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The Amino Acid Linker between the Endonuclease and Helicase
Domains of Adeno-Associated Virus Type 5 Rep Plays a Critical Role

in DNA-Dependent Oligomerization

Jenna E. Maggin, Jeffrey A. James,* Joshua S. Chappie, Fred Dyda, and Alison Burgess Hickman

Laboratory of Molecular Biology, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, Maryland, USA

The adeno-associated virus (AAV) genome encodes four Rep proteins, all of which contain an SF3 helicase domain. The larger
Rep proteins, Rep78 and Rep68, are required for viral replication, whereas Rep40 and Rep52 are needed to package AAV ge-
nomes into preformed capsids; these smaller proteins are missing the site-specific DNA-binding and endonuclease domain
found in Rep68/78. Other viral SF3 helicases, such as the simian virus 40 large T antigen and the papillomavirus E1 protein, are
active as hexameric assemblies. However, Rep40 and Rep52 have not been observed to form stable oligomers on their own or
with DNA, suggesting that important determinants of helicase multimerization lie outside the helicase domain. Here, we report
that when the 23-residue linker that connects the endonuclease and helicase domains is appended to the adeno-associated virus
type 5 (AAV5) helicase domain, the resulting protein forms discrete complexes on DNA consistent with single or double hexam-
ers. The formation of these complexes does not require the Rep binding site sequence, nor is it nucleotide dependent. These com-
plexes have stimulated ATPase and helicase activities relative to the helicase domain alone, indicating that they are catalytically
relevant, a result supported by negative-stain electron microscopy images of hexameric rings. Similarly, the addition of the
linker region to the AAV5 Rep endonuclease domain also confers on it the ability to bind and multimerize on nonspecific
double-stranded DNA. We conclude that the linker is likely a key contributor to Rep68/78 DNA-dependent oligomerization and
may play an important role in mediating Rep68/78’s conversion from site-specific DNA binding to nonspecific DNA unwinding.

deno-associated virus (AAV) is a small virus of the parvovirus

family that requires “helper” virus functions from other vi-
ruses such as herpesvirus or adenovirus to establish a productive
infection (reviewed in reference 18). Of the known serotypes of
AAV, AAV type 2 (AAV2) has been studied the most extensively.
The single-stranded AAV2 genome is 4.7 kb long, and each end
terminates with an inverted terminal repeat (ITR) of ~145 bases
that bears the viral origin of replication. Only two open reading
frames are contained in the AAV genome: one encoding the capsid
proteins and the other encoding the nonstructural proteins
Rep78, Rep68, Rep52, and Rep40 (Fig. 1A), derived by alternative
splicing and differential use of viral promoters.

The larger Rep proteins, Rep78 and Rep68, participate in viral
replication (7, 23) and site-specific integration (27, 28, 31, 38, 44).
It is thought that Rep68/78 orchestrate the completion of DNA
replication through the viral ITRs by first binding the so-called
“Rep Binding Site” (RBS) located within the ITRs. The viral origin
of replication is then melted in the region of a stem-loop structure
containing the terminal resolution site (trs), a step that requires
Rep’s helicase activity (5, 48). A nick is subsequently introduced at
the trs using the site-specific endonuclease activity of Rep, thereby
providing a free 3-OH group for a polymerase to use to complete
replication. Rep52 and Rep40 are identical to Rep78 and Rep68,
respectively, except that they lack the N-terminal endonuclease/
RBS-binding domain. Rep52 and Rep40 are not needed for DNA
replication and instead are required for packaging replicated ge-
nomes into preformed capsids (6, 26, 47).

