JOURNAL OF VIROLOGY, Aug. 2005, p. 9885-9895
0022-538X/05/$08.00+0 doi:10.1128/JV1.79.15.9885-9895.2005

Vol. 79, No. 15

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

L)

Check for
updates

Geminivirus C3 Protein: Replication Enhancement and
Protein Interactions

Sharon B. Settlage,* Renee G. See,f and Linda Hanley-Bowdoin

Department of Molecular and Structural Biochemistry, North Carolina State University,
Raleigh, North Carolina 27695-7622

Received 22 February 2005/Accepted 23 April 2005

Most dicot-infecting geminiviruses encode a replication enhancer protein (C3, AL3, or REn) that is required
for optimal replication of their small, single-stranded DNA genomes. C3 interacts with C1, the essential viral
replication protein that initiates rolling circle replication. C3 also homo-oligomerizes and interacts with at
least two host-encoded proteins, proliferating cell nuclear antigen (PCNA) and the retinoblastoma-related
protein (pRBR). It has been proposed that protein interactions contribute to C3 function. Using the C3 protein
of Tomato yellow leaf curl virus, we examined the impact of mutations to amino acids that are conserved across
the C3 protein family on replication enhancement and protein interactions. Surprisingly, many of the muta-
tions did not affect replication enhancement activity of C3 in tobacco protoplasts. Other mutations either
enhanced or were detrimental to C3 replication activity. Analysis of mutated proteins in yeast two-hybrid
assays indicated that mutations that inactivate C3 replication enhancement activity also reduce or inactivate
C3 oligomerization and interaction with C1 and PCNA. In contrast, mutated C3 proteins impaired for pRBR
binding are fully functional in replication assays. Hydrophobic residues in the middle of the C3 protein were
implicated in C3 interaction with itself, C1, and PCNA, while polar resides at both the N and C termini of the
protein are important for C3-pRBR interaction. These experiments established the importance of C3-C3,
C3-C1, and C3-PCNA interactions in geminivirus replication. While C3-pRBR interaction is not required for

viral replication in cycling cells, it may play a role during infection of differentiated cells in intact plants.

Geminiviruses are single-stranded DNA viruses that infect
plants and amplify their genomes by rolling circle and recom-
bination-mediated replication in plant nuclei. Tomato yellow
leaf curl virus (TYLCV) is a geminivirus that causes a debili-
tating disease in cultivated tomato (Solanum lycopersicum),
resulting in extensive crop losses in the tropics and subtropics
around the world (for a review, see reference 26). It is a
member of the Begomovirus genus, which is characterized by its
dicotyledonous hosts and whitefly (Bemisia tabaci) vector.
There are many related species of TYLCYV, including Tomato
yellow leaf curl Sardinia virus (TYLCSV) and TYLCV, which
were first identified in Italy and Israel, respectively.

Like other begomoviruses, TYLCV infection is initiated by
whitefly-mediated transmission of virions from an infected
plant to a recipient plant. The single-stranded DNA is con-
verted to a double-stranded form, which then serves as a tran-
scription template for the production of the viral replication
proteins C1 (also designated AL1, AC1, and Rep) and C3 (also
named AL3, AC3, and REn). The C1 protein acts as a rolling
circle initiator to catalyze a site-specific cleavage and rejoining
reaction in a conserved hairpin loop in the viral replication
origin (22). The C3 protein greatly enhances viral DNA accu-
mulation and symptoms in infected plants (6, 16, 27, 42, 43,
44). Begomoviruses do not encode their own DNA poly-
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merases and, instead, rely on host DNA replication machinery
to amplify their genomes in the nuclei of infected plant cells.

Several studies have shown that the begomovirus C1 and C3
proteins bind to viral and host proteins in yeast two-hybrid
assays and by copurification of recombinant proteins. Both
TYLCSV C3 and C1 proteins interact with proliferating cell
nuclear antigen (PCNA) (2), an essential component of the
DNA replisome (24). C1 and C3 homologs from Tomato
golden mosaic virus (TGMV), also known as AL1 and AL3,
interact with each other and themselves and independently
interact with the host protein pRBR, the plant retinoblastoma
homolog (reviewed in reference 14). TGMV ALl also binds
histone H3, a mitotic kinesin, a novel protein kinase (GRIK)
(18), and Ubc9, a component of the sumoylation pathway (3).
Tomato leaf curl virus C3 and TGMV AL3 were recently shown
to interact with a transcription factor in the NAC family (38).

The functional importance of protein interactions has been
demonstrated for TGMV ALI1 binding to itself and pRBR.
AL1 oligomerization is required for its replication activity and
is intimately tied to its site-specific DNA binding activity and
interactions with other proteins, such as AL3 and pRBR (19,
33, 40). AL1-pRBR binding is required for infection of differ-
entiated plant cells, which must be reprogrammed for DNA
replication (19). In contrast, the importance of C3 protein
interactions in viral replication and infection has not been
established. To better understand C3 function and the signif-
icance of its protein interactions in vivo, we generated a series
of 30 mutations encompassing a total of 50 residues across
TYLCV C3. We examined the impact of the mutations on C3
replication-enhancing activity and C3 protein interactions with
itself, C1, PCNA, and pRBR.
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TABLE 1. TYLCV C3 mutants”

