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Involved in RNA Encapsidation
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The site of cleavage of the small coat protein of cowpea mosaic virus has been precisely mapped and the proteolysis has
been shown to result in the loss of 24 amino acids from the carboxyl-terminus of the protein. A series of premature
termination and deletion mutants was constructed to investigate the role or roles of these carboxyl-terminal amino acids in
the viral replication cycle. Mutants containing premature termination codons at or downstream of the cleavage site were
viable but reverted to wild-type after a single passage through cowpea plants, indicating that the carboxyl-terminal amino
acids are important. Mutants with the equivalent deletions were genetically stable and shown to be debilitated with respect
to virus accumulation. The specific infectivity of preparations of a deletion mutant (DM4) lacking all 24 amino acids was 6-fold
less than that of a wild-type preparation. This was shown to be a result of DM4 preparations containing a much increased
percentage (73%) of empty (RNA-free) particles, a finding that implicates the cleavable carboxyl-terminal residues in the

packaging of the virion RNAs. © 1999 Academic Press
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INTRODUCTION

A crucial step in the assembly of all viruses is the
nclusion of the nucleic acid into the viral capsid. For

ost icosahedral viruses, little is known about the mech-
nism or mechanisms by which this occurs. The picor-
aviruses, comoviruses, fabaviruses, and nepoviruses,
embers of the picorna-like supergroup of RNA viruses,

roduce, in addition to the mature, RNA-containing viri-
ns, empty capsids (sometimes referred to as “proviri-
ns”) that lack the viral RNA. Although much is known
bout the assembly of poliovirus, the mechanism of in-
ertion of the RNA into particles is poorly understood. In
articular, the significance of the provirion has been the
ubject of debate, and it has been proposed either to be

he immediate precursor of the mature virion into which
he RNA is inserted or simply a byproduct of the assem-
ly process (Ansardi et al., 1996).

Cowpea mosaic virus (CPMV) is the type member of
he comovirus group of plant viruses and has a single-
tranded, positive-sense, bipartite RNA genome. The two
NA molecules (RNA-1 and RNA-2) are separately en-
apsidated within icosahedral particles, the structure of
hich is known to atomic resolution (Lomonossoff and

ohnson, 1991; Stauffacher et al., 1987). Virus prepara-
ions can be separated into three components, desig-

1 Present address: Jasmin plc, Sellers Wood Drive, Bulwell, Notting-
am NG6 8UX, UK.

2 To whom reprint requests should be addressed. Fax: 44–1603-
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ated top (T), middle (M), and bottom (B), by centrifuga-
ion on density gradients. The three components have
dentical protein compositions and contain 60 copies
ach of a large (L) and small (S) coat protein. T compo-
ent is devoid of RNA, M component contains a single
olecule of RNA-2, and B component contains a single
olecule of RNA-1 (Bruening and Agrawal, 1967). The

roportion of T component in a wild-type virus prepara-
ion is relatively small (,20%). The high degree of simi-
arity in structure and genome organisation between the
icornaviruses and the comoviruses (King et al., 1991)
uggests that their assembly may proceed by similar
echanisms, with the T component being the equivalent

f the provirion.
CPMV virions can be separated into two forms, fast (f)

nd slow (s), according to their rate of migration toward
he anode during electrophoresis (Agrawal, 1964). Both
lectrophoretic forms contain all three centrifugal com-
onents (T, M, and B), and thus the difference in mobility

s unrelated to the RNA content of the particles (Seman-
ik, 1966). The occurrence of different electrophoretic

orms is not restricted to CPMV but appears to be a
eneral property of comoviruses (Lomonossoff and John-
on, 1991). In the case of CPMV, the conversion from the
to the f form was shown to be accompanied by a loss

f 20–30 amino acids from the carboxyl-terminus of the S
ubunits (Geelen et al., 1972; Kridl and Bruening, 1983;
iblett and Semancik, 1969). This loss of carboxyl-termi-
al amino acids occurs naturally during infection in
lants, with virus purified at a late stage in infection

ontaining a higher proportion of particles containing
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130 TAYLOR ET AL.
arboxyl-terminally processed S-protein (Geelen et al.,
972; Niblett and Semancik, 1969).