The crystal structure of AAV2 Rep40 (residues 225 to 490 [24])
confirmed that Rep is a member of the SF3 helicase superfamily
(17; reviewed in reference 41), whose close relatives—the large T
antigen of simian virus 40 (SV40), T-Ag, and the E1 protein of
papillomaviruses—readily form hexameric assemblies (see refer-
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ences 12, 14, 16, 30, 35, 40 and references therein). The SF3 heli-
case superfamily is, in turn, part of a much larger class of ATPases
known as AAA+ proteins (ATPases associated with a variety of
cellular activities) that form oligomeric assemblies, most often
closed hexameric rings (13), in which ATPase active sites are
formed and regulated at the subunit interfaces. Consistent with
this familial relationship, Rep68/78 has been reported to form
large assemblies in the presence of nonspecific DNA (34). How-
ever, it is not clear what are the determinants of Rep68/78 multi-
merization on nonspecific DNA, since there has been little evi-
dence for the assembly of a large multimeric form of the helicase
domain itself. In solution on their own, both Rep52 (43) and
Rep40 (9, 24, 25, 34) are monomeric, although it has been re-
ported that dimers and trimers can be detected under certain con-
ditions (9).

To understand the different multimerization properties of the
larger and smaller AAV Rep proteins, we investigated the contri-
bution of various Rep domains to multimerization, and we report
here an unexpected role for the linker that joins the endonuclease
and helicase domains. When the 23-amino-acid linker is ap-
pended to the N terminus of the AAVS5 helicase domain, the re-
sulting protein readily forms stable oligomeric assemblies on
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FIG 1 AAV Rep proteins and oligonucleotides used. (A) Schematic view of the domain organization of the AAV Rep proteins with amino acid numbering for
the AAVS5 serotype. The dashed line in the helicase domain represents the boundary between a four-helical bundle and the AAA+ domain. The residues
comprising the domain linker region are shown for AAV5 and AAV2. Residues mutated in the present study are indicated in boldface: mutant 1 (K213A/K215A/
K219A), mutant 2 (P210A/V211A/1212A/K213A), mutant 3 (S214A/K215A/T216A/S217A), and mutant 4 (K213A/S214A/K215A). Underlined residues are
those mutated by Urabe et al. (46). (B) Oligonucleotides used for in vitro binding studies and the helicase assay. Cy5 indicates the fluorescent label appended to
the 3’ single-stranded DNA end of Cy5-DNA. The boxes in dsRBS30 correspond to tetranucleotide repeats of the AAV5 Rep Binding Site (RBS). (C) SDS-PAGE
analysis of AAV5 Rep proteins used. The gel was stained with Coomassie blue, and the molecular mass markers (in kilodaltons) on the left side are Mark12

standards from Invitrogen.

both single-stranded DNA (ssDNA) and double-stranded DNA
(dsDNA). These complexes are either single or double hexamers,
as judged by elution position on size exclusion chromatography,
and hexameric rings can be directly visualized by negative stain
electron microscopy. We suggest that this observed DNA-
dependent multimerization has implications for the ability of the
longer Rep proteins, Rep68/78, to function at different steps of the
replication cycle, first as a site-specific DNA-binding protein and
subsequently as an origin melting helicase.

MATERIALS AND METHODS

Protein expression and purification. All deletion versions of AAV5 Rep
studied here were cloned into pET-15b, expressed in Escherichia coli
BL21(DE3) cells (Novagen), and purified essentially as described for
AAV2 Rep40 (24), except that a final preparative gel filtration step on a
BioSep SEC-S 3000 column (Phenomenex) was substituted for anion ex-
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change on MonoQ. All purifed proteins were >95% homogeneous, as
judged by SDS-PAGE (Fig. 1C; 4 to 12% NuPAGE; Invitrogen). Mutant
proteins of Repl198-275 and Repl-489 were generated using the
QuikChange method (Stratagene), and all purified similarly to wild-type
except for Rep198-275 mutant 1 (K213A/K215A/K219A), where only a
small proportion of the soluble protein was recovered in monomeric
form, and Rep1-489 mutant 1, which was not soluble and could not be
analyzed further.

