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The NTP-binding motif in cowpea mosaic virus B polyprotein is essential 
for viral replication 
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We have assessed the functional importance of the NTP- 
binding motif (NTBM) in the cowpea mosaic virus 
(CPMV) B-RNA-encoded 58K domain by changing two 
conserved amino acids within the consensus A and B 
sites (GKSRTGK500S and MDD545, respectively). 
Both Lys-500 to Thr and Asp-545 to Pro substitutions 
are lethal as mutant B-RNAs were no longer replicated 
in cowpea protoplasts. Transiently produced mutant 
proteins were not able to support trans-replication of 
CPMV M-RNA in cowpea protoplasts in contrast to 
transiently produced wild-type B proteins. Therefore 
loss of viral RNA synthesis was a result of a protein 
defect rather than an RNA template defect. Mutant B 
polyproteins were correctly processed in vitro and in vivo 
and the regulatory function of the 32K protein on 
processing of B proteins was not affected by these 

mutations. Since regulation of processing by the 32K 
protein depends on interaction with the 58K domain, 
the mutations in the NTBM apparently do not interfere 
with this interaction. The Asp-545 to Pro substitution 
left intact the binding properties of the 84K precursor of 
the 58K protein, with respect to ATP-agarose, whereas 
the Lys-500 to Thr substitution decreased the binding 
capacity of the 84K protein, suggesting that the Lys-500 
residue is directly involved in ATP binding. The Lys-500 
to Thr substitution in the 58K domain resulted in an 
altered distribution of viral proteins, which failed to 
aggregate into large cytopathic structures as observed in 
protoplasts infected with wild-type B-RNA. However 
viral proteins containing the Asp-545 to Pro substitution 
showed a normal distribution in protoplasts. 

Introduction 

The genome of cowpea mosaic virus (CPMV) consists of 
two plus-strand RNAs, B-RNA and M-RNA, that are 
translated into large polyproteins. The B-RNA-encoded 
200K polyprotein is proteolytically processed at specific 
Gln/Ser, Gln/Met and Gln/Gly sites by the virus- 
encoded 24K proteinase to yield mature functional 
proteins (Wellink et al., 1986; Garcia et al., 1987; Vos et 
al., 1988). A detailed processing scheme for the 200K 
polyprotein is shown in Fig. 1. Proteolytic processing has 
been shown to be regulated by the B-RNA-encoded 32K 
protein that forms a complex with the 170K protein 
(Peters et al., 1992). The B-RNA and its encoded enzyme 
activities constitute an autonomous RNA replicon, since 
the B-RNA has been shown to replicate independently 
from M-RNA in isolated plant cells (Goldbach et al., 
1980). On the other hand B-RNA is dependent on M- 
RNA-encoded activities for movement from cell to cell 
(Wellink & van Kammen, 1989). The action of each 
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individual protein in the replicative machinery is not 
fully understood. Sequence homology studies have 
shown a conservation between comovirus and cor- 
responding picorna-, nepo-, poty-, bymo- and calicivirus 
non-structural proteins (Franssen et al., 1984a; Gorba- 
lenya et al., 1989a, 1990; Neill, 1990; King et al., 1991). 
These include proteins containing a consensus sequence 
corresponding to the so-called NTP-binding motif 
(NTBM). This is a characteristic amino acid sequence 
motif for ribonucleotide-utilizing proteins, consisting of 
two separate parts referred to as the A and B sites 
(Walker et at., 1982). Available experimental data 
suggests that NTBM-containing viral proteins might in 
fact be NTPases that are involved in processes such as 
duplex unwinding during RNA replication, transcrip- 
tion, mRNA translation, signal transduction, and mem- 
brane transport (Walker et al., 1982; Gorbalenya & 
Koonin, 1989; Gorbalenya et al., 1989b; and references 
therein). 

In the CPMV B polyprotein an NTBM is located in 
the N-terminal part of the 58K domain (Dever et al., 
1987; Gorbalenya & Koonin, 1989) and is contained 
within different processing products (see Fig. 1). Several 
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Fig. 1. Expression and genetic organization of B-RNA from CPMV. 
The RNA contains a long open reading frame (shown by the open bar). 
The positions of the start and stop codon are indicated. Cleavage sites 
are indicated by (O) Gin/Met, (V) Gln/Gly, and (V) Gin/Set. B-RNA 
encodes a 200K polyprotein which is processed into 32K and 170K 
proteins. The 170K is processed at three different sites into three sets of 
proteins of 58K+l12K, 6 0 K + l l 0 K ,  and 84K+87K. VPg can be 
generated via cleavage of the 112K protein or 84K protein. The 110K 
and 60K have been shown to be stable cleavage products. Symbols 
within the B-RNA represent conserved domains : ~t', nucleotide binding 
domain; O, proteinase domain; A,  polymerase domain. 

