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Clink, a Nanovirus-Encoded Protein, Binds both pRB and SKP1
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Clink, a 20-kDa protein of faba bean necrotic yellows virus, a single-stranded DNA plant virus, interacts with
pRB family members and a SKP1 homologue from Medicago sativa. An LxCxE motif and an F-box of Clink
mediate the interactions with the respective proteins. The capacity of Clink to bind pRB correlates with its
ability to stimulate viral replication. Interaction of a single protein with the cell cycle regulator pRB and SKP1,
a constituent of the ubiquitin-protein turnover pathway, appears to be a novel feature. Hence, Clink may
represent a new class of viral cell cycle modulators.

A common strategy of DNA viruses is the creation of an
environment favorable for efficient replication of their genome
by subverting the cell cycle control of the host and forcing cells
into DNA synthesis or S phase. In mammalian cells, a key cell
cycle regulator is the retinoblastoma tumor suppressor protein
pRB, which represses onset and progression into S phase by
interacting with a wide range of cell cycle-related proteins.
Among those are transcription factors of the E2F family that
form complexes with hypophosphorylated pRB. During the
G1/S transition, pRB is progressively phosphorylated by the
action of cyclin-dependent kinases, and as a result, E2F is
released from the complex and becomes available to activate
the expression of S-phase-specific genes (14, 30).

Oncoproteins of certain mammalian DNA tumor viruses,
such as E1A of adenovirus type 6, E7 of human papillomavirus
type 16, or the large T antigen protein of simian virus 40,
stimulate the entry of cells into S phase by interaction with
pRB through a short protein sequence comprising essentially
the sequence motif LxCxE (10, 45). This interaction abrogates
the pRB-mediated block of cell cycle progression and may
contribute to tumor formation (24). In addition, these or other
viral proteins are involved in the neutralization of additional
cell cycle regulators, in particular of the growth suppressor p53
(24, 39). The interaction between the papillomavirus E7 and
E6 proteins with pRB and p53, respectively, mediates the deg-
radation of the latter by the ubiquitin-proteasome pathway (8,
25, 44). Hence, in addition to the interaction with growth
suppressors, papillomaviruses make use of the protein degra-
dation machinery to target these proteins to the 26S protea-
some.

Ubiquitination of proteins destined for degradation by the
26S proteasome is mediated by the action of the enzymatic
complexes E1, E2, and E3 (21). E1 and E2 activate ubiquitin
and catalyze the polyubiquitination of the substrate, which is
thus marked for degradation by the 26S proteasome. A diverse
class of complexes, the E3 ubiquitin-ligases, contains the ele-
ments of specificity for the substrates to be ubiquitinated. The

core components of one particularly versatile class of E3s,
designated SCFs, are SKP1, Cdc53/Cullin, and RBX/ROC1,
which assemble with different F-box proteins (31, 33). The
F-box, which mediates binding to SKP1, is a conserved domain
found in a large number of proteins (4). F-box proteins serve
as substrate-specific adapter subunits to recruit various sub-
strates to a core ubiquitination complex. Characterization of
evolutionarily conserved SCF complexes has revealed the im-
portance of the ubiquitin 26S proteasome pathway to the G1/S
transition of the cell cycle (2, 4, 33, 40).

Geminiviruses and nanoviruses are single-stranded DNA
(ssDNA) viruses of plants with exclusively nuclear replication
cycles (6, 11). Their genome comprises one or two circular
DNAs (2.7 to 3.0 kb) for geminiviruses (35) and until now an
undetermined number (at least six) of circular ssDNAs (all of
about 1 kb) for nanoviruses (7, 9, 28, 42). Both groups of
viruses encode replication initiator proteins (Rep proteins)
that act as sequence-specific origin recognition endonucleases
and trigger replication initiation of the virus genome (18, 34).
These viruses exploit the DNA synthesis of the host, and gemi-
nivirus infection induces the accumulation of proliferating-cell
nuclear antigen in differentiated plant cells (38). Moreover, it
was shown that a geminivirus Rep protein interacts via an
LxCxE motif with a pRB family member (51). This suggests
that mammalian tumor viruses and plant geminiviruses have
common cellular targets and employ similar strategies to mod-
ulate the host cell cycle control. Indications for the conserva-
tion of cell cycle-regulating proteins in animal and plant cells
stem from the cloning of several plant pRB homologues, cyc-
lins, and cyclin-dependent kinases (16, 20), as well as of com-
ponents of the ubiquitin-dependent proteolytic pathway (13,
48).