Attempts to precisely map the processing site have
ielded different conclusions. On the basis of digestion
ith carboxypeptidase Y, Franssen et al. (1986) con-

luded that the processing event occurs after Leu190,
esulting in the loss of 23 amino acids from the S-protein.
owever, x-ray crystallography of particles containing a
ixture of the two electrophoretic forms showed that the

arboxyl-terminus emerges onto the surface of the par-
icle and that the electron density ends abruptly at
eu189, suggesting that the processing event occurs one

esidue upstream, resulting in the loss of 24 amino acids
Lomonossoff and Johnson, 1991). The biological signifi-
ance of the two electrophoretic forms has been unclear.
he loss of carboxyl-terminal amino acids from the S
ubunits appears not to affect the integrity of particles; f
nd s form particles have identical specific infectivities

Geelen et al., 1973; Theuri et al., 1996), and RNA isolated
rom both forms is structurally intact (Theuri et al., 1996).

To investigate the role or roles of the carboxyl-terminal
mino acids of the S-protein of CPMV in the viral repli-
ation cycle, the site of cleavage has been precisely
apped and a series of site-directed and deletion mu-

ants have been produced. Analysis of the properties of
hese mutants indicates that the carboxyl-terminal amino
cids, although not essential for virus infectivity, affect

he rate of virus accumulation and spread and are in-
olved in the efficient encapsidation of the viral RNAs.

RESULTS

dentification of processing site in the S-protein by
lectrospray mass spectrometry

To determine the point of processing in the S-protein, a
ample of virus in which processing was complete as

udged by SDS–PAGE was reacted with iodoacetamide
nder denaturing conditions and the S-protein was purified

hrough HPLC. Electrospray mass spectrometry of the io-
oacetamide-treated processed S-protein gave a molecu-

ar weight of 21121.8, which is in close agreement with the
redicted weight of 21119.84 for modified S-protein (with

hree carboxamido-methyl groups), where the last residue
s Leu189. Therefore, proteolytic processing results in the
oss of the 24 residues from the S-protein.

utants containing premature stop codons rapidly
evert

In initial experiments to investigate the role of the car-
oxyl-terminus of the S-protein in the replication cycle of
PMV, premature stop codons were introduced into RNA-2
ither upstream of (pCP-SM2, pCP-SM3), precisely at (pCP-
M4), or downstream of (pCP-SM5; pCP-SM6) the region
ncoding the identified cleavage site (Fig. 1). Throughout
his report, the designation pCP-SMx refers to the plasmid o
onstruct, whereas SMx refers to the resultant mutant virus.
he premature stop codons in pCP-SM2 and pCP-SM3
ere designed to give rise to S-proteins lacking features
elieved to be important for either the correct tertiary fold-

ng of the S-protein (pCP-SM2) or the interactions between
he S and L proteins in the assembled virions (pCP-SM3).
CP-SM4 was designed to produce a S-protein exactly the
ize of the S-protein found in fast-form particles (i.e., lacking

he carboxyl-terminal 24 amino acids), whereas pCP-SM5
nd pCP-SM6 were designed to encode S-proteins lacking

he carboxyl-terminal 16 or 7 amino acids, respectively.
Although the constructs truncated upstream of the

atural cleavage site (pCP-SM2 and pCP-SM3) failed to
roduce an infection when inoculated onto cowpea
lants, the constructs with truncations at (pCP-SM4) or
ownstream of (pCP-SM5 and pCP-SM6) the cleavage
ite produced symptoms on primary leaves. All three

nfectious constructs gave lesions on the inoculated
eaves that were distinctly smaller than those produced
y wild-type virus, and in the case of pCP-SM4, the

esions were surrounded by red, necrotic rings. However,
one of the plants inoculated with the mutants devel-
ped systemic symptoms during the period of the exper-

ment (21 days), whereas plants inoculated with wild-type
irus all developed a distinct mosaic on their upper

eaves by 12 days postinfection.
When sap was extracted from leaves infected with

CP-SM4, pCP-SM5, or pCP-SM6 DNA and used to in-
culate healthy cowpea plants, all the plants developed
ymptoms characteristic of an infection with wild-type
PMV (i.e., large chlorotic lesions on the inoculated

eaves and a systemic mosaic). Approximately wild-type
ields of particles could be purified from both the inoc-
lated and systemically infected leaves of such first-
assage plants. For all three mutants, SDS–PAGE anal-
sis of virions isolated from the trifoliate leaves of these
irst-passage plants gave a protein profile identical to
hat obtained with wild-type virus (data not shown),
trongly suggesting that reversion had occurred. Se-
uence analysis of RT-PCR products derived from the
NA extracted from such particles confirmed that the
remature stop codons had completely reverted to the
ild-type codon in the case of SM4 and SM5. RNA
xtracted from a SM6 preparation contained two se-
uences in approximately equal amounts. One corre-
ponded to the retention of the introduced termination
odon, and the other represented pseudoreversion in
hich the stop codon had been changed to UGG (Trp)

ather than the wild-type GGA (Gly).

