly 

improves the preparation of high quality virus with increased stability. Further

more, since sulphhydryl reducing agents are frequently included in enzyme reactions 

with viruses, addition of chelating agents to the reaction mixtures to improve 

virus stability is highly recommended. 
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4. THE PREPARATION OF CCMV-PROTEIN IN CONNECTION 

WITH ITS ASSOCIATION INTO A SPHERICAL PARTICLE 

Three coat protein preparation methods are described for cowpea 
chlorotic mottle virus (CCMV). Only the use of 0.5 M CaCl„ at pH 7.5 
resulted in protein with less than 0.25% (w/w) residual RNA, indepen
dent of the state of degradation of RNA within the nucleoprotein par
ticles. After dialysis of the isolated protein in 0.2 M NaCl at pH 
5.0 and pH 5.7 pseudo top component (PT) and PT-doubles (PT-D) were 
formed respectively. The formation of PT-D could be suppressed by 
Ca . The pH dependent dissociation and association of the isolated 
coat protein showed a hysteresis of about 0.5 pH unit. The pH at 
which 50% of the protein was present as PT was about 5.5 in the 
association reaction and about 6.0 in the dissociation reaction. 

INTRODUCTION 

The self-assembly of a spherical plant virus was first described in 1967 

for cowpea chlorotic mottle virus (CCMV) (Bancroft and Hiebert, 1967; for a recent 

review see Bancroft, 1970). CCMV consists of three nucleoprotein particles, each 

with a diameter of 25 nm and a protein coat constructed of 180 identical poly

peptides. Four species of RNA of different size were found in those particles 

(Fig. 4.1A). The two smallest were associated with one particle; the other two 

were each associated with a different particle (Bancroft and Flack, 1972). 

When the virus was dialysed against 1 M NaCl at pH 7 it dissociated into 

RNA and protein subunits. Isolated protein subunits themselves associated into 

icosahedral particles (pseudo top component, PT) when they were subsequently 

dialysed against 0.2 M NaCl at pH 5. The resulting protein particle had approxi

mately the same geometric arrangement as in the native virus. However when a 

dialysis medium of pH 5.7 was used the protein particles which formed were a 

mixture of PT and PT surrounded by one or several layers of protein (pseudo top 

doubles and rosettes, PT-D) (Bancroft et al., 1968b; Bancroft et al. 1969a). 

The virus protein association was influenced by nucleic acid; virus nucleic 

acid was found to cause the formation of an icosahedral particle even at low 

ionic strength and neutral pH, where the protein itself did not associate. The 

formation of an icosahedral particle under these conditions was already accom

plished by a small polynucleotide e.g. poly U, n = 23 (Bancroft et al., 1969b). 
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Different methods to prepare viral protein were therefore compared to their 

degree of contamination with nuclei acid. The results show that the formation 

of PT-D was not due to nucleic acid contaminating the viral protein preparations. 

The formation of PT-D can be prevented in the presence of divalent metal ions, 

particularly Ca 

MATERIAL AND METHODS 

CCMV, obtained from Dr. J.B. Bancroft, was grown in cowpea plants, Vigna 

unguiculata (L.) Walp. var. Blackeye Early Ramshorn, and purified by the poly

ethylene glycol method as described by Bancroft et al. (1972). The only modifi

cation was that the leaf homogenate was kept at 4 C and at pH 4.7 for one hour. 

The purified virus was stored at 4 C in 0.1 M sodium acetate pH 5.0 containing 
1% 

1 mM sodium azide. Virus concentrations were determined with E, at 260 nm = 
1 cm 

58.5 in 0.1 M sodium acetate buffer, pH 5.0 (Bancroft, personal communication). 

The viral coat protein was prepared by the following methods: 

Method A. A virus suspension (4 mg/ml) was dialysed overnight at 4 C against 

1 M NaCl, 1 mM dithiothreitol (DTT) buffered with 20 mM Tris-HCl pH 7.4. The 

virus dissociated under these conditions and the RNA was sedimented by centrifu-

gation for 16 h at 73,000 g. The top three-fourths of the supernatant was used 

as a viral protein solution (Bancroft and Hiebert, 1967). 

Method B. This follows method A except that the separation of the RNA was done 

by zonal centrifugation. Sixty milligrams of virus (1 mg/ml) were dialysed over

night against the buffer mentioned above. The dialysed solution was centrifuged 

in a 10 to 50% (w/v) sucrose density gradient linear with the radius in disso

ciation buffer for 24 h at 30,000 rev/min in an MSE B XIV zonal rotor. After 

centrifugation, the contents of the rotor were fractionated and the pooled pro

tein fractions concentrated by ammonium sulphate precipitation (0.6 saturation). 

After dialysing the protein against dissociation buffer, it was used for associa

tion studies. 

Method C. Virus, 10 mg/ml, was dialysed against 0.5 M CaCl„, 1 mM DDT buffered 

with 50 mM Tris-HCl pH 7.5. After dialysing for 6 to 20 h at 4°C a white precipi

tate of RNA was collected by low speed centrifugation. The supernatant was then 

centrifuged for 2 h at 115,000 g_ to remove residual undissociated virus. The 

protein solution obtained was either stored at 4 C and dialysed against 1 M NaCl 

pH 7.5 before being used for association studies, or dialysed and used immediately. 

Protein concentrations were determined spectrophotometrically, assuming 
1% 

El cm a t 2 8 ° n m t o b e 12'7 i n 1 < 0 M N a C 1 p H 7,it (Bancroft, personal communica
tion). RNA was determined by the orcinol method. 
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Viral RNA was analysed by electrophoresis in 2.6% (w/v) polyacrylamide gels 

according to Loening (1967, 1969) at 60°C (Reijnders et al., 1974). Virus was 

dissociated at room temperature in a solution of 10% (v/v) glycerol and 2% (w/v) 

sodium dodecyl sulphate (SDS) in water. The mixture was subjected directly to 

electrophoresis with a current of 3.5 mA per gel for 3.5 h. The gels were scanned 

at 260 nm or stained with 0.01% (w/v) Toluidine Blue in 40% (v/v) methoxyethanol 

in water. Gels were destained in water. 

Electron micrographs of virus particles and protein aggregates were obtain

ed with a Siemens Elmiskop 101. The material was negatively stained over holes 

in a carbon film with 1% (w/v) uranylacetate in double-distilled water. 

Sedimentation analysis was performed in an MSE analytical ultracentrifuge 

equipped with Schlieren optics and an ultraviolet absorption scanner. 

All buffer solutions were made at room temperature and contained 1 mM DTT. 

Solutions of pH 5.0 to 6.3 were buffered with 50 mM sodium acetate and above pH 

6.3 the solution was buffered with 50 mM Tris-HCl, unless otherwise stated. 

RESULTS AND DISCUSSION 

The results of the three methods used to prepare coat protein are summarized 

in Table 4.1. Compared are percentages of theoretical yield and absorbance ra-

Table 4.1. Yield and spectral properties of virus coat protein preparations. 

Method » Yield2) A 2 8 0 / A 2 6 0 3 ) 

A 50% 1.40 + 0.10 

B 60-80% 1.55 + 0.05 

C 90% 1.70 + 0.05 

0 

2) 

3) 

A, B and C refer to the respective methods described under materials and 

methods. 

Percentage of theoretical yield based on a protein content of the virus of 
76% (w/w) (Bancroft et al•, 1968b). 

The absorbance ratio of 280 and 260 nm indicates the presence of residual 
nucleic acid. A„ort/A„-rt = 1.75 indicates less than 0.25% (w/w) residual 
RNA. 2 8 ° 2 6 ° 

tios. The percentage of theoretical yield was calculated by assuming that the 

protein content of the virus is 76 percent by weight (Bancroft et al., 1968a). 

The yield increased from about 50% in method A to more than 90% in method C. The 

absorbance ratio at 280 and 260 nm indicates the amount of residual RNA. This 

ratio varied from 1.3 for method A to 1.75 for method C, indicating a RNA con-
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tamitiation of about 2.3% and less than 0.25% (w/w) respectively. 

The contaminating RNA in protein prepared by method A or B is probably low 

molecular weight RNA, which is not precipitated by 1.0 M NaCl and subsequent 

centrifugation during 16 h at 73,000 g. Ammonium sulphate precipitation of the 

protein used in method B improved the absorbance ratio but still did not elimi

nate all of the RNA. A„Qr, /A„,n increased from 1.35 to 1.50 in a typical 

ZoO nm ZoO nm 
experiment. 

It was not possible to use ionic exchange chromatography to purify the pro

tein because it is insoluble under the conditions of low ionic strength and neu

tral pH, necessary to bind the residual RNA to the column. We therefore used 

CaCl (method C ) , which precipitates the RNA quantitatively as has been previous

ly described for brome mosaic virus (Yamazaki and Kaesberg, 1963). The contami

nating low molecular weight RNA in methods A and B is due to degradation of the 

RNA in the virus particles prior to dissociation in 1 M NaCl. Details of the RNA 

degradation process inside the virus will be published elsewhere (see Chapter 3). 
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Fig. 4 . 1 . Electrophoresis pattern of CCMV-RNA in 2.6% (w/v) polyacrylamide gels 
at 60 C. Virus was dissociated in 10% (v/v) glycerol and 2% (w/v) SDS and ana
lysed directly on gels. (A) Virus with intact RNA; (B) Virus with degraded RNA. 
The arrows indicate the positions of the RNA components isolated from biological 
active virus. The anode is at the r ight . 

F i g . 4.1A shows t h e e l e c t r o p h o r e s i s p a t t e r n of i n t a c t CCMV-RNA and F i g . 4 . IB t h e 

p a t t e r n of s t r o n g l y degraded CCMV-RNA. Both were r un a t 60 C a f t e r a p p l i c a t i o n of 

about 12 micrograms of RNA. I t i s c l e a r from F i g . 4 .1 t h a t l a r g e amounts of 
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degraded RNA can be present in purified virus and these may contaminate protein 

prepared by method A or B. 

In contrast to what was observed by applying method A or B, almost no varia

tion in spectral properties was found for protein prepared according to method 

C, irregardless of the degree of RNA degradation in the original virus prepara

tion. This has been verified repeatedly by preparing protein from different 

batches of virus, each of which contained different amounts of low molecular 

weight RNA, as determined by polyacrylamide gel electrophoresis. 

When protein in 1.0 M NaCl, pH 7.5, was dialysed against 0.2 M NaCl, pH 

5.0, or pH 5.7, the protein associated into PT and into a mixture of PT and PT-D 

respectively. PT sedimented with s._ ., of about 52 S and PT-D with s„„ t, of 
20 , W 20,w 

abou t 110 S. The PT-D p r e p a r a t i o n was more inhomogeneous t h an PT a s shown i n t h e 

e l e c t r o n m i c rog r aphs i n F i g . 4.2A and B. The two p r e p a r a t i o n s d i f f e r e d i n t h e i r 

Fig. 4.2. Electron micrographs of pro
tein aggregates obtained if CCMV-protein 
was dialysed from 1 M NaCl pH 7.5 to 
0.2 M NaCl pH 5.7 (A) or pH 5.0 (B). 
The aggregates were negatively stained 
with 1% (v/v) uranylacetate in water. 
The bar represents 50 nm. The arrows 
point to PT-D part ic les . 

s t a b i l i t y . The PT-D p r e p a r a t i o n o f t e n p r e c i p i t a t e d d u r i n g s t o r a g e w h i l e PT a t 

pH 5 .0 remained s o l u b l e f o r months a t 4 C. The a s s o c i a t i o n of t h e p r o t e i n i n t o 

PT and PT-D a t pH 5.7 i n 0 . 2 M NaCl was no t a p p r e c i a b l y i n f l u en c ed by t h e p r o 

t e i n p r e p a r a t i o n method used a s j udged from s e d i m e n t a t i o n a n a l y s i s . Con tamina t 

ing RNA d i d n o t i n t e r f e r e w i t h t h e f o rma t i on of PT-D. 
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The formation of PT-D at PH 5.7 could be suppressed by the addition of Ca+ + 

ions in the dialysis procedure. The sedimentation patterns of the association 

products in the presence of 0.2 M NaCl and 1 mM DTT at pH 5.7, with either 10 mM 

EDTA or 10 mM CaCl2 are shown in Fig. 4.3A and B respectively. The addition of 

Ca ions probably induced a compact conformation of the protein at pH 7.5, nec

essary for the formation of an intact icosahedral particle like PT at pH 5.0 in 

0.2 M NaCl. 

Fig. 4.3. Schlieren sedimentation pat
terns of CCMV-protein after dialysing 
from 1.0 M NaCl 7.5 to 0.2 M NaCl pH 
5.7 in the presence of either 0.01 M 
EDTA (A) or 0.01 M CaCl ' (B). Protein 
concentrations: 3.35 mg7ml. The picture 
was taken 14 min after the rotor 
reached a speed of 30,000 rev/min at 
20.0 C. The sedimentation is from right 
to left. 

The partition of protein among PT and dissociated protein in 0.2 M NaCl, 

10 mM CaCl2 from pH 7.5 to 5.0 depended on the pH and ionic strength of the pro

tein solution from which the dialysis was started. 

Fig. 4.4 shows how the partition of protein differed in the association and 

dissociation reaction. The pH at which 50% of the protein was present as PT was 

about 5.5 in the association reaction and about 6.0 in the dissociation reaction. 

PT as the percentage of total protein was determined from the areas in the ultra

violet absorption scans of dissociated protein and total protein. A similar hys

teresis effect has been found in acid-base titration studies with CCMV (Johnson 

e t al-» '973). This effect, as well as that of divalent ions, is in agreement 

with the model for the association and dissociation of CCMV as proposed by 
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Bancroft e t a l . (1973). 

The control of the s e l f - a s soc i a t i on and the d i s soc ia t ion of CCMV-protein 

offers good prospects for the study of the k i ne t i c and thermodynamic aspects of 

these processes without any in te r fe rence of byproducts l i k e PT-D. 

Fig . 4 . 4 . The d i s s o c i a t i on and a s soc i a t i on of CCMV-protein as a funct ion of the 
pH in 0.2 M NaCl and 0.01 M C a d , , expressed as PT component as percentage of 
t o t a l p r o t e i n . The percentage of PT was determined from the a r eas of PT and d i s 
soc ia ted p r o t e i n in the u l t r a v i o l e t absorp t ion scan. (A A) D i s soc i 
a t i on behaviour of PT i f the pH was increased from pH 5 to 7.5 by d i a l y s i s to a 
h igher pH. (A A) Associa t ion of CCMV-protein i f the pH was lowered 
from pH 7.5 to 5 by d i a l y s i s . 
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5. PARTIAL SPECIFIC VOLUME AND CIRCULAR DICHROISM 

OF CCMV AND SEDIMENTATION EQUILIBRIUM OF THE 

DISSOCIATED COAT PROTEINS OF THREE 

BROMOVIRUSES 

When the pH and the ionic strength of cowpea chlorotic mottle 
virus (CCMV) coat protein solutions are changed so that the dis
sociated protein associates into empty spherical particles changes 
in the apparent partial specific volume are observed. From the 
apparent partial specific volume of the empty protein shells, 
0.745 cm3/g and of isolated CCMV-RNA* 0.476 cm3/g both in 0.2 M 
NaCl at pH 5.0, an apparent partial specific volume of nucleopro-
tein, 0.680 cm3/g can be calculated. This calculated value does not 
equal the value of 0.719 cm-Vg, determined experimentally for the 
virus at pH 5.0. The difference is caused by RNA-protein linkages 
in the nucleoprotein particle. 

Sedimentation equilibrium of the dissociated protein of broad 
bean mottle virus (BBMV), brome mosaic virus (BMV) and CCMV shows 
non-ideal hydrodynamic behaviour and suggests that the coat protein 
subunits occur mainly as dimers at pH 7.5. 

Circular dichroism measurements on CCMV nucleoprotein, its RNA 
and coat protein show only small variations in the secondary struc
ture of both RNA and coat protein when association into nucleoproteins 
or empty protein shells occurs. The protein contains little if any 
( < 1%) a - helical structures, both in solution and inside the virion. 
Mfere than 60% of the bases of CCMV-RNA are paired or stacked and 
the amount of base pairing decreases when the RNA is encapsulated, 
both at pH 7.0 and 5.0. The difference in secondary structure be
tween virus RNA in solution and inside virus particles is discus
sed in view of the types of interaction stabilizing the nucleopro
teins and the penetration of the RNA into the protein capsid. 

INTRODUCTION 

Broad bean mottle virus (BBMV), brome mosaic virus (BMV) and cowpea chlo

rotic mottle virus (CCMV) are three bromoviruses. Each bromovirus preparation 

contains four RNA molecules, numbered 1 through 4 in order of decreasing size. 

The two smallest RNA molecules are enclosed in a protein shell consisting of 

180 copies of a single polypeptide (MW *x< 20,000) arranged on the surface of an 

icosaeder. The other two RNA molecules form two seperate nucleoprotein particles 

with protein coats identical to those containing RNA-3 and -4. (Lane, 1974). 

The three bromoviruses are stable around pH 5.0 and sediment around 90 S. 

Increasing the pH of the virus solution to pH 7.5 at low ionic strength causes a 

drop in the sedimentation coefficient to about 80 S e.g. the virus swells. 
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At high ionic strength and pH 7.5 the virus dissociates into protein and nu

cleic acid components (Bancroft, 1970 b ) . 

In this chapter I would like to report about the determination of parti

al specific volumes and circular dichroism of CCMV and its isolated RNA and 

protein, and the variation of these properties during swelling and dissociation 

of CCMV. The dissociated protein of the three bromoviruses is characterized by 

sedimentation equilibrium. 

