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The zinc finger C36-X1-C38-X7-C46-X6-H53 of the nuclearly localized C2 protein of Tomato yellow leaf curl
virus China is involved in pathogenicity and suppression of posttranscriptional gene silencing (PTGS). Here,
we demonstrate that the zinc finger is indispensable for the C2 protein to bind zinc and DNA. Mutation of
cysteine residue C36, C38, or C46 reduced the zinc and DNA binding capacity of C2 protein. When expressed
from potato virus X, all three mutants, C2-C36R, C2-C38N, and C2-C46I, tagged with a green fluorescent protein
(GFP) were still capable of transporting GFP into but aggregated abnormally in nuclei. Our data establish that
zinc- and DNA-binding activity correlates with C2-mediated pathogenesis and PTGS suppression.

Posttranscriptional gene silencing (PTGS) in plants, RNA
interference in animals, and gene quelling in fungi share a
common molecular mechanism in which a target RNA is
transinactivated by homology-dependent RNA degradation,
representing a conserved cellular defense system for control-
ling foreign gene expression across kingdoms (3, 8, 14, 31, 39,
42). In plants, PTGS protects the host against virus infection,
down-regulates transgene expression, and may also be an im-
portant component in the control of development (39, 42).
Consistent with the active role of PTGS in antiviral defense,
plant viruses have evolved counterattack functions by encoding
proteins that are capable of suppressing PTGS. PTGS suppres-
sors often enhance viral pathogenicity, and a number of them
have been characterized, including 2b, HC-Pro, P1, and P19
proteins from cucumoviruses, potyviruses, sobemoviruses, and
tombusviruses; p25 movement protein of Potato virus X (PVX);
and AC2 and C2 proteins of African cassava mosaic virus and
Tomato yellow leaf curl virus China (TYLCV-C) (6, 37, 39).
There is much variation in the extent of PTGS suppression by
different virus-encoded suppressors that may be mediated by
targeting distinct steps in the PTGS pathway (2, 40, 41).

Geminiviruses are a family of unique small circular single-
stranded (ss) DNA viruses that replicate via double-stranded
(ds) DNA intermediates by a rolling circle mechanism in plant
cell nuclei (15). TYLCV-C, a distinct species of the genus
Begomovirus in the family Geminiviridae, has a monopartite
genome resembling the DNA A component of bipartite
begomoviruses (43). We have previously demonstrated that
TYLCV-C C2, a nuclearly localized protein, induces necrosis
and suppresses PTGS when expressed from a PVX vector and
that a cysteine-rich motif (C36-X1-C38-X7-C46-X6-H53) is re-
quired for C2 protein-mediated pathogenesis and PTGS sup-
pression (37, 38). However, whether the C2 protein binds zinc
and indeed whether the cysteine-rich domain represents an
authentic zinc-finger motif remained unclear.

To address these issues, we first used the Bac-to-Bac system
(Invitrogen Life Technologies) to express wild-type and mu-
tant C2 proteins, all of which have a six-histidine affinity tag.
Baculovirus containing the C2 gene or its derivatives was re-
covered after homologous recombination between the baculo-
virus expression vector pBac/C2, pBac/C2-C36R, pBac/C2-
C38N, or pBac/C2-C46I (Table 1) and the viral DNA according
to the manufacturer’s protocol. Sf9 cells were then infected
with recombinant baculoviruses, and after 72 h of incubation at
28°C, Sf9 cells were harvested, resuspended in extraction buffer
(EB; 50 mM Tris-HCl [pH 8.0], 1 mM phenylmethylsulfonyl
fluoride) containing 50 mM NaCl, and lysed by sonication.
Insoluble pellets were discarded after centrifugation, and high-
speed clarified supernatants were collected. Aliquots of Sf9
extracts were adjusted to either 50, 100, or 200 mM NaCl. The
amount of C2 protein in Sf9 extracts was normalized using
competitive enzyme-linked immunosorbent assay (19) and an
antihistidine monoclonal antibody (Amersham Pharmacia Bio-
tech).