DNA-binding assays. All oligonucleotides were purchased from IDT
and used without further purification. The duplex oligonucleotides
shown in Fig. 1B were prepared by heating equimolar concentrations of
the complementary DNAs in 10 mM Tris (pH 8.0)-1 mM EDTA to 95°C
for 5 min, followed by cooling to room temperature over ~3 h. For bind-
ing studies, protein was mixed with DNA in a 6:1.2 or 6:2 protein/DNA
ratio (unless otherwise stated) and dialyzed at 4°C for >12 h in binding
buffer containing 35 mM Tris (pH 8.0), 50 mM NaCl, 5% (wt/vol) glyc-
erol, and 0.4 mM Tris(2-carboxyethyl)-phosphine hydrochloride
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(TCEP). The mixtures were then analyzed by size-exclusion chromatog-
raphy (SEC) at 4°C on either a Pharmacia SmartSystem at a flow rate of
0.05 ml/min using Superose 75, Superdex 200, or Superose 6 columns as
indicated (3.2/30; GE Healthcare) or at 10°C on an Agilent 1200 HPLC
system using a TSKgel Super SW3000 column (4.6 mm [inner diameter]
by 30 cm; Tosoh) at a flow rate of 0.1 ml/min or an SEC-5 column (4.6 by
300 mm; Agilent) at a flow rate of 0.2 ml/min, as indicated. In general,
1-min fractions were collected for subsequent SDS-PAGE analysis.

Nucleotide binding assays. Complexes were assembled as described
above, and MgCl, and either ADP or the nonhydrolyzable nucleotide
analogs AMPPNP and AMPPCP (Jena Bioscience) were added to final
concentrations of 1 or 2 mM. For in situ preparation of ADP-AIF,, the
order of addition was MgCl, (to 5mM), ADP (to 1 mM), NaF (to 12 mM),
and finally AICl; (to 2 mM). Solutions were then incubated at 25°C for 25
min prior to analysis by SEC.

Colorimetric ATPase assay. ATP hydrolysis was analyzed by measur-
ing the formation of free phosphate (P;), as a function of time using
procedures adapted from (29). Rep protein alone or a preformed Rep198-
489/dsDNA complex was diluted to final concentrations between 0.5 and
4.0 uM in buffer containing 100 mM KCI, 20 mM HEPES (pH 7.5), and 1
mM MgCl, and then heated to 37°C for 10 min. Reactions were initiated
by the addition of ATP (Sigma) to a final concentration of 0.5 mM in a
total volume of 180 wl. Samples (20 ul) were removed at various time
points and immediately quenched in wells of a 96-well plate, each con-
taining 5 ul of 0.5 M EDTA. An aliquot (150 ul) of a 1 mM malachite
green stock solution was added to each well, and the absorbance at 650 nm
was measured using a Molecular Devices Spectramax M5 microplate
reader. The amount of phosphate released was calculated by comparison
to a standard curve generated using KH,PO,.

Helicase assay. Helicase activity was measured essentially as described
by (34). Purified Rep1-489, Rep198-489, and Rep221-489 were diluted
into helicase assay buffer (25 mM Tris [pH 8.0], 50 mM NaCl, 5% glyc-
erol, 1 mM TCEP), followed by incubation on ice in the presence of
Cy5-labeled DNA (Fig. 1B) for 30 min at a 6:1 ratio of protein to DNA.
The complexes were then diluted further in assay buffer to a final concen-
tration of 60 nM. Upon addition of 1 mM MgCl, and 1 mM ATP, the
samples were incubated at 37°C for 30 min. Reactions were quenched by
adding 1:1 sample buffer (1X Tris-borate-EDTA [TBE], 0.5% sodium
dodecyl sulfate [SDS], 20% glycerol). Samples were analyzed on a 20%
TBE gel (Invitrogen) and viewed by a GE Typhoon Trio variable mode
imager. Peak areas were quantified using the ImageQuant 5.1 software
package.

Electron microscopy. ADP-AIF, -stabilized Rep198-489 complexes
containing dsSO36 were diluted to 0.25 mg/ml and adsorbed to carbon-
coated nitrocellulose grids. Grids were washed with buffer (50 mM NaCl,
35 mM Tris [pH 8.0], 5% glycerol, 0.4 mM TCEP), blotted, and stained
with 1% uranyl acetate. Samples were visualized using a Technai T12
electron microscope operating at 120 kV, and images were collected at 1.5
to 2.0 um underfocus with a 2KX 2K Gatan charge-coupled device camera
at a nominal magnification of X50,000. Control experiments were per-
formed according to the same protocol.