Mutagenesis
Mutant Mgtated Mutagenesis primer plasmid/gxpression Yeast AD/ BD
residue(s) plasmid
cassette
a3 D,, R, GTACCCATGGcTagegcCACAGGGGAAC pTYLC14/15 pTYLC116/120
al0 E, T\, Q3 CGCACGGGCcACTCATCgCTGCTCCTgcaGCAGAGAATGG pTYLC32/33 pTYLC118/122
a20 Fio, Wy, GAATGGCGTTgcaATTgcGGAGATAAAC pTYLC34/35 pTYLC119/123
a29 YFK;, AACAATCCCgcggecgcCAAGATAACAGACC pTYLC16/17 pTYLC104/109
a38 QR;;, F3 CCACAGCCACgcGgCegcTCTAATGAACCAC pTYLC36/37
a50 Q0. RFS, CATCATTTCCATTgcGATcgcAgcCAACCACAACATC pTYLC38/39
a53 QIRFNHN,5 GACATCATTTCCATTgcGgcAgecAgeCgeggcCgcCATCAGGGAAGGTAATG pTYLC66/67 pTYLC105/110
a54 NHN,; GATAAGATTCgcggcCgcCATAGGAAGGTAATG pTYLC40/41 pTYLC126/129
a58 RKy4 CCACAACATCgcCgeccGTAATGGGGA pTYLC18/19
a64 HK,, GTAATGGGGATTgcCgcATGCTTTCTCCAACTTC pTYLC42/43 pTYLC127/130
a68 Fge, NF¢o GATATGAAGTTCTTgeGgcTTTAgcTAGcCTTGGTGTAATTTC pTYLC44/45 pTYLC134/135
a69 Fg. NFgo, WT,;  Cloned from pTYLC21 and pTYLC45 pTYLC68/69 pTYLC106/111
a73 WT,, CCGGATTgcGgCGACATTgCAGCCTCAGAC pTYLC20/21 pTYLC138/139
a80 WT,;, FRy, CCGGATTgcGgCGACATTgCAGCCTCAGACTAAGAGTAgcTgcATATGAAGTTC pTYLC30/31 pTYLC117/121
a86 RVFRg, GTCGTTTCTTAgcAGcaGCTgcATATGAAGTTC pTYLC70/71 pTYLC107/112
a87 FRg, TAAGAGTAgcTgcATATGAAGTTC pTYLC22/23 pTYLC132/133
a93 VLKYLD,4 AGATATGAAGcTgcTgeGgcTgcAGCTAGTCTTGGTG pTYLC72/73 pTYLC108/113
a9%4 KYy;, Dos GATTCACAAATGTgcTCTggcCeTCCGGATTTGGAC pTYLC46/47 pTYLC136/137
al04 NN, ATTCCATTgcCgcgGTAATCgcAGCAGTGGATC pTYLC24/25
al27  ETHD,, CAATAAATGTAACAGcAgCTgcTGCTATAAAATATAAATT pTYLC48/49 pTYLC146/147
al3l  KY5, CTCATGATATcgcAgcTAATTTTATTAATTTG pTYLC26/27 pTYLC142/143
al33 Kz, Yiau AAAATATgcATTTgcTTAATTTGAT pTYLC28/29 pTYLC144/145
c4 R,E CCATGGATTCAgaaACAGGGGAACTCATCACcGCTCCTCAGGC pTYLC50/51
c7 EK CACGCACAGGGaAACTCATCACTGCcCCTCAGGCAGAG pTYLC52/53
c51 RsE CCATTCAGATAgaATTCAACCACAAC pTYLC54/55
c57 Ry E CCACAACATCgaGAAGGTAATGGGaATTCACAAATG pTYLC56/57
c58 RKEE CCACAACATCgaGgAGGTAATGGGaATTCACAAATG pTYLC74/75
c84 Rg,E GTCGTTTCTTAgaAGTATTTcGATATGAAGTTC pTYLC58/59
c107 RyE ACAATGTAATCgaAGCAGTGGATC pTYLC60/61
c128 DK TAAATGTAACAaAAACTCATGATATcAAATATAAATTTTATTA pTYLC62/63
c130  Ki5E CTCATGATATcgAATATAAATTTTATTA pTYLC64/65

79}

“ The mutants are designated by the amino acid position of the center residue in the mutated sequence and an “a” for alanine mutations or a “c” for charge mutations.

Lower case bases indicate altered nucleotides in the mutant.

MATERIALS AND METHODS

Plasmids. A wild-type replicon containing 1.2 copies of TYLCV was con-
structed in two steps by inserting the 627-bp XmnlI-Sacl fragment from TYLCV
(a Dominican Republic isolate, GenBank accession number AF024715 [28]) into
pUCI119 linearized with Smal and SacI to make a partial virus copy containing
the 5’ region. TYLCYV digested with Sacl was then cloned into the Sacl site of the
partial copy vector to make pTYLC2, a wild-type replicon plasmid. The plasmid
pTYLCS, a mutant replicon with a disrupted C3 coding region, was constructed
by site-directed mutagenesis with the primer sequence 5'-CTATTTCTATGAT
TCAAATATCAAATTAGTACTAAATACTCTTAAGAAACGACCAGT to
loop out and remove the C3 sequence corresponding to TYLCV positions 1083
and 1229 while leaving the C2 open reading frame (ORF) intact. This construc-
tion resulted in a frameshift in the V2 ORF 3’ end, such that the last 3 amino
acids of V2 were mutated from ISN to NIK. TYLCV V2 mutants replicate with
a preference for double-stranded over single-stranded DNA accumulation (47).

The C3 DNA sequence used for plant expression and mutagenesis was a
fragment generated by PCR using pTYLC2 as a template and the primers
5'-CGCATCTATTTCTATGATTCAATATC and 5'-CTGCAATAACCATGG
ATTCACGC. The PCR product was digested with Ncol, repaired with Klenow,
and cloned into pUC119 previously linearized with Smal. The C3 sequence was
subsequently modified by site-directed mutagenesis (20) with the oligonucleotide
5"-CTCAACTTCCGGATTTGGACGAC to generate a silent BspEI site at po-
sition TYLCV 1283 to give pTYLC12, which was verified by DNA sequencing.
The plasmid pTYLC13 contains the C3 coding sequence from pTYLCI2 sub-
cloned into pMON10018, a plant expression cassette with the Figwort mosaic
virus 34S promoter (37) and the nopaline synthase 3’ end (10).

The plasmid pTYLC12 was used as a template for C3 site-directed mutagen-
esis using the primers listed in Table 1. After DNA sequencing, the fragment
containing the desired mutation was subcloned into pTYLC13 using the engi-
neered BspEl site in combination with either an Ncol or BamHI site to give the
expression cassettes in Table 1.

A plant expression plasmid (pNSB46) containing the wild-type TGMV AL3
open reading frame under the control of the cauliflower mosaic virus 35S pro-
moter and a TGMV A replicon (pMON1565) have been described previously (7,
9). The AALS3 replicon is a site-directed mutant that has an 88-bp deletion and
a 3-bp insertion in AL3 between positions 1123 and 1211 of TGMV A sequence
(44). pNSB46 was modified by site-directed mutagenesis (20) with the primers in
Table 2 to give the indicated plant expression cassettes coding for mutant ver-
sions of TGMV AL3. The baculovirus expression vectors (Table 2) were created
by insertion of a BglII-Sacl fragment from the plant expression cassettes into
pMON27025 previously digested with BamHI and Sacl.