We performed a zinc-affinity pull-down assay, for which ex-
tracts from wild-type or recombinant baculovirus-infected Sf9
cells containing equal amounts of wild-type or mutant C2 pro-
tein in either 50, 100, or 200 mM NaCl were incubated with
50-�l aliquots of zinc chelate affinity resins (iminodiacetic acid-
Sepharose 6B; Sigma) preequilibrated with EB containing ei-
ther 50, 100, or 200 mM NaCl, as appropriate. Resins were
then washed three times with the same buffer, resuspended in
100 �l of 1� gel loading buffer (21), and boiled for 3 min
before loading samples onto a sodium dodecyl sulfate–15%
polyacrylamide gel. After electrophoresis, proteins were im-
mobilized on nitrocellulose membranes, immunodetected with
the ECL detection system by use of a monoclonal antibody
raised against the histidine tag (Amersham Pharmacia Bio-
tech), and analyzed using a PhosphorImager. In a low-salt (50
mM NaCl) buffer, C2 protein and all three mutants remained
bound to the resin. There was little difference in binding af-
finity between the wild-type protein and mutant C2-C46I at this
salt concentration, although mutants C2-C36R and C2-C38N
bound less well (Fig. 1A). A reduction in the ability of all three
mutants to bind to the resin in comparison with the wild-type
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protein became more evident at 100 mM NaCl and was par-
ticularly marked for mutants C2-C36R and C2-C38N (Fig. 1B).
Some wild-type protein remained bound at 200 mM NaCl,
although none of the three mutants was capable of binding at
this salt concentration (Fig. 1C). Our data indicate that histi-
dine tags made little contribution to the differential capabilities
of the wild-type and mutant C2 proteins to bind zinc. Indeed,
the affinity of the wild-type and mutant proteins for zinc che-

late resin indicates that C2 protein is capable of binding zinc,
as reported for Tomato golden mosaic virus TrAP (transcrip-
tional activator protein; also known as AL2 or AC2) (16), and
that the cysteine-rich C36-X1-C38-X7-C46-X6-H53 domain rep-
resents a bona fide zinc finger required for this purpose. We
previously demonstrated that mutation of C36, C38, and C46

eliminated C2 protein-mediated induction of necrosis and
PTGS suppression (37) and that these mutations also signifi-
cantly reduce the ability of C2 protein to bind zinc, suggesting
that the three cysteines are additionally responsible for this
activity. Interestingly, mutation of C38N and C36R had a
greater adverse effect on zinc binding activity than mutation of
C46I.

Zinc-finger proteins frequently possess DNA-binding activ-
ity. We therefore investigated whether C2 protein bound
ssDNA and/or dsDNA and the role of the zinc finger in DNA
binding. To achieve this, Escherichia coli strain BL21 (DE3;
Invitrogen Life Technologies) was transformed with pEHT/C2,
pEHT/C2-C36R, pEHT/C2-C38N, or pEHT/C2-C46I (Table 1),
and expression of C2, C2-C36R, C2-C38N, and C2-C46I was
induced with 0.4 mM IPTG (isopropyl-�-D-thiogalactopyrano-
side) and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. Viral and nonviral ssDNA and dsDNA
fragments were 32P labeled using a Ready-to-Go labeling kit
(Amersham Pharmacia Biotech), and Southwestern assays
were performed to determine interactions between C2 protein
and ssDNA and dsDNA probes with equal amounts of radio-
activity as described by Liu et al. (24). The C2 protein bound
to TYLCV-C C2 gene ssDNA (405 nucleotides) and dsDNA
(405 bp) probes (Fig. 2A and C). At 300 mM KCl, all three
mutants bound to ssDNA and dsDNA, although C2-C46I
bound less efficiently to ssDNA at this salt concentration. At
600 mM KCl, C2 protein bound dsDNA more efficiently than
ssDNA (Fig. 2B and D). At this salt concentration, however, all
three mutants failed to bind ssDNA, and the ability of C2-C38N

FIG. 1. Zinc-binding activity of C2 protein. Zinc-affinity pull-down
assays were performed in buffers containing 50 mM NaCl (A), 100 mM
NaCl (B), and 200 mM NaCl (C) with protein extracts from Sf9 cells
infected with wild-type baculovirus (lane 1) and recombinant baculo-
virus expressing His-tagged C2 (lane 2), C2-C46I (lane 3), C2-C38N
(lane 4), and C2-C36R (lane 5). His-tagged C2 protein with the pre-
dicted size was detected using a monoclonal antibody raised against
the histidine tag.