MATERIALS AND METHODS 

Purification of virus, RNA and pvotein. Bromovirus nucleoproteins, their RNAs 

and coat proteins were isolated by the same procedures and with the same buffers 

as described for CCMV (Verduin, 1974: Chapter 4; Verduin, 1978: Chapter 3 ) . 

BBMV was grown in broad beans (Vicia faba cv. Driemaal Wit) and BMV in barley 

(Hordeum vulgare L. cv. Cambrinus). Virus was purified from 7-day-infected 

plants and finally kept in virus buffer: 0.1 M sodium acetate, pH 5.0, con

taining 1 mM sodium azide and 1 mM EDTA at 4 C. Protein and RNA were isolated 

from fresh or stored virus and both were used in the present experiments. The 

RNA was kept frozen at -20 C and the protein was stored in the pseudo top con

formation (PT) at pH 5.0. For purified virus preparations extinction coefficients 

E 1 L = 54.0 (BBMV), 50.0 (BMV) and 58.5 (CCMV) were taken, and for all 
260 nm _ .. _ 

RNAs E '° = 250. Extinction coefficients E„:„ = 2.3 (BBMV), 8.1 (BMV) 
zbU nm 2oU nm 

and 12.7 (CCMV) were used for the isolated protein in dissociation buffer at 

pH 7.5 (Lane, 1974; Verduin, 1974: Chapter 4). Cowpea mosaic virus (CPMV), puri

fied top, middle and bottom components were a gift from Dr. J.L.M.C. Geelen and 

had been prepared according to Geelen et al. (1972). 

Density determinations. Densities of nucleoprotein, protein and RNA solutions 

Were determined by measuring the vibration frequency of a glass tube filled 

with the sample in a DMA 02C apparatus of Anton Paar (Austria), equipped with 

a digital precision device for density measurements in liquids and gases. 

(Kratky et al., 1969). The apparatus has been calibrated with samples of known 

density: air and distilled water. In all cases the densities of the dialysis 

buffers were determined in parallel experiments. 

Partial specific volumes. The partial specific volume (v) can be calculated 

from the density increment of a solution of know concentration with the aid 

of the equation (Cassasa and Eisenberg, 1964): 
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v = 1 / P Q - 1 /c { (p - P 0 ) / P 0 } 

where p is the density of the solvent i.e. the dialysis buffer, p the density 

of the solution and c the concentration in g/cm . Concentrations were estimated 

from light absorbances of solutions at 260 and 280 ran using the extinction coef

ficient given above. 

Analytical ultraeentrifugation. A MSE Mark I analytical ultracentrifuge equipped 

with an ultraviolet scanning system, using monochromatic light of 280 nm wave

length was used for sedimentation equilibrium experiments according to the low 

speed sedimentation equilibrium principle (Schachman and Edelstein, 1966) with 

a combination of high and low speeds to attain equilibrium (Howlett and Nichol, 

1972). 

Filled Epon double sector cells with a light path of 20 mm were used. Co

lumn height was about 3.5 mm. Time required to reach equilibrium was determined 

by comparing absorption versus distance from the axis of rotation (r) tracings 

at various times during the run. After attainment of equilibrium the natural 

logarithm of the concentration (c) was plotted against the square of the dis

tance from the axis of rotation (r). From the slope of these plots molecular 

weights were calculated by a modified equation of Svedberg and Pederson (1940), 

viz. 

2 RT dln/c 
M w _ 2 2 

(1 - vp)to dr 

where M is-the weight averaged molecular weight, R the gas constant, T the ab

solute temperature, v the partial specific volume, p the density of the solution 
2 

and a) the angular velocity. From two adjacent points in the In c versus r plot 

a M was calculated belonging to the average concentration of the two points. 

Data were processed without smoothing. 

The analytical ultracentrifuge was checked once every six months, by deter

mining the molecular weight of lysozyme (MW = 13,600) according to the described 

method of sedimentation equilibrium centrifugation. 

Civcular diahvoism. CD measurements were done with a Roussel-Jouan dichrograph, 

model CD 185, calibrated with epiandrosterone. Spectra of nucleoprotein, RNA and 

protein solutions in cuvettes with different pathlengths (10, 5 and 2 mm) were 

recorded in the wavelength range of 325 to 210 nm. Constant nitrogen flushing 

was employed to prevent water condensation on the cuvettes, which were thermos-

tatted at 5 for virus and protein and 10 C for RNA. 
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The results are reported in terms of mean residue molar ellipticity, 

(9) , given by the relation: 

(9) = 3300 

A D . M 
o 

c.l 

where M is the average molecular weight of an amino acid residue or a nu

cleotide; 107 for CCMV protein and 323 for CCMV nucleic acid. 6 for virus 

was calculated on the basis of nucleotide residue molar concentration. 

A D is the optical density difference between the left and right circularly 

polarized components of light obtained by multiplication of the full scale 

setting (1 x 10 OD/mm) and the peak height in mm. The symbol c denotes 

the concentration in mg per ml and 1 is the path length in cm. The units 
2 

of 9 are degrees cm per decimol. No corrections for the refractive 

index of the medium was applied. 

RESULTS 

Partial specific volumes. 

In table 5.1. the apparent partial specific volumes of CCMV protein 

under different conditions and for several concentrations of protein are 

shown. The apparent partial specific volumes were not extrapolated to zero 

concentration (Cassasa and Eisenberg, 1964; Lee and Timasheff, 1974), but 

for each buffer a mean value was calculated. The apparent partial specific 
3 

volume of dissociated protein decreased from 0.737 cm /g in 0.5 M CaCl„ 
3 

pH 7.5 to 0.729 cm / g in 1 M NaCl pH 7.5. Formation of an empty protein 

capsid at 1 M NaCl pH 5.0 further decreased the apparent partial specific 
3 3 

volume to 0.726 cm /g, which increased again to 0.728 cm /g when the NaCl 

concentration was lowered to 0.2 M. Strong variations in density measure

ments occurred with protein solutions dialysed for 48 h at 20 C. Probably 

this is caused by precipitation of the protein. 

From the amino acid analysis of CCMV protein (Lane, 1974) and the spe

cific volume of each amino acid residue (Cohn and Edsall, 1943) a partial 
3 

specific volume of 0.742 cm /g was calculated. The values for BBMV- and BMV-
3 

protein are 0.745 and 0.742 cm /g respectively. 
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Table 5.1. Partial specific volumes of CCMV-coat protein in different buffer 
solutions at pH 5.0 and 7.5. 

c(g/cm ) v(cm /g) buffer 

0.0102 
0.0119 
0.0124 

0.0093 
0.0098 
0.0109 
0.0107 

0.0083 
0.0082 
0.0083 

0.0065 
0.0113 
0.0130 
0.0107 

0.738 
0.735 
0.737 

0.730 
0.723 
0.731 
0.731 

0.719 
0.721 
0.738 

0.724 
0.722 
0.738 
0.727 

0.5 M CaCl, 
1 mM DTT 
50 mM Tris-HCl 

1.0 M NaCl 
1 mM DTT 
0.01 M CaCl, 
50 mM Tris-HCl 

1.0 M NaCl 
0.01 M ME 
0.01 M CaCl 
50 mM sodium a 

0.2 M NaCl 
1 mM DTT 
0.01 M CaCl, 
50 mM sodium a 

pH 7.5 

pH 7.5 

:etate 

:etate 

* Solutions were dialysed for 2 days at 4 C against the indicated buffer solutions. 
Concentrations were determined with the extinction coefficient of CCMV-coat 
protein: E 280 12.7, without correction for light scattering. Densities of 
solutions were determined with the density measuring apparatus of Anton Paar 
(DMA/02C) at 21.02 + 0.01°C. 

Table 5.2. Partial specific volumes of three bromovirus nucleoproteins at pH 5.0. 

c(g/cm ) v(cm /g) buffer 

0.0165 
0.0196 
0.0129 
0.0142 

0.714 
0.730 
0.685 
0.715 

0.2 M NaCl 
1 mM DTT 
1 mM EDTA 
50 mM sodium acetate pH 5.0 

0.0169 
0.0146 
0.0123 
0.0100 

0.745 
0.746 
0.747 
0.751 

0.2 M NaCl 
1 mM DTT 
1 mM EDTA 
50 mM sodium acetate pH 5.0 

CCMV 0.0065 
0.0113 
0.0130 
0.0107 

0.704 
0.699 
0.699 
0.699 

0.2 M NaCl 
1 mM DTT 
0.01 M CaCl, 
50 mM sodium acetate pH 5.0 

Solutions were dialysed for^2 days against the indicated buffer solutions, at 
Concentrations were determined with the 

- 54.0 (BBMV), 50.0 (BMV) and 58.5 (CCMV), 
without correction for light scattering. Densities of solutions were determined 
with the density measuring apparatus of Anton Paar (DMA/02C) at 20.20 + 0.01 C 
for BBMV and BMV and at 21.02 + 0.01°C for CCMV. 

20 C for BBMV and BMV and 4|g for CCMV. 
extinction coefficients: E 
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The difference between the calculated and experimentally determined values 

must probably be attributed to the difference in solvent conditions. A value of 
3 

0.737 cm /g, determined for CCMV-protein in 0.5 M CaCl„, pH 7.5, will be used in 

sedimentation equilibrium experiments for all three bromovirus proteins in 0.5 M 

CaCl2, pH 7.5. 

The apparent p a r t i a l specif ic volume of the bromovirus nucleoproteins in 

0.2 M NaCl pH 5.0 a re shown in Table 5 .2 . For BBMV, BMV and CCMV respect ive va-
3 

lues of 0 .711, 0.747 and 0.700 cm /g were determined. A r a the r large d ifference 

in volume i s found for the th ree bromoviruses, which would not be expected from 

t h e i r r a the r s imilar amino acid composition and RNA content . 

Table 5.3 shows the apparent p a r t i a l spec i f ic volumes of CCMV-nucleoprotein, 

RNA and p ro t e in , determined under the same condit ions to allow d i r ec t comparisons. 
3 3 

Using the values of 0.745 cm /g for the p ro t e in , 0.476 cm /g for the RNA and the 
data t ha t the v i rus p a r t i c l e s contain on the average 24% RNA an apparent p a r t i a l 

3 spec i f ic volume of the nucleoprotein can be c a lcu la ted : 0.680 cm / g . This value 

i s lower than the experimentally determined value of CCMV nucleoprotein: 
3 

0.719 cm / g . This increase in volume upon assembly of CCMV from RNA and p ro te in 

might be a t t r i bu t ed to both ionic and hydrophobic i n t e r a c t i on s . Both i n t e r ac t ions 

have po s i t i ve volume e f fec t s opposite to hydrogen bonds which have negat ive A V 

values (Suzuki and Taniguchi, 1972). The s t r i k ing d ifference between the apparent 

Table 5 . 3 . P a r t i a l s p ec i f i c volumes of CCMV nuc leopro te in , i t s r i bonuc le ic 
acid and coat p r o t e i n a t pH 5 .0 . 

Nucleoprotein 

RNA 

Protein 

c(g/cm ) 

0.0151 
0.0124 
0.0167 
0.0038 

0.0030 
0.0030 
0.0036 

0.0095 
0.0115 
0.0142 
0.0157 

v(cm /g) 

0.718 
0.717 
0.715 
0.724 

0.476 
0.477 
0.474 

0.749 
0.746 
0.746 
0.738 

* Solut ions were d ia lysed for 2 days a t 20 C aga ins t 0 .2 M NaCl, 1 mM DTT, 
1 mM EDTA and 50 mM sodium a ce t a t e buffered a t DH 5 .0 . Concentrat ions were 
determined with the e x t i n c t i on c oe f f i c i en t s E , , . - 250 (RNA), 58.5 
(nucleoprote in) and E , ' - 12.7 ( p r o t e i n ) , without c o r r ec t i on for l i gh t 
s c a t t e r i n g . Dens i t i e s of soTutions were determined with the dens i ty measuring 
apparatus of Anton Paar (DMA/OZC) a t 20.20 + 0.01°C. 
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partial specific volume of CCMV-protein in 0.2 M NaCl pH 5.0 with either CaCl 
3 3 

(0.728 cm /g, Table 5.1) or EDTA (0.745 cm /g, Table 5.3), might be explained by 

calcium binding and/or presence of pseudo top doubles as described in chapter 4. 

The difference between the apparent partial specific volumes of CCMV 

(Table 5.2 and Table 5.3) is due to binding of CaCl (Noguchi et al.,1971) which 

decreases the volume. The value for BBMV (0.711) agrees well with the value de

termined pycnometrically (0.717) at pH 7.0, u = 0.1 by Yamazaki et al. (1961) 

but contrasts with the value of 0.75 reported by Paul (1961). 

Sedimentation equilibrium of the bromovirus ooat proteins. 

An absorbance tracing of CCMV coat protein in 0.5 M CaCl. pH 7.5 after low 

speed sedimentation equilibrium at 12,580 rev/min and 10 C is shown in Fig. 5.1 A. 
2 

The corresponding In c vs r plot from the data points (X) yields an almost 

straight line and is shown in Fig. 5.1 B. Using the experimentally determined 
3 

partial specific volume of 0.737 cm /g (see Table 5.1) without correction for 

temperature (Hunter, 1966; Bull and Breese, 1968, 1973), an apparent molecular 

weight of 32,000 i.e. 1.7 times the molecular weight of the structural subunit of 

CCMV (MW = 19,400), was calculated. From the data points in Fig. 5.1 B, supplemen

ted with data obtained from two parallel cells of the same centrifuge run a plot 

of M vs c was constructed (Fig. 5.1 C). The results reasonably well fit the non-
w 

ideality equation (Yphantis and Roark, 1971) : 

Fig. 5.1. Sedimentation equilibrium of CCMV-protein in 0.5 M CaCl, pH 7.5. 
(A) Recorder trace illustrating sedimentation equilibrium of CCMV-protein in 
a 20 mm double-sector cell. The optical density (recorder deflection at 280 nm 
increases in a vertical direction. Increasing distance (r) from the axis of 
rotation is to the right. T and B indicate top and bottom of the cell, X re
present the points from which the data were obtained. M indicates the air-solution 
meniscus of the sample. The broken line represents an absorbance trace of the 
same double-sector cell filled with buffer in both compartments. R and R, indi
cate the reference holes in the counter balance at a distance of 5.700 and 7.299 
cm from the rotor axis. CCMV-protein (0.2 mg/ml) dissolved in 0.5 M CaCl,, 1 mM DTT 
and 50 mM Tris-HCl pH 7.5, was centrifuged for 74.5 h at 10,000 rev/min and 
44 h at 13,000 rev/min and 10° C. 

(B) Determination of the molecular weight of CCMV-protein in 0.5 M CaCl. pH 7.5 
by sedimentation equilibrium. On the ordinate is the natural logarithm of the , 
concentration in mg/ml and the abscissa represents the square of the distance (cm ) 
from the axis of rotation. Points are obtained from the marked positions (X) in 
Fig. 5.1A. For further details see also Fig. 5.1A. 

(C) Weight averaged molecular weight (fi ) of CCMV-protein in 0.5 M CaCl,, pH 7.5 
as a function of protein concentration, as determined by sedimentation equilibrium. 
Data were obtained from Fig. 5.1A and B (+) and from two parallel cells (0,0) of 
the same centrifuge run. For details of centrifugation see Fig. 5.1A. 
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+ B c using the values 

M M . 
w,app w,0 

M n = 40,400 and B = 24.74 x 10 6 ml/mg of Adolph and Butler (1976). 
w,u 

I don't have sufficient and accurrate data to exclude monomer-dimer or monomer-

trimer associations (Adams, 1967; Van Holde et al., 1969). 

Comparison of the sedimentation equilibrium of the three bromovirus coat 

proteins at two different speeds showed a similar behaviour for BMV and CCMV 

(Fig. 5.2 B and C) but strong aggregation of BBMV (Fig. 5.2 A ) . At 13,000 rev/min 

for BBMV, BMV and CCMV an apparent weight average molecular weight throughout the 

cell of 34,000, 32,000 and 33,000 respectively was calculated. These values for 

M were lower after sedimentation equilibrium at 20,000 rev/min, respectively 
w,app 

31,000, 31,000 and 29,000 for BBMV, BMV and CCMV. The curvature in the line of 
2 . . . 

the In c vs r plot of BBMV protein suggest a monomer-dimer or monomer-tnmer 

equilibrium with non-ideality (Adams, 1967; Van Holde et al., 1969). The molecu

lar weight of BMV-protein does not agree with the concentration independent value 

of 40,000 found by Paul and Buchta (1971). 

Ciraular diakpoism. 

Circular dichroism was used for studying the conformation and conformatio

nal change of p ro te in and UNA when CCMV d i ssoc ia ted in to i t s components as has 

a lready been shown for RNA bacteriophages (Schubert, 1969; Oriel e t a l . , 1971; 

Henkes and Middlebrook, 1973). 

The CD spect ra of two types of aggregation of the i so la ted coat p ro t e in : 

dimer and empty p ro te in she l l are shown in F ig . 5 . 3 . Both curves coincide at s e 

vera l wavelengths and exhibi t a negative minimum around 207.5 nm, indica t ing a 

high content of unordered conformation of the coat p ro te in (Oriel e t a l • , 1971; 

Chen et a l . , 1972; J i rgensons , 1973). Chen et a l . (1972) have deduced a r e l a t i o n 

ship for es t imat ing the h e l i c a l content of g lobular p ro te ins from (6)„„„ 

Fig . 5 .2 . Determination of the molecular weight of (A) BBMV-, (B) BMV- and (C) 
CCMV-protein i n 0 .5 M CaCl, pH 7.5 by sedimentat ion equ i l ib r ium. On the o rd ina t e 
i s the n a t u r a l logari thm or the concen t ra t ion in mg/ml and the absc i s sa r ep resen t s 
the square of the d i s t ance (cm ) from the ax i s of r o t a t i o n . BBMV-, BMV- and CCMV-
pro t e in (0 .3 A2g /m l ) , d issolved in 0.5 M CaCl , 1 mM DDT and 50 mM Tris-HCl, 
pH 7 . 5 , were centr i fuged for 52 h a t 13,000 rev/min (0) followed by 20 h a t 
20,000 rev/min (+) . For BMV-protein a t 20,000 rev/min only 3 da ta po in t s a re 
a v a i l a b l e . 
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Fig. 5.3. Circular dichroism spectra of dissociated protein (A, ) and empty 
protein shells (B, ) of cowpea chlorotic mottle virus at 5 C. The dissociated 
protein was dissolved in 1 M NaCl, 50 mM Tris-HCl, pH 7.5 and the empty protein 
shells in 0.2 M NaCl pH 5.0, 0.1 M sodium acetate pH 5.0. (6) is expressed in 
degrees cm /decimol. 