Yeast expression cassettes were generated using the pAS1-1 and pACT2
vectors from Clontech (Palo Alto, CA). The Ncol-BamHI C3 fragment of
pTYLC13 was cloned into the same sites of pACT2 or pAS1-1 to give pTYLC100
or pTYLC101. pTYLC100 expresses TYLCV C3 fused to the GAL4 activation
domain (AD), while pTYLC101 expresses C3 fused to the GAL4 DNA binding
domain (DBD). The C1 ORF was a cloned and sequenced PCR fragment from
pTYLC2 generated with the primers 5'-CCACAGTCGAATTCCCCGGGCTT
and 5'-GGACACCGATTGGATCCAGCATG. The C1 fragment was cloned as
a BamHI (trimmed)-Smal fragment into the Smal site of pACT2 or pASI1-1 to
give pTYLC102 or pTYLC103. pTYLC102 expresses TYLCV C1 as an AD
fusion, while pTYLC103 expresses C1 as a DBD fusion. The ZmRBRI coding
sequence fused to the GAL4-DBD of pAS1 has been described before (19). The
PCNA clone is an activated domain fusion with PCNA from Solanum lycopersi-
cum designated AD-LePCNAs5_ 555 as described (2).

Replication assays. Transient replication assays were performed with proto-
plasts prepared from Nicotiana tabacum suspension cells as described previously
(8). Protoplasts were cotransfected with 10 pg of either the TYLCV or TGMV
A wild-type replicon or with the mutant AC3 or AAL3 replicon and 10 ug of the
indicated plant expression cassette for C3 or AL3. Total DNA was isolated 72 h
after transfection and digested with SacI and DpnlI for TYLCV or with BglIT and
Dpnl for TGMV A. DNA was resolved on agarose gels and transferred to nylon
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TABLE 2. TGMV AL3 mutants®

Expression cassette

Mutated -

Mutant residue(s) Mutagenesis primer F— P—
29 YFKj;, CAAATCCCTCgeggeCgcGATAATCAGCG pNSB724 pNSB751
t53 QIRFNHNG,, ATATACCACTTAGCaGCcGCgGCCGCcGCCGCCTGAGGAGAGC pNSB798 pNSB752
t69 Fg6, NFgo, WT3 CCACAAGGCAgcTCTcgeagtaCAAGTAggtgCtACATCGACGA pNSB799 pNSB753
t86 NRFKg, ACTTATTTAAATgcggeccgcATACTTAGTGATG pNSB800 pNSB804
t93 VMLYLEs TTAAATACTTAGcGcGgeCgcTGetCAGTTAGGC pNSB801 pNSB805

“ Lowercase bases indicate altered nucleotides in the mutant.

membranes. A TGMV A-specific probe was prepared from a 1.8-kb EcoRI-Xhol
fragment of TGMV A. A 2.8-kb Sacl fragment of pTYLC2 was used to generate
a TYLCV-specific probe. Probes were radiolabeled using [a->’P]dATP as de-
scribed previously (8). Viral DNA was quantified by phosphorimager analysis.
Assays were performed a minimum of three times.

Yeast two-hybrid assays. Interaction between GAL4 fusion proteins was eval-
uated in Saccharomyces cerevisiae strain Y190 in growth assays after selection of
transformed colonies on minimal media lacking leucine and tryptophan (—LW).
C3 binding activity with itself was monitored with wild-type C3 fused to the
GALA4-DBD and either wild-type or mutant C3 proteins fused to the GAL4-AD.
Equivalent results were obtained with wild-type protein fused to the GAL4-AD
and mutant proteins fused to the GAL4-DBD. Initial experiments indicated that
C1-C3 interaction could be measured only with wild-type or mutant C3 protein
fused to the GALA-DBD and C1 fused to GAL4-AD. pRBR interaction assays
gave highest values with AD-C3 and DBD-pRBR fusions. PCNA interaction
assays were conducted with AD-PCNA and DBD-C3 protein fusions.

Protein interactions were quantified by measuring yeast growth (17). A 4- or
5-day-old yeast colony (0.1 to 0.2 cm) from either freshly streaked or newly
transformed cells was resuspended in 100 wl of sterile water and diluted in three
10-fold serial dilutions. A quantity of yeast suspension (4 l) from each dilution
was inoculated onto —LW medium and onto medium lacking adenine, histidine,
leucine, and tryptophan (—AHLW). After incubating plates at 30°C for 6 days,
the yeast cell density resulting from each inoculation was determined by counting
resuspended cells with a hemacytometer. The number of cells growing on
—AHLW medium divided by the number of cells growing on —LW medium gave
a measure of relative interaction strength. The growth assays were performed
with at least four independent transformants for each two-hybrid combination.

Baculovirus protein expression. Recombinant proteins were produced in Spo-
doptera frugiperda SF9 cells using a baculovirus expression system according to
published protocols (23, 41). Crude extracts were fractionated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, immunoblotted with anti-AL3 serum
(41), and visualized with the ECL detection system (Amersham Pharmacia Bio-
tech, Piscataway, NJ).

RESULTS

TYLCV C3 is required for efficient viral replication and is
interchangeable with TGMV AL3. The TYLCV genome con-
tains six overlapping open reading frames arranged as two
divergent transcription units separated by a 300-bp 5’ inter-
genic region, which contains signals for viral replication and
transcription (Fig. 1A). The viral replication proteins are ex-
pressed from the complementary sense transcription unit,
which is highly conserved across all begomoviruses and resem-
bles the left side of the DNA A component of TGMV (Fig.
1A). Here we use the C1 and C3 designations for the TYLCV
replication proteins and the AL1 and AL3 nomenclature to
distinguish the corresponding TGMV homologs.

TGMV AL3 is required for high levels of viral DNA accu-
mulation in infected plants and transient replication assays
(44). We asked if TYLCV C3 is also necessary for efficient viral
DNA replication by comparing the accumulation of a wild-type
TYLCYV replicon and a AC3 replicon lacking the last 49 amino
acids of the C3 open reading frame (Fig. 1A). The AC3 repli-
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FIG. 1. TYLCV C3 and TGMV AL3 are functional homologs.
(A) The entire genome of TYLCV and the replication-competent A
component of TGMV are shown. TYLCV is a 2.8-kb DNA with six
open reading frames, while TGMV A is a 2.5-kb DNA with five open
reading frames (arrows). Both DNAs have a 5’ intergenic region
(white box), which contains the rolling circle replication origin. (B) A
linear diagram of TYLCV or TGMV A complementary sense open
reading frames shows the region deleted in the AC3 and AAL3 repli-
cons. (C) Tobacco protoplasts were electroporated with the indicated
replicon and expression cassette, and double-stranded and single-
stranded viral DNA accumulation were monitored and quantified on
DNA gel blots at 72 h posttransfection by phosphorimage analysis. The
replicons were wild-type TYLCV (TY, lane 1), AC3 (lanes 2 to 4),
wild-type TGMV A (TG, lane 5), and AAL3 (lanes 6 to 8). The
expression cassettes were an empty 35S cassette (lanes 1, 2, 5, and 6),
a TYLCV C3 cassette (lanes 3 and 8), and a TGMV AL3 cassette
(lanes 4 and 7).
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con is equivalent to a mutant TGMV A replicon (AAL3) (Fig.
1B) previously shown to accumulate DNA at significantly re-
duced levels compared to wild-type TGMV A (44). Tobacco
protoplasts were transfected with either the wild-type TYLCV
or TGMV replicons or the AC3 or AAL3 mutants, and viral
replication was assessed on DNA gel blots 72 h posttransfec-
tion. Wild-type TYLCV (Fig. 1C, lane 1) and TGMV A (Fig.
1C, lane 5) replicated efficiently, accumulating both single-
stranded and double-stranded DNA forms. The AC3 replicon
accumulated to a greatly reduced level (Fig. 1C, lane 2), while
AAL3 replication (Fig. 1C, lane 6) was undetectable at the
shown level of sensitivity.

