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The Rep protein of tomato yellow leaf curl Sardinia virus (TYLCSYV), a single-stranded DNA virus of plants,
is the replication initiator essential for virus replication. TYLCSV Rep has been classified among ATPases
associated with various cellular activities (AAA+ ATPases), in superfamily 3 of small DNA and RNA virus
replication initiators whose paradigmatic member is simian virus 40 large T antigen. Members of this family
are DNA- or RNA-dependent ATPases with helicase activity necessary for viral replication. Another distinctive
feature of AAA+ ATPases is their quaternary structure, often composed of hexameric rings. TYLCSV Rep has
ATPase activity, but the helicase activity, which is instrumental in further characterization of the mechanism
of rolling-circle replication used by geminiviruses, has been a longstanding question. We present results
showing that TYLCSV Rep lacking the 121 N-terminal amino acids has helicase activity comparable to that of
the other helicases: requirements for a 3’ overhang and 3’-to-5’ polarity of unwinding, with some distinct
features and with a minimal AAA+ ATPase domain. We also show that the helicase activity is dependent on

the oligomeric state of the protein.

Initiation of DNA replication is a highly specific and con-
trolled event which depends on the coordinated assembly of
large protein complexes at the origin of replication. This pro-
cess, which is universal, is activated by recognition and binding
of the initiator protein to its cognate replication origin on the
chromosome. Other steps follow, such as melting at the origin
of replication and further unwinding carried out by replicative
helicases recruited at the site of replication (31). In the case of
extrachromosomal elements, such as viruses and plasmids, the
initiator protein is often multifunctional and performs several
of these steps, as well as interacting with host factors necessary
for replication (42).

The Rep protein is the initiator protein of tomato yellow leaf
curl Sardinia virus (TYLCSV), a begomovirus of the Gemini-
viridae family of plant single-stranded DNA (ssDNA) viruses.
The Rep proteins of geminiviruses are closely related and show
substantial sequence conservation. Rep, also named C1 and
AL1, is a multifunctional protein and the only viral protein
absolutely required for virus replication. Four functional do-
mains have been delineated for begomovirus Rep: the N-ter-
minal domain (amino acids [aa] 1 to 120), which is involved in
initiation of the rolling-circle replication (RCR) utilized by
geminiviruses (4, 34, 35); the oligomerization domain (aa 121
to 180), leading to interactions with itself (34) and with host
factors (17); the ATPase domain (aa 181 to 330), which is
characterized by the presence of a P loop (discussed in more
detail below); and a carboxyl-terminal domain (aa 331 to 359)
of unknown function but shown to be required for viral repli-
cation in the case of tomato golden mosaic virus (35) (Fig. 1).

The ATPase domain of geminivirus Rep proteins was iden-
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tified as a common element among proteins encoded by small
DNA and RNA viruses (16) and is characterized by three
conserved motifs: Walker A in the P loop, Walker B, and motif
C. The presence of simian virus 40 (SV40) large T antigen
(LTag) in this family, being the only bona fide helicase of the
group, led those authors to postulate that all the members were
putative helicases, which were later classified as superfamily 3
(SF3) (15). More recently, classification of the SF3 helicases
among the very large family of AAA+ ATPases was proposed
based on the presently available tertiary structures of other
well-established helicases in this family (13, 21). The SF3 he-
licases form a distinct clade among the AAA+ ATPase “pre-
sensor 1-B hairpin” superclade, since it is constituted only by
viral RNA or DNA helicases with distinct features. The
AAA+ ATPase domain of SF3 helicases is about 200 amino
acids long and is formed by two domains. The first domain is a
a/B-fold formed by a five-stranded B-sheet (B5-B1-B4-B3-B2)
flanked by four «-helices. Strands B1, B3, and B4 carry the
three highly conserved motifs. Also present are a B-hairpin,
which is the distinctive feature of the pre-sensor 1- hairpin
superclade, and an arginine finger coordinating ATP hydrolysis
and conformational changes of the protein (33). Last, a B’ box
involved in the coupling of DNA binding and ATP hydrolysis
is present only in SF3 helicases (40, 43). The second domain,
more variable in length, is constituted by a-helices; there are
four a-helices in the case of SV40 LTag but only one for
adeno-associated virus type 2 (AAV2) Rep40.