The nanovirus faba bean necrotic yellows virus (FBNYV)
encodes five different replication initiator proteins, each of
them on an individual circular DNA (27, 28). None of these
Rep proteins possesses a pRB-binding motif. However, a 20-
kDa protein encoded by FBNYV genome component 10 (C10)
contains an LxCxE motif (28). Here we show that in addition
to a pRB-binding motif, the FBNYV C10 protein contains an
F-box and binds to MsSKP1, a plant SKP1 homologue which
we identified in alfalfa (Medicago sativa). The C10 protein is
capable of binding to members of the pRB family, and this
interaction correlates with a stimulation of viral DNA replica-
tion. To the best of our knowledge, the combination of a pRB
interaction motif and an F-box on a single protein is without
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precedent. For its potential to link viral DNA replication with
key regulatory pathways of the cell cycle, we named the
FBNYV C10 protein Clink, for “cell cycle link.”

MATERIALS AND METHODS

Plasmid constructions. Purification of FBNYV DNA from infected Vicia faba
and cloning of full-length Rep- and Clink-encoding genome components have
been described elsewhere (27, 28, 46). The clink gene of FBNYV C10 was
amplified by PCR with Pfu polymerase (Stratagene) using primer pair
C10BamHI (ACAGGATCCATGGGTCTGAAATATTTC) and C10SalI (TAC
GTCGACTCAACTAATAACAATATC). The amplified DNA was digested by
BamHI and SalI (sites included in the respective primers) and inserted into the
corresponding sites of plasmids pQE30 (Qiagen) and pK18 (43) to generate
plasmids pQE30-C10 and pK18-C10, respectively. An EcoRI-SalI fragment from
pK18-C10 containing the clink gene was transferred into the corresponding sites
of plasmids pGBT9 (Clontech) (GAL4 DNA-BD vector) and pBD-GAL4 Cam
(Stratagene), giving rise to plasmids pGBT9-Clink and pBD-Clink, respectively.

Plasmids pGEX-RB and pGEX-RBC706F contain the coding sequence of hu-
man pRB (amino acids 379 to 928) (26), and plasmid pGAD424-ZmRb1 consists
of the activation domain of Gal4 fused to ZmRb1 (50).

The entire coding sequence of MsSKP1 was excised as an EcoRI-XhoI frag-
ment from pAD-MsSKP1 and inserted between the EcoRI and XhoI sites of
pGEX-4T-1 (Pharmacia), generating plasmid pGEX-SKP1.

Site-directed mutagenesis. Mutagenesis was performed using the Quik
Change site-directed mutagenesis kit (Stratagene) on plasmid pBSKII:C10 car-
rying the full-length FBNYV component 10 (46) or on plasmid pK18-C10 car-
rying the clink gene. To change the Clink LxCxE motif (from amino acids
LSCRE to LSRRA), we used primer pair C10C112R, E114A(1) (GACGACTTA
TCTAGACGTGCATTACTGCCG) and C10C112R, E114A(2) (CGGCAGTAAT
GCACGTCTAGATAAGTCGTC). Mutagenesis of the F-box was carried out
using primer pair C10P10L(1) (CTCTCATCTTCTCGAGGAGCTTAG) and
C10P10L(2) (CTAAGCTCCTCGAGAAGATGAGAG) to change the proline
codon into leucine and primer pair C10I17A(1) (CTTAGAGAGAAGGCTGT
GCACGATCATC) and C10I17A(2) (GATGATCGTGCACAGCCTTCTCTCT
AAG) to change the isoleucine codon into alanine.