We then asked if the AC3 mutation could be complemented
by cotransfection of plant expression cassettes corresponding
to TYLCV C3 (Fig. 1C, lane 3) or TGMV AL3 (Fig. 1C, lane
4). The levels of double-stranded AC3 DNA increased ca.
50-fold in the presence of either expression cassette, to a level
similar to the 50-fold dependency previously reported for
TGMYV but different from the three- to fivefold dependence on
C3 seen for Beet curly top virus replication in tobacco cells (16,
44). Accumulation of the AAL3 replicon was also enhanced by
the presence of an AL3 (Fig. 1C, lane 7) or a C3 (Fig. 1C, lane
8) expression cassette. These results established that, like other
begomoviruses, efficient TYLCV DNA accumulation depends
on the C3 protein and that the C3 and AL3 proteins of
TYLCV and TGMYV can substitute for each other in replica-
tion complementation assays. These results are similar to ear-
lier studies showing that C3 proteins from diverse geminivi-
ruses are functionally interchangeable (16, 45).

C3 sequence conservation. TYLCV C3 and TGMV ALS3 are
small proteins of 134 and 132 residues, respectively, that in-
clude an unusually high number of hydrophobic amino acids.
C3 and AL3 share 56% sequence identity and 67% similarity
(Fig. 2). This level of conservation is consistent with geograph-
ical separation of the two viruses during evolution, with
TYLCV of Old World lineage and TGMV of New World
lineage. C3 protein family members display no significant ho-
mology to other proteins, and it has not been possible to infer
how C3 enhances geminivirus DNA replication based on sim-
ilarity to proteins of known activity. To better understand how
TYLCV C3 acts as a replication enhancer, we performed com-
prehensive mutagenesis across the protein to delineate func-
tional regions.

C3 protein sequences from 76 Old World and 33 New World
begomoviruses, 4 curtoviruses, and 1 topocuvirus were globally
aligned with Clustal V Multiple Sequence Alignment software
using a BLOSUMS62 matrix (15). The alignment was used to
derive a consensus sequence (Fig. 2), in which 6 amino acids
display identity across all C3 proteins, 31 residues are con-
served in >90% of the sequences, and an additional 23 posi-
tions show >90% conservation when similar replacements are
considered. The conserved residues are in clusters, with the N
terminus displaying stronger overall conservation than the C
terminus.

C3 replication enhancement activity accommodates mu-
tagenesis. Based on the premise that the most conserved
amino acids are likely to contribute to function, we used the
alignment information to design three types of TYLCV C3
site-directed mutated proteins. The design also considered the
annealing stability of the oligonucleotide used for mutagenesis

J. VIROL.

and the creation of a silent restriction site for screening pur-
poses. The first group of mutated C3 proteins contained two or
three alanine substitutions in adjacent conserved residues (Fig.
2, diamonds). Some mutated proteins, like a29, contained two
or three adjacent amino acids, while others, like a3, contained
alanines surrounding unaltered residues. The second type of
mutated C3 proteins, like a53, contained four or more alanine
substitutions (Fig. 2, triangles). The first and second classes of
mutated proteins are designated with an “a” prefix, for alanine,
followed by a number which represents the number of the
central amino acid within the mutated region. Alanine was
chosen because it is a structure-neutral amino acid that is not
likely to impact protein folding or result in unstable, poorly
expressed proteins. The third class of mutated proteins, like c4,
were charge reversals (Fig. 2, circles) and are designated with
the prefix “c” for charged. Like the alanine mutations, the
number designation in the charge reversal mutations is the
central amino acid position of the mutated segment.

The impact of the mutations on C3 function was tested in
replication complementation assays using the AC3 TYLCV
replicon in combination with an expression cassette for each
mutated C3 protein. The accumulation of double-stranded vi-
ral DNA was quantified on DNA gel blots and compared to
DNA accumulation using a wild-type C3 expression cassette
(Fig. 3). Each mutated C3 expression cassette was also tested
in complementation assays with the TGMV AALS3 replicon. In
all cases, the mutated C3 proteins displayed equivalent
complementation phenotypes with the AC3 and AAL3 repli-
cons (data not shown).

Of the 16 mutated proteins with two to three alanine sub-
stitutions, 7 behaved like wild-type C3 (Fig. 3A, open dia-
monds). Mutated proteins a20, a54, and a64 performed signif-
icantly better than wild-type C3, and mutated proteins a50,
a68, a73, a87, and a94 were significantly impaired in the rep-
lication complementation assay (Fig. 3A, filled diamonds).
Only the mutated protein a29, in which YFK, 5, was changed
to three alanines, abolished C3 replication enhancement activ-
ity, suggesting that the YFK residues play a pivotal role in C3
function or regulation of its activity.

Because many of the alanine substitutions in conserved res-
idues had no effect or caused only a moderate reduction in C3
activity in replication complementation assays, we asked if
more severe mutations would cause phenotypic effects. Our
first approach was to combine or extend the five mutations
(a50, a68, a73, a87, and a%4) that reduced C3 function to
generate a53, a69, a86, and a93 (Fig. 2). The proteins a53, a69,
and a93 exhibited negligible activity in replication complemen-
tation assays (Fig. 3A, filled triangles, and B, lanes 4 to 6 and
8). Although the a86 protein was also greatly impaired in C3
activity, it reproducibly supported more viral DNA accumula-
tion than the other proteins (Fig. 3B, lane 7). The reduced
activity of the mutated proteins did not reflect simply an in-
creased number of alanine substitutions, because protein al27,
which contains four alanine changes, displayed wild-type activ-
ity in the replication complementation assays. These results
indicated that the region between positions 49 and 96 contains
residues important for C3 replication enhancement.