Applying t h i s r e l a t ionsh ip to CCMV-protein, an h e l i c a l content smaller than 1% 

has been est imated. Very low a -he l ix contents have a lso been found for cowpea mo

sa ic v i rus p ro te in (unpublished r e su l t s ) and a l f a l f a mosaic v i rus (Driedonks, 1978). 

The i n t ens i t y of the negative band at 207.5 of d i ssocia ted p ro te in at pH 7.5 i s 

l a rge r than tha t of p ro te in capsids a t pH 5 .0. A s imilar decrease in i n t en s i t y i s 

observed for the weak pos i t ive maximum at 265 nm, which represents the c i r cu l a r 

dichroism of the aromatic amino acid res idues (Schubert and Krafezyk, 1969; 

Budzynsky, 1970; J i rgensons , 1973). I have no explanation for these decreases in 

e l l i p t i c i t y . The two crossover po in ts in the CD spectra of t h i s two type of p ro 

t e i n aggregate d i f f e r only s l i g h t l y : 249 and 288 nm for d issocia ted p ro te in a t 

pH 7.5 and 247 and 289 nm for empty capsids at pH 5 .0 . 

Curve C in F ig . 5.4 r epresents the c i r cu l a r dichroism of i so la ted RNA. One 

negative band a t 207.5 nm and two pos i t i ve ones at 222.5 (weak) and 265 nm (strong) 

are v i s i b l e . Between these bands three crossover po in ts are observed: a t 217.5, 

237 and 298 nm. 

The CD spectrum of CCMV-RNA with the afore mentioned maxima resembles a 
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Fig. 5.4. Circular dichr'oism spectra of CCMV at pH 7.0, 0.1 M sodium phosphate 
(A, ) , C Q W at pH 5.0, 0.1 M sodium acetate (B, — ) and CCMV-RNA at pH 7.5, 
20 M Tris-HCl and 0.1 mM MgCl, (C, ) . Spectra were determined at 5°C (virus) 
and 10 C (RNA). (6) is expressed in degrees cm /deciraol. 

typical RNA spectrum (Cox et al., 1975) as observed also for RNA from viruses 

(Mengo virus: Kay et al., 1970; u : Isenberg et al•, 1971; R ?: Bobst et al., 1974) 

and from ribosomes (Adler et al., 1970). Analysis of the circular dichroism in 

terms of two conformations, (McMullen et al., 1967) double stranded with the spec

tral characteristies of RNA double helix, and single stranded with base stacking, 

according to the method of Gratzer and Richards (1971) shows that there is exten-
2 

sive (> 60%) base pairing in the CCMV-RNA molecule((6) 265 mn = 22,000 deg cm 
-1 . 2+ 

dmol ) at pH 7.0 in the presence of Mg 

In Fig. 5.A also the CD spectra of CCMV at pH 5.0 and 7.0 are shown. Both 

curves exhibit bands at 210 and 265 nm together with crossover points at 247 and 

295 nm. The ellipticity around 210 nm is mainly due to the protein moiety of the 

virus. The intensity of the band at 265 nm, representing mainly the RNA, is due 
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to base pairing and base stacking (Samejima et al., 1968, Gratzer and Richards, 

1971; Verma et al., 1971; Phillips and Bobst, 1972). 

The difference in the intensity of the 265 nm band for the CCMV at pH 7.0 

or 5.0 appears to indicate more ordered RNA in virus particles at pH 7.0 than a 

pH 5.0. The observed ellipticities of CCMV at pH 7.0 and 5.0 (20,500 and 19,000 
2 - 1 . . . . 

deg cm dmol ) are somewhat higher than the ellipticity found for BMV at pH 6.7, 
2 -1 

0.2 M NaCl (17,000 deg cm dmol ) . Much higher ellipticities, and consequently 

more ordered RNA, have been observed for chicory yellow mottle virus ((6)„,_ = 
_ ' _ J 265 nm 

26,000 deg cm dmol , Piazzolla et al., 1977) and bottom and middle component 

of cowpea mosaic virus, CPMV, (8)_,_ = 25,000 and 27,000 respectively, (un-
Zo5 nm 

published results). 

Since the molar ellipticities for both RNA and virus were calculated on the 

basis of nucleotide residue molar concentration and the contribution of the pro

tein to the intensity of the 265 nm band has not been taken into account as it may 

be assumed to be neglicible, (9)„,c can be compared directly for isolated RNA 
ZD3 nm 

and in situ RNA. The high intensity observed for isolated RNA indicates a highly 

ordered state of the RNA in 0.1 mM MgCl„ at pH 7.5. The ordering decreases when 

the RNA is encapsidated at pH 7.0 and even more when encapsidated at pH 5.0. 

Around 230 nm a shoulder in the CD spectra of both protein and nucleopro-

tein at pH 7.0 and 7.5 was observed. This shoulder was absent at pH 5.0. I'm in

clined to attribute this change in intensity to variation in configuration of the 

aromatic acid residue tyrosine (Piazzolla et al., 1977). 

DISCUSSION 

The use of partial specific volumes to obtain information about protein-

protein and protein-RNA interactions of CCMV appeared to be rather limited. Al

though the density measurements were very accurate and consistent I have not 

achieved the accuracy of measurement of apparent partial specific volumes for 

which I had hoped. Concentration determination appeared to be difficult due to 

variable light scattering of the concentrated protein and nucleoprotein prepa

rations. To overcome this problem, dry weight determinations were performed. 

The limited amount of material, only 0.7 ml was necessary for determination of 

the density and the precence of high salt concentrations hampered the dry weight 

determinations. Dissolving freeze-dried protein in the appropiate buffers was 

not possible because freeze-dried coat protein was no longer soluble. 

Interpretation of changes in partial specific volume on the basis of cer

tain types of interactions (Suzuki and Taniguchi, 1972): ionic bond (AV>0), 
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hydrophibic bond (AV>0) and hydrogen bond (AV<0) appeared to be difficult. Ionic 

bonds and protonation of carboxyl groups have been shown to result in a volume 

increase of the macromolecule solution (Katz and Miller, 1971, 1972; Noguchi et al. 

1971). The volume increase observed after hydrophobic bond formation of small or

ganic molecules does not agree with the volume increase observed after isoelectric 

heat or presure dependent denaturation of proteins (Brandts et al., 1970; 

Hvidt, 1971; Jaenick, 1971). 

The hydrophobic interactions, which are presumed to be broken during pro

tein denaturations, should cause a volume decrease (Suzuki and Taniguchi; 1972). 

Negative AV values have been shown upon denaturation of proteins in variable con

centrations of guanidine hydrochloride (Lee and Timasheff, 1974) indicating 

also strong medium effects (Katz and Miller, 1972). So, explaining volume effects 

by types of interaction remains speculative; denaturation may cause aggregation 

with positive, or unfolding of the polypeptide chain with negative AV values. 

The apparent partial specific volume of the RNA agrees well with the re-
3 

suits obtained for alfalfa mosaic virus (0.46 cm /g, Heijtink et al., 1977). 

The apparent molecular weight of dissociated CCMV coat protein varied be

tween the monomer and dimer molecular weight. Although a reasonable agreement 

with a non-ideal dimer solution occurred (Adolph and Butler, 1976) the decrease 

in molecular weight found with increasing speed suggests a monomer-dimer equi

librium (Adams, 1967; Van Holde et al., 1969). A more precise analysis over a 

wide concentration range will be necessary to resolve this discrepancy. The se

dimentation equilibrium of BMV is similar for to that of CCMV. The results ob

tained for BBMV suggest a monomer-trimer equilibrium or association of the coat 

protein subunit larger than the trimer. BBMV, unlike BMV and CCMV, does not form 

an empty protein shell, but a heterogeneous population of oligomers of the pro

tein subunit, which sediment around 25 S (Bancroft, 1970 b ) . 

The circular dichroism measurements of CCMV, its RNA and coat protein re

vealed a very low helical content (< 1%) of the protein. A highly unordered 

structure like the random coil would therefore appear most likely. Such domina

ting random coil structure contrasts with the situation observed with TMV coat 

protein, which has a high a-helix content (Schubert and Krafezyk, 1969; Bud-

zynski, 1970) and with bacteriophage f. coat protein, which contains a high 

6-structure content (Henkes and Middlebrook, 1973). Extreme differences in 

structures of the capsid proteins are thus found with viruses, which have many 

dissociation and association features in common. A very low helical content 
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together with a highly unordered structure as deduced from the strong negative 

CD band in the range 195-210 run, Jirginsons, 1973 has also been observed for the 

protein in the natural top component of cowpea mosaic virus (CPMV, unpublished 

observations). CPMV is quite different from CCMV with respect to virus particle 

stability and protein-protein interactions (Kaper, 1972). However the nature of 

the stabilising forces might not at all be related to the type of secondary 

structure of proteins. 

The specific ellipticity of virus at 265 nm is smaller than the sum of 

the fractional ellipticities of the isolated RNA and protein. This is most easi

ly explained by assuming some melting of the secondary structure of the RNA 

upon encapsidation. Dye binding and hypochroicity studies of CCMV and CCMV-RNA 

by Adolph (1975 a and b) do not exclude a more decreased secondary structure of 

the RNA in situ. However dye binding and hypochromicity are favored by base 

pairing while the CD band at 265 nm has also a strong contribution of base 

stacking and therefore both types of results do not contradiet each other. 

For several single stranded and double stranded DNA viruses also a lower 

optical rotation for the nucleoprotein in comparison with the isolated compo

nents was observed (Maestre and Tinocco, 1967). This lower optical rotatory 

dispersion could be mimicked with DNA in 24% LiCl, indicating that the internal 

DNA is in more dehydrated state exhibiting less base stacking (Powell and 

Richards, 1972). 

For RNA bacteriophages y„, f„ and R , all belonging to the Leviviridae, 

the ellipticity of the phage equals the sum of the fractional ellipticities of 

RNA and protein. 

Also viruses with a highly ordered structure of the RNA inside the virus 

particles are known. Chicory yellow mottle virus RNA is also in situ more struc

tured than in solution (Piazzolla et al., 1977). The high ellipticities at 265 nm 

2 

of 27,000 for middle component of CPMV and of 25,000 deg cm /dmol for bottom com

ponent of this virus also indicate more structure for the RNA in situ than for 

isolated RNA. 

The ellipticity of isolated CPMV-RNA has been assumed to be similar to the 

ellipticity found for CCMV-RNA. 

Kaper (1972) has suggested to classify the spherical RNA viruses according 

to their type of interaction, which stabilize the nucleoprotein particles. In this 

arrangement tymoviruses are predominantly stabilised by means of protein-protein 

linkages and cucumoviruses by means of protein-RNA linkages. Comoviruses, Levivi

ridae and bromoviruses, in this order occupy an intermediate position between 
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the tymo- and cucumoviruses where both types of interaction contribute more or 

less equally to their stability. 

By small angle X-ray and neutron scattering experiments of several sphe

rical RNA viruses it has been demonstrated that the measure of penetration of 

the RNA into the coat protein capsid correlated with the type of interaction 

within the nucleocapsid. The tymoviruses show little penetration, while the 

cucumoviruses have their RNA largely embedded in the coat protein capsid 

(Fischbach and Anderegg, 1976; Jacrot et al., 1977). 

I have found that the observed differences in ellipticities at 265 nm of 

in situ or isolated CCMV-RNA, of CPMV-RNA and of RNA from Leviviridae (Schubert, 

1969; Oriel et al., 1971; Henkes and Middlebrook, 1973) correlate well with 

the type of interaction stabilizing the nucleoprotein particles and the mea

sure of penetration of the RNA in the coat protein capsid. Comoviruses, sta

bilised by protein-protein and protein-RNA linkages an-4, with little penetra

tion of its RNA into coat protein, contain RNA which is more structured than 

its isolated RNA. On the other hand, bromoviruses, which are mainly stabilised 

by protein-RNA linkages and which show moderate penetration of the RNA in the 

protein capsid contain RNA which is less ordered than its isolated RNA. 

For rodlike viruses e.g. TMV, such correlation is not possible. The ORD 

of TMV RNA in situ is twice as large as for isolated RNA (Bush and Scheraga, 

1967). However X-ray diffraction experiments have indicated that there is no 

base pairing and base stacking of in situ TMV-RNA (Stubbs et al., 1977). Pro

bably the rigid helical array of TMV-RNA in the nucleoprotein particle causes 

the increase in optical rotation as compared to isolated RNA (Bush and 

Scheraga, 1967). 
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6. DISSOCIATION OF CCMV AT VARIOUS SALT 

CONCENTRATIONS AROUND NEUTRAL pH 

Using rate zonal centrifugation the salt and pH dependent dissocia
tion of CCMV was analysed. After 24 h incubation of CCMV at pH 7.50 
in 1 M NaCl large amounts of coat protein dimers and four intact RNA 
components containing 4 to 8 bound coat protein subunits per RNA 
component were found. 
Dissociation at pH values between 6.60 and 7.00 in 1 M NaCl also 
showed RNA-protein complexes, called dissociation intermediates, 
which contained almost 100% of the original protein coat and never 
significant amounts of RNA-4. In 1 M NaCl both increasing the pH in 
the incubation mixture between 6.60 and 7.00 or short incubation 
times (0.5 and 2 h) at pH 7.50 caused RNA-4 to be released from virus 
particles before any other RNA was released. At short incubation 
times prior to centrifugation also a protein aggregate sedimenting 
between the dimer and RNA-4 was observed. 
At low salt concentrations (0.1 M NaCl, pH 7.50) the coat protein 
remained attached to the RNA, but the complexes had a much lower 
sedimentation coefficient than virus at pH 5.00. Increase of salt 
concentration up to 1.0 M NaCl caused a gradual release of coat pro
tein dimers. 
At high salt concentrations (2.0 M NaCl, pH 7.50) no protein dimers 
occurred in solution but an empty protein shell was observed in ad
dition to the released RNA. 

INTRODUCTION 

Purified cowpea chlorotic mottle virus (CCMV) consists of three nucleopro-

tein particles with different buoyant densities but similar sedimentation coeffi

cients. This small spherical plant virus contains four RNAs: RNA-1, -2, -3 and 

-4, with molecular weights of 1.20, 1.07, 0.81 and 0.25 x 10 , respectively 

(Reijnders et al., 1974). The smallest two RNAs are encapsidated together, the 

other two separately. The protein coats of all three particles are identical, 

consisting of 180 copies of a single polypeptide, arranged on the surface of an 

icosahedron (Bancroft and Flack, 1972). CCMV belongs to the bromoviruses, which 

have the characteristic ability to dissociate at pH 7.50 and 1 M NaCl into pro

tein dimers (Adolph and Butler, 1976) and nucleic acid (Bancroft, 1970b; see for 

review on bromoviruses, Lane, 1974). These components of CCMV can be reassembled 

into virions at the same pH by lowering the ionic strength to about 0.1. 
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The self-assembly of CCMV in vitro appears to be non-specific. Many poly-

anionic species can be encapsidated by CCMV protein (Bancroft et al., 1969b). 

Moreover, the products formed upon assembly with RNA did not completely resemble 

the original virus. Very low concentrations of particles containing RNA-3 + 4 

were found and all the reassembled nucleoproteins were less stable in CsCl or 

RbCl (Chapter 7). Varying the assembly conditions did not induce specificity nor 

did it improve the stability or the nucleoprotein distribution of the assembled 

products in RbCl and CsCl, which is characteristic for the bromoviruses (Adolph 

and Butler, 1975, 1976, 1977; Chapter 7). Specific interaction between RNA and 

protein has been shown for bacteriophage MS„ and tobacco mosaic virus (TMV). 

Either an intermediate structure (complex I of MS„) or a protein aggregate (disk 

of TMV) appeared to be involved in the specific assembly process (Sugiyama et 

al., 1967; Chroboczek et al., 1973; Butler and Klug, 1971). 

A study of the association properties of the isolated coat proteins of CCMV 

and BMV (Adolph and Butler, 1974; Pfeiffer and Hirth, 1974b; Verduin, unpublished 

results) did not reveal any aggregate, which might recognize the RNA. However, 

at the same conditions of ionic strength and pH different conformations of the 

coat protein could be observed, depending how the protein had been isolated 

(acidic or alkali). These conformations were demonstrated in both association-

dissociation studies (Verduin, 1974, chapter 4) and acid-base titration studies 

(Johnson et al., 1973; Jacrot, 1975) of the isolated coat protein. 

Therefore the dissociation behaviour of CCMV around neutral pH at various 

sodium chloride concentrations was analysed. Protein aggregates as well as pro

tein-nucleic acid complexes, which might be necessary for specific assembly of 

CCMV, have been detected, when virus was kept at acidic conditions prior to dis

sociation. 

MATERIALS AND METHODS 

Preparation of virus, RNA and coat protein. CCMV, isolated RNA, dissociated coat 

protein and pseudo top component (PT) were prepared as described before (Verduin, 

1974, chapter 4; Verduin, 1978, chapter 3). 