lines of evidence support a role for the NTBM-containing 
60K protein in viral RNA replication. Chemical cross- 
linking studies have shown that the 60K and 84K 
(60K+24K) proteins specifically bind ATP suggesting 
that the NTBM is functionally important (S. Peters, 
unpublished results). The B-RNA-encoded 60K protein 
is involved in the induction of vesicular structures in 
insect cells (van Bokhoven et  al., 1992). Such cytopathic 
structures are also observed in CPMV B-RNA-infected 
cowpea mesophyll protoplasts and have been shown to 
be the site of viral RNA replication (Assink et al., 1973; 
de Zoeten et  al., 1974; Rezelman et al., 1982). Fur- 
thermore it has been suggested that the 60K protein has 
a role in anchoring the viral replication complex to these 
vesicular structures (Eggen & van Kammen, 1988). Next 
to the vesicles amorphous structures are present that 
appear as electron-dense material upon electron micro- 
scopic analysis and were shown to contain B-RNA- 
encoded proteins (Wellink et al., 1988). The induction of 
these cytopathic structures is a property of B-RNA- 
encoded proteins and has been shown to be independent 

of plant factors and viral replication (van Bokhoven et  
al., 1992). 

To investigate further the role of the NTBM in viral 
proliferation we have introduced site-specific mutations 
in the NTBM-coding sequence and have tested the effect 
on viral RNA replication, translation and polyprotein 
processing, and cellular localization of viral proteins. 
The results obtained show that the NTBM is essential for 
viral RNA replication. 

Methods 

Oligonucleotide-directedsite-specific mutagenesis. To introduce muta- 
tions into the 58K-coding region, plasmid pTB1G (Eggen et al., 1989) 
was used as the starting material. Plasmid pTB1G contains the full- 
length cDNA of CPMV B-RNA, which is cloned behind a bac- 
teriophage T7 RNA polymerase promoter. RNA transcripts derived 
from pTB1G have been shown to be infectious in cowpea mesophyll 
protoplasts (Eggen et al., 1989). The positions of restriction sites and 
nucleotides refer to the position in the B-RNA sequence determined by 
Lomonossoff & Shanks (1983). A NsiI-SstI fragment from pTB1G 
(positions 1393 to 2301) was inserted into the PstI /Sst l  site of 
M13mpl9. The phosphorylated oligonucleotides (A) 5'-CCTGACT- 
CATCAGCAAACTGGTACCAGTGCGTGACTTTCC-3',  comple- 
mentary to nucleotides (nt) 1687 to 1726 of the 58K coding region, and 
(B) 5'-CGGCGGCAAAAGGATCCATCAGCAC-3',  complementary 
to nt 1827 to 1851, were used for site-directed mutagenesis according to 
the method described by Kunkel (1985). The nucleotides that differ 
from the wild-type sequence are shown in bold. Using oligonucleotide 
A two nucleotide substitutions at position 1705 (A to C) and 1706 (A 
to C) create an additional Kpnl site (underlined), whereas in 
oligonucleotide B two nucleotide substitutions at position 1839 (G to 
C) and 1840 (A to C) generate an additional BamHI site (underlined). 
Oligodeoxynucleotides were synthesized with a cyclone DNA synthe- 
sizer (Biosearch). Standard recombinant DNA techniques were used 
for transformation in competent Escherichia coli DH5aF' as described 
(Sambrook et al., 1989). Recombinant clones M13mpl9K500T and 
M13mp19D545P were analysed by restriction enzyme mapping and 
nucleotide sequence analysis as previously described (Sanger et al., 
1977; Korneluk et al., 1985). 

Construction ofplasmids. The PvuII-SstI fragments from M13mp- 
19K500T and M13mp19D545P were reinserted in the PvuII/SstI site 
(positions 1625 to 2301) of pTB 1G and generated mutant transcription 
vectors pTBK500T and pTBD545P. To produce B proteins in cowpea 
mesophyll protoplasts that contain amino acid substitutions in the 
NTBM, pMB200 (van Bokhoven et al., 1993) and pMB116 were used. 
pMB116 was generated by inserting a 3857 bp BglII BamHl fragment 
from pMB200 into the BglII/BamHI-digested vector pMON999 (van 
Bokhoven et al., 1993). pMB200 and pMBl l6  direct the transient 
expression of the 200K polyprotein and the l16K protein 
(32K + 60K + 24K) respectively in cowpea mesophyll protoplasts under 
the control of the cauliflower mosaic virus (CaMV) 35S promoter. The 
PvuII-SstI fragments (positions 1625 to 2301) of these expression 
vectors were exchanged with the PvuII-SstI fragments from 
M13mpl9K500T and M13mp19D545P and generated the mutant 
transient expression vectors pMB200K500T, pMB200D545P, 
pMB116K500T and pMB116D545P respectively. 