eletion mutants are genetically stable and have
ttenuated phenotypes

To produce genetically stable mutants with truncations
n the carboxyl-terminal region of the S-protein, a series

f mutants was produced in which deletions were made
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131CPMV RNA ENCAPSIDATION
n pCP2 so that the S-protein would be truncated in a
anner similar to that occurring in pCP-SM2 to pCP-SM6

Fig. 1). The resulting plasmids were designated pCP-
M2 to pCP-DM6 (as in the case of the site-directed
utants, pCP-DMx refers to the plasmid and DMx the

esultant virus). Consistent with the results obtained with
CP-SM2 and pCP-SM3, pCP-DM2 and pCP-DM3 pro-
uced no detectable infection when inoculated onto
owpeas, whereas deletion mutants pCP-DM4, pCP-
M5, and pCP-DM6 all produced symptoms on only the

FIG. 1. (A) Organisation of the CPMV genome. The genome con
enome-linked protein (VPg) at the 59 end of both RNAs is indicated b

s shown as an open rectangle. The positions of the polyprotein proces
Q/S, Q/M, or Q/G). The identity of each final cleavage product is ind
chematic representation of the mutations introduced into the carboxy

egion of the ORF on RNA-2 that encodes the carboxyl-terminus of
onversion from the slow to fast form of the virus is indicated by the bold
lement in the S-protein, the bI strand, is also indicated. The 39 nonco
odons in the site-directed mutants SM2–SM6 are shown below the O
hown in the top half of the figure. The new carboxyl-terminal amino
ontained the entire 39 noncoding region of RNA-2.
rimary leaves, the appearance of which was delayed in t
omparison with wild-type. In addition, as was found for
CP-SM4, pCP-SM5, and pCP-SM6, the lesions were
maller (;1 mm in diameter) than those produced by
ild-type CPMV (2–3 mm in diameter), and those ob-

erved on pCP-DM4-infected plants were surrounded by
ed, necrotic rings as previously observed with pCP-SM4
nfections (Fig. 2).

When sap from leaves inoculated with pCP-DM4, pCP-
M5, or pCP-DM6 was used to infect further cowpea
lants, the small lesion phenotype was maintained. Sys-

f two molecules of positive-strand RNA (RNA-1 and RNA-2). The
lack square. The single long open reading frame (ORF) on each RNA
tes are indicated together with the dipeptide sequence that is cleaved
(e.g., 32K). Both coat proteins (L and S) are encoded by RNA-2. (B)

nal region of the CPMV S-protein. The open rectangle represents the
rotein. The position of the proteolytic cleavage site responsible for

above the ORF of the wild-type (WT) S-protein. The last major structural
gion of RNA-2 is shown as a solid line. The codons mutated to stop

wild-type virus. The extent of the deletions in mutants DM2–DM6 are
of the deleted S-proteins are indicated, and all the deletion mutants
sists o
y the b
sing si
icated
l-termi

the S-p
arrow
ding re
RF for
acids
emic symptoms eventually could be observed although
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132 TAYLOR ET AL.
hey were delayed 10–14 days compared with a wild-type
nfection. Virus particles could be purified from both the
noculated and systemically infected leaves, although
he yields obtained were in each case lower than that
btained from the equivalent leaves infected with wild-

ype virus (Table 1). Repeated passaging consistently
roduced the same attenuated phenotype, and the ap-

FIG. 2. Symptoms obtained on cowpea (Vigna unguiculata) leaves
fter inoculation with a 10 mg/ml solution (as estimated by A260 nm) of
urified wild-type (a) or DM4 (b) virions. The photograph was taken 13
ays postinoculation.
earance of the necrotic rings in the case of DM4 also o
as consistently reproducible. SDS–PAGE analysis of
he mutant virus preparations indicated that the trunca-
ions in the S-protein were maintained through passag-
ng, an observation confirmed by RT-PCR analysis of the
NA contained within the virus particles (data not
hown). SDS–PAGE also indicated that cleavage after

eucine 189 still occurs in mutants DM5 and DM6. The
egree to which the viable deletion mutants are debili-

ated with respect to yield, as judged by the A260 nm value
f the virus preparations (see below), is roughly corre-

ated with the size of deletion (Table 1).