Image processing. Individual particles were selected from images of
ADP-AIF -stabilized Rep198-489/dsSO36 complexes using Boxer (33),
aligned to reference projections generated from the helicase hexamer of
the SV40 large T antigen (EMD-1648) using SPIDER (15), and ranked
according to cross-correlation value. Particles with the best correlation
(values ranging from 2,900 to 3,200) were used to calculate two-
dimensional (2D) averages (see Fig. 6B) in SPIDER. The hexameric nature
of the ADP-AIF, -stabilized Rep198-489/dsSO36 complexes was con-
firmed using the power script in SUPRIM (39), which applied different
rotational symmetries to the 289-particle nonsymmetrized average.

RESULTS

Rep221-489 binds and multimerizes on DNA when the 23-
residue domain linker is appended. To investigate the contribu-
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tion of various Rep protein domains to DNA binding, we cloned,
expressed, and purified several truncated forms of AAV5 Rep (Fig.
1C), a protein whose domains have previously been shown to be
highly expressed, soluble, and stable when expressed recombi-
nantly in E. coli (20, 21). All forms were expressed as N-terminal
His-tagged fusion proteins and purified by Ni-affinity chromatog-
raphy, followed by thrombin cleavage to remove the His tag and
then preparative-scale SEC.

Binding was initially evaluated using four different oligonucle-
otides (Fig. 1B): a double-stranded 30-mer containing the AAV5
RBS sequence (dsRBS30), a 30-mer of unrelated (random; RM)
sequence as a control (dsRM30), a single-stranded 30-mer con-
sisting of the “top” strand of dsRBS30 (ssRBS30), and a single-
stranded 30-mer of the control sequence (ssRM30). We initally
used 30-mers since preliminary studies indicated that this is a
critical length for the assembly of Rep198-489 complexes (data
not shown).

Binding was assessed based on comigration of protein and
DNA during SEC as a measure of complex formation. This ap-
proach has the advantages that binding can be assessed under
controlled buffer and temperature conditions, and the sizes of any
resulting complexes estimated from migration times relative to
known molecular weight standards. However, it is not an equilib-
rium method and does require that complexes remain stable for
the duration of the elution (typically 40 min at 4 to 10°C) to be
detected. This method has been previously used to study DNA
binding by AAV5 (21) and AAV2 Rep proteins (34, 42).

When the Rep helicase domain, Rep221-489, was incubated
with each of the oligonucleotides in a 6:1.2 protein/DNA ratio, no
binding was detected (Fig. 2B to E, left), and each chromatogram
was essentially a superposition of the elution positions of the oli-
gonucleotide (data not shown) and Rep221-489 alone. Rep221-
489 eluted at a position (31.8 min) consistent with a monomer
(Fig. 2A), as has been previously reported (9, 24, 25, 34).

In marked contrast, we observed the appearance of a new peak
when the experiment was repeated (Fig. 2B to E, right) with the
protein corresponding to Rep residues 198 to 489, which is the
helicase domain plus the 23-amino-acid linker between the endo-
nuclease and helicase domains that precedes it. This peak was
distinct from the position corresponding to the column void vol-
ume (~17.3 min), indicating that it does not correspond to aggre-
gated material, and also from the position of Rep198-489 alone
(Fig. 2A, 32.4 min), which was poorly soluble in the absence of
DNA at a lower ionic strength. The elution times for the Rep198-
489 complexes formed with dsDNA (Fig. 2B and C) or with
ssRBS30 (Fig. 2D) were all ~22.5 min. The Rep198-489 complex
formed with ssSRM30 eluted slightly later (24.5 min), and the peak
was more asymmetric with a trailing edge (Fig. 2E). SDS-PAGE
analysis of the eluted fractions confirmed that Rep198-489 is pres-
ent in all of the complexes (Fig. 2F); DNA is also present as dem-
onstrated by the increase in the 260-nm/280-nm absorbance ratio
relative to protein alone and the near-quantitative shift of DNA
absorbance into the complex peaks. Shorter oligonucleotides (10-
to 15-mers) did not show binding, whereas slightly longer oligo-
nucleotides (20- to 25-mers) gave rise to a broad envelope of un-
resolved peaks eluting between 25 and 31 min, a finding suggestive
of multimeric species such as dimers, trimers, and tetramers (data
not shown). This could indicate either incomplete assembly or
disassociation during SEC.