We also generated nine mutated C3 proteins that contain
charge reversals (E to K, R to E, or K to E) at conserved
charged residues. The charge reversals (in ¢57, ¢58, ¢84, and
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FIG. 2. A consensus sequence for the geminivirus C3 protein family. The amino acid sequences of 113 C3 proteins were compared and scored
for identical or functionally homologous residues. Amino acid positions that displayed =90% conservation are shown as bold capital letters. The
uppercase letters designate conservation at the 70 to 90% level, while the lowercase letters indicate 50 to 70% conservation. Positions displaying
<50% conservation are marked by an “x.” The sequences of TYLCV C3 and TGMV AL3 are shown below the consensus, with identical or similar
residues designated by white letters on a black background. Each of the 30 mutated proteins is shown and labeled below the amino acid sequences.
Mutations to alanine are prefixed with an “a,” followed by a center amino acid number within the mutated group. Mutations of two or three amino
acids to alanine are indicated as diamonds. Extended mutations with at least four alanine substitutions are indicated by the triangles. Mutations
that reversed an amino acid charge are prefixed with a “c” and designated by a circle.

c107) that impaired C3 function were changes to amino acids
that are predicted to be exposed to the solvent in the middle of
a hydrophobic cluster in the central region of C3 (Fig. 3A,
filled circles). (Solvent accessibility was predicted by PHDacc
analysis [36].) In contrast, charge reversals (in ¢4, ¢7, ¢128, and
¢130) in solvent-accessible residues in the N and C termini had
no impact on C3 function (Fig. 3A, open circles).

The Rs,E mutation contained in ¢57 and c58 resulted in
proteins with reduced capacities to complement AC3 replica-
tion. This arginine is 100% conserved among all C3 sequences,
and amino acid 58 is always a positive charge. An R5,A sub-

stitution (a58) had no effect on C3 function, indicating that
charge reversal but not loss of charge is inhibitory. This sug-
gests that the side group may be part of a salt bridge with
another amino acid in C3 or in a different protein. Consistent
with this idea, we observed no effect of the charge reversal in
c51, which is modified at an arginine that is predicted to be
buried.

The same residues are important for C3 and AL3 activity.
There were five highly impaired alanine-scanning mutated C3
proteins that complemented AC3 minimally or not at all (Fig.
3B). We mutated the equivalent amino acids in TGMV AL3
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FIG. 3. Replication enhancement activities of mutated C3 proteins.
(A) Tobacco protoplasts were transfected with the TYLCV AC3 rep-
licon and wild-type or mutated C3 expression cassettes. Double-
stranded viral DNA accumulation was quantified on DNA gel blots by
phosphorimage analysis. Relative replication activity was calculated as
the ratio of viral DNA in the presence of the mutated expression
cassette to that in the presence of the wild-type C3 expression cassettes
and plotted against the central position of the mutated motif. Open
symbols indicate proteins that displayed wild-type activity. Filled sym-
bols above the dashed line represent proteins that complemented AC3
replication significantly better than wild-type C3, while filled symbols
below the dashed line represent mutants that showed significantly
reduced complementation. Each data point represents at least three
independent experiments, with the bars showing 2 standard errors. The
statistical significance of each sample relative to the wild type was
determined using Student’s ¢ test and a cutoff of P < 0.05. The dia-
monds, triangles, and circles are defined in the Fig. 2 legend. (B) DNA
gel blots showing replication complementation for severely impaired
C3/AL3 mutants. Wild-type (wt) TYLCV and TGMV A accumulation
are shown in lanes 1 and 9, respectively. Lanes 2 to 8 correspond to the
AC3 replicon, and lanes 10 to 16 contain the AAL3 replicon. The
expression cassettes in the first panel were an empty 35S cassette (lanes
1 and 2), a wild-type C3 cassette (lane 3), or the mutant C3 cassettes
a29 (lane 4), a53 (lane 5), a69 (lane 6), a86 (lane 7), and a93 (lane 8).
The expression cassettes in the second panel were an empty 35S cas-
sette (lanes 9 and 10), a wild-type AL3 cassette (lane 11), or the mutant
ALS3 cassettes t29 (lane 12), t53 (lane 13), t69 (lane 14), t86 (lane 15),
and t93 (lane 16). (C) Immunoblot showing TGMV AL3 protein
expression in baculovirus-infected SF9 cells. Wild-type AL3 (lane 1),
t29 (lane 2), t53 (lane 3), t69 (lane 4), t86 (lane 5), and t93 (lane 6)
were resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and detected using an anti-AL3 antibody.

and tested the mutated AL3 proteins in complementation as-
says using the AAL3 replicon (Fig. 3B). (The TGMV AL3
versions were designated t29, t53, t69, t86, and t93 in agree-
ment with the TYLCV nomenclature.) In these assays, wild-
type TGMV AL3 complemented the defect in AAL3, resulting
in wild-type levels of viral DNA accumulation (Fig. 3B, lane
11). In contrast, the mutated AL3 proteins were severely im-
paired, resulting in greatly reduced levels of viral DNA (Fig.
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3B, lanes 12 to 16). TGMV ALS3 proteins t29, t69, and t86
supported a very low but detectable amount of viral DNA
accumulation (Fig. 3B, lanes 12, 14, and 15), whereas t53 and
t93 had no detectable activity in the complementation assays
(Fig. 3B, lanes 13 and 16).

To verify that the loss of the AL3 activity was not due to
poor protein production, we monitored the accumulation of
the mutated proteins in a baculovirus expression system on
immunoblots using an anti-AL3 antibody (41). Wild-type
TGMV AL3 (Fig. 3C, lane 1) and all of the mutated proteins
(Fig. 3C, lanes 2 to 6) were expressed at similar levels in insect
cells, indicating that the loss of activity most likely was due to
impaired AL3 function and probably did not reflect reduced
expression or instability of the mutated proteins. We were
unable to perform equivalent experiments in tobacco proto-
plasts because of the low transfection efficiency of the C3
expression cassettes.

We also asked if the mutated AL3 proteins act in a trans-
dominant negative manner to inhibit the replication of wild-
type TGMV. The five mutated AL3 expression cassettes (Fig.
3B) were tested in tobacco protoplasts cotransfected with a
TGMV A replicon that produced wild-type AL3. A similar
strategy was used previously to identify AL1 trans-dominant
mutants (32). However, even with a 40-fold excess of expres-
sion cassette to input replicon DNA, we were unable to detect
inhibition of TGMYV replication by any of the mutant AL3
proteins (data not shown). The same results were seen in
protoplast assays containing mutated C3 expression cassettes
and a wild-type TYLCYV replicon (data not shown).