All PCRs performed to amplify wild-type clink for subsequent cloning or to
introduce point mutations have been verified by complete sequencing of the
gene.

Dimers of mutated full-length C10 DNA were inserted into pBin19 in the
same way as described for wild-type C10 (46). The mutated clink genes from
plasmids pK18-C10C112R, E114A, pK18-C10P10L, and pK18-C10I17A were trans-
ferred into plasmids pQE30 and pGBT9 as described for wild-type clink.

Protein-protein interactions in vitro. Expression of the glutathione S-trans-
ferase (GST) and His6 fusion proteins encoded by pGEX and pQE30 plasmid
derivatives respectively, took place in a derivative of Escherichia coli strain BL21
essentially as described previously (46) with slight modifications. Bacteria were
harvested, resuspended in NETN buffer (100 mM NaCl, 1 mM EDTA, 20 mM
Tris-HCl [pH 8.0], 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 0.1
KI unit of aprotinin, 1 mM dithiothreitol). After sonication and clarification by
centrifugation, the protein supernatant from bacteria expressing GST fusion
proteins was incubated for 2 h at 4°C with glutathione-Sepharose beads (Sigma).
The beads were washed and further incubated for 2 h with a protein supernatant
from bacteria expressing a His6 fusion protein. After being washed, the beads
were resuspended in Laemmli sample buffer and boiled. Proteins were resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to
Hybond-C Extra membranes (Amersham). Immunoblotting and detection of the
proteins were performed as described previously (3), using anti-pRB (PharMin-
gen), anti-GST (Pharmacia), and anti-His6 (Qiagen) as primary antibodies.

Yeast two-hybrid assays. The yeast strain Y166 (MATa leu2-3,112 ura3-52
trp1-901 his3-200 ade2-101 gal4-542 gal80-538 GAL-lacZ GAL-URA3) (a gift of
S. J. Elledge, Baylor College of Medicine, Houston, Tex.) contains the reporter
genes lacZ and URA3 inducible by the Gal4 transcription factor. Yeast cotrans-
formation with bait and prey plasmids was performed as described in the Clon-
tech MATCHMAKER two-hybrid system protocol. The transformation mixture
was plated on selection medium devoid of or supplemented with uracil. To
confirm the interaction between the two fusion proteins, b-galactosidase activity
was tested by a colorimetric assay in extracts of yeast with o-nitrophenyl-b-D-
galactopyranoside (ONPG) as the substrate. One unit of b-galactosidase is de-
fined as the amount of activity hydrolyzing 1 nmol of ONPG per min per mg of
total protein.

The M. sativa cDNA expression library was constructed using the HybriZAP
Two Hybrid cloning kit (Stratagene) and used as prey in the yeast two-hybrid
assay. cDNA synthesis of RNA from a M. sativa cv. RegenS cell suspension
(RA3) was primed by a 39 oligo-(dT)–XhoI adapter primer. After second-strand
synthesis, an EcoRI adapter was ligated to the cDNA, which was subsequently
digested by XhoI, size fractionated to eliminate molecules of ,400 bp, and
directionally cloned in the EcoRI-XhoI-predigested HybriZAP phagemid. About
23.4 3 106 primary phages were excised in vivo and harvested in 30 independent
lots to generate the pAD-GAL4 expression library. The average insert size was

800 to 1,000 bp, and 120 mg of the library DNA was used to transform the yeast
strain Y166 carrying plasmid pBD-Clink as bait.

Replication of FBNYV DNA in N. benthamiana. Viral DNA replication was
assayed in Nicotiana benthamiana leaf discs following agroinoculation as de-
scribed previously (46). Leaf discs were kept on Murashige and Skoog (Sigma)
agar plates supplemented (or not) with 0.1 mg of 1-naphthaleneacetic acid per
liter and 1 mg of 6-benzylaminopurine per liter. Several days postinoculation,
total DNA from leaf tissue was isolated and fractionated on agarose gels. Rep-
licative forms of viral DNA were identified by Southern hybridization (3) using
32P-labeled rep component-specific probes.