The molecular masses of the discrete complexes eluting during
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FIG 2 The Rep helicase domain binds DNA when the linker region is appended. Binding was assessed on a Superdex 200 column based on comigration of protein
and DNA during SEC after Rep221-489 (left) or Rep198-489 (right) at 82 uM (2.5 and 2.8 mg/ml, respectively) was mixed with a 6:1.2 molar ratio of the indicated
DNA oligonucleotides and then dialyzed overnight in binding buffer (see Materials and Methods). The resulting chromatograms are shown in panels B to E.
Protein alone similarly dialyzed is shown in panel A. Note that Rep198-489 is markedly less soluble than Rep221-489 in binding buffer. The A, is shown in red,
the A, 4, is shown in black, and the elution position of blue dextran (corresponding to the column void) is marked. The complex at ~22.5 min that is formed with
Rep198-489 is indicated. (F) SDS-PAGE of Rep198-489 fractions collected during chromatography; the indicated fraction number corresponds to the elution
time in minutes. The two molecular weight (MW) markers on the left of each gel (Mark12; Invitrogen) represent M, values of 36,000 (top) and 31,000 (bottom).
(G) Standard curve used to determine the apparent molecular masses (MM) of Rep198-489/DNA complexes. The elution positions on a Superdex 200 column
of the molecular mass standards (®) thyroglobulin (thy; 669 kDa), ferritin (fer; 443 kDa), catalase (cat; 232 kDa), aldolase (ald; 158 kDa), and bovine serum
albumin (BSA; 67 kDa) are plotted on a semilog plot as log(MM) versus V./V,,, where V is the elution volume and V, is the void volume elution time. The curve
yields an apparent molecular mass of ~385 kDa for the Rep198-489 complexes eluting at ~22.5 min (red circle).

SEC were estimated using a standard curve (Fig. 2G) generated
from gel filtration standards (Amersham Biosciences). The
~22.5-min elution time (Fig. 2B to D) is very similar to that of
apoferritin (443 kDa; 22.2 min) and corresponds to a molecular
mass of ~385 kDa. Since Rep198-489 has a molecular mass of 33.4
kDa, it appears that the assembled complexes are not single hex-

3340 jviasm.org

amers, but rather most likely dodecamers or double hexamers
(12 X 33.4 kDa = 401 kDa; ssRBS30 = 9.2 kDa; dsRM30 = 18.4
kDa; dsRBS30 = 18.4 kDa). Since SEC analysis of Rep198-489
complexes formed at a 6:1 protein/DNA ratio generally showed
quantitative DNA binding, whereas those formed at a 6:2 ratio
invariably showed excess DNA (data not shown), the stoichiom-
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etry of Rep198-489/DNA complexes is most likely 6:1 and, under
the assembly conditions used here, Rep198-489 forms double hex-
amer complexes that contain two DNA molecules.

It is intriguing that the Rep198-489 complex formed with
ssRM30 eluted at a position consistent with a complex of apparent
molecular mass of ~220 kDa (using the standard curve in Fig.
2G), most likely corresponding to a single hexamer (6 X 33.4
kDa = 200 kDa; molecular mass [MM] of ssRM30 = 9.2 kDa).
Other random single-stranded 30-mer oligonucleotides of differ-
ent sequence yielded various results, some eluting at the single
hexamer position and others at the double hexamer position (data
not shown). We have not observed any sequence specificity to this
varied behavior and do not yet understand its basis, although we
cannot rule out that different single-stranded oligonucleotides
might have different secondary structure features that affect as-
sembly. Under our binding buffer conditions, the smaller Rep198-
489 complexes appear less stable than those formed with the other
30-mer oligonucleotides shown in Fig. 2, as judged by the less
symmetric shape of the eluted peak during SEC and a long protein
tail following the complex peak (in Fig. 2F, compare fractions 25
to 29).