Most of the helicases are oligomeric, and a majority are
found as hexamers (reviewed in references 19, 27, and 36).
This is also the case for several SF3 helicases. In general the
conserved AAA+ ATPase domain alone is not sufficient to
allow oligomerization; if expressed as such, only inactive mo-
nomeric forms are observed. In the case of SF3 helicases,
multimerization results from the presence of an oligomeriza-
tion domain neighboring the AAA+ ATPase and unrelated
among the different helicases. Furthermore, complete oli-
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FIG. 1. Map of MBP-Rep120-359. The white box (aa 1 to 390) rep-
resents MBP, the line corresponds to the linker region with the enteroki-
nase (EK) cleavage site, and the two factor Xa cleavage sites (121/122 in
Rep) are indicated. The Rep120-359 region is constituted by the oli-
gomerization domain (aa 120 to 180, black box), the ATPase domain (aa
181 to 330, gray box), and the C-terminal region (aa 331 to 359, white box)
of unknown function. The conserved Walker A (W,, aa 217 to 230),
Walker B (W, aa 257 to 263), and C (aa 300 to 305) are indicated, as is
the position of the mutated K at position 227 in the P loop.

gomerization may be achieved only in conjunction with nucle-
otide and/or DNA binding (26).

Up to now, helicase activity of geminivirus Rep proteins has
not been demonstrated. Oligomerization (32, 35) and ATPase
activity independent of DNA (8), both of which are essential
for viral replication, were established. In this report, we
present results showing that TYLCSV Rep is indeed a heli-
case. To reveal this activity, the major difficulty encountered
was the insolubility and the highly aggregated state of the
full-length Rep, which was overcome by deleting the N-termi-
nal domain involved in replication initiation. TYLCSV
Rep122-359 helicase activity is dependent on a functional
Walker A motif, as demonstrated by the lack of activity of
Rep122-359K227A with a mutated lysine in Walker A. The
helicase activity is also dependent on the oligomerization sta-
tus but otherwise is similar to that of the other helicases, even
though the AAA+ ATPase domain is reduced compared to
that in other members of the family. The role of Rep as the
replicative helicase is also discussed.

MATERIALS AND METHODS

Reagents. New England Biolabs was the supplier of M13mp18, pMal-c2 vec-
tor, amylose, factor Xa, enterokinase, restriction enzymes, kinase, ligase, poly-
merase, and molecular weight markers for sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). [y-**PJATP (111 TBg/mmol) was
purchased from ICN and Perkin-Elmer. Bovine serum albumin, native molecular
weight markers, and Sephacryl S300-HR were purchased from Sigma; stabilized
proteinase K solution was from Eurobio; MicroSpin G-50 columns and Superdex
200 were from Amersham Biosciences; and DEAE Sepharose Fast Flow was
from Pharmacia.

Construction and expression of MBP fusion proteins MBP-Rep120-359 and
MBP-Rep120-359K227A. Rep120-359 was first expressed as a fusion protein with
MBP to improve its solubility and to facilitate purification. In order to separate
MBP from the Rep domain, an enterokinase cleavage site was introduced in
addition to the Xa factor sites already present in the vector and Rep120-359. A
fragment of about 750 bp corresponding to the rep sequence (positions 358 to
1080, flanked by EcoRI and Xbal sites), obtained by PCR, was inserted into the
vector pMAL-c2. For the PCR, the forward oligonucleotide was 5'CGgaattcG
ATGACGATGACAAAGGACGATCTGCTAGGGGAGG3' (the EcoRI site is
in lowercase, the sequence yielding the site for subsequent enterokinase cleavage
is underlined, and the last 20 nucleotides [nt] correspond to position 358 to 377
on the rep gene), and the reverse oligonucleotide was 5'GCtctagaTTACGCCT
CACTTGCCTCTTCTTG3' (the Xbal site is in lowercase, and the remaining 24
nt correspond to the 3" end of the rep gene between positions 1057 and 1077 plus
a stop codon). The template used for amplification was the full-length rep gene
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of TYLCSV (GenBank accession no. X61153) cloned in the pQE60 vector
(QIAGEN) (J. Brevet and D. Clérot, unpublished data). The construct pMAL-
c2-rep358-1077 was transformed in Escherichia coli strain SCS1 (Stratagene).

To produce the K227A mutant form, a fragment of 460 bp between Agel
position 639 in the rep gene and HindIII in the linker region of pMAL-c2 was
exchanged with an equivalent fragment of the pQE32-RepK227A mutant (8),
Agel position 639 in the mutant rep gene and HindIII in the linker region. The
sequences of the constructs were verified.

To express and purify the two MBP-Rep fusion proteins, the New England
Biolabs protocols were applied, with the following modifications. After growth at
37°C to an absorbance of 0.8 at 600 nm, the cultures were shifted to 18°C and
expression was induced with 0.2 mM IPTG (isopropyl-B-p-thiogalactopyrano-
side) for 16 h. The buffer used for the purification was 20 mM HEPES (pH 7.5),
250 mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol (DTT). The absorbance
at 280 nm and the ATPase activity of the peak fractions were determined, only
MBP-Rep120-359 has ATPase activity. The purity of the proteins was assessed by
SDS-PAGE (see Fig. 2A and C). The pooled fractions were stored at —20°C. The
yields of MBP-Rep120-359 and MBP-Rep120-359K227A were ca. 20 mg and 10
mg, respectively, of protein per liter of culture.