FIG. 2. DNA-binding activity of C2 protein. Southwestern assays
were performed using dsDNA (A and B) and ssDNA (C and D) in
buffers containing 300 mM KCl (A and C) and 600 mM KCl (B and D).
Assays contained lysozyme (lanes 1), extracts from E. coli expressing
maize streak virus coat protein (lanes 2), C2-C46I (lanes 3), C2-C38N
(lanes 4), C2-C36R (lanes 5), and C2 (lanes 6), and extracts from E. coli
transformed with expression vector pEHISTEV alone (lanes 7).

TABLE 1. Construction of C2 expression cassettesa

Construct Vector
Primer pair
(5� region/
3� region)

Cloning
sites Mutation

pBAC/C2 pFASTBACHTa PP141/PP142 NcoI, EcoRI Wild type
pBAC/C2-C36R pFASTBACHTa PP141/PP142 NcoI, EcoRI Cys363Arg
pBAC/C2-C38N pFASTBACHTa PP141/PP143 NcoI, BamHI Cys383Asn
pBAC/C2-C46I pFASTBACHTa PP141/PP143 NcoI, BamHI Cys463Ile
pEHT/C2 pEHISTEV PP141/PP142 NcoI, EcoRI Wild type
pEHT/C2-C36R pEHISTEV PP141/PP142 NcoI, EcoRI Cys363Arg
pEHT/C2-C38N pEHISTEV PP141/PP143 NcoI, BamHI Cys383Asn
pEHT/C2-C46I pEHISTEV PP141/PP143 NcoI, BamHI Cys463Ile

a The TYLCV-C C2 gene and mutant derivatives were PCR amplified using
PVX/C2, PVX/C2-C36R, PVX/C2-C38N, and PVX/C2-C46I (37) as DNA tem-
plates together with primer PP141 (cctgtatcATGaGATCTTCGTCTCCCTC)
and either PP142 (ccgaatTcAAATACTCTTAAGAAATGCGAGGTC) or PP143
(ccggatccTAAATACTCTTAAGAAATGCGAGGTC) (introduced restriction
endonuclease sites are underlined and modified nucleotides are lowercase). PCR
products were digested with BspHI plus EcoRI or BamHI and were cloned into
the NcoI and EcoRI or NcoI and BamHI sites of pEHISTEV (a modified version
of pET28a [unpublished data]) and pFASTBACHTa (Invitrogen Life Technolo-
gies) to produce vectors for C2 protein expression in E. coli and insect cells,
respectively.
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and C2-C46I to bind dsDNA was significantly reduced in com-
parison with the wild-type protein. Moreover, in a parallel
experiment, the C2 protein was found to preferably bind
dsDNA probes (1,161 bp) prepared from a TYLCV-C unre-
lated plant gene, the LFY-like gene involved in flower devel-
opment (23; H. Liu and Y. Hong, unpublished data). The
results indicate that C2 protein binds DNA in a sequence-
nonspecific manner with a preference for dsDNA, in contrast
to other TrAPs that bound ssDNA with higher efficiency (16,
27), and that the cysteine-rich motif participates in this binding
activity. Although C2 protein is basic, its interaction with DNA
is not necessarily due to a net positive charge since the basic
protein lysozyme (pI, �9.6) bound neither ssDNA nor dsDNA
under the prevailing conditions. Clearly, DNA binding by C2
protein was affected by mutation of the three zinc-finger cys-
teine residues. C2-C36R, C2-C38N and C2-C46I mutants were
unable to bind ssDNA in high salt (600 mM KCl), and both
C2-C38N and C2-C36R were significantly impaired in their
ability to bind dsDNA under these conditions, although C2-
C46I maintained substantial binding activity, reflecting the ef-
fect of these mutations on zinc binding.