Nucleotide sequence accession number. MsSKP1 cDNA sequence has been
assigned GenBank accession no. AF135596.

RESULTS

FBNYV Clink interacts with pRB family proteins through
the LxCxE motif. FBNYV Clink protein and its homologues in
other nanoviruses (Fig. 1) contain an LxCxE motif, a sequence
found to be essential for the interaction of animal virus onco-
proteins with pRB (10). Therefore, we investigated whether
Clink could interact with members of the pRB family.

The interaction between Clink and human pRB was tested
in vitro using a protein-binding assay involving a GST fusion
protein of pRB (GST-pRB) and Clink tagged by an amino-
terminal hexahistidine extension (His6-Clink). GST-pRB was
bound to glutathione-Sepharose beads, which were then incu-
bated with protein extracts of bacteria expressing His6-Clink.
Proteins from the complexes retained by the beads were iden-
tified by Western blotting using antibodies to pRB or to the
hexahistidine tag of Clink. Results of a typical interaction assay
(Fig. 2A) revealed that Clink was bound via a complex with
pRB to glutathione-Sepharose. The interaction between these
two proteins was strongly reduced when either Clink in its
LxCxE motif (ClinkC112R, E114A) or pRB in its pocket domain
(pRBC706F) (26) was mutated. These results showed that the
interaction was specific and depended on a functional LxCxE
sequence of Clink and on an intact pocket domain of pRB.

To corroborate the results of the in vitro assays, the yeast

FIG. 1. Amino acid sequences of FBNYV Clink and its homologues in other
nanoviruses. The GenBank accession numbers of the corresponding genomic
DNAs are as follows: banana bunchy top virus (BBTV), L41518; FBNYV,
AJ132187; milk vetch dwarf virus (MDV), AB000923; subterranean clover stunt
virus (SCSV), U16732. Comparison was done using the PileUp program of the
University of Wisconsin Genetics Computer Group. Conserved amino acids of
the pRB-binding and F-box motifs are marked in black. Amino acids of FBNYV
Clink altered by mutation are indicated by asterisks.
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two-hybrid system was used to show the interaction between
Clink and the plant pRB homologue ZmRb1 from maize.
Activation of the two reporter genes URA3 and lacZ was ob-
served only in yeast transformants expressing wild-type Clink-
and ZmRb1-GAL4 fusion proteins. No activation of the re-
porter genes was observed in yeast transformed by a plasmid
encoding ZmRb1-Gal4 along with a plasmid encoding
ClinkC112R, E114A-Gal4 fusion protein (Fig. 3). Thus, mutations
in the LxCxE motif of Clink also abolished the interaction with
ZmRb1 in the yeast two-hybrid assay, providing additional and
independent evidence that these amino acids are essential for
complex formation.

Clink interacts with a plant SKP1 homologue via an F-box
motif. To identify plant proteins that interact with FBNYV
Clink, we used the yeast two-hybrid system to screen an M.
sativa cDNA expression library fused to the Gal4 activation
domain-encoding sequence, using pBD-Clink as bait. A total of
1.2 3 107 transformants were assayed for uracil-independent
growth. Of these transformants, 41 were able to activate both
URA3 and lacZ reporter genes. Plasmids from five transfor-
mants were isolated, and the DNA sequence of the inserts was
determined. The deduced amino acid sequences derived from
the five M. sativa cDNAs were almost identical and showed
similarity to members of the SKP1 protein family. They were
named MsSKP1, and the sequence of the cDNA used for
further studies has been deposited in the EMBL and GenBank
databases. Of the remaining 36 transformants capable of ura-
cil-independent growth, 31 contained SKP1 cDNA sequences
as identified by PCR using vector-specific (T7) and SKP1-
specific primers. After further analysis, five clones were iden-
tified as false positives.