reparations of the deletion mutants have a lower
pecific infectivity than wild-type virus

Opposite half-leaves of the local lesion host Phaseolus
ulgaris were inoculated with purified wild-type CPMV
nd virions purified from either DM4-, DM5-, or DM6-

nfected leaves. Two concentrations, 0.001 or 0.01 mg/ml,
s judged on the basis of A260 nm, were used. At 0.001
g/ml, no lesions were observed on plants inoculated
ith the DM4 virus preparation, whereas DM5- and
M6-inoculated half-leaves showed approximately half

he number of lesions produced by the equivalent
mount of wild-type virus (Fig. 3A). At 0.01 mg/ml, no
ignificant difference was observed between the num-
ers of lesions/half-leaf for DM5 and DM6 in comparison
ith wild-type virus, suggesting that saturation is being
pproached at this high level of inoculum (Fig. 3B). How-
ver, even at this high level of inoculum, half-leaves

noculated with the DM4 virus preparations still showed
n average less than half the number of lesions com-
ared with those inoculated with wild-type.

The dramatically reduced specific infectivity of DM4
irions compared with wild-type virions suggested that
he DM4 preparation might contain substantially less
nfectious viral RNA than normal CPMV preparations. If
his were the case, the E260nm

0.1% of the preparation would
iffer considerably from the value used to calculate the
mount of virus applied to the leaves, making an accu-

ate comparison of the relative specific infectivities of

TABLE 1

Yields of Deletion Mutant Viruses

Virus

Yield range (% of wt)

Primary leaves Secondary leaves

ild-type 100 100
M4 0.5–3.3 11–45
M5 8.8–27 15–60
M6 28–40 65–75

Note. The range of yields of virus purified from the primary and
econdary leaves of plants infected with the deletion mutants DM4,
M5, and DM6. The yields are expressed as a percentage of the yield

f the wild-type virus obtained from control plants in each experiment.
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133CPMV RNA ENCAPSIDATION
ild-type and DM4 virions impossible. To overcome this
roblem, the local lesion assay was repeated using DM4
nd wild-type virus preparations diluted to the same
oncentration of protein as judged by the Bradford assay.
o this end, DM4 and wild-type virus preparations at
rotein concentrations of 0.4, 0.04, 0.004, and 0.0004
g/ml were inoculated onto P. vulgaris half-leaves, with

ach pair of half-leaves being inoculated with DM4 and
ild-type virus at the same concentration. The number of

esions/half-leaf is shown in Fig. 3C. The dose-response
s probably saturated at 0.4 mg/ml protein (equivalent to

0.5 mg/ml virus particles for wild-type virions), whereas
t lower concentrations, DM4 virus preparations were
stimated to contain ;6-fold fewer infectious units in
omparison with wild-type CPMV when inoculated on an

FIG. 3. Specific infectivities of purified preparations of deletion mu-
ants DM4, DM5, and DM6 compared with wild-type (WT) virus. (A and
) Equal weights, as determined by A260 nm, of mutant and wild-type
irus were inoculated onto opposite half-leaves of P. vulgaris. The
umber of local lesions obtained after inoculation with 0.001 mg/ml (A)
r 0.01 mg/ml (B) of virus is shown. (C) Number of lesions obtained
hen equal weights of DM4 and wild-type virus, as judged by their
rotein content, were inoculated in a dilution series. The black bar

epresents the average number of lesions obtained with a deletion
utant, and the corresponding gray bar represents the number ob-

ained on the opposite half-leaves with wild-type virus. The average
umber of lesions per half-leaf is shown, and the error bars represent

he SEM.
qual protein basis. p
M4 virus preparations contain a greatly increased
roportion of empty capsids