Incubation of CCMV under varying salt conditions around neutral pH. CCMV (1 mg/ 

ml) was incubated at 5 C for 24 h in buffered NaCl solutions containing 1 mM 

dithiothreitol (Cleland's reagent, DTT) unless stated otherwise. The NaCl concen

tration was varied between 0.2 and 2.0 M NaCl and the incubation mixtures were 

buffered with 50 mM Tris-HCl or 50 mM NaH2 PO.-NaOH between pH 6.50 and 7.50. No 

difference in dissociation behaviour was found using either buffer. Tris-HCl was 
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used when RNA was precipitated with CaCl„. pH was measured with a Radiometer pHM 26 

at the desired temperature and an accuracy of 0.05. Measurement of pH in solu

tions containing sugar, high concentrations of NaCl or reducing agents was done 

one minute after immersing the electrode in the solution. Longer periods gave 

erratic results both with the buffered solutions or standard pH buffers. In be

tween the measurements the electrode was immersed in distilled water. 

Rate zonal sucrose density gradient aentrifugation. At the end of the incubation, 

0.25 ml (250 ug) of nucleoprotein solution was layered on a linear 10 to 50% 

(w/v) sucrose density gradient and centrifuged for 15 h in a Beckman SW 41 rotor 

at 30,000 rev/min and 5 C (Neal and Florini, 1972). Linear sucrose density gra

dients were prepared by pipetting layers of 2.5 ml 50%, and successively 2.2 ml 

of 40, 30, 20 and 10% in a Beckman SW 41 cellulose nitrate tube, followed by 

diffusion of the discontinuous gradient for 22-26 h at 5 C. The sucrose solutions 

had the same buffer and salt composition as the incubation mixture, which was 

applied. After centrifugation the tube was punctured at the bottom and the con

tents were displaced by 60% (w/w) sucrose solution or Fluorinert (ISCO: p = 
3 

1.94 g/cm ), using a Model 183 or 185 ISCO density gradient fractionator. The 

absorbance was monitored at 257 and 281 nm with two LKB Uvicords II in series, 

with optical path lenghts of 3 mm. Five-drop fractions were collected, and ana

lysed for RNA by polyacrylamide gel electrophoresis as described (Verduin, 1978, 

Chapter 3), for protein by gel electrophoresis as described by Laemmli (1970) or 

inspected by electron microscopy. 

32 35 

P- and S-labelling of CCMV. Cowpea seeds (Vigna unguiculata (L.) Walp. var. 

Blackeye Early Ramshorn) were incubated for 48 h at 25 C in the dark in moistened 

vermiculite. The germinated seeds were transferred to Hoagland mineral salt so

lution, deficient in phosphate and sulphate, and placed in a climatic room. The 

growing conditions of this hydroponic culture were: illumination with fluorescent 

tubes (25 kWatt/m at the height of the primary leaves) at 30 C and a relative 

humidity of 75% for 12 h and 30 min, followed by darkness for 11 h and 30 min at 

22 C (Huxley and Summerfield, 1976). After five days the primary leaves were 

inoculated with CCMV (1 mg/ml). Twentyfour hours after inoculation the plants 

were divided in two groups and transferred to solutions containing either 5 mCi 
35 . 32 

S-sulphate or 5 mCi P-phosphate.•70 h thereafter the leaves were harvested 

and virus was isolated as described by Verduin (1974, Chapter 4) omitting the 

rate zonal centrifugation step. Purity of the labelled virus (specific radioactivi-

ties one day after purification: S-virus: 11.4 x 10 cpm/mg and P-virus: 

2 x 10 cpm/mg) was checked on sucrose gradients at pH 5.00. All radioactivity 

applied to the gradient sedimented with a coefficient of 88 S. Incubations of 
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labelled virus were performed in the presence of unlabelled virus at a final 

concentration of 1 mg nucleoprotein per ml. To avoid contamination of the gradient 
35 

with S from dissociated protein at the top, the contents of the tube were 

collected from the bottom in 10 drop fractions. Radioactivity was counted in a 

Packard Tricarb scintillation counter, using 7 ml of Insta-gel per ml of aqueous 

nucleoprotein solution in an appropriate dilution. In double-labelling experiments 

the 
32„ 

35 3 
the S-counts in the H-channel were corrected for the spill-over of the 

P-counts. 
32 35 

Chemicals. D i t h i o t h r e i t o l was o b t a i n e d from Calbiochem. P -phospha t e and S-

s u l p h a t e were pu rchased from The Radiochemica l C en t e r , Amersham. I n s t a - g e l was 

a p r oduc t from Packard I n s t r umen t Co. A l l o t h e r c h emica l s u sed were p ro a n a l y s e 

and were o b t a i n e d from Merck & Co. 

Fig. 6 .1. Rate zonal sucrose density 
gradient centrifugation analysis of 
dissociated cowpea chlorotic mottle 
virus (CCMV). (A) 400 ug of pseudo top 
component (PT) and 250 ug of CCMV in 
1.0 M NaCl, 0.05 M sodium acetate pH 
5.00 and 1 mM dithiothreitol (DTT) were 
applied to a linear 10 to 50 (w/v) su
crose density gradient containing the 
same buffer and sal t molarities. The 
gradient was run for 15 h at 30,000 rev/ 
min and 5 C in a Beckman SW41 rotor and 
the contents of the tubes were analysed. 
(B) 250 wl of CCMV (1 mg/ml) in 1.0 M 
NaCl, 0.05 NaH-PO.-NaOH pH 7.50 and 1 mM 
DTT and incubated for 24 h at 5°C was 
layered on a 10 to 50% (w/v) sucrose 
density gradient, in the same buffer, 
centrifuged, and then analysed at 257 ran. 
(C) as (B) but analysed at 281 nm. Posi
tions of virus, PT, RNA-1+2, -3 and 
-4 and dissociated protein (P) are indi
cated. "I" represents the region where 
"dissociation intermediates" were found, 
when CCMV was dissociated in 1 M NaCl 
but at lower pH values. Sedimentation is 
from left to r ight. Positions in the 
gradients are not always directly compa
rable for different tubes and incuba
tions. Measurements with the LKB Uvicord 
II at high sensitivity resulted in peaks 
superimposed on sloping base l ines, 
causing shifts of peak maxima. 

25 50 75 100 
Fraction number 
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RESULTS 

Characterization of the dissociated -products in 1 M NaCl at pH 7.SO. 

Virus incubated for 24 hours at 5 C in 1.0 M NaCl pH 7.50 was centrifuged 

in 10 to 50% (w/v) linear sucrose density gradients (Fig. 6.1). The dissociation 

appeared to be complete since no significant amount of absorbing material was 

found in fractions 80 to 75, where intact virus (88 S) and its swollen form (78 S) 

should be found (Fig. 6.1 B and C). Dissociated coat protein, showing one band 

with a molecular weight of 20,000 in polyacrylamide gels was found near the top 

of the gradient around fraction 5. Sedimentation equilibrium centrifugation ex

periments showed this protein to be a dimer of the structural subunit (Chapter 5). 

Analysis of fractions 30, 45 and 55 by polyacrylamide gel electrophoresis, 

revealed RNA-4, -3 and -2+1 respectively, as the main components. In these 

fractions RNA-2 and -1 were not separated on these sucrose gradients. As markers, 

intact virus (fraction 80) and PT (fraction 60, 52 S) were centrifuged simultane

ously in similar gradients at pH 5.00 (Fig. 6.1A). 

Between fraction 60 and 75 RNA-3 was found in addition to RNA-2 and -1. The 

unexpected position of this RNA is probably caused by aggregation in the high 

salt concentration. This aggregation has been detected to a much greater extent 

if isolated RNA was centrifuged under these conditions and therefore seems to be 

specific for protein-free RNA under high salt conditions. Using a mixture of 
32 35 . . 

P- and S-labelled virus, an attempt was made to detect residual protein on 
. . 32 . . . . 

the RNA. Virus containing P-labelled RNA was mixed with virus labelled in its 
35 

protein coat with S, and dissociated. The products were analyzed on sucrose 
35 

density gradients (Fig. 6.2). Although most of the S-counts were found near 

the top of the gradient some counts were found in the gradient at the positions 

of the different RNA components. The number of coat protein subunits per RNA 

molecule was calculated assuming the RNA content of a virus particle to be 1.11 x 

10 g/mole and using the cpm ratio S/ /P of the undissociated virus mixture 

as a standard. For example fraction 30 in Fig. 6.2, containing RNA-3 and some pro

tein subunits, a value of 6.1 protein subunits per RNA molecule was calculated, viz. 

number of 3 5S counts (2222 cpm) MW RNA-3 (0.81 x 106) 

32 6 
number of P counts (122 cpm) MW RNA average in CCMV (1.11 x 10 ) 

number of protein subunits per undissociated virus particle (180) 

"35 32 32 35 - ' 

S/ P ratio in unfractionated mixture of P- and S-labelled virus (392) 

For the fractions containing RNA-4, -3 and -2+1 average values of 4, 6, and 8 

protein subunits per RNA molecule, respectively, were calculated for one run with 
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Fig. 6.2. Rate zonal sucrose density gradient centrifugation analysis of disso
ciated CCMV, with S-labelled coat protein and P-labelled RNA. CCMV was in
cubated in 1 M,.NaCl at pH 7.50 at 5 C for 24 h and centrifugated as described 
in Fig. 6.1. S/ P in,virus = 392. Using this ratio and the datum that an RNA 
equivalent of 1.11 x 10 gram/mol is encapsidated by 180 protein subunits (MW = 
19,400 g/mol), 4, 6, and 8 protein subunits bound per RNA-4, - 3 , and -2 or - 1 , 
respectively, can be calculated. 

a variation of +_ 2 in the four fractions determined for each RNA. Therefore these 

experiments could not discriminate between a constant number of subunits per 

nucleotide and per RNA molecule. These protein subunits were not bound to the RNA 

when virus was dissociated in 1% (w/v) sodium dodecylsulphate (SDS) (results not 

shown). 

pH dependence of the dissociation in 1 M NaCl. 

Below pH 6.50 the virus was stable and behaved as control virus at pH 5.00 

sedimenting homogeneously. 

Analysis of virus, incubated at different pH values between 6.60 and 7.00 

showed more heterogeneity. Upon increasing the pH, more virus became dissociated 

and more released protein and RNA-4, -3 and -2+1 appeared (Fig. 6.3). Areas 

of the absorption peaks of the dissociation products in the sucrose density 
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Fig. 6.4 pH-dependent release of RNA 
and protein components of CCMV in 1 M 
NaCl. CCMV (1 mg/ml) was incubated at 
5°C and pH values between 6.50 and 7.50 
in 1 M NaCl and analysed in the respec
tive buffer as described in Fig. 6.1 and 
6.3. The assignments of the regions of 
the gradient are as in Fig. 6.3 E. The 
areas under the absorption peaks at 
257 nm or 281 nm for the.different prod
ucts were measured in cm and plotted 
against the pH. (t •) virus, 
(• • ) dissociated protein, 
(0 0) RNA-4, (O Q) 
RNA-3, and (A • -A) RNA-1+2. 

Fig. 6.3. Rate zonal sucrose density 
gradient centrifugation analysis of CCMV 
incubated in 1 M NaCl and at different 
pH values. CCMV (1 mg/ml) was incubated 
for 24 h at 5°C in 1 M NaCl (A) pH 6.60, 
(B) 6.70, (C) 6.80, (D) 6.90 and (E) 
7.00 and analysed on linear 10 to 50% 
(w/v) sucrose density gradients, con
taining the respective buffer and salt 
molarities. Further centrifugation con
ditions as described in Fig. 6.1. Dia
gram A was obtained under slightly dif
ferent centrifugation conditions as com
pared to the other diagrams. 
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gradients were plotted as a function of pH, as is shown in Fig. 6.4. RNA-4 

started to be released around pH 6.50 while no equivalent amounts of dissociated 

protein and RNA-3 were detected. Near pH 6.70 the maximum amount of RNA-4 could 

be detected, while at this pH the first release of RNA-3 and -2+1 occurred. The 

amount of RNA-4 released, as checked by polyacrylamide gel electrophoresis, re

mained constant upon increasing pH, while the amount of RNA-3 and -2+1 increased. 

In addition to dissociated protein and RNA components, other stable protein-

nucleic acid complexes were detected on sucrose density gradients (Fig. 6.3). Above 

pH 6.60 the amount of virus decreased and slower sedimenting material appeared 

(fractions 60 to 75). This material could be detected until pH 7.00, although 

the quantity decreased with increasing pH and the decrease correlated well with 
32 35 

the appearance of RNA-3 and -2+1. A mixture of P- and S-labelled virus was 

incubated for 24 h at 5 C in 1 M NaCl pH 6.75 and analysed on sucrose density 
32 35 

gradients. The contents of fractions 60 to 75 have P/ S ratios equal or 

slightly lower than the ratio determined with unfractionated virus. From these 

experiments it was concluded that most of the protein was still attached to RNA-3, 

-2 and -1. To explain the much lower sedimentation coefficient of the complexes 

a structure different to the sphere (either of intact virus, d = 28 nm or swollen, 

d = 31 nm) had to be assumed (McCammon et_al., 1975). Negatively stained prepara

tion of these fractions did not show as many spherical particles in the electron 

microscope as expected from the amount of nucleoprotein present, assuming a 

spherical appearance of the complex. No evidence was obtained for other defined 

structures after negative staining of these preparations. These complexes are 

referred to as dissociation intermediates. 

Time dependence of the dissociation in 1 M NaCl at pB 7.50. 

When shorter incubation times prior to centrifugation were chosen at pH 7.50 

and 1 M NaCl (0.5 and 2 h compared to 24 h) analysis of the sucrose density gra

dients revealed a protein aggregate sedimenting faster than the peak of the dimer 

coat protein (Fig. 6.5). The maximum amount of this aggregate was found at 30 

min, the shortest possible time tested, while with increasing incubation time less 

aggregation was found. These experiments also showed that most or all of the RNA-4 

was released within 30 min from the start of the incubation since no increase in 

the amount of RNA-4 was found. Upon longer incubation times there was little release 

of RNA-3 and -2+1 at the early stages, as checked by polyacrylamide gel electro

phoresis . 
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Fig. 6.5. Rate zonal sucrose gradient 
centrifugation analysis of CCMV after 
different incubation periods in 1 M NaCl 
at pH 7.50 and 5°C. CCMV (Ting/ml) was 
incubated for (A) 30 min, (B) 2 h and 
(C) 24 h prior to centrifugation on 
linear 10 to 50% (w/v) sucrose density 
gradients as described in Fig. 6.1. 
Note the shoulder on the fast sedimenting 
site of the absorption peak of the dis
sociated protein. 

Fig. 6.6. Rate zonal sucrose density 
gradient centrifugation analysis of 
CCMV after incubation for 24 hours at 
pH 7.50 in different salt concentra
tions. CCMV (1 mg/ml) was incubated for 
24 h at pH 7.50 and 5°C in (A) 0.25 M, 
(B) 0.30 M, (C) 0.35 M, (D) 0.40 M, and 
(E) 0.45 M NaCl prior to centrifugation 
in sucrose density gradients, contain
ing the respective buffer and salt mo
larities. Further centrifugation analy
sis as described in Fig. 6.1 No marker 
positions are indicated, because of 
difference in density and viscosity 
among the contents of the tubes. Never
theless the patterns may be compared 
with Fig. 6.1 to assign the various 
peaks to the components of CCMV. 

78 



Ionia strength dependence of the dissociation around neutral pH. 

Unlike at 1 M NaCl and pH 7.50, CCMV did not dissociate at low concentrations of 

NaCl at pH 7.50 after 24 h of incubation, but had a lower sedimentation coeffi

cient than virus at pH 5.00 (Bancroft et al., 1968b; Adolph, 1975c). Increasing 

the salt concentration from 0.2 M to 0.45 M NaCl further decreased the sedimen

tation coefficient of the nucleoprotein particles, which gradually became more 

heterogeneous (Fig. 6.6). Inspection by electron microscopy of fractions contain

ing this heterogeneous material revealed no significant amount of spherical par-
35 32 

tides nor any other distinct structure. Experiments with S- and P-labelled 

virus showed that the appearance of heterogeneity and slower sedimenting nucleo

protein complexes was accompanied by gradual release of coat proteins from the 

RNA. An average of about twice as much residual coat protein bound per RNA mole

cule in the complexes was found at 0.45 M NaCl compared to 1.0 M. RNA-4 was not 

released earlier than the other RNA components as it was when dissociation oc

curred in 1.0 M NaCl with increasing pH. 

Increase in pH and in salt concentration separately have been shown to 

stimulate the dissociation of CCMV, although different intermediates were found. 

Therefore the sedimentation profiles of the dissociation products after incuba

tion of virus at different salt concentrations (0.45 M, 1.0 M and 2.0 M) and pH 

values (6.75 and 6.95) were compared. The results are shown in Fig. 6.7. Viral 

preparations sedimented homogeneously at pH 6.75 in 0.45 M NaCl. At the same pH 

but in 1.0 M NaCl the preparation became heterogeneous; the virus became disso

ciated and a considerable amount of RNA-4 and other dissociation intermediates 

were observed. At 2.0 M NaCl more RNA molecules were released, including RNA-3 

and -(2+1), but no dissociated protein was detected. The 281 nm absorption 

pattern (dotted line) of Fig. 6.7 C revealed a significant protein band near the 

position of RNA-2+1, which cosedimented with PT. 