In vitro transcription and translation. The procedures for in vitro 
transcription and translation of RNA templates have been described 
recently (Peters et al., 1992). In the present experiments aliquots of 
transcription mixtures were translated in rabbit reticulocyte lysate from 
Promega Biotec. 
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Transfbction o f  protoplasts, transient expression and preparation o f  
subcellular fractions. Cowpea mesophyll protoplasts were transfected 
with CPMV RNA, B-RNA or transient expression vectors or with both 
transient expression vectors and M-RNA as described by van 
Bokhoven et al. (1993). Protoplasts were harvested 20h post- 
transfection and subjected to fractionation by centrifugation at 30 000 g 
for 30 min. Extracts were prepared as described by Franssen et al. 
(1982). 

Northern blot analysis. Total nucleic acids from infected and 
uninfected cowpea mesophyll protoplasts were extracted 40 h post- 
transfection. Approximately 1 × 106 protoplasts were mixed with 200 lal 
100mM-Tris-HCl pH 7.5, 10mM-EDTA and 1% (w/v) SDS and 
200 ~tl phenol and vortexed for 2 rain at room temperature. After 
addition of 200 gl chloroform the suspension was vortexed for 5 rain 
followed by 10 min centrifugation at 16000 g. The aqueous phase was 
transferred to a fresh tube and extracted with 1 ml chloroform. The 
nucleic acid was recovered by precipitation with ethanol and sodium 
acetate and separated on a 1% denaturing agarose gel as described by 
McMaster & Carmichael (1977). The RNA was transferred from the gel 
to GeneScreene filter (NEN Research Products) and prehybridized as 
recommended by the manufacturer. Hybridization overnight was 
performed under the same conditions with 9 × 10 s c.p.m, of a B-RNA- 
or M-RNA-specific probe generated by random primer labeUing as 
described (Feinberg & Vogelstein, 1983), using a Sst I -BamHI fragment 
(positions 2301 to 3857) from pTB1G or a BgllI-NcoI fragment 
(positions 189 to 3068) from pTM 1G. After hybridization the blot was 
washed twice with 2 x SSC, 0.5 % SDS at 42 °C for 30 rain, followed by 
autoradiography. 

Affinity chromatography on 5"ATP-agarose. A frozen pellet of 
approximately 1-5 x 106 protoplasts was mixed with 100 lal in binding 
buffer (20 mM-Tris-HCl pH 7.5, 25 mM-NaC1, 5 mM-MgCI 2, 5 mM-DTT, 
0.5 mM-PMSF and 1 mM-EDTA). Supernatant fractions prepared by 
centrifugation at 30000g for 30min were mixed with 50pl 
5'ATP-agarose (Sigma; the ligand is coupled via an 11 atom spacer to 
the agarose) in an Eppendorf tube and incubated for 30 min at 4 °C. In 
addition, fractions were chromatographed in binding buffer in presence 
of 2.5 mM-ATP to examine the binding specificity. The supernatant 
fraction was removed after the agarose was spun down for 30 s at low 
speed. The agarose was washed three times with 1 ml binding buffer 
and then boiled in 50 lal protein sample buffer for 3 min to release the 
bound proteins from the agarose. Proteins were then fractionated in an 
SDS-polyacrylamide gel and identified by immunoblotting. 

Immunological detection o f  C P M V  B proteins and gel electrophoresis. 
Protein samples were heated in sample buffer (I0 % glycerol, 5 % fl- 
mercaptoethanol, 2% SDS, 0-01% bromophenol blue, 75 mM-Tris- 
HC1 pH6.8) for 3min at 100°C. Proteins were subjected to 
fractionation in a 7.5% SDS~polyacrylamide gel according to 
Laemmli (1970). Gels were either dried and autoradiographed with 
Kodak X-Omat film or analysed by immunoblotting using anti-VPg 
(Eggen et al., 1988) or anti-110K serum (van Bokhoven et al., 1992) as 
a primary antibody and anti-rabbit IgG alkaline phosphatase (Promega 
Biotec) as a second antibody as described (Blake et al., 1984). 
Immunofluorescent detection of CPMV B proteins in infected cowpea 
mesophyll protoplasts was performed with the same antisera and 
fluorescin isothiocyanate (FITC)-conjugated goat anti-rabbit 
immunoglobulin (Nordic) as described by van Lent et al. (199l). 