To better understand the relevance of the observed bio-
chemical properties to C2 protein function, the cellular local-
ization of mutants C2-C36R, C2-C38N, and C2-C46I was inves-
tigated. PVX RNA transcripts were produced by in vitro
transcription and mechanically inoculated onto Nicotiana
benthamiana plants as previously described (7). Leaf tissues
infected with PVX/C2-GFP (C2), PVX/C2-C36R-GFP (C2-
C36R), PVX/C2-C38N-GFP (C2-C38N), and PVX/C2-C46I-
GFP (C2-C46I) were collected 7 days postinoculation, cut into
3-mm-wide strips, vacuum infiltrated, and fixed overnight in
4% paraformaldehyde–100 mM phosphate buffer (pH 7.0).
Tissues were then infiltrated with 15% sucrose–100 mM phos-
phate buffer (pH 7.0), embedded in 5% low-melting-point aga-
rose, and sectioned in a cryostat at �20°C (OTS; Bright In-
struments). Ten-micrometer sections were mounted in 50%

glycerol containing 1 �g of DAPI (4�,6�-diamidino-2-phenylin-
dole)/ml and examined using a Zeiss Axiophot equipped with
a Nikon Digital Camera Coolpix995. When expressed as green
fluorescent protein (GFP)-tagged fusion proteins from PVX
vectors (PVX/C2-C36R-GFP, PVX/C2-C38N-GFP, and PVX/
C2-C46I-GFP), all three mutants localized to the nucleus (Fig.
3, top panels), resembling the behavior of the wild-type protein
fused to GFP expressed from PVX/C2-GFP (38). However,
fluorescence associated with the mutants was irregularly scat-
tered in the nuclei of leaf mesophyll cells and was distinct from
the even distribution of C2-GFP fluorescence. DAPI staining
indicated that the nuclei remained intact (Fig. 3, bottom pan-
els), and no nuclear structural alterations were observed by
transmission electron microscopy (R. Van Wezel and Y. Hong,
unpublished data), suggesting that the zinc-finger mutants ag-
gregate abnormally in nuclei. This remarkable effect may not
be due simply to alteration of the primary structure of the
protein. Indeed, several C2 protein mutants such as C2-K17D,
C2-HR21DV, and C2-KK25DI containing different amino acid
substitutions were capable of transporting GFP into nuclei,
and the nuclearly localized GFP fluorescence was evenly dis-
tributed (R. van Wezel, X. Dong, H. Liu, P. Tien, J. Stanley,
and Y. Hong, Abstr. XII Int. Congr. Virol., p. 148, 2002).

The three cysteine residues of the zinc finger were changed
to either arginine, asparagine, or isoleucine. The choice of
mutations was based on the notion that the physicochemical
properties of these amino acids are largely unrelated to that of
cysteine as discussed previously (37). Thus, the effect of mu-
tations on biological and biochemical functions of the C2 pro-
tein would become detectable. Another important issue is that
such amino acid replacements should impose a minimum effect
on the C2 protein structures. As revealed by Chou-Fasman
prediction (9), the wild-type C2 protein and mutant C2-C38N
possessed essentially the same secondary structures. Mutant
C2-C46I formed a secondary structure similar to that of wild-
type C2 and mutant C2-C38N proteins, with the exception of

FIG. 3. Nuclear localization of C2 zinc-finger mutants. Fluorescence was observed with filters for GFP (450- to 490-nm excitation, 520-nm
long-pass emission) (top panels) and DAPI (365-nm excitation, 420-nm long-pass emission) (bottom panels). Chloroplast autofluorescence appears
red. Bar � 10 �m, indicating that the ratios between the sizes of cells and nuclei are similar.