At pH 6.95 in 0.45 M NaCl, protein and RNA were released although material 

banding at the positions of both intact virus and swollen virus was still de

tected. In 1.0 M NaCl release of more RNA molecules was observed, with a rela

tively high proportion of RNA-4, while some dissociation intermediates were also 

present. The pH increase from 6.75 to 6.95 at 2.0 M NaCl had much less effect 

on the dissociation than at lower salt concentrations. This is probably because 

dissociation has proceeded further at this high NaCl concentration. Again pro

tein was found near the position of RNA-(2+l), but not at the top of the gra

dient (Fig. 6.7 F dotted absorption pattern). Selective precipitation of RNA by 

CaCl showed more fully the presence of this protein. The protein cosedimented 
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Fig. 6.7. Rate zonal density gradient 
centrifugation analysis of CCMV incu
bated at different salt concentrations 
and pH values. CCMV (1 mg/ml) was incu
bated for 24 h at 5°C at pH 6.75 in (A) 
0.45 M, (B) 1.0 M, and (C) 2.0 M NaCl, 
and at pH 6.95 in (D) 0.45, (E) 1.0 M, 
and (F) 2.0 M NaCl prior to centrifuga
tion in sucrose density gradients, con
taining the respective buffer and salt 
molarities. Further centrifugation con
ditions as described in Fig. 6.1. For 
diagram C and F also the 281 nm absorp
tion pattern has been included to show 
the strong protein absorbance of PT 
around fraction 50. 

with PT (Fig. 6.8) and in the peak fraction high concentrations of spherical 

particles could be detected by electron microscopy. An empty protein shell was 

also found with brome mosaic virus (BMV), when the virus was dissociated in high 

salt concentrations around neutral pH (Pfeiffer and Hirth, 1974 a and b ) . Under 

these conditions no PT was formed from the dissociated protein at pH 7.50 by in

creasing the salt concentration, both for BMV and CCMV. 

Herzog, Pfeiffer and Hirth (1976) found that BMV, which is related to CCMV, 

preferentially released RNA-1, -2 and -3 over RNA-4 in 1.5 M NaCl or 1.0 M CaCl . 

Either the high ionic strength, known to precipitate high molecular weight RNAs 
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Fig. 6.8. Rate zonal sucrose density 
gradient centrifugation analysis of 
CCMV dissociated in 2.0 M NaCl at pH 
6.90 in the presence of C a C U . CCMV 
(1 mg/ml) was incubated for 24 h at pH 
6.90 and 5°C in 2.0 M NaCl and 0.1 M 
CaCl„ prior to centrifugation in gra
dients, containing 0.05 M Tris-HCl pH 
6.90 and the same salt molarities. Fur
ther centrifugation conditions as des
cribed in Fig. 6.1. Absorption measure
ments of the contents of the tube were 
done at (A) 257 nm and (B) 281 nm. 

Fig. 6.9. Rate zonal sucrose density 
gradient centrifugation analysis of 
CCMV dissociated at pH 7.50 in the 
presence of 1 M of the different alkali 
chlorides. CCMV (1 mg/ml) was incubated 
for 24 h at 5°C and pH 7.50 in (A) 1 M 
LiCl, (B) 1 M NaCl, (C) 1 M KC1, (D) 
1 M RbCl, and (E) 1 M CsCl prior to 
centrifugation in gradients, containing 
the respective buffer and salt molar
ities, as for incubation. Further cen
trifugation conditions as described in 
Fig. 6.1. No marker positions are indi
cated because of differences in density 
and viscosity among the contents of the 
tubes. Nevertheless the patterns may be 
compared with Fig. 6.1 to assign the 
various peaks to components of CCMV. so 75 Kio 

Fraction number 
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preferentially, explains the solubility of small RNAs (CCMV incubated in 

2.0 M NaCl and 0.1 M CaCl„ pH 6.90 contains a substantial amount of soluble 

RNA-4, Fig. 6.2A) or a different dissociation applies to BMV. 

Cation dependence of the dissociation at pH 7.50. 

Changing the type of cation, used in the incubation mixture, had a remark

able effect on the dissociation behaviour of CCMV at pH 7.50. From absorption 

patterns of the gradients as shown in Fig. 6.9, Na appeared to be most effective 

in dissociating the virus into RNA and/or RNA-protein complexes and high concen

trations of protein dimers. Li seemed to stabilise protein-protein interactions, 

since less protein was found near the top of the gradient and intermediates and 

undissociated virus were present in larger amounts. K , Rb and Cs in this order 

were less able to release protein and RNA from the virus particle. 

DISCUSSION 

Using rate zonal centrifugation for analysis and fractionation of dissocia

tion products it has been shown that dissociation of CCMV at pH 7.50 in 1.0 M 

NaCl resulted in protein dimers and nucleic acid (Verduin, 1974, Chapter 4 ) . The 

four RNAs were intact and had 4 to 8 bound coat protein subunits per RNA molecule. 

These protein-nucleic acid complexes might be analogous to "complex I" found with 

bacteriophages (Sugiyama et al., 1967; Chroboczek et al., 1973; Chroboczek and 

Zagorsky, 1975; Zagorska, Chroboczek and Zagorski, 1975). Although the coat pro

tein subunits seemed firmly bound to RNA molecules upon dissociation of virus, 

they have not been detected upon assembly of isolated RNA and protein dimers. 

The protein aggregates and the protein-nucleic acid complexes have now been 

tested for their function in the self-assembly process of CCMV. Preliminary re

sults showed that the RNA molecules, with 4 to 8 coat protein subunits per mole

cule, mixed with coat proteins reassemble into particles that are more homoge

neous and stable in RbCl, as compared to assembly with phenol extracted RNA 

(chapter 7). 

To facilitate the explanation of the results two protein conformations are 

assumed. The compact conformation refers to the tertiary structure found with 

protein subunits quasi-equivalently arranged in the shell of either virus or PT 

at pH 5.00. The loose conformation refers to the tertiary structure of protein 

dimers in solution, usually at pH 7.50. The transition from compact to loose is 

governed by deprotonation, is strongly time dependent and reversible (Johnson 

et al., 1973; Verduin, 1974, Chapter 4; Jacrot, 1975). The presence of dimers of 
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the coat protein subunit, as well as other factors (aggregation in high salt 

solutions, temperature dependence of association, calorimetry), suggest a strong 

hydrophobic interaction as the main interaction between the coat protein sub-

units. 

Using the neutron scattering analysis data of BMV (Jacrot et al., 1976, 1977) 

for CCMV together with the assumed conformations a hypothetical model covering 

the data concerning the salt concentration dependent dissociation of CCMV around 

neutral pH is proposed (Fig. 6.10). In this model a fragment of the RNA molecule, 

I NKtTEM SMELL 

DISSOCIATED VIRUS 

DISSOCIATION INTERMEDIATES 

UNFOLDED VMIA 

L ) . Q 1 

SWOLLEN VIRUS 

p H 7 S 

Fig. 6.10. Hypothetical model for the salt-dependent dissociation of CCMV around 
neutral pH. Horizontally virus is shown at u = 1.0, pH 5.00: stable virus, pH 
6.90: dissociation intermediates, and pH 7.50: dissociated virus. Vertically 
virus is shown at pH 7.50, varying the ionic strength from 0.1: swollen, 0.3: 
unfolded, 1.0: dissociated, to 2.0: empty protein shells. Virus is represented 
by a cross section of the icosahedral particle, cut through 4 three-fold and 4 
five-fold symmetry axes. In this way 8 RNA loops, in interaction with hexamer 
and pentamer clusters of the coat protein subunits are in a plane, while two are 
out (broken line). The threads with loops represent fragments of the viral RNA 
molecules, numbered according to their increasing molecular weights. The ellipses 
represent the coat proteins (MW = 19,400), in solution always present as dimers. 
The dotted ellipses represent the protein subunits bound at the high affinity 
sites of the RNA. The location of RNA and protein is based on structural analysis 
of BMV (Jacrot et al., 1976, 1977) and its similarity with CCMV. 
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which binds the residual protein subunits after dissociation of the virus in 1 M 

NaCl, pH 7.5 (dissociated virus), is represented by a loop structure. These frag

ments might correspond with the 3'-terminal fragment, which is nearly identical 

for all four CCMV-RNA molecules (Bastin et al., 1976). 

Incubation of virus at pH values between 6.50 and 7.00 in 1 M NaCl showed 

the appearance of dissociated intermediates in addition to RNA and coat proteins. 

Considering the low sedimentation coefficients and the high protein-RNA ratios, 

RNA loops protruding from the protein shell or a non-spherical structure had to 

be assumed (McCammon et al., 1975), stabilised by weak protein-protein and pro

tein-RNA interactions. Probably RNA-4, which was negligible in the dissociation 

intermediates, was not involved in sufficient protein-RNA interactions, to stick 

to the RNA-3-protein complex. The weak protein-protein interaction between the 

dimers is probably due to a transient state between the compact and the loose 

conformation of the coat proteins. A similar time dependent transient state 

causes the faster sedimenting protein found after short incubation periods in 

1 M NaCl at pH 7.50. 

When the salt concentration was increased (2.0 M NaCl) before the pH was 

changed from 5.00 to 7.50, empty protein shells were found in addition to free 

RNA, so the protein-nucleic acid interactions were further weakened while the 

protein-protein interactions were reinforced. The protein probably retained the 

compact conformation since PT could not be formed by increasing the salt concen

tration of a dissociated protein solution at pH 7.50, where the coat protein is 

assumed to be in the loose conformation. For BMV (Pfeiffer and Hirth, 1974 a 

and b) strong hydrophobic interactions, known to be reinformed by high or very 

low salt concentrations, had to be considered to explain the protein-protein 

interactions. This is also true for CCMV, and may explain the effect of different 

alkali chlorides on the dissociation of CCMV at pH 7.50. The Li -ion is known 

to induce an ordered structure of water molecules and in this way competes with 

protein molecules for hydration water, thereby favouring hydrophobic interactions 

(Sun et al., 1974). The Cs -ion "breaks" the structure of water molecules, also 

those present around the protein molecules as hydration water (Lewin, 1974). Both 

ions at 1 M concentration probably stabilize the virus by strong protein-pro

tein interactions, while in the case of Cs the size of the hydrated ion may 

prevent effective competition with protein binding sites for RNA. 

The swollen virus (0.1 M NaCl, pH 7.50) is mainly stabilised by hydrophobic 

protein-protein and electrostatic protein-RNA interactions. The protein-RNA in

teraction is essential since it prevents the protein from aggregation in very 

large irregular structures (Bancroft, 1970b; Verduin, unpublished results). In-
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creasing the salt concentration (0.3 M NaCl) weakens the hydrophobic interactions 

between the coat proteins while electrostatic protein-RNA interactions are not 

yet broken. It is assumed that the viral RNA is unfolded, while the protein is 

bound to it. The complex must be mainly stabilised by protein-RNA interactions 

since the coat protein alone does not significantly aggregate under these condi

tions (Adolph and Butler, 1974; Verduin, unpublished results). Furthermore most 

protein is released from the RNA above an ionic strength of 0.3, which confirms 

the results obtained by Hiebert (1969). 
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7. RNA CONTENT AND ISOPYCNIC CENTRIFUGATION IN 

RbCI OF ASSEMBLED AND REASSOCIATED 

BROMOVIRUSES 

Broad bean mottle virus (BBMV), brome mosaic virus (BMV) and cowpea 
chlorotic mottle virus (CCMV) were assembled by mixing isolated viral 
RNA and coat protein under appropiate conditions. All three bromo-
viruses showed upon rate zonal centrifugation analysis of the assem
bled products a band sedimenting around 80 S besides variable amounts 
of nucleoprotein sedimenting between 70 and 80 S and > 110 S. The sedi
mentation pattern was similar for different assembly methods and for 
different preparation methods of the starting material, RNA -and pro
tein. 

SDS polyacrylamide gel electrophoresis of the fractions of a sucrose 
gradient showed that the 70 to 80 S fraction contained mainly RNA-3, 
the > 110 S fraction RNA-3 and RNA-4, while the 80 S band contained 
RNA-1 and -2 and only small amounts of RNA-3 and -4. 

Assembly experiments with the separate viral RNAs showed that the 70 
to 80 S material was mainly obtained when RNA-3, -4 or fragmented RNA 
were encapsidated. Material sedimenting > 110 S was obtained with 
RNA-3, RNA-4 or a mixture of RNA-1 and -2. 

Only 40% of the assembly products were stable in 35% RbCI and sur
vived isopycmic centrifugation analysis. The stable particles contained 
mainly RNA-1 and -2. 

If on the contrary the bromoviruses were dissociated into protein and 
RNA-protein complexes containing 4 to 8 protein subunits per RNA mole
cule and subsequently reassociated changing the ionic strength of the 
mixture, only minor amounts of 70 to 80 S and > 110 S sedimenting 
material were found and most reassociated nucleic protein sedimented 
at 80 S. Almost ninety percent of the products were stable in RbCI. 
This was the case with BMV and CCMV, but not with BBMV. The products 
which were not stable in RbCI contained one or several copies of 
RNA-3 and RNA-4. 

INTRODUCTION 

Broad bean mottle virus (BBMV), brome mosaic virus (BMV) and cowpea chlorotic 

mottle virus (CCMV) constitute the group of the bromoviruses. Characteristically 

each bromovirus consists of three nucleoprotein particles, each carrying a portion 

of the genome. Two particles contain each one RNA molecule (CCMV-RNA-1: 1.20 x 10 , 

CCMV-RNA-2: 1.07 x 10 ) and one particle contains two RNA molecules (CCMV-RNA-3: 

0.81 x 10 ; CCMV-RNA-4: 0.25 x 10 ) . All particles have an almost equal RNA con-

tent of 1.1 x 10 and are therefore difficult to separate by isopycnic density 

gradient centrifugation. The protein coats of all three particles are identical, 
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consisting of 180 copies of a single polypeptide (MW-CCMV-protein : 19,400) arranged 

on the surface of an icosaeder (Lane, 1974). 

BBMV, BMV and CCMV have been assembled from isolated nucleic acid and protein 

components by mixing them under appropriate conditions (Bancroft and Hiebert, 

1967; Hiebert and Bancroft, 1969; Adolph and Butler, 1977). The products of the 

assembly in vitro sediment around 80 S, between native (88S) and swollen (78S) 

virus. The RNase resistence of the biological activity indicates encapsidation 

of complete RNA genomes. Products sedimenting around 80 S have also been assembled 

from RNA fragments and small synthetic nucleotides (Hiebert et al., 1969; 

Adolph and Butler, 1977). Therefore the sedimentation coefficient does not appear 

to be a criterium for properly assembled products. 

A better criterium would be the RNA content of the assembled products. The 

quality of the encapsidated RNA molecules can unambiguously be determined with 

polyacrylamide gel electrophoresis. The nucleoproteins of the bromoviruses can be 

separated in RbCl gradients after isopycnic centrifugation to allow an estimation 

of the relative proportions of the three nucleoprotein particles. By RNA analysis 

of the assembled products in RbCl the RNA content of the stable nucleoprotein can 

be determined. So another criterium would be the stability of the assembled pro

ducts in RbCl gradients. 

Therefore, in the experiments described in this chapter, BBMV, BMV and CCMV 

have been assembled according to the know assembly procedures (Bancroft and Hiebert, 

1967; Adolph and Butler, 1977) and the assembled products have been analysed for 

RNA content and their stability in RbCl gradients. The assembled products have been 

compared with the nucleoproteins obtained after dissociation and reassociation of 

virus. During dissociation and reassociation of the virus the RNA and protein 

components have not been isolated separately (Chapter 6). 

BBMV and BMV, were included in these investigations in order to detect simi

larities or differences within the bromovirus group as done in other studies 

(Verduin, 1978a; Kriise et al. , manuscript in preparation). 

MATERIALS AND METHODS 

Bromovirus nucleoproteins, their RNA and coat proteins were isolated and kept 

as described in chapter 5, 4 and 3 (Verduin, 1974; Verduin, 1978b). Representative 

absorption spectra of the isolated coat proteins are shown in Fig. 7.1. For pre

paration of fresh CCMV-protein, freshly isolated CCMV (2 mg/ml) was incubated 

2 h at room temperature in 1 M NaCl, 1 mM DTT buffered at pH 7.4 with 50 mM 

Tris-HCl and the protein was separated from the RNA and undissociated virus by pas-
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UV absorption spectra of the isolated bromovirus coat proteins ( ) 
. ) : BMV and ( ): CCMV in 0.5 M CaCl pH 7.4. 

sage through Sephadex G-200, equilibrated with the same buffer. 

SDS polyacrylamide gel electrophoresis, rate zonal centrifugation, isopycnic 

centrifugation in the analytical ultracentrifuge, electron microscopy and infec-

tivity test were performed as described in chapter 3, (Verduin, 1978b). With rate 

zonal centrifugation the sedimentation coefficients of the assembled and reasso-

ciated nucleoproteins were calibrated with markers: (PT (52 S ) , unswollen virus 

(88 S ) , virus dimers (124 S) and trimer (152 S). Separate CCMV-RNA molecules were 

prepared by dissociation of virus with SDS, followed by rate zonal centrifugation 

and fractionation as described by Adolph (1975b). 

Preparative isopycnic centrifugation in RbCl was performed in an MSE SW 60 

rotor for at least 60 h at 39,000 rev/min and 5°C. RbCl (35% (w/w), n 2 5 = 1.3721, 



25 3 

p = 1.3471 g/cm ) was dissolved in virus buffer. The gradient covered a density 

range including virus and protein, but RNA sediraented to the bottom of the tube. 

Assemb1Y_2E2£^dures. Method A based on descriptions of Adolph and Butler 

(1975, 1976, 1977): RNA was dialysed against 10 mM Tris-HCl, pH 7.5, containing 

50 mM NaCl and the protein was dialysed against 10 mM Tris-HCl, pH 7.5,- containing 

250 mM NaCl. After mixing the RNA and the protein solutions the mixture was dia

lysed against 50 mM sodium phosphate buffer, pH 6.0, containing 50 mM NaCl for 

2 h at 20 C. A protein-to-RNA weight ratio of 3:1 and 4:1 was used. 