Results 
Mutations in the NTBM-coding region are detrimental 
to viral RNA replication 

The 58K domain of the B polyprotein contains two 

highly conserved amino acid sequences, GKSRTG- 
K500S and MDD545 respectively, that correspond to 
the consensus A and B sites found in proteins utilizing 
NTP. (Walker et al., 1982; Dever et al., 1987; Gorba- 
lenya & Koonin, 1989; Gorbalenya et al., 1990). To 
assess the functional importance of these two conserved 
elements, a single amino acid substitution was introduced 
in each element and the effect on virus viability was 
analysed. Translation of the BK500T-RNA will result in 
a polyprotein, in which the conserved Lys-500 (AAG) 
residue in the A site of the NTBM has been replaced by 
a Thr (ACC) residue. In BD545P-RNA the coding 
sequence for the conserved Asp-545 (GAU) residue in 
the B site of the NTBM has been changed into a Pro 
(CCU) residue. Upon transfection of cowpea mesophyll 
protoplasts with BK500T-RNA or BD545P-RNA no 
accumulation of viral proteins was detected using an 
immunofluorescence assay, whereas in B-RNA- or 
CPMV RNA-transfected protoplasts viral proteins were 
produced (data not shown). This suggests that BK500T- 
RNA and BD545P-RNA cannot replicate in cowpea 
protoplasts. This was confirmed by a Northern blot 
analysis. The hybridization signal indicated an efficient 
replication of B-RNA and CPMV RNA (Fig. 2, lanes 1 
and 3), whereas hybridization could not be detected with 
RNA extracted from protoplasts transfected with 
BK500T-RNA, BD545P-RNA or mock-inoculated 
protoplasts (Fig. 2, lanes 2, 3 and 5). Apparently either 
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Fig. 2. Synthesis of CPMV B-RNA in transfected cowpea mesophyll 
protoplasts. Protoplasts were transfected with CPMV RNA (lane 1), 
mock-inoculated (lane 2), wild-type B-RNA (lane 3), BK500T-RNA 
(lane 4) or BD545P-RNA (lane 5). After 40 h of incubation total RNA 
was extracted from protoplasts. R N A  products were separated, 
transfered onto membrane filter and hybridized with a B-RNA-specific 
z2p-labelled probe. 
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Fig. 3. Proteolytic processing of translation products containing amino 
acid substitutions in the NTBM consensus sequence located in the 58K 
domain of the CPMV B-polyprotein. BD545P-RNA (lane 2), B-RNA 
(lane 3) and BK500T-RNA (lane 4) were translated in presence of 
[3~S]methionine for 4 h. The products were separated on a 7-5% 
SDS-polyacrylamide gel and their positions are indicated at the right 
side. At the left side positions of marker proteins obtained from a 
BA32-RNA translation (Peters et al., 1992) (lane 1) are indicated. 

the NTBM or the coding sequence for the NTBM is 
crucial for viral replication. 

In vitro processing of  mutant B-RNA translation 
products 

To determine the integrity of mutant B-RNAs and to 
study the effect of the Lys-500 to Thr and Asp-545 to Pro 
substitutions on proteolytic processing in vitro, mutant B 
transcripts were translated in rabbit reticulocyte lysate 
and the translation products were compared to those of 
wild-type B-RNA. Similar to wild-type B-RNA, 
BK500T-RNA and BD545P-RNA were also translated 
into 200K polyproteins (Fig. 3, lanes 2 to 4). This 
indicates that the large open reading frame of both 
mutant RNAs was intact. Processing of the mutant 200K 
polyproteins generated the 170K and the 32K proteins 
that comigrated with the wild-type primary processing 
products. This suggests that the mutant polyproteins are 

correctly processed. The primary processing of the 
BK500T polyprotein is indistinguishable from wild-type 
whereas the primary processing of the BD545P poly- 
protein was less efficient and after 4 h of incubation 
resulted in smaller amounts of the 170K and 32K 
primary cleavage products, as compared to the amount 
of wild-type processing products (Fig. 3, lanes 3 to 4). 
Possibly as a result of the Asp-545 to Pro substitution, 
the conformation of the nascent polypeptide chain has 
changed such that intramolecular cleavage at the Gln/Ser 
site is less favourable. Processing at secondary cleavage 
sites in the mutant 170K proteins was not observed (Fig. 
3, lanes 2 and 4). Therefore the Lys-500 to Thr and Asp- 
545 to Pro substitutions appear to have no influence on 
the regulatory role of the 32K protein in processing of 
the 170K protein (see discussion). 