ATPase assay. After incubation of the protein (at the indicated concentration)
with 1 mM ATP and 5 mM MgCl,, in buffer A (20 mM HEPES [pH 7.5], 100 mM
NaCl, 1 mM DTT) at 25°C, the released P; was detected as a colorimetric
complex absorbing at 650 nm by a procedure described previously (23) and
modified (2). GraphPadPrism (GraphPad) was used to analyze and plot the
results.

Helicase substrates. Purified oligonucleotides were obtained from MWG-
Biotech. The oligonucleotides are derived from the M13mp18 sequence, the —20
M13 sequencing primer (17 nt; New England Biolabs), and 5" GGACCGCTTG
CTGCAACT 3’ (18 nt; positions 5913 to 5930), in either the sense or antisense
orientation in order to hybridize to M13mpl8 or between themselves. In addi-
tion, the same oligonucleotides have 3" or 5’ extensions of dT of various lengths
as indicated.

Oligonucleotides were labeled at the 5" end with [y-**P]JATP and T4 polynu-
cleotide kinase, and nonincorporated [y->*P]ATP was removed using MicroSpin
G-50 columns. A specific activity of at least 1,000 cpm per fmol was obtained.
Complementary oligonucleotides in equimolar amounts were hybridized either
among themselves or with M13mp18 ssDNA in annealing buffer (10 mM Tris-
HCI [pH 7.5], 100 mM NaCl, and 1 mM EDTA). The mixture was incubated at
75°C for 10 min and cooled slowly to room temperature. When necessary, the
M13-derived substrates were purified on a Sephacryl S300-HR column to remove
nonhybridized oligonucleotides.

Helicase assay. The helicase assay was performed at 37°C in buffer A supple-
mented with 1 mM ATP, 5 mM MgCl,, and 0.1 mg/ml bovine serum albumin in
a volume of 10 pl. The amount of protein was in the picomole range (as
monomers) as indicated, and 2 fmol of substrates was used per assay. After 1 h
of incubation (or as indicated otherwise), the reaction was stopped by addition of
(final concentrations) 0.025% SDS, 1 pg of proteinase K, and 1 mM CaCl,, and
the mixture was further incubated for 10 min. After addition of 2 pl of sample
loading buffer (final concentrations of 20 mM EDTA [pH 8], 0.25% SDS, 5%
glycerol, and 0.025% each of xylene cyanol, bromophenol blue, and orange G),
the samples were analyzed on native polyacrylamide gels (8% for the M13-
derived substrates and 12% for the substrates constituted by oligonucleotides
only) and run at 16 V/cm for 50 min. The gels were dried on DES81 paper and
exposed to a STORM phosphorimager screen. The scans were quantified with
ImageQuant (Molecular Dynamics).

Polyacrylamide gel electrophoreses. Polyacrylamide gels at various concentra-
tions were prepared with acrylamide-bisacrylamide (29:1). The native gels for the
helicase assay were run in 40 mM Tris-acetate-1 mM EDTA, and the running
buffer for SDS-PAGE was 25 mM Tris 192 mM glycine, and 0.1% SDS.

Blue-native (BN) gradient gels were 4% to 12% bis-Tricine (Invitrogen), and
electrophoresis was carried out in 50 mM Tris-HCl (pH 7.7)-50 mM MOPS
(morpholinepropanesulfonic acid)-0.002% Coomassie blue as described by
Schigger et al. and modified by Schiilke et al. (37, 38). Native molecular weight
markers were run in parallel.

Glycerol gradient centrifugation. Glycerol concentrations were 10% to 40% in
20 mM Tris-HCI (pH 7.5), 250 mM NaCl, and 1 mM DTT, and 50 pg to 200 pg of
protein was loaded on the gradients. Centrifugation was performed in a Beckman
SW 55 Ti rotor at 45,000 rpm/min for 16 h at 4°C. Fractions were collected, and
further analyzed by SDS-PAGE, and assayed for ATPase activity. The sedimenta-
tion coefficient S was determined using bovine serum albumin, B-amylase, and
B-galactosidase as markers on a gradient run separately, or B-galactosidase was also
used as an internal marker and detected by its enzymatic activity.
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FIG. 2. Purification of Rep122-359 and Rep122-359K227A. Panels A, B, and E display the purification steps for Rep122-359, and panels C, D,
and F correspond to Rep122-359K227A purification. In panels A and C, lanes 1 are MBP-Rep120-359 and MBP-Rep120-359K227A, respectively;
in lanes 2 are factor Xa digestion products of the corresponding proteins. The molecular masses of the different purified proteins are indicated.
Panel B shows SDS-PAGE of DEAE fractions 57 to 69 of Rep122-359, and panel F shows the corresponding fractions 39 to 51 of Rep122-
359K227A. Lanes M, molecular mass markers in kDa (175, 83, 62, 47.5, 32.5, 25, 16.5, and 6.5). Panel E shows the absorbance profile at 280 nm
(@), the ATPase activity (nanomoles of P; released) determined with 1 pl of the fraction for a 50-ul reaction mixture (A), and the percentage
unwinding with 0.5 pl of the fractions per 10 .l of assay mixture (). The M13-derived substrate used is shown, and the inset shows the gel used
to quantify helicase activity; the two first lanes correspond to the substrate alone, with and without boiling, and numbers on top of the gel
correspond to fraction numbers. Panel F shows Rep122-359K227A absorbance and activity profiles; details are as for panel E. Lane + in the inset

corresponds to a positive control with Rep122-359.