Method B (Bancroft and Hiebert, 1967): RNA was dialysed against 10 mM Tris-HCl, 

pH 7.4, containing 10 mM KC1 and 0.5 mM MgCl„ and protein was dialysed against dis

sociation buffer: 50 mM Tris-HCl, pH 7.4, containing 1.0 M NaCl and 1 mM DTT. After 

mixing protein and RNA solutions (3:1 and 4:1) the mixture was dialysed against 

assembly buffer: 10 mM Tris-HCl, pH 7.4, containing 10 mM KC1, 5 mM MgCl- and 1 mM 

DTT for 2 h at 4°C. 

Method C: Virus was dialysed against dissociation buffer for 24 h at 4 C 

(chapter 6) followed by dialysis for 2 h against assembly buffer at 4 C. 

General outline of sampling and identification of the nucleoproteins during 

the assembly procedures: RNA and protein solutions were dialysed overnight at 4 C, 

against buffered solutions described for Method A, B and C. RNA was added to the 

protein solution in the appropriate proportions: 1:3 and 1:4 corresponding to a 

nucleoprotein concentration of 1 mg/ml and incubated or dialysed against buffer 

used with the different assembly methods. Subsequently the solution was dialysed 

for at least 2 h at 4 C against virus buffer to stabilise the nucleoprotein 

particles and to make comparison in RbCl gradients possible. After assembly and 

after stabilization samples were taken for SDS polyacrylamide gel electrophoresis 

to analyse the RNA content and for rate zonal centrifugation. 

RESULTS 

Rate zonal centrifugation analysis of nucleoprotein particles assembled from 

isolated viral RNA and ooat protein. 

If isolated protein and nucleic acid of the bromoviruses were assembled the 

resulting nucleoprotein preparations always contained particles sedimenting around 

80 S, independent of the assembly method. The rate zonal centrifugation analysis 

of the bromovirus nucleoproteins assembled at low ionic strength, pH 7.4, in the 

presence of Mg (Method B) and with RNA/protein weight ratios of 1:3 and 1:4 is 

shown in Fig. 7.2. Besides 80 S particles, slow (70 to 80 S) and fast (> 110 S) 

sedimenting nucleoproteins were observed. These slow and fast sedimenting products 
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Fig. 7.2. Rate zonal density gradient 
centrifugation patterns of assembled 
bromoviruses. RNA and coat protein were 
mixed in weight ratios 1 : 3 (A) BBMV, 
(B) BMV, (C) CCMV and 1 : 4 (D) BBMV, 
(E) BMV, (F) CCMV corresponding to a nu-
cleoprotein concentration of 1 mg per ml 
and dialysed for 2 h at 4 C against f.low 
ionic strength buffer pH 7.4 with Mg (as
sembly buffer, Method B ) , followed for 

o 
at least 2 h at 4 C against virus 
buffer. 250 ul of the assembled nucleo-
protein preparations was analysed on 10 
to 50% (w/v) linear sucrose density 
gradients in an SW 41 rotor for 15 h at 
25,000 rev/min and 5°C. The contents of 
the tubes were monitored at 257 and 
281 nm. For CCMV (RNA/protein: 1/4) 
fractions I, II and III are indicated, 
which have been used for electron micros
copy (Fig. 7.5). 

could amount up to 50% of the 260 nm absorbing material on gradients but varied 

with different assembly experiments. When during assembly a RNA/protein ratio 

of 1:4 was used, which is lower than occurs in the native virus particles an 

increase in the proportions of 70 to 80 S and > 110 S nucleoproteins was observed 

(Fig. 7.2D, E and F). This heterogeneity was found with assembled products 

analysed both at pH 7.4 and 5.0. All three bromoviruses gave very similar sedi

mentation profiles. BBMV nucleoprotein had a strong tendency to aggregate, causing 

loss of material in the sedimentation profiles. 

Care was taken to prevent degradation of the RNA by adding EDTA to buffers 

used in the purification and storage of the bromoviruses (Verduin, 1978b; 

Chapter 3). Representative UV absorption patterns of RNA, isolated from assembled 
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Fig. 7.3. Electrophoresis patterns of bromovirus RNAs from assembled nucleopro-
tein particles in 2.6% (w/v) polyacrylamide gels at 20°C; the effect of assembly 
on the integrity of the RNA. (A) BBMV, (B) BMV and (C) CCMV. Assembled nucleo-
protein in (of which the rate zonal centrifugation analysis is shown in Fig. 7.2D 
to F) virusbuffer at pH 5.0 was dissociated in 10% (w/v) glycerol, 
2% (w/v) SDS and 1 mM EDTA and 50 ul (40 ug) was applied to gels and electro-
phoresed for 4 h at 4 V/cm of gel. The arrows and the respective numbers indicate 
the distinct RNA species found with the bromoviruses. 

nucleoprotein particles in virus buffer, in 2.6% (w/v) polyacrylamide gels are 

shown in Fig. 7.3. No RNA degradation had occured during the assembly procedure, 

which was confirmed by infectivity tests. The infectivity of the assembled 

nucleoprotein particles, was tested for BMV and CCMV and ranged between 50 and 

150% of the infectivity of the original viruses. 

Assembly of CCMV-protein and RNA at pH 6.0 and ionic strength 0.1 (Method A) 

resulted in more > 110 S particles (Fig. 7.4B) as compared to assembly at low 

ionic strength, pH 7.4, with Mg (Fig. 7.4A). This increased heterogeneity 
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Fig. 7.4. Rate zonal centrifugation (lower diagrams) and SDS electrophoresis pat

terns (upper diagram) of CCMV-nucleoprotein particles assembled (A) at low ionic 

strength, pH 7.4, with Mg (Method B) and (B) at ionic strength 0.1, pH 6.0 

(Method A ) . For details of centrifugation see Fig. 7.2 and of electrophoresis Fig. 

7.3. 

Fig. 7.5. Electron micrographs of assembled CCMV nucleoproteins, after rate zonal 
centrifugation and fractionation (A) 70 to 80 S particles, (B) 80 S particles and 
(C) > 110 S particles. The size of the fractions are indicated in Fig. 7.2F. The 
nucleoproteins were examined on carbon coated grids, negatively stained with 2% 
(w/v) uranyl acetate in distilled water. The bar represents 100 nm. 
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appears to be due to degraded RNA (Fig. 7.4B upper tracing) probably caused by 

the absence of Mg at neutral pH and low ionic strength during initial mixing. 

Similar results were obtained with BBMV and BMV. 

For further characterization of the 70 to 80 S and > 110 S nucleoprotein 

particles the CCMV-material was examined in the electron microscope, and the 

influence of the previous history of virus and protein and of isolated and sepa

rated RNA components was tested. For this, CCMV nucleoprotein particles were only 

assembled at low ionic strength, pH 7.4, with Mg (Method B). 

The particles sedimenting in sucrose density gradients between 70 and 80 S 

(Fraction I in Fig. 7.2F) appeared in the electron microscope as spherical particles 

of equal size and with equal stain penetration (Fig. 7.5A). The main band (80 S, 

Fraction II in Fig. 7.2F) showed variation in diameter, stain penetration and 

clustering of particles (Fig. 7.5B). Fast sedimenting particles (> 110 S, 

Fraction III in Fig. 7.2F) appeared in the electron microscope as dimers, trimers 

and tetramers of particles with different diameters apart from half shells (Fig. 

7.5C). A„,_ /A-0„ ratios of fast sedimenting particles did not indicate 
260 nm 280 nm 

RNA/protein ratios different from virus. 

Fractionation of a sucrose gradient after rate zonal centrifugation of as

sembled nucleoproteins and SDS polyacrylamide gel electrophoresis of the fractions 

revealed the following RNA contents. Particles sedimenting from 70 to 80 S con

tained mainly RNA-3, while both RNA-3 and -4 were found as the main RNA molecules 

in the fraction > 110 S. The fraction containing 80 S particles showed all four 

RNA molecules although less RNA-3 and -4 than in the original virus preparation. 

Assembly experiments with separate CCMV-RNA molecules, isolated by rate zonal' 

centrifugation (Fig. 7.6), and assembled with coat protein at low ionic strength, 

pH 7.4, with Mg confirmed that low molecular weight RNAs caused heterogeneity 

of the assembled products. RNA-1+2 formed 80 S particles and RNA-3 and -4 separa

tely or mixed formed 70 to 80 S particles (Fig. 7.7). All three classes of RNA 

formed nucleoproteins sedimenting faster than 80 S, however RNA-3 and -4 caused 

most aggregation. 

The heterogeneity of the assembled products showed little if any correlation 

with the age of the virus or the protein preparation. Protein prepared from fresh

ly isolated virus or from virus stored for two months at 4 C gave identical re

sults (Fig. 7.8). Also fresh protein isolated gel-filtration from virus which 

had been incubated for two h at 4 C in 1 M NaCl buffered at pH 7.4 did not prevent 

heterogeneity and was comparable in encapsidation to protein stored for 2 months 

at pH 5.0 at 4°C. 

93 



-T—i—i—i—i—i—i—r 

£ 
c 
o 
(0 
CM 

t> u c o n 
i_ o 
in n a 
<D 
> 
o 
4) 

tr 

12 123 

Ml 
4 
1 B 

i — i — i — i -

3 

1 
4 

lc 

1 1 1 1 -

4 
ID 

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 
Distance migrated (cm) 

E 
c 

in 
CM 

u 
c 
o 
n 
L. o 
<n 
X) o 
4) > 

4> 

Fig. 7.6. Electrophoresis patterns of 
isolated and separated CCMV-RNAs in 2.6% 
(w/v) polyacrylamide gels at 60 C. (A) 
RNA-1+2, (B) RNA-3, (C) RNA-3+4, and (D) 
RNA-4. For details of electrophoresis see 
Fig. 7.3. 
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Fig. 7.7. Rate zonal centrifugation ana
lysis of nucleoproteins assembled from 
isolated and separated CCMV-RNA components 
and CCMV-protein. One part by weight of 
RNA component was added to 3 parts of 
protein, assembled (Method B ) , and analysed 
as described in Fig. 7.2 (A) RNA-1+2, 
(B) RNA-3, (C) RNA-3+4, and (D) RNA-4. 
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Fig. 7.8. Rate zonal centrifugation ana
lysis of CCMV nucleoprotein particles; 
the effect of the protein preparation 
method. (A) CCMV, (B) CCMV assembled 
(Method B) from RNA and fresh protein 
obtained by gel-filtration (C) 
CCMV assembled (Method B) from RNA 
and protein, stored for 2 weeks at pH 
5.0. For details of assembly and centri
fugation see Fig. 7.2. 
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Fig. 7.9. Rate zonal centrifugation ana
lysis of nucleoprotein particles obtained 
after dissociation and reassociation of 
bromoviruses. (A) BBMV, (B) BMV, and (C) 
CCMV (1 mg/ml) were dialysed against \ M 
NaCl, pH 7.4 (dissociation buffer) for 
24 h at 4 C and subsequently 2 h against 
low ionic strength, pH 7.4, with Mg 
(assembly buffer, method B) and 2 h 
against virus buffer both at 4 C. Details 
of centrifugation are described in Fig. 
7.2. 
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Rate zonal aentrifugation analysis of nucleoprotein particles obtained after 
dissociation and reassociation of virus. 

In chapter 6 it was shown that CCMV, after dialysis for 24 h at 4°C against 

1 M NaCl, pH 7.4, was dissociated into protein dimers and RNA-protein complexes 

containing 4 to 8 protein subunits per RNA molecule. Reassociation of this dis

sociated mixture under conditions of low ionic strength, pH 7.4, with Mg , re

sulted in nucleoprotein particles sedimenting around 80 S (Fig. 7.9). The RNA 

remained intact during the dissociation-association procedure (results not shown 

but comparable to Fig. 7.3). Also with this reassociation procedure particles 

sedimenting from 70 to 80 S and > 110 S were observed. SDS polyacrylamide gel 

electrophoresis of 70 to 80 S, 80 S and > 110 S nucleoprotein fractions revealed 

the same RNA contents as found with assembly from isolated RNA and protein. 

Isopycnia aentrifugation analysis of nucleoprotein particles assembled from 
isolated viral RNA and coat protein. 

Apart from the RNA content and the sedimentation pattern of the assembled 

products, their stability in RbCl was tested. When the assembled product of CCMV 

was centrifuged to equilibrium in 35% (w/w) RbCl at 5°C, two bands were observed 

by visual inspection of the centrifuge tube, independent of the assembly proce

dures (Method A or B ) . The 257 nm absorption pattern of the contents of the tubes 

are shown in Fig. 7.10B. One band corresponds to the average density of the virus, 
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Fig. 7.10. Isopycnic centrifugation ana
lysis of CCMV nucleoprotein particles; 
the stability of the assembled particles 
in RbCl. The samples are identical to 
the ones shown in Fig. 7.8. (A to C) 
250 ul (250 ug) of each nucleoprotein 
preparation was layered onto 6 gram of 
35% (w/w) RbCl and centrifuged for 60 h 
in a MSE SW 60 rotor at 39,000 rev/min 
and 5 C. The contents of the tubes were 
monitored at 257 nm. The main bands are 
indicated as protein and virus. 
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and the other to the protein indicating that part of the assembled nucleoproteins 

were unstable in RbCl- With different preparations of each of the bromoviruses 

variation in the protein band intensity occured. Assembly at low ionic strength, 

pH 7.5, with Mg produced some stable nucleoprotein particles, however the amount 

never exceeded 40% of the nucleoprotein particles found in sucrose gradients, SDS 

polyacrylamide gel electrophoresis of the nucleoprotein fraction, which is stable 

in RbCl, revealed less RNA-3 and -4 than in the original virus. At 25°C in RbCl 

nucleoproteins dissociated into protein and RNA, which would be expected if 

particles were stabilised mainly by electrostatic interactions. 

Isopyanic centrifugation analysis of nucleoprotein particles obtained after 
dissociation and reassociation of virus. 

The nucleoprotein particles obtained after dissociation and reassociation of 

virus were remarkably stable in RbCl at 5°C with the exception of BBMV. Even upon 

centrifugation at 25°C in the analytical ultracentrifuge the assembled nucleo

protein particles appeared to be stable in RbCl indicating another type of particle 

stabilization (Fig. 7.11). BBMV (Fig. 7.11Aupper diagram) showed a loss of total 

Fig: 7.11. Schlieren patterns of the isopycnic centrifugation of bromovirus nu
cleoproteins in RbCl after 40 h at 40,000 rev/min and 25°C; the effect of disso
ciation and association on nucleoprotein distribution. (A) BBMV, (B) BMV, and 
(C) CCMV; upper'patterns: dissociated and reassociated nucleoprotein particles, 
lower patterns: untreated nucleoprotein particles. Centrifugal force to the left; 
concentration: 0.25 mg/ml, bar angle: 70 . The rate zonal centrifugation 
analysis of the same preparations of nucleoproteins obtained after dissociation 
and reassociation of virus is shown in Fig. 7.9. 

material, caused by dissociation of nucleoprotein into RNA and protein. The latter 

was visible as a negative peak at the meniscus. Both BMV and CCMV (upper diagrams 

in Fig. 7.1 IB and C) showed less medium dense nucleoproteins containing RNA-3+4. 
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Apparently nucleoprotein particles containing RNA-3 or several copies of RNA-4 

were not stable in RbCl but dissociated into protein, visible at the meniscus 

and RNA, which had sedimented at the bottom of the cell. Schlieren patterns were 

interpreted according to Johnson (1973). The original virus preparations are 

shown in the lower diagrams of Fig. 7.11. 

In cases were the > 110 S CCMV-nucleoproteins were stable it was shown that 

the density was lower than the original virus. The > 110 S particles may be 

comparable with the IC. and IC„ particles found by Herzog et al. (1976) after 

dissociation of BMV in 0.5 M CaCl.. 

DISCUSSION 

When bromovirus coat proteins and nucleic acids were mixed and incubated or 

dialysed at low ionic strength at pH 7.4 or pH 6.0 (initially mixed at pH 7.5) 

mainly nucleoproteins sedimenting around 80 S were formed. This particle has also 

been found by Bancroft and Hiebert (1967) and Adolph and Butler (1977). Also 

variable amounts of nucleoproteins sedimenting between 70 and 80 S and > 110 S 

were observed. The proportion of these aberrant nucleoproteins was not affected 

by the age of virus, the age of protein or the protein preparation method. 

SDS polyacrylamide gel electrophoresis of 70 to 80 S particles revealed the 

presence of RNA-3, while > 110 S particles contained mainly RNA-3+4. Assembly with 

separate RNA molecules also demonstrated that RNA-3 and -4 caused heterogeneity 

of the assembled products. CCMV-RNA degraded by a mixture of pancreatic RNase and 

RNase T into fragments with an average molecular weight of 0.55 x 10 , and 

assembled at low ionic strength, pH 7.4, with Mg , also formed 70 to 80 S nucleo

protein particles. 

This suggests that the slow sedimenting nucleoprotein (70 to 80 S) are nucleo

proteins containing RNA-3 or three and four molecules of RNA-4. The sedimentation 

coefficients would be 71 S, 70 S and 76 S, for such particles, assuming the same 

frictional coefficient as for the 78 S virus particles or 81 S, 79 S and 85 S 

using the frictional coefficient of the 88 S particles. 

The nucleoprotein sedimenting > 110 S must be aggregates of improperly 

assembled nucleoproteins containing RNA-1 or -2 but mainly RNA-3 or several copies 

of RNA-4. 

Sedimentation of the assembled products to equilibrium in RbCl showed that 

only 40% of the material sedimenting in a sucrose gradient was stable. Original 

virus is completely stable under these conditions. The stable assembled nucleo

proteins contained mainly RNA-1 and -2, indicating that the nucleoproteins con

taining RNA-3 and -4 and sedimenting from 70 to 80 S and > 110 S were unstable 
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in RbCl. 