Various independent studies have shown that SKP1 is capa-
ble of binding to numerous proteins whose common features
are the presence of an F-box and other motifs involved in
protein-protein interaction, e.g., WD 40- or leucine-rich re-
peats (4, 40). We identified a putative F-box sequence in the

amino-terminal part of Clink (Fig. 1). To assess the signifi-
cance of that motif for the interaction of Clink with SKP1, two
independent F-box mutants, ClinkP10L and ClinkI17A (Fig. 1),
were constructed and tested for interaction with MsSKP1 in
the yeast two-hybrid assay. Double transformants containing
pAD-MsSKP1 and pGBT9-ClinkP10L or pGBT9-ClinkI17A did
not activate either the URA3 or the lacZ reporter gene, indi-
cating that the altered amino acids of Clink are crucial for its
binding to SKP1 (Fig. 3).

These results were confirmed by an in vitro protein-protein
binding assay performed with the fusion proteins GST-
MsSKP1 and His6-Clink or His6-ClinkI17A. Interaction was de-
tected between recombinant MsSKP1 and Clink, whereas the
F-box mutant, ClinkI17A, showed strongly reduced binding to
GST-MsSKP1 (Fig. 2B).

Clink enhances the replication of FBNYV DNA. The results
of the yeast two-hybrid assays and the in vitro interaction of
FBNYV Clink with pRB and SKP1 suggested that Clink may
influence the cell cycle, allowing efficient viral DNA synthesis.
We therefore tested the effect of Clink on the replication of
FBNYV DNAs that encode replication initiator proteins (rep
components). Five such rep components had been identified in
two FBNYV isolates (27, 28). Each of these DNAs replicates
autonomously in cells of N. benthamiana leaves when intro-
duced by agrobacteria on a T-DNA transfection vector (46).
When agrobacteria carrying the Clink-encoding genome com-
ponent along with agrobacteria carrying a rep component were
used to coinoculate leaf discs, a three- to sevenfold stimulation
of replication was observed for all FBNYV rep components
tested (Fig. 4A). The replication was independent of growth-
promoting plant hormones. To test the influence of the pRB-
binding motif and the F-box of Clink on the stimulation of
replication, mutations causing the following alterations of the

FIG. 2. In vitro interaction of Clink and its mutants with human pRB and
MsSKP1 proteins. Western blots of protein complexes retained by glutathione-
Sepharose beads incubated with different combinations of bacterial extracts
expressing wild-type and mutant His6-Clink and GST-pRB fusion proteins (A) or
His6-Clink and GST-MsSKP1 fusion proteins (B) are shown. The antibodies used
are indicated at the bottom, and the respective proteins or protein combinations
are indicated at the top. Lanes loaded with crude extracts from bacteria are
labeled “extracts” or “ex.,” and those loaded with complexes retained on the
beads are labeled “complexes” or “com.” The term “ClinkLxRxA” stands for
ClinkC112R, E114A. Molecular masses of marker proteins (M) are indicated on the
left in kilodaltons. The expected sizes of the fusion proteins are 44.3 kDa for
GST-MsSKP1, 91 kDa for GST-pRB, and 21.1 kDa for His6-Clink. Even though
wild-type and two mutated Clink proteins have nearly identical molecular
masses, faster migration of the ClinkLxRxA protein is observed and may be due to
a higher isoelectric point resulting from the amino acid substitutions (6.28 for
wild-type Clink and 6.58 for ClinkLxRxA).

FIG. 3. Interaction of Clink and its mutants with ZmRb1 and MsSKP1 pro-
teins in yeast. (A) Growth of double transformants on selective medium lacking
uracil. The respective combinations of plasmids encoding fusion proteins with
the GAL4 DNA-binding domain (pGBT9 derivatives) and fusion proteins with
the GAL4 activation domain (pAD and pGAD424 derivatives) are indicated. (B)
b-Galactosidase (b-gal.) activity of yeast extracts containing the indicated plas-
mid combinations. Each value is the mean of at least three independent trans-
formants.