Transient expression of  mutant B-RNA-coding 
sequences 

To study the effect on proteolytic processing in vivo, 
CPMV B-RNA sequences carrying mutations in the 
NTBM-coding region were transiently expressed in 
protoplasts using pMB200K500T and pMB200D545P. 
The processing products of the wild-type 200K protein 
produced by pMB200 and mutant 200K proteins from 
pMB200K500T and pMB200D545P were indistinguish- 
able from the viral proteins found in CPMV R N A -  
inoculated protoplasts upon analysis with ant i - l l0K 
serum (Fig. 4, lanes 1 to 4) or anti-VPg serum (Fig. 4, 
lanes 5 to 14). This indicates faithful processing of the 
transiently produced wild-type and mutant proteins in 
vivo. In vivo processing of the mutant 200KD545P 
proteins appeared to be equally efficient to the wild-type 
200K protein (Fig. 4, lanes 2, 3, 7 and 9), in contrast with 
in vitro processing, which showed a decrease in efficiency 
for the 200KD545P polyprotein processing (see Fig. 3, 
lane 2). Protoplasts transfected with pMBK500T pro- 
duced a lower amount of viral proteins than pMB200- or 
pMBD545P-transfected protoplasts. The lower level was 
most pronounced for the 170K, 110K and 87K proteins 
(see Fig. 4, lanes 2 and 4). In protoplasts transfected with 
pMBD545P the amount of 60K protein seems to be 
higher than in pMB200-transfected protoplasts. Cur- 
rently we have no explanation for this observation. 

Cleavage of the l l 6 K  protein (32K+60K+24K)  
produced by pMB116 generated 84K and 32K proteins 
(the latter protein not shown) (Fig. 4, lane 12), but 
further processing of the 84K protein into 60K and 24K 
was not observed. This is consistent with earlier in vitro 
results and again confirms our notion that the 32K 
protein can arrest the proteolytic processing of B proteins 
(Peters et al., 1992). With respect to cleavage patterns 
observed for the mutant 116K and the wild-type l l6K 
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Fig. 4. Immunoblot analysis of  proteins transiently produced in cowpea protoplasts. For  detection of proteins anti-110K (lanes 1 to 
4) and anti-VPg (lanes 5 to 14) sera were used as primary antibodies and anti-rabbit alkaline phosphatase conjugate as the second 
antibody. Viral proteins from CPMV RNA-inoculated protoplasts (lanes 1 and 5) served as marker proteins and are indicated on the 
right and the left side. The nomenclature of  the constructs that direct transient expression of  B-RNA sequences, shown on top of the 
immunoblot, is described in Methods. 

proteins, differences were not found either (Fig. 4, lanes 
12 to 14). Apparently the non-viability of the mutant 
transcripts BK500T and BD545P is not caused by 
interference of the Lys-500 to Thr and Asp-545 to Pro 
substitutions with translation or proteolytic processing 
of viral proteins. 

The CPMV B proteins transiently produced by 
pMB200 are active in trans-replication of M-RNA in 
protoplasts (van Bokhoven et al., 1993). In contrast to 
wild-type B proteins the mutant proteins from 
pMB200K500T and pMB200D545P were not able to 
support the replication of M-RNA (see Fig. 5, lanes 2 
and 3). This indicates that a protein function essential to 
viral RNA replication has been disrupted by the amino 
acid replacements. 

Chromatography of C P M V  B proteins on 
5'A TP-agarose 

To investigate whether introduced amino acid substi- 
tutions in the NTBM disturbed a ribonucleotide-binding 
activity, extracts prepared from transfected protoplasts 