Assembly at low ionic strength, pH 7.4, with Mg , first described by 

Bancroft and Hiebert (1967), appeared to be the best method to form 80 S nucleo-

protein particles containing undegraded RNA molecules. The initial mixing at 

pH 7.5 in the absence of Mg as performed by Adolph and Butler (1977) may be 

sufficient to form 80 S particles, but the absence of Mg is harmful to the RNA. 

The dialysis at pH 6.0 would only stabilise the nucleoproteins but not leave the 

RNA intact. Although monovalent cations can compete with Mg upon stabilising 

the secondary structure of RNA (Boedtker, 1962), degradation of RNA has been 

observed. Chauvin et al. (1978) demonstrated that BMV at pH 5.5 in 0.2 M NaCl 

backtitrated from pH 7.5 had a larger overall radius in the presence of EDTA than 

in the presence of Mg (MgCl„, 0.01 M ) , indicating a small specific effect of 

Mg even in the presence of 0.2 M KC1. Mg prevents degradation of RNA either 

by stabilising the secondary structure of RNA or by suppressing the radial expansion 

of protein and RNA (Durham and Pfeiffer, 1977), resulting in disruption of 

RNA-protein bonds. 

In contrast to the instability of assembled particles in RbCl, nucleoproteins 

obtained after dissociation and reassociation of virus were almost for 90% stable 

in RbCl, with the exception of BBMV. The reassociated particles sedimented also 

around 80 S and contained variable amounts of 70 to 80 S and > 110 S particles, 

although less than with assembly from purified RNA and protein. Also in this case 

the unstable RbCl fraction contained RNA-3 and -4. Still particles containing 

RNA-3 and -4 were found, demonstrating that correct medium dense nucleoproteins 

can be formed. Probably other RNA-4 to RNA-3 ratios are needed during assembly 

to obtain sufficient particles containing RNA-3+4, since higher RNA-4 to RNA-3 

ratios have been found during CCMV multiplication in vivo (Dawson, 1978). 

The protein-nucleic acid complex obtained after dissociation of the virus at 

pH 7.4 in 1 M NaCl seems to have an effect on proper assembly. Either some 

secondary structure of the RNA had been preserved or the protein subunits, still 

bound to the RNA, act as an initiation complex for correct addition of more 

protein subunits. 

At present there is no explanation for the exceptional aggregation of BBMV, 

but BBMV protein also behaved differently in the formation of empty protein shells, 

which it failed to form. 



8. GENERAL DISCUSSION 

In preliminary assembly experiments to obtain information about the recogni

tion of CCMV-RNA by its coat protein, two problems arose. At first it appeared 

to be impossible to obtain RNA, which had not been degraded to some extent. 

Secondly the protein, due to RNA degradation in the original virus preparation 

could not be obtained free of RNA and therefore any search for specific protein-

RNA interaction seemed to be meaningless. 

Therefore the observed RNA degradation has been studied in more detail as 

described in chapter 3. The RNA appears to be degraded in situ by a reaction 

involving oxygen, radicals and traces of metals. The degradation could efficiently 

be prevented by complexing the metal ions, which probably catalyse the auto-

oxidation of thiols and other reducing agents, with chelating agents like EDTA. 

In situ CCMV-RNA was more readily degraded than isolated RNA in solution. This 

could easily be explained by assuming a stronger chelating capacity of the 

isolated RNA. 

In recent experiments I have been able to simulate the in situ CCMV-RNA 

degradation. When virus, purified and kept with EDTA, was incubated in 0.1 M 

sodium acetate pH 5.0, containing 1 mM EDTA, 2 mM FeSO, and 10 mM ascorbic 

acid at 37 C for 1 h RNA degradation in situ occurred. 2-Mercaptoethanol (2-ME) 

had an effect similar to ascorbic acid. The molar ratio of FeSO. to EDTA had to 
4 

be 2 to 1. Higher and lower ratios simulated less RNA degradation. However the 

concentration of both compounds could be reduced tenfold without a decrease 

in RNA degradation. Also isolated RNA could be effectively degraded by this 

incubation mixture. Ascorbic acid has been known as a virus inactivating 

compound for Influenza A virus (Klein, 1945) , tobacco necrosis virus (TNV) 

(Bawden and Pirie, 1957) and TMV (Bawden and Pirie, 1959). In the presence of 

Fe and oxygen, ascorbic acid can bring about hydroxylation of compounds with 

aromatic character. This reaction is considerably enhanced by certain concentra

tions of EDTA (Udenfriend et al.,1954)• In both reactions: inactivation and 

hydroxylation, the role of radicals has not been tested, although the need for 
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oxygen has been demonstrated. The identification of the inactivating compound 

most likely the hydroxyl radical (OH")(Scholes et al., 1960), will be subject of 

further studies. Similar radical mediated inactivation might explain the observed 

inactivation of bacteriophage T and myxoviruses by Bachrach et al. (1971) and 

Bachrach (1971). The authors examined the inactivating effect of aldehydes 

obtained by oxidation of polyamines. As aldehydes are easily oxidised by a single 

electron transfer, the generation of a radical is most likely. Also the in

activation of pseudorabies by dithiothreitol (DTT)(Grainer et al., 1971), the 

thermal inactivation of rabies and other rhabdoviruses (Michalsky et al., 1976) 

might be explained by a radical mediated inactivation. 

When diethyldithiocarbamate (DIECA) ia added to the leaf homogenate of 

cucumber infected with prunus necrotic ringspot virus, this virus does not 

inactivate. On the other hand not DIECA but 2-ME stabilises another labile 

plant virus, tulare apple mosaic virus (Barnett and Fulton, 1971). This diffe

rent response to stabilising agents shows that both DIECA and 2-ME might show 

other effects than those demonstrated in this thesis. Nevertheless the inacti

vation of these labile viruses should be reinvestigated in view of the radical 

mediated auto-oxidation of 2-ME and DIECA. 

During manipulations with viruses in the presence of reducing agents such 

as DTT, 2-ME or ascorbic acid, addition of 0.1 to 1.0 mM chelating agent, is 

suggested to prevent RNA degradation. In cases where the virus particle is 
2 + 2 + . . 

stabilised by divalent cations like Mg and Ca (southern bean mosaic virus, 

Hsu et al., 1976) an appropiate ratio of divalent cations to chelating agent, 

based on the equilibrium constant, should be used to keep the free divalent 

ion concentration sufficiently high for stabilization. The chelating agent 

will still complex other metal ions, involved in the catalysis of auto-

oxidation of thiols, because of the large binding constants of these metals. 

While studying the in situ RNA degradation several protein preparation 

methods have been investigated (chapter 4). With CaCl_ RNA free protein could 

be obtained, even from virus with in situ degraded RNA. These preparations 

of dissociated coat protein subunits were used to study the association into 

pseudo top components (PT) i.e. empty protein shells. The partition of protein 

among PT and dissociated protein depended on the pH and differed in the asso

ciation and dissociation reaction. The pH at which 50% of the protein was present 

as PT was about 5.5 in the association reaction and about 6.0 in the dissociation 

reaction (chapter 4). This hysteresis effect has also been observed in acid-base 

titration studies of both protein and virus (Jacrot, 1975) and we have recently 
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confirmed this observation (Verduin and Penners, in manuscript). The effect can 

be explained by assuming two conformations of the coat protein. Around pH 5.0 

the coat protein subunits occur in a compact form, but around pH 7.5 in a loose 

conformation (chapter 6 ) . A large change in the secondary structure of the coat 

protein, if the pH was increased from 5.0 to 7.5, could not be demonstrated 

however by means of circular dichroism measurements (chapter 5 ) . Therefore the 

conformational change is assumed to be some rearrangement of a random coil 

structure. 

Adolph and Butler (1975, 1976, 1977) have tried to obtain specific assembly 

of CCMV by making use of the hysteresis phenomenon, but they failed. No conditions 

have been found where protein in the compact conformation remains unaggregated. 

Compact protein forms PT, which precipitates after addition of RNA. 

On the analogy of the assembly of TMV, where a disk-like aggregate of 34 

subunits plays a key-role in the specific initiation of assembly of virus 

particles, Adolph and Butler (1974) have looked for an aggregate of the coat 

protein of CCMV by varying the pH, ionic strength, temperature and concentration 

of protein, which might play a similar role in the assembly of CCMV particles. 

Such aggregate of size intermediate between the dissociated protein and the capsid 

has however not been found (Adolph and Butler, 1974). Neither has it been possible 

to detect proteins, different from coat protein and occuring in only one or a 

few copies per virus particle, which might achieve the specific assembly of 

CCMV-RNA and protein into nucleoprotein particles (Rice, 1974). 

Therefore, as described in chapter 6, we have undertaken a study of the 

dissociation of CCMV particles under controlled conditions of pH and ionic 

strength to examine whether an intermediate aggregate of protein or RNA and 

protein could be detected upon dissociation, which might be important also tn 

the reversed process i.e. assembly. Such dissociation studies had become 

feasible as we had found conditions, which prevented the degradation of RNA 

upon incubation during longer periods. 

Taking the line that the protein occurs in the compact formation if 

aggregated into a protein shell or a virus nucleoprotein particle, we assumed 

that it might be possible to detect intermediate stages in the dissociation 

reaction, in which the protein had still maintained the compact conformation; 

Four types of intermediate were detected upon dissociation: unfolded virus 

and dissociation intermediates, both containing protein-RNA ratios almost equal 

to that in complete virus; a protein aggregate sedimenting around 8 S and a 

protein-RNA complex consisting of a RNA strand with 4 to 8 protein subunits 
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per RNA (chapter 6). The first two intermediates have not been studied in more 

detail and tested in assembly experiments. The protein aggregate was shortlived 

and we have not yet been able to determine whether the protein occurs in the 

compact or loose conformation in the aggregate, neither have we been able to 

use this aggregate in assembly studies. 

The amount of protein in the protein-RNA complexes was too small for deter

mining also the conformation, but assembly of CCMV from a mixture of protein and 

this protein-RNA complex resulted in nucleoprotein particles, which were more 

stable in RbCl or CsCl than nucleoprotein from isolated protein and RNA 

(chapter 7). Presumably the protein subunits, bound to the RNA, retain the 

compact conformation and regulate the correct addition of protein subunits from 

the solution. Another explanation would be that the bound protein subunits 

preserve a defined secondary structure in the RNA molecule. A possible candidate 

for this defined structure might be the tRNA-like structure of the 3'-terminus 

of the RNA molecules (Bastin et al., 1976). Preservation of a certain poly (A) 

structure at the 5'-terminus is unlikely as CCMV-RNA contains no such poly (A) 

stretches (Semancik, 1974). A further characterization and isolation of this 

RNA-protein complex with be needed to test whether this complex competes with 

heterologous RNA molecules of the same size in the assembly process. 

Up till now the main criterium for proper assembly of CCMV particles has 

been encapsidation of the RNA as checked by infectivity tests and sucrose 

gradient analyses (Bancroft and Hiebert, 1967; Adolph and Butler, 1977). 

The formation of particles sedimenting around 80 S, as analysed by sucrose 

gradients, only indicates that an amount of RNA equivalent to 1.1 x 10 g/mol 

is encapsulated. However, the sedimentation coefficient does not give informa

tion about the integrity of the RNA. It has been shown in chapter 3, that even 

when all RNA molecules inside the virus particles are degraded into small frag

ments, there is no change in the sedimentation coefficient. 

The infectivity of free RNA in solution almost equals that of complete 

virus particles. Therefore, enhancement of infectivity cannot be used to de

monstrate encapsidation but only to measure RNA integrity. Testing the resis

tance of assembled particles against an exonuclease, a mixture of an exo- and 

an endonuclease would be more efficient, tells us something about the protection 

of the RNA by the coat protein but not whether the RNA is correctly located in 

the protein shell. The only way to find out whether RNA-1, RNA-2 and RNA-3+4 

are properly encapsidated in heavy, light and medium dense nucleoprotein 

particles, respectively, like the original virus preparation, is to use a 

combination of isopycnic centrifugation analysis and RNA gel electrophoresis 
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to analyse the RNA content of the assembled nucleoprotein particles as described 

in chapter 7. 

Herzog and Hirth (1978) have also analysed the RNA content of assembled 

nucleoprotein particles after fractionation of the assembly products on sucrose 

gradients. These authors found mainly RNA-3 and RNA-4 in the 70 S fraction, 

which agrees with our finding for CCMV. However they found all four RNAs in 

the fractions sedimenting around 80 S and 110 S, while the > 110 S fraction 

of CCMV contained mainly RNA-3 and -4. Interpreting their results one should also 

bear in mind that the assembly mixture was treated with 6% PEG (MW = 20,000) 

in the presence of 0.1 M NaCl to concentrate the assembly products. In control 

experiments has to be tested whether the addition of PEG and subsequent con

centration of the assembled products affected encapsidation. The authors have 

demonstrated undoubtedly, with their methods, that small RNA molecules are 

readily encapsidated. Preferential encapsidation of small RNA molecules has 

also been observed in assembly experiments with CCMV protein (Adolph and Butler, 

1977) and AMV protein (Driedonks, 1978). In our experiments we have not looked 

for any preferential encapsidation of RNA-3 or -4, but we were more concerned 

about the stability of the assembled nucleoproteins. All four RNA molecules 

are efficiently encapsidated, but when the stability of these nucleoproteins as 

tested in RbCl it appears that almost 50% of the particles containing RNA-3+4, 

RNA 3 or several copies of RNA-4,was unstable and dissociated (chapter 7). 

Also in pH and ionic strength dependent dissociation studies it has been demon

strated that RNA-4 was released from the nucleoprotein particles before any 

significant amounts of RNA-1, -2 and -3 were released (chapter 6). 

In my opinion a high affinity of the coat protein for its own messenger, 

RNA-4, would be very inefficient. This implicates that after synthesis of small 

amounts of coat protein, the coat protein blocks its further synthesis by 

binding of subunits to the messenger RNA coding for it. One would expect a higher 

affinity of the coat protein for RNA-1, RNA-2 and RNA-3, which are presumed to 

code for non-structural viral proteins synthesized in early infection. Inhibition 

of the synthesis of non-structural coat proteins by coat protein has been ob

served for bacteriophage MS„ (Sugiyama and Nakada, 1968). The high affinity of 

the coat protein for the four RNA molecules can be demonstrated by means of 

kinetic and competition experiments with other RNAs. To eliminate the effect of 

size of the RNA molecules in the assembly process it will be necessary to perform 

the experiments with heterologous RNA molecules of equal size. 

The question, how RNA-3 and -4 are encapsidated in one nucleoprotein particle, 
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remains unanswered. In vitro assembly of equimolar amounts of RNA-3 and RNA-4 

results in nucleoprotein particles of which less than 50% are stable in RbCl 

and which contain both RNA-3 and RNA-4. In vivo RNA-3 and -4 are synthesized in 

larger amounts than RNA-1 and -2 (Dawson, 1978). So higher concentrations of 

RNA-3 and -4 or a RNA-3 to -4 ratios different from that found in purified virus 

preparation may be needed to obtain correct in vitro assembly. The only reason 

probably why RNA-3 has to be encapsidated together with RNA-4 is to obtain a 

nucleoprotein particle of maximal stability. 

In an attempt to explain why no initiation complex can be formed from 

dissociated protein and isolated RNA, although evidence for such a complex has 

been obtained from dissociation studies, I propose the following hypothesis for 

a structural model of the dimer of the CCMV coat protein subunit. 

The coat protein dimer at pH 7.5 consists of two polypeptide chains folded 

into an ellipsoid so that the ratio of polar and apolar amino acid residues at 

the surface of the ellipsoid allows solubilization of the dimer in 0.2 M NaCl. 

The conformational change accompanying the transistion from the loose to the 

compact conformation is visualized by the formation of a carboxyl cage in the 

hydrophobic interior of the coat protein subunit. This carboxyl cages contains 

at least two protonated acidic amino acid residues and one lysine residue while 

close to this cage one lysine and one or a few basic amino acid residues must 

be located. 

The different elements of the hypothetical model are based on the following 

arguments. 

The size of the coat protein monomer is too small for the occurence of one 

or a few structural domains linked by a flexible hinge (Wetlaufer, 1973). Such 

structure has been succesfully applied to interpret the structural data of 

tomato bushy stunt virus (Harrison et al., 1974; Rossman and Liljas, 1974; 

Winkler et al., 1977) and also for antibody molecules (Huber, 1976). Therefore 

the protein monomer has been considered as one structural domain. 

The folding problem of a globular protein into a structural domain, is how 

to gain enough energy from hydrophobicity, hydrogen bonds and other ionic inter

actions to overcome the loss of configurational entropy and the steric strain 

that occurs in the folded state (Chotia, 1975). In a comparison of four well-

studied proteins Klotz (1970) has shown that, although almost all ionic or polar 

groups are exposed to solvent, apolar residues may be buried in the protein 

interior or exposed to the solvent. In fact, in all four proteins at least 45% 

of the apolar residues were partially or fully exposed to the solvent. To the 

extent that these proteins are respresentative of other proteins, many hydrophobic 
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amino acid residues may occur at the surface of a protein subunit. It is assumed 

that the monomer of the coat protein of CCMV is not soluble in aqueous solutions 

because of the large amount of apolar residues at the surface of the protein. 

However in the coat protein dimer, where many hydrophobic amino acid residues 

are presumed to be involved in intersubunit linkage, the ratio of exposed polar 

and apolar amino acid residues would be high enough to allow solubilization of 

this aggregate. 