In view of the reduced specific infectivity of the dele-
ion mutants, the component composition of prepara-
ions of purified virus was determined. In the first in-
tance, RNA extracted from the purified preparations
as examined by electrophoresis on denaturing agarose
els. The relative proportions of RNA-1 and RNA-2 were
imilar to those found for wild-type virus, and the RNAs
ere undegraded (data not shown). However, when RNA
as extracted from apparently equal amounts (as judged
y A260 nm) of DM4 and wild-type virions, the yield of RNA
ppeared to be much lower in the case of DM4 as

udged by the intensity of ethidium bromide staining.
lectron microscopy of negatively stained preparations
f DM4 indicated that the particles had a morphology

ypical of wild-type CPMV, although there appeared to be
higher proportion of particles into which the stain could

enetrate.
To analyse the component composition of prepara-

ions of the deletion mutants, samples of purified virus
articles were centrifuged on Nycodenz gradients, and

he components were visualised by light scattering. Al-
hough preparations of DM5 and DM6 gave patterns
imilar to that obtained with wild-type CPMV, prepara-

ions of DM4 appeared to contain a much higher propor-

FIG. 4. Component composition of purified preparations of DM4
right) and wild-type (left) virus. The components were identified by their

ositions after centrifugation in Nycodenz gradients.
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134 TAYLOR ET AL.
ion of material with the density of T component (Fig. 4).
or a more detailed, quantitative analysis, virus prepara-

ions grown at the same time were analysed by analyti-
al ultracentrifugation under conditions designed to give

good separation between the empty capsids and the
ucleoprotein components. Fig. 5 shows the resultant
(s*) versus s* plots for wild-type virus and DM4. These
lots show the amount of a given component against its
edimentation coefficient (Stafford, 1994a) and demon-
trate that preparations of DM4 do indeed contain far
ore material sedimenting at the position of T compo-

ents (empty capsids) than do preparations of wild-type
irus. With the analytical ultracentrifugation data, it is
ossible to quantify the relative amount of each of the

hree components. The results of such a calculation for
ll three viable deletion mutants and wild-type virus are
hown in Table 2. Such calculations confirm that the
M4 virus preparation contained a much higher propor-

ion of T component (73%) than wild-type virus and that
he proportion of M and B components remained roughly
qual. Preparations of the other deletion mutants, DM5
nd DM6, did not appear to have significantly enhanced

evels of T components.

DISCUSSION

The results of the electrospray mass spectrometry

FIG. 5. Analytical ultracentrifuge data for wild-type virus (A) and DM4
B). The data are shown as g(s*) versus s* plots, which show the
mount of a particular component at a particular sedimentation coef-

icient. The peaks were assigned to a component (T, M, and B) on the
asis of their sedimentation behaviour.
nalysis of the fully processed CPMV S-protein confirm D
he prediction based on crystallographic data (Lomonos-
off and Johnson, 1991) that the processing results in the

oss of 24 rather than 23 amino acids from the carboxyl-
erminus of the protein. The fact that only a single spe-
ies was found indicates that the limit of processing is
recise, although it does not rule out the possibility that

ntermediates in the processing pathway might exist. The
iability of mutants containing premature stop codons or
eletions up to and including the last residue, which is

ost (Leu190), demonstrates that the cleaved sequence is
ot essential for virus particle formation because muta-

ions that destroy the functionality of the coat proteins
re known to abolish infectivity on plants (Wellink and
an Kammen, 1989). The necessity of functional coat
roteins for infectivity on whole plants is confirmed by

he nonviability of constructs pCP-SM2, pCP-SM3, pCP-
M2, and pCP-DM3, which contain mutations that are
redicted to affect either the tertiary structure of the
-protein itself (pCP-SM2, pCP-DM2) or the ability of the
-protein to interact with the L-protein (pCP-SM3, pCP-
M3). The small lesion phenotype and the rapid rever-
ion of the premature stop codons in pCP-SM4, pCP-
M5, and pCP-SM6 indicate that the residues cleaved

rom the carboxyl-terminus of the S-protein, although not
ssential for virus viability, have a significant role in the
iral replication cycle. However, the genetic instability of
he viable SM mutants precluded their use in elucidating
his role.