TYLCYV C3 protein interactions. TGMV AL3 participates in
protein interactions with itself, AL1, and the host factor pPRBR
(40). PCNA was retrieved in a library screen for TYLCSV C3
partners (2). We used yeast two-hybrid assays to ask if TYLCV
C3 also forms oligomers and interacts with C1, pRBR, and
PCNA. Positive interactions were indicated by yeast growth in
the absence of histidine and adenine. None of the protein
fusions was able to activate histidine/adenine auxotrophy
alone. Cells transformed with plasmids encoding AD-C3 and
DBD-C3 or DBD-pRBR fusions grew in the absence of ade-
nine and histidine, indicative of positive protein interactions
(Fig. 4A). Similarly, cells cotransformed with a DBD-C3 cas-
sette and either AD-C1 or AD-PCNA cassettes grew on me-
dium lacking histidine and adenine. The specificity of the dif-
ferent interactions was established by the failure of selected
mutated TYLCV C3 proteins fused to the GAL4-AD to sup-
port yeast growth in the presence of DBD cassettes for wild-
type C3 or pRBR. Likewise, C3-PCNA and C3-Cl1 binding
specificity were shown by the lack of yeast growth with certain
mutated DBD-C3 fusions. The replication-inactive protein a29
did not bind to C3, C1, or PCNA, while the replication-com-
petent protein al33 failed to bind to pRBR. Together, these
results established that, like other begomovirus AL3/C3 pro-
teins, TYLCV C3 interacts with itself, C1, PCNA, and pRBR
and that the interactions are differentially impacted by the C3
mutations.

We adapted a quantitative yeast growth assay to measure the
strengths of the various C3 protein interactions (17). The more
commonly used B-galactosidase assay lacked the sensitivity
required to measure C3 interactions (unpublished data). In the
growth assay, interaction strength is quantified as the ratio of
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FIG. 4. TYLCV C3 protein interactions. (A) C3 protein interactions were measured in yeast two-hybrid assays. Wild-type or mutated C3
sequence was fused to the GAL4 activation domain (indicated by the first protein listed in each protein pair) or the GAL4 DNA binding domain
(second protein listed). Transformants were selected for protein interactions on medium lacking adenine, histidine, leucine, and tryptophan
(—AHLW). Medium lacking leucine and tryptophan (—LW) selected for the input plasmids only. Yeast cotransfected with a wild-type C3 cassette
and a cassette corresponding to C3, C1, PCNA, or pRBR grew on both —AHLW and —LW media. Yeast cotransfected with certain mutant C3
cassettes and a C3, C1, PCNA, or pRBR cassette grew only on —LW medium. (B) The strength of the interactions shown for wild-type C3 in panel
A was quantified in growth assays. Yeast growth on —AHLW medium was normalized to growth on —LW medium as a measure of strength. (C
to F) Growth assays for yeast cotransfected with indicated C3 mutants and (C) wild-type C3, (D) C1, (E) PCNA, and (F) pRBR. Growth in the
presence of mutated C3 proteins was normalized to growth in the presence of wild-type C3, which was set at 100. Proteins that were not significantly
different than wild type, determined as in Fig. 3, are shown as open symbols. Significantly different proteins are marked with filled symbols. Each
data point reflects at least four independent experiments, with the bars representing 2 standard errors. The diamonds and triangles are defined
in the Fig. 2 legend.

the cell density of transformants grown on adenine- and histi- a strong interaction (Fig. 4B). The other interactions were
dine-deficient medium (—AHLW) to growth on medium se- weaker, demonstrated by smaller colony size and slower
lecting for only the two-hybrid plasmids (—LW). With wild- growth on —AHLW medium (Fig. 4B).

type C3-C3 interaction, nearly as many cells grew without C3 oligomerization is necessary for replication enhance-

adenine and histidine as with the added nutrients, indicative of =~ ment. We used the growth assay to ask if the inability of certain
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TABLE 3. Functional properties of mutant TYLCV C3 proteins®

Mutant Replication C3-C3 C3-C1 C3-PCNA C3-pRBR
a3 wt wt wt wt Inactive
c4 wt
c7 wt
all wt Reduced wt Reduced inactive
a20 Enhanced Reduced Enhanced Enhanced inactive
a29 Inactive Inactive Inactive inactive Enhanced
a38 wt
a50 Reduced Reduced Inactive inactive Reduced
cS1 wt
aS3 inactive Reduced Inactive inactive wt
a54 Enhanced Reduced Enhanced Enhanced Reduced
c57 Reduced
as8 wt
c58 Reduced
a64 Enhanced Reduced Enhanced wt wt
a68 Reduced Reduced Inactive inactive wt
a69 Inactive Reduced Inactive Inactive Reduced
a73 Reduced Reduced Inactive Reduced wt
c84 Reduced
a86 Trace Inactive Inactive Inactive Inactive
a87 Reduced Reduced Inactive Inactive Reduced
a93 Inactive Reduced Inactive Inactive Reduced
a% Reduced wt Enhanced Enhanced wt
al04 wt
cl107 Reduced
al27 wt wt Reduced wt Inactive
cl128 wt
c130 wt
al3l wt wt Enhanced Enhanced Inactive
al33 wt wt wt wt Inactive

“ All activities classified as reduced or enhanced showed P < 0.05 when compared to wild-type C3 using a Students ¢ test. wt, wild type.

alanine substitutions to fully complement AC3 can be attrib-
uted to defects in protein interactions. We also tested alanine
replacements clustered in the N and C termini that were wild-
type for replication enhancement and mutated proteins with
enhanced replication complementation phenotypes (Table 3).

Thirteen of the 18 tested mutated proteins were significantly
impaired for C3 oligomerization (Fig. 4C, filled symbols), with
6 displaying less than 50% of wild-type activity and 2 with no
detectable activity. The mutations that reduced C3 oligomer-
ization by at least 50% were also deleterious to C3 function in
complementation assays (cf. Fig. 3A and 4C). The two pro-
teins, a29 and a86, that were inactive for C3 oligomerization
were also inactive or retained only trace replication enhance-
ment activity (Table 3). These results suggested that although
the efficiency of C3-C3 interactions can be reduced, a wild-type
level of oligomerization is necessary for optimal replication
enhancement.

All of the mutations between residues 27 and 91 that im-
paired C3 function also reduced C3 oligomerization (Fig. 4C).
This region mirrors the previously demonstrated TGMV AL3
oligomerization region between amino acids 35 and 112 (40),
indicating that C3 and AL3 utilize similar oligomerization
mechanisms. Because the alanine substitutions involved two or
more amino acids, it is not possible to define precisely which of
the targeted amino acids is most important in C3 self-interac-
tion. However, our data indicated that phenylalanine replace-
ments were favored in disrupting C3 oligomerization. Phenyl-
alanine was modified at one or more positions in 6 of the 11
impaired proteins with mutations in the central region, repre-

senting 25% of the modified residues. In contrast, phenylala-
nine accounts for only 6% of the total amino acids in the C3
protein.