were incubated with ATP agarose. Bound viral proteins 
were subsequently eluted from the absorbent with protein 
sample buffer and subjected to an immunoblot analysis. 
In extracts prepared from CPMV-infected protoplasts 
the 170K, l12K, ll0K, 87K, 84K and 60K proteins, 
which were detected with anti-110K and anti-VPg serum, 
had bound to ATP-agarose (Fig. 6, lane 3 and Fig. 7, 
lane 6). The origin of the band just above the 60K 
protein in lane 3 is unknown. The binding of 170K, 
112K, 110K, 87K, 84K and 60K proteins was inhibited 
in the presence of 2.5 mM-ATP (Fig. 6, lane 5). The 
competition for binding by ATP indicates the specificity 
of binding of the aforementioned proteins. The ATP- 
binding sites are probably located in the 87K core- 
polymerase domain and in the 58K domain. Since B- 
RNA-encoded proteins are mainly associated in a 
complex (Franssen et al., 1984b; Eggen & van Kammen, 
1988; Peters et al., 1992) the effect of the mutations in the 
NTBM on ATP-binding should be studied in absence of 
the 87K domain, to exclude retention of B proteins that 
are complexed with the core-polymerase but do not bind 
ATP. Indeed, binding was observed for the wild-type 
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Fig. 5. Synthesis of  CPMV M-RNA by B proteins transiently expressed 
in protoplasts. Protoplasts were transfected with pMB200 (lane 1), 
pMB200K500T (lane 2) or pMB200D545P (lane 3) together with M- 
RNA. Total RNA extracted at 40 h post-transfection was separated in 
a 1% denaturing agarose gel followed by transfer of the RNAs onto 
GeneScreen. The blot was hybridized with a probe specific for M- 
RNA. 

84K protein from pMBll6, although not all of the 
protein was retained by the ATP-agarose (Fig. 7, lanes 7 
to 9). This is not due to limiting amounts of ATP- 
agarose, since a molar excess of B proteins from the 
CPMV RNA fraction over that of the 84K protein from 
pMBll6-transfected protoplasts was bound (Fig. 7, 
lanes 6 and 9). Probably a small part of the 84K proteins 
is misfolded upon translation of MB116-RNA such that 
they are not able to bind ATP. The ATP-binding 
capacity of the 84K protein with the Lys-500 to Thr 
replacement is clearly reduced as the major part of this 
protein is present in the eluent fraction (Fig. 7, lanes 10 
to 12). This difference in ratio of bound and unbound 
mutant 84K protein compared to that observed for wild- 
type 84K protein, suggests that the Lys-500 residue in the 
A site of the NTBM is involved in the binding of ATP. 
However the finding that a minor part of these mutant 
proteins was retained suggests that the binding capacity 
was not completely lost. The Asp-545 to Pro mutation 
did not markedly decrease the ATP-binding capacity of 
the 84K protein (Fig. 7, lanes 13 to 15). The Asp-545 
amino acid residue is probably not directly involved in 
the binding of ATP. 
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Fig. 6. Competition of  binding of CPMV B proteins to 5'ATP agarose 
by ATP. Extracts prepared from 1.5 x 10 6 protoplasts infected with 
CPMV RNA were incubated with ATP-agarose either in the absence 
of  ATP (lanes 2 and 3) or in presence of  2.5 mN-ATP (lanes 4 and 5). 
After incubation unbound proteins (lanes 2 and 4) were separated from 
the ATP agarose by centrifugation and immobilized proteins were 
then eluted from the absorbent by boiling in sample buffer (lanes 3 and 
5). Proteins were fractionated in an SDS-polyacrylamide gel. Detection 
of  viral proteins was performed with both anti-VPg and anti-110K 
serum. Marker proteins (lane 1) are indicated at the left side. 

Distribution of CPMV B polyproteins in cowpea 
protoplasts 

To localize CPMV B proteins in cowpea protoplasts in 
which 200K proteins have been transiently produced, an 
immunofluorescent staining with anti-VPg and anti- 
110K serum and FITC-conjugated goat anti-rabbit IgG 
was performed. Using anti-VPg serum the immuno- 
fluorescent label in protoplasts transfected with either 
CPMV RNA, pMB200 or pMB200D545P is concen- 
trated in distinct areas in the cytoplasm of the protoplast 
(Fig. 8 a, b, c). A similar labelling is obtained with anti- 
110K serum (data not shown), whereas such structures 
have not been detected in mock-inoculated protoplasts 
(data not shown). A striking difference in the immuno- 
fluorescent staining pattern was observed in protoplasts 
which were transfected with pMB200K500T. After 
treatment with anti-VPg and anti-ll0K serum the 
immunofluorescent label appeared to be distributed over 
the entire protoplast (Fig. 8 d, and data not shown) and 
was not concentrated in specific areas of the cytoplasm, 
indicating that the Lys-500 to Thr substitution has 
resulted in an altered localization of viral proteins. 
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Fig. 7. Isolation of CPMV B proteins by affinity chromatography on 5'ATP-agarose. Extracts prepared from 1.5 × 106 mock-inoculated 
protoplasts (lanes 1 to 3) or protoplasts transfected with CPMV RNA (lanes 4 to 6), pMB 116 (lanes 7 to 9), pMB 116K500T (lanes 10 
to 12) or pMB 116D545P (lanes 13 to 15) were incubated with 5'ATP-agarose. After incubation unbound proteins in the supernatant 
(lanes 2, 5, 8, 11 and 14) were separated from the ATP-agarose and immobilized proteins were then eluted from the absorbent (lanes 
3, 6, 9, 12 and 15). Lanes 1, 4, 7, 10 and 13 contain untreated samples prepared from 0.5 x 10 n protoplasts. Proteins were fractionated 
in an SDS-polyacrylamide gel. To identify the viral proteins an immunoblot analysis using anti-VPg serum was performed. 