RESULTS

Purification of Rep122-359 and Rep122-359K227A. The amy-
lose-purified MBP-Rep120-359 and MBP-Rep120-359K227A
are shown in lanes 1 of Fig. 2A and C, respectively. For each
protein there is one major band with a molecular mass of 70.5
kDa corresponding to the expected protein and a contaminat-
ing band of 58 kDa resulting from a carboxyl-terminal trunca-
tion produced during bacterial growth; both proteins migrate
with lower apparent molecular mass. In order to remove MBP,
MBP-Rep120-359 and MBP-Rep120-359K227A enterokinase
digestion was tested and showed a very low efficiency of cleav-
age; therefore, we resorted to factor Xa, which has two sites in
the fusion proteins: one built in in the linker region between
MBP and the fused protein and the second one in the Rep
protein (Xa cleavage at position 121/122 [Fig. 1]). For factor
Xa cleavage, the proteins were dialyzed against buffer A and
after dialysis were supplemented with 2 mM CaCl, and 1 mM
ATP; the weight ratio of factor Xa to protein was between
1/150 and 1/200, and incubation was for 16 h at 0°C. The results
are shown in lanes 2 of Fig. 2A and C; MBP (43 kDa) and
Rep122-359 (26.8 kDa) are the two major bands, present as
doublets resulting from the presence of the two Xa cleavage
sites (Fig. 1).

The protein mixtures (14 mg for MBP-Rep122-359 or 6.5
mg for MBP-Rep122-359K227A) were centrifuged to re-

move insoluble material and were purified on a DEAE-
Sepharose Fast Flow column (column volumes were 6 ml
and 4 ml, respectively) in buffer A plus 5 mM MgClL,. All
purification steps were carried out at 4°C. MBP was eluted
in the flowthrough, and Rep122-359 or Rep122-359K227A
was eluted with an NaCl gradient between 100 and 500 mM
in the same buffer (the gradient volumes were 120 ml with a
1.5-ml fraction volume and 80 ml with 1-ml fraction volume,
respectively). The two Rep proteins eluted at a concentra-
tion of about 200 mM NacCl, and a single major band of 26.8
kDa was present (Fig. 2B and D), with similar elution pro-
files for the two proteins. The N termini of the cleaved
proteins were at position 122 (determined by mass spectros-
copy [not shown]), which corresponds to the Xa cleavage
site of Rep. The DEAE chromatography also removed con-
taminating nucleic acids that eluted at higher NaCl concen-
trations (fractions 107 to 115 and 75 to 87, respectively, at
about 300 mM NacCl [not shown]) and factor Xa, which is
eluted at 400 mM NaCl (according to the New England
Biolabs protocols). The fractions were stored at —80°C.
The fractions were tested for ATPase and helicase activities
by using an M13-derived substrate as described in Materials
and Methods. No ATPase or helicase activities were detected
in the case of Rep122-359K227A (Fig. 2F), demonstrating that
the activities associated with Rep122-359 do not result from
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FIG. 3. Rep122-359 helicase activity on M13-derived substrates.
The percentage of unwinding as a function of Rep122-359 concentra-
tion in picomoles per assay is shown with three different substrates (a
[m], b [A], and c [@]), as are the corresponding gels. For a and c, lanes
1 and 2 are substrate alone nonboiled and boiled, respectively; for b,
lanes 1 and 2 are boiled and native substrate, respectively. Lanes 3 to
9 show increasing concentration of Rep122-359 as indicated on the
graph.

contamination of bacterial origin. The DEAE elution profiles
of Rep122-359 at 280 nm and ATPase and helicase activities
are presented in Fig. 2E. Whereas absorbance and ATPase
activity were broadly distributed over 15 fractions, substantial
helicase activity of Rep122-359 was highest in fractions 68 to
69. Degradation of the substrate was also observed in fraction
65 (inset in Fig. 2E). Further characterization of the helicase
activity was therefore performed using the two most active
fractions of Rep122-359.