C3 interactions with PCNA and C1 but not with pRBR are
required for replication enhancement. Ten of the mutated C3
proteins were significantly impaired for C1 binding, with nine
displaying no detectable activity (Fig. 4D, filled symbols below
the dashed line). Interestingly, five mutated proteins were
more active for C1 binding than wild-type C3 (Fig. 4D, filled
symbols above the dashed line). Our ability to detect enhanced
Cl1 binding probably reflected that C3-C1 binding is weaker
than C3 oligomerization. Three proteins (a20, a54, and a64)
with enhanced C3-C1 binding also enhanced replication sig-
nificantly more than wild-type C3 (Table 3). These mutated
proteins showed reduced C3 oligomerization. Two mutants
(a%4 and al3l) that had wild-type C3 oligomerization and
increased C3-C1 binding were reduced and wild type, respec-
tively, for replication enhancement, indicating that enhanced
C1 binding in combination with wild-type C3 oligomerization is
not sufficient for optimal C3 function. All of the mutated C3
proteins that were inactive in replication assays were also in-
active for Cl1 interaction. However, four proteins (a50, a68,
a73, and a87) were inactive for C1 binding in the yeast two-
hybrid assays but retained replication activity as high as 50% of
wild type (cf. Fig. 3A and 4D).

Two regions containing overlapping mutations may have
uncovered elements that modulate C3-C1 binding. The first
cluster contains mutations made in the a50, a54, and a53 pro-
teins (Fig. 2). The protein a53 is an expanded version of a50
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and a54. C3-Cl interaction was impaired when amino acids 49,
51, and 52 were mutated in either a50 or a53, but when three
immediately adjacent amino acids, NHNy, s,, were depolar-
ized to alanines in a54, C1 interaction was enhanced. A similar
situation occurred with a87, a86, a93, and a94, which are lo-
cated within a putative a-helical domain. Mutation of amino
acids FRgg g, inactivated C1 interaction whether alone in a87
or as part of the extended mutation contained in a86. Mutation
of LKYLDy, o5 abolished C1 interaction, while modification of
only KYg, 3 and Ky in the protein a94 enhanced C1 interac-
tion (Fig. 2 and Table 3).

Ten of the mutated C3 proteins were impaired for PCNA
binding (Fig. 4E, filled symbols below the dashed line), with
eight displaying no detectable activity. Three mutated proteins
were more active for PCNA binding than wild-type C3 (Fig.
4E, filled symbols above the dashed line). Even though wild-
type C3 binding to PCNA was slightly stronger than to C1 (Fig.
4B), the correlation between the PCNA and C1 data sets was
0.91. Only mutant al0 had a reduced C3-PCNA interaction
without an impact on C3-C1 binding. Conversely, only the
mutation within al27 reduced C3-Cl1 interaction with no effect
on C3-PCNA binding. Replication-inactive proteins were also
inactive for C3-PCNA binding. However, like the situation
with Cl1, several mutated versions of C3 appeared to be inac-
tive for PCNA binding but could still support replication en-
hancement (Table 3).

Twelve of the mutated C3 proteins were impaired for pPRBR
binding, with seven displaying no detectable activity (Fig. 4F,
filled symbols below the dashed line). One altered protein was
significantly more active for pRBR binding than wild-type C3
(Fig. 4F, filled symbol above the dashed line). pRBR binding
was most susceptible to mutations in the N and C termini of C3
(Fig. 4F) that alter charged amino acids, with the exception of
a20 (Fig. 2). These mutations had no impact on replication
enhancement and were functional for C3-C3 interactions (Ta-
ble 3), indicating that the inhibitory effects on pRBR binding
were specific. Two replication-inactive proteins, a29 and a53,
were enhanced and wild type, respectively, for pRBR interac-
tion. These results showed that unlike C1 and PCNA, pRBR
binding is not necessary for C3 replication enhancement activ-
ity in cultured cells.

DISCUSSION

The C3 protein acts as a replication enhancer during gemi-
nivirus DNA accumulation. Mutant C3 replicons can replicate,
albeit to low levels, in single cells and plants. C3 is not required
for C1 DNA binding, cleavage/ligation, or topoisomerase ac-
tivities in vitro (4, 22, 33, 34) or for Cl-mediated release of
unit-length viral DNA from replicating bacterial plasmids (35,
39). Members of the Mastrevirus genus and Nanovirus family,
which also replicate via a rolling circle mechanism, do not
encode C3 homologs (12, 13). Together, these observations
indicate that C3 is not essential for Cl-mediated initiation or
host-catalyzed DNA synthesis during rolling circle replication
but do not provide insight into how C3 influences the efficiency
of begomovirus and curtovirus replication. The C3 family dis-
plays no significant homology to proteins with known functions
(29), and no catalytic activity has been associated with C3
proteins. As a consequence, the mechanism whereby C3 en-
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FIG. 5. Model of C3 protein interactions. TYLCV C3 consists of
134 amino acids containing three hydrophobic clusters shown as filled
boxes above the rectangular diagram. pRBR interaction with C3 was
decreased by mutations clustered in the first 13 and final 9 amino acids
of C3 (shown as solid regions). C3 homo-oligomerization was adversely
affected by mutations in the middle of the protein, shown shaded
within the rectangular region. PCNA interaction with C3 (dashed line)
was impacted by mutations near the beginning of C3 to amino acid 95.
Cl1 interaction with C3 (dotted line) was sensitive to mutations be-
tween amino acids 28 and 128.

hances viral DNA accumulation has been elusive. The studies
reported here demonstrate that C3 interactions with itself, C1,
and PCNA contribute to replication enhancement.

Two lines of evidence support the hypothesis that C3 acts
primarily through protein interactions. First, C3 replication
enhancement activity is highly tolerant to mutation, while C1
activity is very susceptible to modification. This difference
probably reflects different modes of action for the two viral
replication proteins. C1 has enzymatic functions that are very
sensitive to mutation (30-33). In contrast, C3 protein interac-
tions are likely to be difficult to abolish by site-directed muta-
tion because of the involvement of multiple contacts and non-
specific stabilization by residues outside of the binding site (32,
46). Second, mutated C3 proteins that are impaired for repli-
cation enhancement are also impaired for interaction with
wild-type C3, C1, and/or PCNA. C1 and PCNA may be part of
the viral replisome, and it is likely that interactions with other
proteins, like C3, will influence their activities during viral
replication. However, there were several cases where negative
protein interactions did not bring about a total loss of replica-
tion competency. One possibility is that the yeast assay does
not detect weak interaction with some C3 mutants. Alterna-
tively, protein interactions might occur through interactions
with a bridging protein, like pRBR. This idea is supported by
the observation that the proteins that could not bind C1 or
PCNA and were competent for replication enhancement re-
tained both pRBR binding and C3-C3 oligomerization, while
the mutants that had impaired C1 and PCNA binding and were
impaired for replication enhancement lost either C3 or pRBR
binding activity or both. Viral proteins are commonly multi-
functional; therefore, it is likely that C3 enhances replication
through multiple mechanisms, some of which are independent
of C1, PCNA, or even C3 oligomerization.