698 NOTES J. VIROL.



having a �-sheet around the zinc finger instead of an 	-helix.
C2-C36R had a slight different overall conformation but with-
out local structural alterations in the region of the zinc finger.
Surprisingly, C2-mediated zinc- and DNA-binding activities
were mostly affected by the mutation of C38N, while the C36R
mutation had the least effect on C2 binding to DNA and the
C2-C46I mutation had stronger zinc-binding activity than the
other two mutants (Fig. 1 and 2). Therefore, the specificity of
effects observed in this report is unlikely due to the mutant
amino acids globally interfering with C2 folding or conforma-
tional stability, which would simultaneously impair all of its
activities. Indeed, the modified proteins are soluble in plant
cells and at least partially functional since they are still trans-
ported to the nucleus. It is likely that the zinc finger specially
affects the tertiary and/or quaternary structure of the C2 pro-
tein. Single substitution of the three cysteine residues with any
amino acid may lead to the formation of unusual disulfide
bonds between the two SH groups of the remaining nonmu-
tated cysteine residues of the zinc finger within or between C2
protein molecules. Another possibility is that the zinc finger
could control the ability of the C2 protein to form stable
structural complexes as has been described for other zinc- and
DNA-binding proteins (22). As a consequence of such struc-
tural changes, the C2 protein altered its biochemical activities
in zinc and DNA binding and its cellular biological property,
which led to the deficit of its biological functions in pathogen-
esis and PTGS suppression in planta.

In summary, we have found that a correlation exists between
the biochemical properties of the C2 protein encoded by the
monopartite begomovirus TYLCV-C and its biological func-
tions in pathogenesis and PTGS suppression. In plants, PTGS
represents an effective defense mechanism against infection
caused by RNA and DNA viruses. Initiation, propagation of a
systemic silencing signal, and maintenance have been recently
proposed to be the three components in the process of PTGS
(28, 29) which can be targeted by PTGS suppressors. Notably,
potyviral HC-Pro affects a step coincident with, or upstream of,
the production of small RNAs that is necessary for PTGS
maintenance (25, 26). In contrast, the PVX p25 cell-to-cell
movement protein and the 2b protein of Cucumber mosaic
virus appear to prevent silencing signal spread (12, 40). While
most suppressors that have been identified are from RNA
viruses and are involved in virus movement, TrAP and C2
proteins are encoded by ssDNA begomoviruses (1, 4, 20, 37,
41). Collectively, TrAP and its C2 protein homologue, encoded
by bipartite and monopartite begomoviruses, respectively, spe-
cifically modulate viral gene expression at the transcriptional
level, enhance plant susceptibility to viral infection, contribute
to viral pathogenicity, and suppress PTGS (5, 10, 11, 13, 16–18,
32–36, 37, 41). TrAP exhibits sequence-nonspecific DNA bind-
ing activity and is confined to the nucleus (16, 27, 30, 32, 38).
TrAP has also been reported to be phosphorylated and to bind
zinc (16). However, the relevance of these diverse molecular
and cellular properties of TrAP to pathogenesis and PTGS
suppression is less well understood.

Although TrAP and C2 proteins participate in the control of
specific viral genes and are probably also involved in host gene
expression, these proteins are not canonical transcriptional
activators due to their sequence-nonspecific interaction with
DNA. It is believed that the zinc- and ssDNA-binding activity

is not particularly relevant to TrAP-mediated transcriptional
regulation (16, 27), and this may also be the case for the
TYLCV-C C2 protein. Clearly, this raises the question of the
biological significance of the observed zinc- and DNA-binding
activity to the infection process. The results of this study and a
previous mutagenesis analysis (37) have indicated that the al-
tered biochemical behavior of the three zinc-finger mutants in
zinc and DNA binding correlates with a loss of biological
function in inducing necrosis and suppressing PTGS in planta.
This suggests that zinc and DNA binding play either a direct or
indirect role in C2 protein-mediated pathogenesis and PTG5
suppression.
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