VOL. 74, 2000 A NANOVIRUS PROTEIN BINDS pRB AND SKP1 2969



protein were introduced into the clink gene: ClinkC112R, E114A,
ClinkP10L, and ClinkI17A (Fig. 1). The mutation of the pRB-
binding motif (C112R, E114A) abolished the stimulation of
FBNYV DNA replication, whereas Clink-enhanced replica-
tion remained unaffected when the F-box mutants were used in
the replication assay (Fig. 4A); the same tendencies on repli-
cation of rep2 (Fig. 4B) and rep1 (data not shown) components
were observed at different times after agroinoculation of leaf
discs. The slight reduction of stimulation observed with
ClinkP10L was in line with the finding that its ability to bind
pRB was also reduced by this mutation (Fig. 3B). In the ab-
sence of structural data, we can only speculate that replacing
this particular proline with leucine may affect the global con-
formation of the protein, also altering its affinity for pRB.

In summary, the results suggest that the interaction of Clink
with a pRB-like protein of N. benthamiana stimulates FBNYV

DNA replication whereas its F-box-dependent interaction with
SKP1 is apparently not required for enhancement of replica-
tion in this assay.

DISCUSSION

We have shown that Clink, the protein encoded by FBNYV
C10, contains distinct functional domains required for binding
two cellular proteins, pRB and SKP1. The property of Clink to
stimulate viral DNA replication correlated to its capacity to
bind pRB. Whereas the LxCxE sequence of Clink was required
to enhance replication, the presence of a functional Clink
protein by itself was not an absolute requirement for viral
replication in N. benthamiana. Hence, if S-phase entry is nec-
essary for FBNYV replication, Clink may not be the only viral
trigger for that step. Some additional cell cycle-modulating
activity might be brought about by the nanovirus Rep proteins.
For instance, interaction of a Rep protein with a pRB-homo-
logue has been shown for a geminivirus (51). Lack of an LxCxE
motif in Rep proteins does not exclude the possibility of pRB
binding, as shown for several geminivirus Rep proteins without
such a sequence (1; A. D. Meyer, A. Bezier, and B. Gronen-
born, unpublished data). Alternatively, cell division factors in-
duced in leaf tissue of N. benthamiana following agroinocula-
tion might suffice to warrant a basal level of FBNYV DNA
replication, which is then increased by the action of Clink.
Nevertheless, Clink may still be essential for FBNYV DNA
replication upon infection of leguminous hosts. The lack of an
experimental infection assay for FBNYV using cloned copies
of all its DNA components has so far precluded a definite
answer to that question.

In the context of a nanovirus infection, Clink would be
required early. This assumption is supported by the finding
that virions of banana bunchy top virus, another nanovirus,
predominantly contain DNA primers derived from DNA en-
coding the Clink homologue (17). Upon infection, these prim-
ers would initiate efficient conversion of this ssDNA into tran-
scriptionally active double-stranded DNA (dsDNA) and hence
would lead to synthesis of the encoded gene product, Clink.

The fact that we isolated a number of independent cDNA
clones of SKP1 homologues from Medicago (MsSKP1) in the
two-hybrid screen indicated a relative abundance of MsSKP1
RNA in rapidly dividing suspension cells and a high affinity of
Clink for MsSKP1. This interaction was specific, since we did
not isolate MsSKP1 cDNAs in a screen using the F-box-mu-
tated ClinkI17A. Our screens failed to identify a pRB homo-
logue, which may reflect a low concentration of the respective
transcripts in a population of rapidly dividing cells. For in-
stance, accumulation of mRNA of the maize pRB homologue
ZmRb1 was observed only in differentiated nondividing tissues
(22). Alternatively, if present in suspension cells, pRB-specific
transcripts may have been missed during generation of the
cDNA library due to size limitations or frameshifts.