The deletion mutants, DM4, DM5, and DM6, all dis-
layed attenuated phenotypes similar to those observed
ith the primary inoculations of their equivalent site-
irected mutants. The major difference was that the
henotypes were consistent over a number of serial
assages and, unsurprisingly, no reversion could be de-

ected. All three mutants gave small lesions on the inoc-
lated leaves, delayed systemic spread, and low virus
ields, confirming the importance of carboxyl-terminal 24
mino acids of the S-protein. The reduction in virus yield

s correlated with the size of the deletion, with DM4, the
utant that encodes a S-protein exactly equivalent to

hat occurring in the fast electrophoretic form of CPMV,
eing the most debilitated. The debilitation does not

esult from impaired RNA replication because experi-

TABLE 2

Proportion of Top, Middle, and Bottom Components

Virus % T % M % B

Wild-type N.D. 40 60
DM4 73 16 11
DM5 N.D. 38 62
DM6 16 34 50

Note. The percentage of top (T), middle (M), and bottom (B) compo-
ents in typical preparations of each of the deletion mutants DM4,

M5, and DM6 compared with wild-type virus. N.D., none detected.
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135CPMV RNA ENCAPSIDATION
ents in protoplasts indicate that the RNA-2 from the
eletion mutants can replicate as well as wild-type
NA-2 (P. Bertens and J. Wellink, personal communica-

ion). Thus the truncation at the carboxyl-terminus of the
-protein is caused by changes to the protein itself either
ffecting the ability of particles to assemble and/or re-
ucing the ability of the assembled particles to move

hrough the plant both locally (small lesions on inocu-
ated leaves) and systemically (delayed appearance of
ymptoms on the upper leaves).

As well as being produced in reduced amounts, the
articles produced by mutants pCP-DM4, pCP-DM5, and
CP-DM6 have reduced specific infectivities. This reduc-

ion in specific infectivity is not due to a failure of the
eleted RNA-2 molecules to be encapsidated. Because

he RNA-1 molecules of the deletion mutants are wild-
ype, any defective encapsidation of the modified RNA-2

olecules would be expected to result in preparations
ontaining an aberrantly high proportion of RNA-1-con-

aining particles, something that was not found. In the
ase of DM5 and DM6, the reduction in specific infec-

ivity is modest and its significance is unclear. However,
n the case of DM4, the effect is far more dramatic and

as shown by density gradient and analytical ultracen-
rifugation, to be accompanied by a great increase in the
roportion of nucleic acid-free capsids (T component).

Within the carboxyl-terminal 24 amino acids of the
PMV S-protein, there are four arginine and two lysine

esidues, giving this sequence an overall positive
harge. None of these basic amino acids are removed in
M6, and two arginine and one lysine are removed in
M5, whereas DM4 lacks all these residues. Thus it is
ossible that the carboxyl-terminus is involved in the
ncapsidation of viral RNA through the binding of these
asic residues to the phosphodiester backbone of the
iral RNA. Because the effect on yield and proportion of

components is most dramatic for DM4, the results
uggest that it is the three basic amino acids (Lys191,
rg193, and Arg195) present in DM5 but not in DM4 that
re most important in this role. The equivalent carboxyl-

erminal regions of the S-proteins of two other comovi-
uses for which structural information is available also
ontain basic residues: three lysines in the case of red
lover mottle virus and a single arginine in the case of
ean pod mottle virus. It is possible that only a single

esidue could be involved in RNA binding because de-
etion of a single lysine residue at the amino-terminus of
he brome mosaic virus coat protein prevented virion
ssembly (Rao and Grantham, 1995).

The mechanism by which the carboxyl-terminus of the
-protein promotes RNA encapsidation is uncertain. The
equence clearly is not absolutely required because a
roportion of the capsids in a DM4 virus preparation do
ontain nucleic acid. Thus other regions of the capsid
rotein must be able to interact with the viral RNA. It

eems, rather, that the carboxyl-terminal region of the h
-protein acts in such a way as to enhance RNA encap-
idation. At first sight, the location of the carboxyl-termi-
al sequence on the external surface of the virion parti-
le would seem to argue against it having such a role.
owever, it is possible that the topology of the capsid

ould change during the assembly process. Changes in
he topology of the coat proteins of icosahedral virus
articles have been described in the case of poliovirus

Fricks and Hogel, 1990; Roivainen et al., 1991) and flock
ouse virus (Bothner et al., 1998), although such changes
ave not, as yet, been associated with RNA encapsida-

ion. The positive charges on the exposed carboxyl-
erminus of the S-protein could direct viral RNA toward
n “assembly complex,” after which further specific inter-
ctions would occur, resulting in the RNA being inter-
alised in the mature particle. The hypothesis of a role

or the carboxyl-terminus only in the initial stages of
ssembly is compatible with its dispensability on the
ature particles. Such an initial role would also indicate

hat empty capsids are not precursors of mature virions
ut rather a byproduct of assembly.