D i s c u s s i o n  

In this paper  we have presented the first evidence that the 
B-RNA-encoded N T B M  plays an essential role in CPMV 
R N A  replication. Using site-directed mutagenesis, Lys- 
500 to Thr and Asp-545 to Pro substitutions were 
introduced in the consensus A and B sites of  the NTBM.  
These mutat ions severely impair R N A  replication as 
demonstrated by the absence of detectable R N A  syn- 
thesis. The mutations may even be lethal to the virus, but 
we cannot entirely exclude the possibility of  greatly 
reduced levels of  R N A  synthesis that are too low to be 
detected in a Northern blot analysis. Such a low level of  
replication might result in the occurrence of wild-type 
revertants. In the case of  the Thr-500 and Pro-545 
mutants reversion to wild-type would require two 
nucleotide changes. Albeit at a very low frequency 
restoration of two introduced nucleotide changes has 
occasionally been observed for mutants in the poliovirus 
2C protein which has been classified in the same 
superfamily of  NTBM-containing proteins as the CPMV 
B-RNA-encoded 58K protein (Gorbalenya et al., 1990). 
For  mutant  polioviruses carrying a Lys-135 to Ser or a 
Asp-177 to Gly substitution in the A and B sites of  the 
N T B M  respectively, revertants were isolated (Teterina et 

at., 1992), whereas Lys-135 to Gln and Asp-177 to Leu 
substitutions did not lead to reversion (Mirzayan & 
Wimmer,  1992). 

The introduced nucleotide changes might either result 
in a defective R N A  template or a defective protein. To 
address this we examined whether M - R N A  replication in 
cowpea protoplasts could be supported by transiently 
produced proteins. Since the mutant  proteins were not 
able to support  the replication of M - R N A  in contrast to 
CPMV B proteins transiently expressed f rom pMB200, it 
can be concluded that a protein defect underlies the non- 
viability of  these mutants.  

To investigate at which level the virus multiplication 
was blocked we have studied the effect of  these mutations 
on translation and polyprotein processing. Primary 
processing of the 32K protein occurs already on the 
nascent polypeptide chain by an in cis cleavage (Franssen 
et al., 1984 c) and probably depends on the folding of the 
growing polypeptide chain that brings the primary 
cleavage site in proximity to the 24K proteinase (Peters 
et al., 1992). In vitro primary processing of  the B 
polyprotein with a Asp-545 to Pro replacement was 
delayed, but not inhibited. The Asp-545 to Pro sub- 
stitution probably affects the local flexibility of  the 
polypeptide chain such that the required folding for in cis 
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clea,,age becomes more difficult. When the muumt R- 
RNA sequences ~ere transienth expressed in proto- 
plasts. 200K products were not detected. Apparently 
incubation o\er  a longer period is sufficient for complete 
primar~ processing even for the 200K protein carrying 
the Asp-545 to Pro mutation. Moreover, no abnormal 
differences in cleavage patterns compared to the ex- 
pression of wild-type B-RNA were observed, suggesting 
the precise processing of the mutant polyprotcins. 
Previous results have pointed out the inhibitory function 
of the 32K protein on processing of the 84K protein in 
vitro which depends on the interaction with the 58K 
domain (Peters eta/. ,  1992). Apparently the 32K protein 
can also arrest the proteolytic processing of both wild- 
type and mutant 84K proteins in cowpea protoplasts, 
indicating that this function is not impeded by amino 

ucid substitutions within the NTBM. Therefbrc the 
NTBM has no crucial role in the interdomain com- 
munication with the 32K protein nor in translation and 
polyprotein processing. A similar conclusion was drawn 
from a genetic analysis on the polioviral NTBM 
(Mirzayan & Wimmer, 1992: Tcterina et' al., 1992). 