The carboxyl cage is assumed on the basis of abnormal acid-base titrations 

of both protein and nucleoprotein (Jacrot, 1975) analogous to TMV (Butler and 

Durham, 1977; Stubbs et al., 1977). In the case of TMV this abnormal titration 

behaviour has been explained by assuming a carboxyl cage in which acidic and 

basic amino acid residues have been located in a hydrophobic environment in the 

interior of the protein. This hydrophobic environment causes the delayed depro-

tonation of carboxyl groups of certain amino acids. According to Chothia (1974), 

one or a few polar amino acid residues may be buried in the interior of the 

protein without loosing free energy, if these residues form hydrogen bonds. 

Therefore it is not unlikely that two carboxyl groups of CCM"V protein are 

hydrogen bonded to other acidic or basic amino acid residues in a hydrophobic 

environment. 

Location of a lysine residue in the carboxyl cage was based on the properties 

of a mutant of CCMV in which lysine had been replaced by arginine (Bancroft et al., 

1973). This mutant did not dissociate at pH 7.0 and one of the abnormally titra

ting carboxyl groups showed a pK of 4.6. Most likely the arginine replaced the 

lysine with its positive charge but also donated a proton thereby making one 

carboxyl group in the cage superfluous. 

A second lysine must be present close to the cage. This lysine residue can 

be labelled with pyridoxal phosphate at pH 5.0 and this label becomes more mobile 

when the labelled virus was incubated at pH 7.0, where the abnormal carboxyl 

group titrates. The mobility of the label at pH 7.0 appeared to be strongly 
2+ 

affected by the presence of both RNA and Mg (Kruse, Verduin and Visser, in ma
nuscript) . 

With the hypothetical model of the coat protein dimer PT formation at pH 

5.0 and nucleoprotein formation at pH 7.5 can be explained as follows: 

Decreasing the pH of a coat protein dimer solution at pH 7.5 causes protona-

tion of the two acidic amino acid residues, i.e. the carboxyl cage forms and the 

lower ratio of polar to apolar amino acid residues at the surface of the protein 

dimer forces the dimer into PT, stabilised by hydrophobic interactions. The 
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formation of nucleocapsids at pH 7.5 in the presence of RNA is caused by the 

neutralisation of some basic amino acid residues of the protein by the RNA 

resulting in ionic linkages between RNA and protein, while the change in the 

ratio of polar to apolar residues at the surface of the protein dimer forces 

the protein into a spherical nucleoprotein particle stabilised by weak hydro

phobic interactions. 

Also the effect of divalent ions can easily be explained with the hypo-

2+ 2+ 

thetical model. First of all Mg and Ca should be able to replace the pro

teins in the carboxyl cage, which in fact was demonstrated by Pfeiffer and 

Durham (1977). Secondly the divalent cations may stabilise the secondary 

structure of the RNA (Boedtker, 1962; Gordon, 1965). From the CD measurements 

(chapter 5) it is concluded that in situ RNA contains a large proportion of base 

pairing and base stacking. At low ionic strength base stacking is favoured and 

accompanied by expansion of the RNA strand while at high ionic strength more 

base pairing occurs (Powell and Richards, 1972). 

The change of secondary and tertiary structure of CCMV-RNA by different 

mono and divalent cations has clearly been demonstrated by Dickerson and Trim 

(1978). Also polyamines, occuring in plants, are known to influence the structure 

of RNA, but the bromoviruses appear to contain no detectable amount of these 

polycations (Nickersona and Lane, 1977). Changes in the secondary and tertiary 

structure of CCMV-RNA, which is bound to the protein subunits by strong ionic 

linkage, strongly affects the protein and its carboxyl cage. Radical extension 

of the protein subunits, which has been observed during the swelling process 

(Chauvin et al., 1978) may be caused mainly by the extension of the RNA to 

which the protein is bound. 

On the basis of this model the following experiments are suggested to test 

its validity. First of all we have to focus our attention on the hydrophobicity 

of the coat protein. 

By means of in vivo studies (Kim, 1977) more information has to be obtained 

about the sites in the cell where synthesis of RNA and protein and subsequent 

assembly takes place. These studies will contribute to the understanding of the 

role of membranes in plant virus assembly. The involvement of membranes for 

assembly of filamentous bacterophages has been demonstrated (Ino-viridae; Marvin 

and Wachtel, 1975). In a process analogous to that observed with the Ino-viridae 

the hydrophobic nature of membranes might be able to solubilise monomers of CCMV, 

thereby exposing parts of the polypeptide chain which recognize the RNA. Another 

approach would be the determination of the hydrophobicity of the coat protein by 

testing the affinity of the coat protein for alkyl-substituted agarose in 
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hydrophobic chromatography as described for the capsid protein of Moloney-

Murine Leukemia Virus (Swanson et al., 1978) . 

Membranes may also be involved in controlling the concentrations of mono

valent and divalent ions as suggested by Brady et al. (1977) and Pfeiffer and 

Durham (1977). Several examples can be shown in which small variations in the 

concentrations of ions regulate dissociation or association of protein-nucleic 

acid complexes (Brady et al., 1977; Powell, 1971; Seto and Thomasz, 1976; Weber 

et al. , 1977). Binding studies of mono-and divalent ions to CCMV may elucidate 

the role of these ions in both dissociation i.e. uncoating and assembly and 

their influence on the assumed ionic protein-RNA linkages. 

The involvement of certain amino acids residues in the assembly process 

can at present be studied by techniques such as nuclear magnetic resonance 

(De Wit, 1978), electron spin resonance, fluorescence, and laser Raman spectros

copy (Hartman et al., 1973, 1978; Shie et al., 1978), which allow us to assign 

individual amino acid residues to the observed molecular interactions in solution. 

Also by the use of mutants, where one or two amino acid residues have been 

replaced (Lane, 1974), the role of certain amino acid residues in protein-protein 

and protein-nucleic acid interaction suggested in the model may be demonstrated. 
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SUMMARY 

This thesis decribes the conditions for isolation of cowpea chlorotic 

mottle virus (CCMV), its ribonucleic acid (RNA) and the coat protein, the 

characterization of the virus and its constituents (chapter 3, 4 and 5) and 

the dissociation and assembly behaviour of the virus (chapter 6 and 7). 

The aim of the investigation and a literature review pertaining to RNA-

protein interactions, which are met with the tobamoviruses, the Leviviridae 

and the bromoviruses are given in chapter 1 and 2. 

CCMV, isolated and purified in the prescence of reducing agents such 

as ascorbic acid and mercaptoethanol, contained variable amounts of degraded 

RNA. At first RNA-2 was cleaved into two fragments but subsequently all RNA 

molecules were cleaved at random sites. The buoyant density in RbCl and the 

sedimentation coefficient of the virus remained unchanged i.e. the degraded 

RNA was still bound to the protein coat and did not change the stability of 

the nucleoprotein particles. 

The degradation of the RNA was stimulated when virus was incubated at 

37 C in the presence of reducing agents such as mercaptoethanol. Besides re

ducing agents also oxygen and traces of metals appeared to play a role in the 

degradation process. Addition of chelating agents, such as 1 mM EDTA, to the 

homogenization buffer and the buffers in which the virus was kept, prevented 

in situ RNA degradation. Problably the degradation is caused by radicals, which 

are formed during the auto-oxidation of reducing agents by oxygen, catalysed by 

traces of metals (chapter 3). 

In chapter 4 a describtion is given of three coat protein isolation methods 

and the influence of the isolation method on the formation of pseudo top compo

nent (PT) i.e. an empty protein shell without RNA. By means of CaCl. RNA free 

coat protein could be isolated from virus, even when the virus particles con

tained exstensively degraded RNA. The formation of PT and its dissociation were 

pH dependent and both processes showed a remarkable hysteris effect. This effect 

can be explained by assuming two stable conformations of the coat protein. 
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In chapter 5 the results of partial specific volume, ciruclar dichroism 

(CD) and sedimentation equilibrium measurements of CCMV are given. The apparent 

partial specific volume of the dissociated protein in 0.5 M CaCl. pH 7.5, mainly 
3 3 

the dimer of the coat protein subunit, changed from 0.737 cm /g to 0.728 cm /g 
in 0.2 M NaCl, 0.01 M CaCl, pH 5.0, mainly PT. Calculation of the partial speci-

3 
fie volume of CCMV from the experimentally determined volumes of RNA, 0.476 cm /g 

3 
and coat protein, 0.745 cm /g in 0.2 M NaCl, 1 mM EDTA pH 5.0 resulted in a 

3 
value of 0.680 cm /g, which is lower than the experimentally determined partial 

3 

specific volume of CCMV, 0.719 cm /g. The difference is caused by RNA-protein 

interaction. 

The CD measurements of protein dimers and PT showed little difference between 

the secondary structure of both protein subunit aggregates. The a-helix content 

was in both cases smaller than 1%. The structure of the RNA, both free in solution 

and inside the virus particle showed a large amount of base pairing and base 

stacking. Small changes in the secondary structure occured, when the virus was 

swollen and dissociated. 

Chapter 6 describes the pH and ionic strength dependent dissociation of 

CCMV. Upon increasing the pH from 5.0 to 7.5 at 1 M NaCl, CCMV formed RNA-protein 

complexes, which sedimented slower than the intact virus particles but still re

tained an RNA-protein ratio identical to virus. When CCMV was incubated at pH 7.5 

with increasing concentrations of NaCl, at first unfolding of the RNA occured, 

while all the protein subunits were still bound to the RNA, followed by a gra

dual release of protein subunits. In 1 M NaCl the RNA retained 4 to 8 protein 

subunits per RNA molecule. This RNA-protein complex is probably involved in the 

recognition of the protein by the viral RNA. 

In chapter 7 is described how this RNA-protein complex has been used for 

assembly of virus particles, 90% of which is stable in RbCl. These particles 

obtained after dissociation and reassociation of CCMV were characterised with 

respect to RNA content and compared with virus particles obtained after assem

bly of isolated RNA and coat protein. 

After centrifugation in a sucrose gradient both reassociated and assembled 

virus showed a band with a sedimentation coefficient of about 80 S at the main 

product. These particles contained RNA-1 and -2, comparable to the original 

virus preparation but less RNA-3 and -4. Two other classes of products were 

observed. On one hand a fraction sedimenting between 70 and 80 S, which con

tained mainly particles with RNA-3 and on the other hand a fraction with a 
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sedimentation coefficient > 110 S, in which some particles with RNA-1 and -2 

occured, but mainly particles with RNA-3 and -4. Only 40% of the nucleoprotein 

particles assembled from isolated RNA and protein appeared to be stable in RbCl. 

Probably RNA-1 and RNA-2 can form stable virus particles by means of the 

RNA-protein complex, while RNA-3 also has to make a link with RNA-4, before a 

stable nucleoprotein particle sedimenting at 80 S is formed. The assembly pro

ducts of CCMV are compared in this chapter with those of broad bean mottle 

virus and brome mosaic virus, two other bromoviruses. 

Possible assembly mechanisms, a model for the coat protein dimer and future 

assembly research are discussed in chapter 8. 
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SAMENVATTING 

Dit proefschrift beschrijft de omstandigheden voor de isolatie van cowpea 

chlorotic mottle virus (CCMV), het ribonucleinezuur (RNA) en het manteleiwit, 

de karakterisering van het virus en zijn bestanddelen (hoofdstuk 3,4 en 5) en 

het dissociatie en assemblage gedrag van het virus (hoofdstuk 6 en 7). 

De probleemstelling van het onderzoek en een literatuuroverzicht met be-

trekking tot RNA-eiwit interacties bij de tobamovirussen, de Leviviridae en de 

bromovirussen zijn weergegeven in hoofdstuk 1 en 2. 

CCMV, geisoleerd en gezuiverd in aanwezigheid van reducerende stoffen zo-

als ascorbinezuur en mercaptoethanol, bevatte variable hoeveelheden afgebroken 

RNA. Allereerst ontstond een breuk in RNA-2, doch vervolgens traden op wille-

keurige plaatsen breuken op in alle RNA moleculen. De dichtheid in RbCl en de 

sedimentatie coefficient van het virus bleven onveranderd m.a.w. het afgebroken 

RNA bevond zich nog in de eiwitschil en veranderde de stabiliteit van de deeltjes 

niet. 

De afbraak van het RNA werd bevorderd door het gezuiverde virus bij 37 C 

met reducerende stoffen, zoals mercaptoethanol te incuberen. Naast reducerende 

stoffen bleken ook zuurstof en spoortjes metalen een rol te spelen in het af-

braakproces. Het toevoegen van chelerende stoffen zoals 1 mM EDTA aan de homo-

genisatie buffer en de buffers waarin het virus werd bewaard, voorkwam in situ 

RNA afbraak. Waarschijnlijk vindt de afbraak plaats door radicalen, die worden 

gevormd bij de auto-oxidatie van reducerende stoffen onder invloed van zuurstof, 

gekatalyseerd door spoortjes metalen (hoofdstuk 3). 

In hoofdstuk A worden een drietal eiwit isolatie methoden beschreven en het 

effect van de isolatiemethode op de vorming van pseudo top komponent (PT) i.e. 

een lege eiwitschil zonder RNA. Met behulp van CaCl. kon uit virus, zelfs als 

dit veel afgebroken RNA bevatte, eiwit vrij van RNA geisoleerd worden. De 

vorming van PT en de dissociatie ervan zijn afhankelijk van de pH en de 

beide processen vertonen een opvallend hysterese effect. Dit effect kan ver-

klaard worden door aan te nemen dat het eiwit in twee stabiele eiwitconforma-

ties kan voorkomen. 
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In hoofdstuk 5 worden de resultaten gegeven van partieel specifiek volume, 

circular dichroism (CD) en sedimentatie-evenwicht bepalingen. Het schijnbare 

partieel specifiek volume van het gedissocieerde eiwit in 0,5 M NaCl. pH 7,5, 

voornamelijk de dimeer van de struktuureenheid van het manteleiwit, verandert 

van 0,737 cm3/g naar 0,728 cm3/g in 0,2 M NaCl, 0,01 M CaCl2 pH 5,0, waarbij 

het eiwit hoofdzakelijk voorkomt als PT. Berekening van het schijnbare parti

eel specifiek volume van CCMV uit de experimenteel bepaalde volumina van RNA, 
3 3 

0,476 cm /g en eiwit, 0,745 cm /g in 0,2 M NaCl, 1 mM EDTA pH 5,0 leverde een 
3 

waarde van 0,680 cm /g, welke lager is dan het experimenteel bepaalde schijn-
3 

bare partieel specifiek volume van CCMV, 0,719 cm /g. Het verschil moet worden 

toegeschreven aan de interactie van het RNA met het eiwit. 

De CD metingen aan eiwit dimeren en PT toonden weinig verschil tussen de 

secundaire structuur van beide eiwit aggregaten. Het a-helix gehalte is in 

beide gevallen kleiner dan 1%. De structuur van het RNA, zowel vrij in oplos-

sing als in het virusdeeltje vertoonde een grote mate van basenparing en ba-

senstapeling, waarin geringe veranderingen optreden bij het zwellen en disso-

cieren van het virus. 

Hoofdstuk 6 beschrijft de dissociatie van CCMV in afhankelijkheid van ver

anderingen in pH en ionensterkte. Bij een toename in de pH tussen 5,0 en 7,5 

bij een NaCl concentratie van 1 M vormde CCMV RNA-eiwit complexen die langza-

mer sedimenteerden dan het virus maar toch eenzelfde RNA-eiwit verhouding be-

zaten als het virus. Wanneer CCMV werd geincubeerd bij pH 7,5 met toenemende 

concentraties aan NaCl, trad allereerst een ontvouwing op van het RNA, met 

nog vrijwel al het eiwit gebonden, gevolgd door een geleidelijke dissociatie 

van het eiwit. In 1 M NaCl werden nog 4 tot 8 eiwitmoleculen per RNA molecuul 

aangetoond. Dit RNA-eiwit complex speelt waarschijnlijk een rol bij de her-

kenning van het eiwit door het virus RNA. 

In hoofdstuk 7 wordt beschreven hoe dit RNA-eiwit complex kon worden ge-

bruikt voor assemblage van virusdeeltjes met een grote stabiliteit in RbCl. 

Deze deeltjes verkregen na dissociatie en reassociatie van CCMV, werden geka-

rakteriseerd ten aanzien van hun RNA inhoud en vergeleken met virusdeeltjes 

verkregen door assemblage van geisoleerd RNA en manteleiwit. 

Zowel gereassocieerd als geassembleerd virus vertoonden na centrifugatie in 

een suikergradient als voornaamste produkt een band met een sedimentatie coeffi

cient van ongeveer 80 S. Deze deeltjes bevatten RNA-1 en -2, vergelijkbaar 

met het originele viruspreparaat en in mindere mate RNA-3 en -4. Twee andere 

klassen van produkten werden waargenomen. Enerzijds een fraktie sedi-

113 



menterend van 70 tot 80S, welke voornamelijk deeltjes met RNA-3 bevatte en 

anderzijds een fraktie met een sedimentatie coefficient groter dan 110 S, 

waarin deeltjes voorkwamen die RNA-1 en -2 bevatten, doch vooral veel RNA-3 

en -4. Slechts 40% van de geassembleerde virusdeeltjes bleken stabiel in RbCl. 

RNA-1 en RNA-2 kunnen uitgaande van het RNA-eiwit complex stabiele virus

deeltjes vormen, terwijl RNA-3 op nog onbekende wijze RNA-4 in een virusdeeltje 

moet vangen, alvorens een stabiel deeltje met een sedimentatie coefficient van 

ongeveer 80 S ontstaat. De assemblage produkten van CCMV worden in dit hoofd-

stuk vergeleken met die van broad bean mottle virus en brome mosaic virus, twee 

andere bromovlrussen. Mogelijke assemblage mechanismen, een model voor het mantel-

eiwit dimeer en toekomstig assemblage onderzoek worden besproken in hoofdstuk 8. 
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