An intriguing observation concerns the fact that mu-
ants SM4 and DM4 produced a distinctive host re-
ponse in which red, necrotic rings were observed
round the primary lesions. This necrosis was consis-

ently obtained through serial passaging of DM4 and
as never seen with the other deletion mutants or with
ild-type CPMV. Coat protein mutations that result in

onversion to a necrotic phenotype have been observed
ith other plant viruses. For example, deletion of the

even amino-terminal amino acids of the brome mosaic
irus coat protein resulted in a virus that had a necrotic
henotype (Rao and Grantham, 1995). Furthermore, mu-

ations that disrupt the quaternary structure of the coat
rotein of the U1 strain of tobacco mosaic virus convert

he virus from being a nonelicitor of the N9 hypersensitive
esponse to one that produces a hypersensitive re-
ponse in N9 gene-containing Nicotiana sylvestris

Taraporewala et al., 1996). These observations have
enerally been interpreted as indicating that an elicitor
equence has been unmasked in the mutant coat pro-

ein. If this interpretation is correct, it suggests that an
dditional role of the carboxyl-terminus of the S-protein
ay be to mask a potential elicitor of a host defence
echanism. However, because the induction of necrosis

s observed only with DM4, the additional eight amino
cids present in DM5 must be sufficient for any such
asking property. An alternative hypothesis to account

or the induction of necrosis is that the mutant coat
roteins encapsidate the virion RNA with reduced effi-
iency and that it is the subsequently elevated levels of
nencapsidated viral RNA rather than the modified pro-

ein itself that stimulate the necrogenic response. This
lternative explanation is particularly attractive in the
ase of DM4 because this mutant has been shown to

ave a reduced ability to encapsidate the virion RNAs but
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136 TAYLOR ET AL.
s predicted to produce capsids identical in structure to
hose found during an infection with wild-type virus.

MATERIALS AND METHODS

ass spectrometry

S-protein samples were prepared from a fully cleaved
PMV preparation by the addition of iodoacetamide to
0 mM, degassing, and then the addition of an equal
olume of 5.3 M guanidinium chloride, 3.3 M LiCl, 0.02 M
oric acid, and 0.01 M NaOH. The reaction was allowed

o proceed overnight at 0°C before centrifugation
;12,000g for 10 min) and collection of the supernatant.
he pellet was washed twice with 1/10th the original
olume of this solution diluted 1:1 with 20 mM iodoacet-
mide and the supernatants combined. Additional io-
oacetamide was added (10 mM), and then solid guani-
inium chloride was added to 5 M. The reaction was
ontinued at 0°C for 2 h and then terminated by the
ddition of 2-mercaptoethanol to 50 mM.

The modified S-protein was purified by HPLC with a
rifluoroacetic acid/acetonitrile gradient and gave a sin-
le peak, corresponding in an SDS–polyacrylamide gel

o the cleaved S-protein. A sample from this peak was
njected directly into an electrospray ionisation spec-
rometer (Sciex API III Plus triple quadrapole mass spec-
rometer; Perkin–Elmer Cetus).

onstruction of mutants

Two series of mutants with premature termination
odons or deletions in the carboxyl-terminus of the S-
rotein of CPMV were produced by site-directed mu-

agenesis (Kunkel et al., 1987). The template for mu-
agenesis was a M13mp18 derivative containing the 2-kb
amHI/EcoRI fragment from pCP2, an infectious cDNA
lone of CPMV RNA-2 (Dessens and Lomonossoff, 1993).
his restriction fragment corresponds to the region of
NA-2, which encodes both viral coat proteins. The oli-
onucleotides used to introduce premature termination
odons were 59-GATCCTAATTAAAGGGTTGCC-39 (pCP-
M2), 59-GGCAATATCTAGATGCCCCCA-39 (pCP-SM3),
9-CCACCGTTATAAAAGTTTAGG-39 (pCP-SM4), 59-CGG-
ATATTTAACGCTCCAAG-39 (pCP-SM5), and 59-GTTATG-
TTTGACACACTGCT-39 (pCP-SM6), where the prema-

ure stop codons are underlined.
The oligonucleotides used to create the deletion mu-

ants consisted of a common 39 arm, 59-TAACTCTGGTT-
CATTAAATTTTC-39, and the following 59 arms: 59-CAT-
CGCTTCGATCCTAAT-39 (pCP-DM2), 59-TCAGGGTTGC-
GGCAATATT-39 (pCP-DM3), 59-CAACGGAAACTCCAC-
GTTA-39 (pCP-DM4), 59-AAGTTTAGGTTTCGGGATATT-39

pCP-DM5), and 59-CCAAGCGTAGTGTTATGGTT-39 (pCP-
M6).
Introduction of the desired mutation was confirmed by
NA sequence analysis, and the modified BamHI/EcoRI l
ragments were ligated back into BamHI/EcoRI-digested
CP2.