Experimental data from other characterized ATP/  
GTP-utilizing proteins have shown that the conserved 
positively charged lysme residue in the A site of the 
NTBM of these proteins interacts with the a-phosphate 
group of the ribonucleotide (Walker et al., 1982; M611er 
& Amons, 1985; Bradley et al., 1987; De Vos et aL, 
1988). The negatively charged aspartic acid residues in 
the B site form a salt bridge with the Mg 2+ ion which, in 
turn, interacts with the negatively charged phosphate 
groups of the ribonucleotide and has been proposed to 
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have a catalytic function in NTP hydrolysis (La Cour et  
al., 1985; Fry et al., 1986; Jurnak, 1988; Weiner & 
Bradley, 1991). Recent data have indicated that the 60K 
and 84K proteins can most likely bind ATP directly to 
the NTBM in the 58K domain of these proteins 
(S. Peters, unpublished results). Both Lys-500 to Thr and 
Asp-545 to Pro substitutions might have interfered with 
an ATP-consuming function that somehow is essential 
for successful replication, since the charge, hydrogen- 
bonding ability and hydrophobicity are altered by these 
replacements. To assess the functional importance of 
these amino acids in ribonucleotide binding, the mutant 
proteins were tested for their ability to bind ATP by 
affinity chromatography. The results do not provide a 
clearcut answer as the observed differences in ATP- 
binding are marginal. Nonetheless, the reduced ATP- 
binding capacity for the 84K protein with a Thr-500 
residue in the A site of the NTBM was reproduced in 
several independent experiments. This effect could either 
be the result of an altered conformation of the ATP- 
binding pocket or because the Lys-500 is directly 
involved in binding. Apparently the Asp-545 to Pro 
substitution near the A site can be tolerated without 
disturbing the ATP-binding properties. This supports 
the specific effect observed for the A site mutant and 
points towards a direct involvement of the Lys-500 
residue in ATP-binding. Similar results have been 
reported for the large T antigen of simian virus 40 that, 
along with the 'picornavirus-like' NTBM-containing 
proteins, has been classified in the same superfamily of 
NTBM proteins (Gorbalenya et al., 1990). Glu-473-Asp- 
474 to Ala-Ala amino acid substitutions in the Mg- 
binding B site of the large T antigen do not influence the 
ATP-binding properties but render a protein that is 
defective in ATP hydrolysis (Weiner & Bradley, 1991). 
By analogy, the Asp-545 to Pro substitution might have 
produced a mutant 84K protein that has preserved its 
binding capacity but might be defective in ATP hy- 
drolysis. 

Recently Mirzayan & Wimmer (1994) have provided 
evidence that the 2C protein of poliovirus expressed in 
insect cells contains ATPase activity, whereas a 2C 
protein with a mutation in the NTBM A site did not 
exhibit such activity. 

In protoplasts transfected with pMB200 the immuno- 
fluorescent label was localized in distinct areas in the 
cytoplasm which is similar to that observed in CPMV 
RNA-infected protoplasts. These structures probably 
represent the cytopathic structures that are seen as 
electron-dense material upon electron microscopic 
analysis (Wellink et al., 1988). Surprisingly, the viral 
proteins containing a single Lys-500 to Thr amino acid 
substitution fail to aggregate into such structures and 
were found dispersed over the entire protoplast, whereas 

such an effect was not observed for the Asp-545 to Pro 
substitution. The altered localization coincided with a 
lower amount of mainly 170K, 110K and 87K proteins in 
BK500T-RNA-transfected protoplasts as compared to 
B-RNA- or BD545P-RNA-transfected protoplasts. 
Probably these unaggregated viral B proteins are more 
susceptible to proteolytic attack which might account for 
the lower expression level. The importance of the 
electron-dense structures in the viral life cycle remains 
unclear but it has been proposed that these structures 
represent sites where B proteins are maintained in an 
active conformation for replication (van Bokhoven et al., 
1993). The results described in this paper have indicated 
the NTBM is not involved in the assembly of the 
32K/170K complex, but they may point towards the 
involvement in intermolecular contact that leads to 
multimerization of 32K/170K complexes. Whether this 
is promoted by binding of ATP, resulting in a con- 
formation that allows the assembly into higher ordered 
complexes, remains unclear. Additional mutations in the 
NTBM will be required to investigate further the role of 
ATP-binding in protein-protein interactions. 

We thank Hans van Bokhoven for construction of pMB116 and 
Nicole ter Maten for photography. This work was supported by the 
Netherlands foundation for Chemical Research (SON) with financial 
aid from the Netherlands Foundation for Scientific Research (NWO). 
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