Effect of the domain linker on the small a-helical bundle of
the Rep helicase. In the AAV2 Rep40 crystal structure, the AAA+
domain is preceded by a small four-helix domain spanning resi-
dues 225 to 279 (24). If the 23-amino-acid linker (residues 198 to
220) is the sole determinant of the observed AAV5 Rep198-489
multimerization, we reasoned that it should also confer on the
isolated helical bundle the ability to oligomerize in the presence of
DNA. Therefore, we assessed the DNA-binding properties of
AAV5 Rep198-275 using our SEC comigration assay. As shown in
Fig. 3A, the ability of Rep198-489 to bind to non-RBS DNA was
recapitulated with Rep198-275. In contrast to Rep198-489, how-
ever, the sizes of the resulting complexes (as judged by elution
position) were dependent on DNA length and, at shorter DNA
lengths, Rep198-275 bound more readily to dsDNA than to
ssDNA (for example, compare ssRM17 to dsRM17). Thus, the
AAA+ domain does not appreciably contribute to DNA binding
by Rep198-489 (as expected, given the lack of detectable binding
by Rep221-489 itself) but perhaps plays an architectural role in
either limiting the size of the resulting protein/DNA complex or
organizing it.

Mutations in the domain linker inhibit DNA binding by
Rep198-275 and Repl-489. To confirm that DNA binding by
Rep198-275 is mediated only by the linker, we created a series of
mutants (indicated in boldface in Fig. 1A) in which clusters of
linker residues were mutated to alanine. Each cluster contained at
least one strictly or highly conserved basic residue. Rep198-275
mutant 1 (K213A/K215A/K219A), mutant 2 (P210A/V211A/
1212A/K213A), mutant 3 (S214A/K215A/T216A/S217A), and
mutant 4 (K213A/S214A/K215A) were expressed and purified as
for the other Rep proteins. Binding studies were performed using
a double-stranded random 20-mer (dsRM20) and, in all cases,
when the resulting solutions were dialyzed into low ionic strength
and analyzed by SEC, no binding was observed. Most of the mu-
tants showed no differences in expression or purification proper-
ties relative to wild-type Rep198-275, except for mutant 1, which
was largely aggregated (>80%) when subjected to the final SEC
purification step (see Materials and Methods). For the binding
studies for all of the mutants, only material eluting at the mono-
mer position was used, and the results suggest that the inability to
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FIG 3 The linker region confers DNA binding to the small helical bundle of
the Rep helicase. (A) Rep198-275 (2.2 mg/ml; 235 uM) was mixed with the
indicated oligonucleotides at a 6:2 molar ratio and dialyzed into binding buffer
as described in the text. Fractions eluting during SEC on a Superdex 75 column
were analyzed by SDS-PAGE, and the numbers correspond to elution times in
minutes. The two molecular weight (MW) markers at the left of each gel are
6,000 (top) and 3,500 (bottom). (B) Similarly, the binding of dsRM20 by
wild-type Rep198-275, mutant 1 (K213A/K215A/K219A), mutant 2 (P210A/
V211A/1212A/K213A), mutant 3 (S214A/K215A/T216A/S217A), and mutant
4 (K213A/S214A/K215A) was assessed on a Superdex 200 column. The protein
concentrations used were 300 to 400 uM (between 3 to 4 mg/ml), except for
mutant 1, where the concentration was only 110 uM, due to limited recovery
of the monomeric form. (C) Binding of dsRM30 by Rep1-197 and Rep1-221.
Repl1-197 (205 uM) and Rep1-221 (215 uM) were mixed with dsRM30 at 6:2
molar ratio and dialyzed in binding buffer prior to SEC on a Superdex 200
column. The molecular weight (MW) marker on the left of each SDS-PAGE gel
corresponds to M, 21,000. The numbers above the lanes correspond to elution
times in minutes.

bind DNA is due to the mutation of residues crucial for DNA
binding rather than protein folding or stability problems.