irus propagation and purification

The pCP-2-based plasmids were linearised with EcoRI
nd mixed with Mlu1-digested pCP1 (an infectious clone
f CPMV RNA-1), and the DNA was used to inoculate
owpea plants as previously described (Dessens and
omonossoff, 1993). The plants were subsequently main-

ained in a greenhouse at 25°C. For passaging experi-
ents, either purified virus or sap extracted from infected

lants was used as an inoculum.
Virus particles were purified as described by van Kam-

en and de Jager (1978) and stored at 4°C in 10 mM
odium phosphate, pH 7.0, containing 0.05% (w/v) so-
ium azide. Virus concentration was measured spectro-
hotometrically using the relationship E260nm

0.1% 5 8.1 for
urified virus containing a natural mixture of compo-
ents. The protein concentration of virus preparations
as determined according to the method of Bradford

1976) using the Bio-Rad protein assay kit according to
he manufacturer’s instructions with g-globulin as a stan-
ard.

T-PCR analysis of viral RNA

RNA was extracted from virus preparations as previ-
usly described (Lomonossoff et al., 1982). First-strand
DNA was synthesised after annealing a portion of the
urified RNA to an oligo(dT)-based primer [59-GACTC-
AGTCGACATCGA(T)17-39]. Synthesis was performed
sing the Superscript synthesis kit (GIBCO BRL) accord-

ng to the manufacturer’s instructions. PCR was per-
ormed using varying amounts of cDNA and 100 ng of a
rimer (59-TGTGTTGCTACCAATCCCAG-39) correspond-

ng to bases 3101–3120 of RNA-2 and 100 ng of a primer
59-CTTGCTGAAGGGACGACCTGC-39) that is comple-

entary to bases 3436–3456 of RNA-2. Reactions were
arried out using Amplitaq DNA polymerase (Perkin–
lmer Cetus) in the buffer supplied with the enzyme.
NA was amplified by 30 cycles of incubation at 95°C for
min, 40°C for 2 min, and 72°C for 3 min followed by a

inal incubation step at 72°C for 10 min. Amplified DNA
as analysed by electrophoresis through 2% (w/v) aga-

ose gels. PCR products were directly sequenced using
he T7 sequencing kit with a primer corresponding to
ases 3120–3140 of RNA-2 (59-GACAAATACAGCAATTT-
AGG-39).

pecific infectivity assay

Opposite half-leaves of the local lesion host P. vulgaris
ere inoculated with a mutant and a wild-type virus
reparation, and the plants were grown as described
bove. Five half-leaves were inoculated with each mu-

ant under investigation. The number of lesions per half-

eaf was counted at 14 days postinoculation.
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137CPMV RNA ENCAPSIDATION
ensity gradient analysis of virus preparations

Samples of purified virus particles were layered on top
f 30–60% (w/v) Nycodenz (Nycomed, Oslo, Norway) gra-
ients buffered with 10 mM sodium phosphate, pH 7.0.
he gradients were centrifuged at 36,000 rpm for 20 h at
°C in a Beckman SW41 rotor. Bands corresponding to T,
, and B components were visualised by shining light

own the length of the tubes.

nalytical ultracentrifugation

Samples of 0.4 ml of virus with an A280 nm value of
.0–2.5 were analysed on a Beckmann Optima XLA ul-
racentrifuge (Giebeler, 1994) at 25,000 rpm with an An 60
i rotor at 5°C. Cells were scanned at 280 nm. The
istribution of sedimentation coefficients was analysed
sing plots of g(s*) against s* (Stafford, 1992, 1994a,
994b) using the software supplied with the instrument.
he proportions of T, M, and B components were calcu-

ated from scans when the boundaries were well sepa-
ated, correcting for radial dilution according to
chachman (1959) and allowing for the differential ab-
orbance of the components (van Kammen and de Jager,
978).
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