Helicase activity of Rep122-359. To achieve an initial char-
acterization of Repl122-359 helicase activity, different sub-
strates were tested as shown in Fig. 3 and 4. The main require-
ment for Rep122-359 helicase activity is the presence of a 3’ ss
tail. All the substrates with a 3’ ss overhang (substrate a [Fig.
3], all the forked substrates [Fig. 4A], and substrates h and i,
which lack a 5’ tail [Fig. 4B]), are unwound, indicating that a
complete fork is not necessary.

Increasing the length of the 3’ overhang from 25 to 60 dTs
leads to a reduction in unwinding activity of more than 50%.
Comparing substrates with the same 5’ tail, such as d and f (5’
tail of 25 dTs), one observes a decrease in the percentage of
unwinding from 65% to 31%; for e and g (5’ tail of 60 dTs)
there is a decrease from 80% to 24% (Fig. 4A). In contrast, the
presence of a 5’ ss tail enhances the helicase activity; for
substrates having the same 3’ overhang (25 dTs), the percent-
age of unwinding increases from 50% with substrate h lacking
a 5’ tail to 65% with 25 dTs (substrate d) (Fig. 4A), 80% with
60 dTs (substrate e) (Fig. 4A), and 70% with a circular ssM13
(substrate a) (Fig. 3).

No unwinding was observed with the fully annealed oligo-
nucleotide of substrate ¢ (Fig. 3) or with substrates having only
a 5' ss extension, such as substrate b (Fig. 3) and substrate j
(Fig. 4B). The latter results indicate that the polarity of un-
winding is 3’ to 5'. Furthermore if the substrate commonly
used to determine polarity (27), i.e., a DNA strand with two
labeled oligonucleotides of different sizes annealed at each
extremity with no overhang, was used, no unwinding was ob-
served (not shown). Considering also the lack of unwinding for
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FIG. 4. Rep122-359 helicase activity on forked and flap substrates.
A, percentage of unwinding of four different forked substrates (d[m],
e [V¥], f [@®], and g [A]), with different lengths of ss tails as indicated,
presented as a function of Rep122-359 concentration. The correspond-
ing gels are displayed; for d, e, and g, lanes 1 and 2 show the substrate
alone native and boiled, respectively, and for f, lanes 1 and 2 show
boiled and native substrate, respectively. B, unwinding of three flap
substrates h, i, and j with different length of overhang as indicated and
as a function of time. Each reaction mixture contained 2 fmol of
substrate and 3 pmol of Rep122-359. The percentage of unwinding is
indicated at the bottom of the gel, and the time intervals are indicated
above the gel.

substrates b and ¢ (Fig. 3), it appears that Rep122-359 may
require a free 3’ end for helicase activity. Indeed most of the
3’5" helicases requiring a 3’ ssDNA are able to unwind
substrates a, b, and c, as the circular ssM13 DNA provides a
single strand of the required polarity. Alternatively, the length
of ssM13 may be inhibitory, as we have shown that increasing
the length of the 3’overhang hinders the helicase activity.
Taken together, the properties of Rep122-359 are similar to
those of other helicases: necessity for a 3’ ss tail and 3'-to-5'
unwinding, with dependence on the length of the tails and the
possible requirement for a free 3’ end.

In addition to the unwound free oligonucleotide resulting
from helicase activity, additional discrete bands of different
sizes are observed with substrates d, e, and h (Fig. 4A and B)
and for substrate a (Fig. 2, fraction 65). These bands appear at
prolonged incubation times or when the amount of Rep122-
359 is increased; they are not produced in the absence of
helicase activity, particularly with Rep122-359K227A. These
additional products seem to be produced by a cleavage in the
3’ ss extension. Whether the production of these fragments
represents another activity associated with Rep122-359 will
have to be assessed.
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FIG. 5. Glycerol gradient sedimentation of MBP-Rep120-359 and
Rep122-359. A, SDS-PAGE of fractions 7 to 19 (from bottom to top of
the gradient) corresponding to MBP-Rep122-359 sedimentation. B, SDS-
PAGE of MBP and Rep122-359 after factor Xa cleavage (fractions 7 to
23). Lanes M, molecular mass markers (same as in Fig. 2). C, ATPase
activity expressed as absorbance at 650 nm for MBP-Rep122-359 (A) and
Rep122-359 (m) for the same fractions as in A and B. B-Galactosidase
(15.9 S) migrates in fraction 6 in both gradients (not shown).

Oligomerization of the different Rep proteins. The oligo-
meric states of the different Rep proteins were determined
using two techniques, density gradient centrifugation and BN-
PAGE, as described in Materials and Methods. The sedimen-
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tation profile of MBP-Rep120-359 is shown in Fig. 5A, and its
sedimentation coefficient is 12.9 S. The Stokes radius of MBP-
Rep120-359 determined by gel filtration on Superdex 200 (not
shown) is 7.5 nm, leading to the calculated molecular mass of
406 kDa (9, 41). With a molecular mass of 70.5 kDa for the
monomer, and not taking into account the presence in the
oligomers of cleaved protein (visible on the gel in Fig. 5A), we
find that oligomers of MBP-Rep120-359 are constituted by 5.8
monomers; MBP-Rep120-359 is therefore likely to form a hex-
amer, as do many helicases. MBP-Rep120-359K227A had a
similar sedimentation profile (not shown) and has the same
oligomeric structure as the wild-type protein.