To determine whether the mutations in the domain linker have
a similar effect in the context of the larger Rep proteins, we intro-
duced the mutations corresponding to mutants 1 to 4 into AAV5
Rep1-489 (21). We were unable to purify mutant 1 due to poor
solubility but were able to repeat the binding studies with mutants
2 to 4 using dsSO36. In control experiments, mutants 2 to 4 all
bind dsRBS30 similarly to Rep1-489 (data not shown), indicating
that some elements of correct protein folding have been retained.
Overall, the DNA binding experiments were plagued by problems
of precipitation at low ionic strength, not only of the mutant pro-
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FIG 4 Mutations in the linker region prevent nonspecific dsDNA binding by
Rep1-489. Proteins were mixed with dsSO36 at a 6:2 molar ratio and dialyzed
in binding buffer as described in the text. Complexes were subsequently ana-
lyzed using an Agilent SEC-5 column at a flow rate of 0.2 ml/min. Samples
without DNA (left) were run in 0.5 M NaCl-containing buffer, and the samples
with DNA (right) in 50 mM NaCl binding buffer. Prior to dialysis, the con-
centration of the wild-type Rep1-489 was 2.5 mg/ml, and the concentrations of
the mutants were all 4 to 5 mg/ml. The A, is indicated in red; the A,y is
indicated in black. (A) Rep1-489. (B) Rep1-489 mutant 2 (P210A/V211A/
1212A/K213A). (C) Rep1-489 mutant 3 (S214A/K215A/T216A/S217A). (D)
Repl1-489 mutant 4 (K213A/S214A/K215A). After dialysis, light precipitate
was observed in the mixture of Rep1-489 and dsSO36, and very heavy precip-
itate was observed with the mutants, a finding similar to that observed for the
mutant proteins in binding buffer in the absence of DNA.

teins and Rep1-489 but also of complexes of Rep1-489 with non-
specific dsDNA. Nevertheless, as shown in Fig. 4A (right), SEC
analysis indicates that in the presence of dsSO36, Rep1-489 forms
two distinct soluble species that contain DNA, one that elutes in
the column void volume and a smaller complex that elutes at a
position (11.9 min) between those of the molecular mass stan-
dards thyroglobulin (667 kDa, 11.7 min) and ferritin (440 kDa,
12.8 min). The estimated molecular mass of this complex is ~600
kDa, which is consistent with a double hexamer (Rep1-489 = 55.8
kDa), although we cannot rule out other possibilities. Rep1-489
mutants 2 to 4 do not form the larger soluble species, and the
height of the peak corresponding to the smaller complex is sub-
stantially reduced (Fig. 4B to D), suggesting that mutations in the
linker affect the ability of Rep1-489 to bind nonspecific dsDNA.
Effect of the domain linker on the Rep endonuclease domain.
If the 23-amino-acid linker between the Rep endonuclease and
helicase domains is both necessary and sufficient for DNA bind-
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ing, then the addition of the linker to the endonuclease domain
should similarly result in a protein capable of binding nonspecific
DNA. Since the endonuclease domain alone, AAV5 Repl-197,
binds not only to dsDNA containing the RBS sequence (21) but
also to nonspecific ssDNA (data not shown and also reported for
the AAV2 endonuclease domain [34]), this limited binding stud-
ies with our standard oligonucleotides (Fig. 1B) to dsRM30: the
negative control is not possible for the others. As shown by com-
bined SEC and subsequent SDS-PAGE analysis (Fig. 3C), both
Repl-197 and Repl-221 are poorly behaved when dialyzed into
low-ionic-strength buffer in the absence of DNA: Rep1-197 aggre-
gates (the protein elutes in the column void volume, correspond-
ing to fractions 16 and 17), whereas Rep1-221 precipitates and
only tiny amounts remain soluble (fraction 31). When Rep1-197
was incubated with dsRM30 DNA, the protein remained largely
aggregated, suggesting that it does not recognize or bind nonspe-
cific dsDNA. In contrast, incubation of Rep1-221 with dsRM30
resulted in the formation of a discrete complex eluting at ~24.6
min, corresponding to an apparent MM of ~227 kDa. A complex
of this size is consistent with approximately eight Repl-221
monomers (MM = 25.6 kDa) bound to dsRM30, although other
combinations are possible. Collectively, these results demonstrate
that the linker region confers the ability to bind to nonspecific
dsDNA when it is added to either the Rep domain that precedes it
or that which follows it.