C3 oligomerization was affected by changes in the center of
the protein between amino acids 28 and 95 (Fig. 5). Many of
the mutations were pleiotropic for C3 oligomerization and
binding to C1 and PCNA, suggesting that oligomerization
might be a prerequisite for C1 and PCNA interactions. How-
ever, TGMV ALl binds monomeric AL3 (40), and one C3
mutation, contained in al0, reduced C3 oligomerization with-
out affecting C1 binding. Another C3 mutation, contained in
a64, reduced C3-C3 interactions but not C3-PCNA binding.
There were several mutated C3 proteins that were reduced in
C3 oligomerization but retained pRBR binding. Hence, it is
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not likely that C3 oligomerization is essential for binding to any
of the partners tested here. However, our data suggest that C3
oligomerization is an important component of its replication
enhancement activity. Multimerization provides multiple sites
for protein binding when two or more protein binding sites
overlap as in the case of C3 binding to C1 and PCNA. Mul-
timerization can also lead to the assembly of large multicom-
ponent complexes with different activities dependent upon
composition (25). One can envision a high-molecular-weight
complex containing C3, C1, PCNA, and other host factors
required for viral DNA replication. The existence of a multi-
meric C3 complex is supported by gel filtration analysis of
native TGMV AL3, which fractionated with a complex of =100
kDa (data not shown).

C1 and PCNA binding were impacted by mutations in over-
lapping regions between amino acids 28 and 128 and 7 and 95,
respectively (Fig. 5). For both PCNA and Cl, conversion of
phenylalanine, leucine, or tryptophan to alanine abolished C3
binding, while conversion of polar residues to alanine en-
hanced interaction. These data suggest that C3 interacts with
C1 and PCNA through nonpolar and aromatic contacts. The
combined PCNA and C1 binding region contains three hydro-
phobic areas (Fig. 5) that would be shielded from water by
protein interactions (21). Neither of the known canonical
PCNA binding sequences (24) is present in C3, but there are
numerous aromatic residues in C3 that could interact with the
four aromatic amino acids near the beginning of the minimal
domain in PCNA required for TYLSCV C3 binding (2). The
region of TGMV ALl (residues 101 to 119) that specifically
interacts with AL3 contains a tryptophan and phenylalanine.
The requirement for AL1 multimerization for AL3 interaction
(40) may reflect the need for multiple aromatic residues for
stable binding.

C3 contacts with pRBR map to the N and C termini and
minimally overlap those involved in oligomerization and inter-
actions with C1 and PCNA (Fig. 5). C3-pRBR binding also
differs from the other protein interactions in that it is not
essential for replication enhancement in cultured plant cells.
The high level of conservation of the C3 amino acids that alter
pRBR binding suggests that these residues play an essential
function not uncovered in the protoplast assays. The require-
ments for viral replication in actively cycling suspension cells
are likely to only partially reflect those in mature cells of
infected plants. This idea is consistent with the proposed role
for pRBR in modulating plant development as well as the cell
division cycle. In plants, C3 could impact pRBR function by
direct binding and/or by modulating its interaction with CI,
which is necessary to induce mature plant cells to produce the
requisite host replication machinery for viral DNA synthesis
(5). The hypothesis can be addressed only in whole-plant in-
fectivity assays using viral replicons carrying C3-pRBR binding
mutations. However, these studies are complicated by the
overlap of the ends of the C3 gene with the essential C2 gene
and the bidirectional polyadenylation site in the viral replicon.

There are some differences in the predicted binding regions
for TYLCV C3 reported here and those characterized earlier
for TGMV AL3 (40). However, there are two important dif-
ferences between the TYLCV C3 and TGMV AL3 studies.
The C3 analysis involved the characterization of site-directed
mutants in yeast dihybrid assays, whereas the AL3 analysis
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involved truncated proteins expressed in insect cells. Alanine
substitution may be more detrimental to protein interactions
because alanine is rarely found at protein-protein interfaces
(11). Earlier experiments with AL1 showed that the yeast sys-
tem is more effective at detecting impaired protein interactions
(32), because the high level of mutated protein expression in
insect cells can stabilize weak interactions or drive nonspecific
binding. This may explain why the earlier study showed TGMV
ALl and pRBR binding to an AL3 truncation corresponding
to amino acids 1 to 37 while the present work indicates that
C3-C1 and C3-pRBR binding involves amino acids outside of
that region (40).

A recent study proposed that TLCV C3 binding to a tran-
scription factor, SINACI, and induction of its expression is the
mechanism whereby C3 enhances geminivirus replication (38).
However, it is unlikely that C3-SINACI interactions are suffi-
cient for C3 replication enhancement activity. C3 mutant rep-
licons typically are constructed by deleting 3" sequences that do
not overlap with the C2 open reading frame to yield truncated
proteins of 83 to 111 amino acids (16, 27, 42, 43, 44). This
region of C3 retains the capacity to bind to SINACI (38), but
the C3 mutant replicons support little if any detectable repli-
cation in protoplasts and are severely attenuated in infectivity
assays in planta. Instead, our data suggest that the loss of
replication enhancement activity by the truncated C3 proteins
reflects their inability to form oligomers with themselves, C1,
and/or PCNA. In addition, C3 activity is required for efficient
geminivirus replication in suspension cells, which already con-
tain abundant SINACI orthologues (48). Therefore, induction
and binding of an SINACI1 orthologue is not necessary or
sufficient for C3 replication enhancement activity.

One application of the inactive mutated C3 proteins would
be to express the inactivated C3 proteins in transgenic plants to
interfere with geminivirus infection. The virus-nonspecific na-
ture of C3 replication-enhancing activity suggests that inacti-
vated C3 proteins have the potential to confer broad-based
geminivirus resistance. This is in contrast to mutated or trun-
cated Cl proteins, which are most effective against closely
related viruses, consistent with the strong specificity of C1
proteins for their cognate viral genomes (1, 9). However, be-
cause none of the inactive C3 proteins displayed frans-domi-
nant negative activity in cultured cells, it will be necessary to
evaluate their interference potential directly in plants.
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