Sedimentation of MBP and Rep122-359 obtained after fac-
tor Xa cleavage reveals a broad distribution of Rep122-359
(Fig. 5B). The highest ATPase activity occurs in fractions 15
and 16 (Fig. 5C), corresponding to oligomers with an estimated
sedimentation coefficient of 7.1 S. The ATPase shoulder in
fraction 11 corresponds to complexes with a sedimentation
coefficient of 12.1 S. The unavailability of the Stokes radius for
these components led us to calculate the molecular mass as
described previously (29), giving estimates of 307 kDa and 151
kDa for oligomers in fractions 15 to 16 and 11, respectively.
With a molecular mass of 26.8 kDa for Rep122-359, the dis-
tribution of the oligomer size is therefore between dodecamers
and hexamers.

As a second method to determine the oligomeric state of the
Rep proteins, we used BN-PAGE. This technique is conve-
nient for the analysis of many samples at a time. Figure 6A
shows a comparison of the migrations of MBP-Rep120-359
and MBP-Rep120-359K227A, which are identical, with a mo-
lecular mass of approximately 660 kDa for the main species,
corresponding to an oligomerization degree of ca. 9. The
migrations of Rep122-359 and Rep122-359K227A present in
the fractions of the respective DEAE chromatographies
(same as in Fig. 2) are presented in Fig. 6B and C, respec-
tively. First, one observes that the active fraction 68 of
Rep122-359 (Fig. 6B) and the equivalent fraction 49 of
Rep122-359K227A (Fig. 6C) show two major components: a
double band (band a) with an estimated molecular mass of
400 kDa, corresponding to an oligomer of 14 or 15 mono-
mers, and band b, corresponding to a hexamer (Fig. 5B and
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FIG. 6. BN-PAGE of MBP-Rep120-359, MBP-Rep120-359K227A, Rep122-359, and Repl122-359K227A. A, migration of the two fusion
proteins MBP-Rep120-359 (lane 1) and MBP-Rep120-359K227A (lane 2); the major band in both cases has an estimated molecular mass of 660
kDa. B, migration of the DEAE fractions of Rep122-359. C, migration of the DEAE fractions of Rep122-359K227A. In B and C, the corresponding
fraction numbers are indicated above the gel and 25 wl of the fractions was loaded. Products a and b are 400 kDa and 180 kDa, respectively. The
molecular mass markers used are thyroglobulin (thyr) (669 kDa), ferritin (fer) (440 kDa), catalase (cat) (232 kDa), and aldolase (ald) (158 kDa).
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C). Second, the results are in agreement with those from the
glycerol gradients; after removal of MBP, Rep122-359 and
Rep122-359K227A are composed of a population of oligomers of
various sizes, ranging from hexamers up to dodecamers or higher.
As Rep122-359 and its inactive counterpart Rep122-359K227A
have the same pattern of oligomerization, ATP hydrolysis does
not influence oligomerization.

The degrees of oligomerization determined by BN-PAGE
and by sedimentation in glycerol gradients for the different
proteins are at variance. The migration of proteins in BN gels
depends on the charge shift induced by binding of Coomassie
blue to the protein, and all proteins do not behave the same
way; up to a 20% error can occur, compared to 10% for
determination by combined density gradient and gel filtration.
The general conclusions from these experiments are that (i)
the MBP fusion proteins are composed of a major hexameric
species (about a 9-mer in BN gels) and (ii) removal of MBP
leads to the formation of oligomers of different sizes with
ATPase activity, but only the proteins forming higher oli-
gomers, dodecamers or larger, are helicases.

DISCUSSION

In this report we present results showing that the amino-
terminally truncated Rep protein (aa 122 to 359) of the gemi-
nivirus TYLCSV has helicase activity in vitro and that this
activity is dependent on the oligomerization state of the pro-
tein. We have therefore experimentally demonstrated that an-
other putative member of the SF3 family (15) is a bona fide
helicase. To establish the helicase activity of TYLCSV Rep,
conditions for producing a soluble protein had to be found.
Even though experimental conditions (MBP carrier and
growth conditions) improved solubility, removal of the N-ter-
minal domain (aa 1 to 121) was essential to obtain a workable
protein.