The capacity of Clink to bind both pRB and MsSKP1 offers
the possibility that a plant pRB is the target for ubiquitin-
mediated degradation. However, F-box mutations did not af-
fect the enhancing effect of Clink on virus DNA replication in
N. benthamiana. Hence, in the assay system used, the available
data do not allow a conclusion about whether targeted degra-
dation of pRB contributes to cell cycle progression in plants. In
the context of a natural infection, Clink may not suffice to
disrupt by simple interaction all of the pRB-E2F complexes in
the cell and degradation may represent an additional and more
efficient mechanism of inactivating pRB. Thus, nanovirus Clink
protein may also inactivate pRB by targeting its degradation,
as was described for the papillomavirus E7 protein (8, 25). In

FIG. 4. Replication enhancement of FBNYV rep DNAs by Clink. Southern
hybridization assays of total DNA extracted from leaf discs of N. benthamiana
after agroinoculation with pairwise combinations of agrobacteria carrying pBin19
with dimers of a respective rep component (indicated at the bottom [FBNYV
DNA]), along with agrobacteria carrying the pBin19 empty vector (v) or wild-
type or mutated Clink-encoding FBNYV DNA (indicated at the top) are shown.
Leaf disc medium was supplemented (1) or not (2) with plant hormones
(horm.). rep-specific probes used for hybridization are shown at the bottom.
Replicative forms of viral DNA are marked by ccc (covalently closed circular
DNA) and ss (ssDNA). “Input DNA” denotes hybridization with residual
pBin19-rep plasmids from agrobacteria used as the inoculum. In each series of
experiments, equal amounts of total DNA were loaded, as judged by ethidium
bromide staining of the gels (data not shown). The intensities of all DNA bands
were quantified upon analysis of the blots with a PhosphorImager (Molecular
Dynamics), and stimulation of replication was normalized to the signal produced
by the input DNA. (A) DNA was extracted at 3 days after agroinoculation. (B)
Leaf discs were agroinoculated with rep2 component and wild-type or mutated
Clink-encoding DNA (indicated at the top), and DNA was extracted 1, 2, 3, and
6 days after agroinoculation, as indicated at the bottom.
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this case, however, the SCF complex is probably not involved,
since a direct interaction of E7 with the 26S proteasome was
found (5).

Participation of proteolysis has been described for different
steps of cell cycle regulation (29, 47). In yeast, SKP1 is required
for the G1/S transition but also for the G2/M transition (4).
Therefore, the interaction of Clink with an SKP1 homologue
may mediate the degradation of proteins in a later phase of the
cell cycle and/or of virus infection. ssDNA plant viruses prob-
ably encode functions to restore normal cell cycle control in
the host cells, once a critical amount of viral genome products
has accumulated, since neither geminiviruses nor nanoviruses
cause uncontrolled cell proliferation. Binding to Clink may
render SKP1 inaccessible for other proteins involved in the
control of mitosis. If this were the case, cell divisions would be
inhibited and viral DNA replication might be achieved during
a process of endoreduplication. In yeast, for instance, F-box
proteins and the ubiquitin-proteasome pathway are involved in
the control of the ploidy level (32). Finally, Clink itself might
be targeted for degradation, thereby restoring (part of) the
host cell cycle control. A comparable degradation via ubiquiti-
nation of F-box proteins was recently described for yeast
Cdc4p and Grr1p (52) and MEKKa of Dictyostelium (12).

Alternatively, Clink may mediate the degradation of sub-
strates with no cell cycle link. These could include viral pro-
teins that need to be degraded at a particular stage of infection
and/or cellular proteins. A remarkable example of virus-in-
duced degradation of a cellular target protein is represented by
CD4, the receptor of human immunodeficiency virus type 1
(37).

In plants, F-box proteins such as TIR1 and COI1 are in-
volved in plant hormone action (13, 15, 41, 49) or in flower
development (FIM and UFO) (23, 36). Whereas F-box pro-
teins and their targets destined for degradation have been
quite well studied in many organisms (2, 19, 33, 52), nothing is
known about the ubiquitination targets of plant F-box proteins.

Clink is the first plant virus protein with a functional F-box
and most probably modulates the plant’s cell cycle via binding
to pRB. The capacity of Clink to interact with pRB and also
with SKP1 involved in the ubiquitin-mediated protein turnover
pathway is a hitherto unique feature of a single protein. Hence,
this adds to the complexity of virus-host interaction.
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