The N-terminal domain of TYLCSV Rep carries the origin
binding and endonuclease domains essential for initiation of
RCR (24). Origin recognition is a key element of SF3 replica-
tion-associated helicases and is dispensable for helicase activity
in vitro. This is a common feature exemplified by SV40 LTag
(11) and the AAV2 Rep 40 helicase, which consists of only the
helicase domain (6). Despite the fact that the DNA binding
domain is nonessential for the helicase activity, it is involved in
the proper assembly of the SF3 helicases at the origin of rep-
lication (reviewed in reference 18). At present, the nicking/
closing activity of Rep, which is the first step in RCR, acts
efficiently only an ssDNA in vitro (24) and is not naturally
present on the double-stranded DNA replicative form; origin
melting, producing the appropriate structure, could be another
aspect of Rep helicase activity.

Data on the oligomerization state of geminivirus Rep pro-
tein are scarce. The presence and localization of the oligomer-
ization domains for different Rep proteins were determined
using the yeast double-hybrid technique or pull-down experi-
ments (20, 35); these techniques, however, do not provide
information on the size of the oligomers. Tomato golden mo-
saic virus AL1 has been estimated to be an octamer by gel
filtration (35). In the case of wheat dwarf virus, Missich et al.
(32) have characterized self-interactions of Rep by using chem-
ical cross-linking and have shown that free monomers assem-
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ble into octamers depending on the pH; in addition, the oc-
tamers were shown to have low affinity for double-stranded
DNA. TYLCSV Rep122-359 is always found as an oligomer;
monomeric forms of Rep122-359 and Rep122-359K227A, free
or as MBP fusions, in the absence of ATP and/or ssDNA
(conditions which favor the monomers [36]), were never ob-
served. In addition Rep122-359 and Repl122-359K227A be-
have exactly the same way as far as oligomerization is con-
cerned, indicating that ATP hydrolysis is not involved in
oligomerization and that the loss of helicase activity of
Rep122-359K227A results only from loss of ATP hydrolysis.
Partially deleting the oligomerization domain in MBP-Rep120-
359 leads to a smaller oligomeric form (a tetramer on BN gels)
that is totally inactive with regard to ATPase activity and non-
specific ssDNA binding, and supposedly to an inactive helicase,
further underlining the importance of oligomerization for
ATPase and helicase activities of Rep122-359 (F. Bernardi,
unpublished data).

Our attempt to determine the precise oligomeric state of
Rep122-359 with two different techniques has led to discrepant
results, probably as a result of experimental conditions. We ob-
serve that the helicase activity is associated with dodecamers,
which in the form of double hexamers have been shown to be
the active form of several helicases, and this seems to be an
emerging feature for replicative helicases that are well adapted
to bidirectional replication (39). In the case of Rep122-359 this
degree of oligomerization is achieved only after removal of
MBP, which has two effects on Rep122-359 oligomerization.
First, its presence reduces the degree of oligomerization, giving
a major species of 6 to 9 oligomers for MBP-Rep120-359, and
second, its removal increases the complexity of the oligomers
(compare MBP-Rep120-359 in Fig. 5A and 6A and Rep122-
359 in Fig. 5B and 6B and C), with formation of as high as 12
to 14 oligomers for Rep122-359. This complexity is not usually
found for other helicases. Misfolding during expression in E.
coli may account for the formation of some nonproductive
complexes; however, complexity arises mainly after removal of
MBP and therefore during assembly of the hexamers. Building
of double hexamers primarily from monomeric subunits re-
quires several steps, such as ATP binding and hydrolysis as well
as DNA binding, these processes have been reviewed for some
SF3 helicases (18). We never observed monomeric forms of
Rep (F. Bernardi, unpublished data) or Rep122-359, which
better resembles minichromosome maintenance (MCM) pro-
teins, which are AAA+ helicases and the functional cellular
homologs of the viral SF3 helicases. Particularly interesting is
the archaecal MCM of Methanobacterium thermoautotrophicum,
which shows structural polymorphism, hexamers, heptamers,
dodecamers, open rings, and filaments, as well as a prevalence
of double hexamers under physiological conditions (14). Oli-
gomerization of M. thermoautotrophicum MCM involves the
oligomerization and DNA binding domains, and the latter is
absent in Repl22-359; consequently, improper interactions
may occur, leading to the formation of anomalous oligomers.
On the other hand, it cannot be ruled out that some of these
complexes may have other activities in the virus life cycle.

The initial characterization of the helicase activity of
Rep122-359 presented here shows that it shares common fea-
tures with other helicases, such as the need for a free 3’ ssDNA
tail and an unwinding polarity in the 3’-to-5" direction; differ-
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FIG. 7. Sequence alignment of the ATPase domains of SV40 LTag, AAV2 Rep40, and TYLCSV Rep122-359. Amino acids in blue are for
a-helices, amino acids in orange are -strands, conserved amino acids of AAA+ ATPases are in red, and asterisks indicate conserved amino acids
in the B’ box of the SF3 helicases. The conserved motifs are underlined and labeled. The SV40 LTag sequence and secondary structure are from
reference 26, and the AAV2 Rep40 sequence and secondary structure are from reference 22. The numbering of a-helices and B-strands is

according to reference 21.

ences exist in the precise substrate requirements. A forked
substrate is not needed; since the presence of a 3’ ssDNA is
sufficient for unwinding (substrates h and i in Fig. 4B), increas-
ing the length of the 3’overhang reduces the unwinding activ-
ity, contrary to what is observed for SV40 LTag, which requires
an optimal ssDNA length for cooperative binding of hexamers
(1). On the other hand, the presence of the dispensable 5 ss
tail enhances Repl22-359 activity, resembling the require-
ments of other helicases, among them MCM, where increasing
the length of the 5’ tail as well as that of the 3’ tail enhances
processivity (25). A similar behavior has been described for
DnaB, the hexameric replicative helicase of prokaryotes (12).
This observation indicates that Rep122-359 may interact with
both strands. We have also observed a possible requirement
for a free 3’ end which is not observed for the other SF3
helicases; other interpretations are possible, however, and a
more detailed characterization will be necessary to clarify this
point. These distinctive features of TYLCSV Rep122-359 may
be related to the high oligomeric state formed in the absence
of substrate and not found with other SF3 helicases.

The 3'-to-5" polarity of unwinding by Rep is well suited for
a replicative helicase participating in elongation during RCR.
Motion of Rep on the minus strand would allow release of the
viral plus strand as well as leading-strand synthesis, producing
the new viral strand. In view of our results, the main difficulty
that remains to be solved is loading of Rep122-359 on the
minus strand, as we have shown that the lack of unwinding of
the M13-derived substrates could result either from the lack of
a free 3’ end or from the presence of a long stretch of ssDNA.
The latter would probably not exist in the case of the nicked
replicative form, allowing the helicase to be loaded and active.
Other possibilities may exist; in particular, the N-terminal do-

main absent in Repl22-359 could control Rep loading, or
other cellular factors binding to the Rep oligomerization do-
main may be needed (for instance, a loading factor) (7).

Dimerization of hexamers is associated with bidirectional
replication (39), whereas RCR is thought to be mainly unidi-
rectional, a point that remains to be clarified. An interesting
hypothesis has been proposed by Christensen and Tattersall
(5) for the rolling-hairpin replication of a parvovirus, the
minute virus of mice (MVM). Rolling-hairpin replication is
closely related to RCR and acts on a linear ssDNA genome
instead of a closed ssDNA for RCR. MVM initiator protein
NSI1 (a dimer functional homolog of Rep for MVM), which has
a 3'-to-5’ unwinding activity, is inactive as helicase when co-
valently bound to the genome at the initiation step, and these
authors postulate that unwinding occurs through the associa-
tion with another NS1 oligomer, yielding a double oligomer
with only one active helicase component. It is conceivable that
a similar situation may occur for Rep, associating a bound and
inactive oligomer with a second, active oligomer, spatially co-
ordinating the different steps of RCR at the origin of replica-
tion.

It is also significant that Rep interacts with several compo-
nents of the replisome (proliferating cell nuclear antigen [3],
and in the case of a mastrevirus Rep, also replication factor C
[28]), indicating that the replisome builds around Rep; the
polymerase remains to be identified yet, as well as the ssDNA
binding protein essential for other well-characterized viral rep-
lication (5, 10).

The overall ATPase domain of TYLCSV Rep122-359 is 140
aa, that of AAV2 Rep40 is 180 aa, and that of SV40 LTag is
227 aa. A comparison of the secondary structures of SV40
LTag and AAV2 Rep40 with a predicted secondary structure



VoL. 80, 2006

of TYLCSV Repl122-359 (30) is presented in Fig. 7. The sec-
ondary structure prediction for Rep122-359 fits well with the
known secondary elements of the two other helicases; the core
ATPase domain with the conserved motifs is well preserved,
but several structural elements are missing. The ATPase core
domain formed by the five-stranded B-sheet is reduced to three
B-strands (B1-B4-B3, carrying Walker A, C/sensor-1, and
Walker B, respectively). Strand 32 and the cognate a2 helix are
substituted by a loop or alternatively have not been correctly
predicted, a2 is also missing in AAV2 Rep40. Last, helix a4
and strand B5 with the corresponding arginine finger are also
missing. In TYLCSV Rep the second a-helical domain is lim-
ited to a single o-helix, as in the case of AAV2 Rep40. The
arginine finger is an important structural element present in
almost all AAA+ ATPases (21); it extends from one monomer
to the neighboring one to form the nucleotide binding pocket
and therefore often participates in ATP hydrolysis and associ-
ation of the monomers; its role in the activity of several AAA+
ATPases has been reviewed (33).

It will be of interest to further characterize TYLCSV Rep
helicase, particularly in view of the much reduced size of its
AAA+ ATPase domain, and to determine the precise function
of the structural elements present in this domain in the heli-
case activity and in the mechanism of RCR in geminivirus.
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