Complexes of Rep198-489 bound to DNA also bind nucleo-
tides and have stimulated ATPase and helicase activities. Al-
though Rep198-489/DNA complexes form readily in the absence
of nucleotides, we wondered whether nucleotides or nucleotide
analogs could bind to these complexes. When preformed com-
plexes were incubated with various nucleotides, all of the nucleo-
tides we tested (ADP, AMP-PNP, AMP-PCP, and ADP-AIF,)
showed evidence for binding. For example, as shown in Fig. 5A for
ADP-AIF,, addition of the transition state analog is associated
with an increase in the 260-nm/280-nm ratio in the complex and
a concomitant narrowing of the eluted complex peak.

The ability of Rep198-489 to bind both DNA and nucleotides
allows us to begin probing the biochemical properties of Rep198-
489/DNA complexes. We first used a malachite green-based
ATPase assay (29) to measure the activity of Rep221-489 and
Rep198-489 as a function of protein concentration and nonspe-
cific dsDNA (Fig. 5B and C). Typical results are shown in Fig. 5B.
As shown in Fig. 5C, in the absence of DNA, both Rep221-489 and
Rep198-489 have similar (within 2-fold) activities. In the presence
of dsSO36 DNA, an oligonucleotide that does not contain the RBS
sequence, Rep221-489 shows no increase in activity consistent
with our observation that it does not measurably bind DNA; in
contrast, the ATPase activity of Rep198-489 is stimulated ~8-fold.

We also assayed the helicase activities of Rep1-489, Rep198-
489, and Rep221-489 using a Cy5-labeled short double-stranded
nonspecific oligonucleotide with a poly(T) 3" overhang (34). As
shown in Fig. 5D, Rep198-489 demonstrates robust helicase activ-
ity comparable to that of Rep1-489, and which is stimulated ~6-
fold relative to that of Rep221-489. Thus, the linker region not
only confers DNA-binding ability to the Rep helicase domain but
also markedly stimulates both its ATPase and helicase activities.
This activation strongly suggests that the complex represents a
catalytically and multimerically relevant state of AAV Rep, most
likely akin to that seen for other AAA+ proteins, in which ATP is
bound between monomers with Walker A and B motifs from one
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FIG 5 Properties of Rep198-489/dsDNA complexes. (A) Size exclusion chromatographic analysis (on TSKgel Super SW3000) of Rep198-489/dsSO36 complexes
formed at 3.9 mg/ml (120 uM) and a 6:2 protein/DNA molar ratio with (bottom) or without (top) ADP-AIF,. Peaks corresponding to the formed complex,
unbound DNA (dsSO36), and excess ADP-AIF, are marked. The A, is indicated in red; the A, is indicated in black. (B) Representative ATPase data for
Rep221-489 (left) and Rep198-489 (right), both in the presence of dsSO36 DNA, plotted as wmol of free phosphate (P;) released as a function of time. (C) The
initial rate of ATP hydrolysis as a function of time was determined for Rep221-489 and Rep198-489 with or without DNA. The error bars indicate the standard
deviations calculated for four separate experiments. (D) The helicase activities of Rep1-489, Rep198-489, and Rep221-489 were compared using a 3'-Cy5-labeled
oligonucleotide with a 3’-single stranded T, extension. The first lane corresponds to the annealed substrate (shown schematically on the right, top) in the
absence of protein. The percent substrate converted to product (after corrections for background and contaminating product in the starting substrate) are 25%
(Rep1-489), 21% (Rep198-489), and 3.5% (Rep221-489).

subunitand an arginine finger of an adjacent subunit contributing ~ 3-, or 6-fold symmetry is applied (Fig. 6C). In the absence of
to active site formation (49), rather than protein nonspecifically  dsSO36 or when Rep221-489 was substituted for Rep198-489, no
bound to DNA. discrete hexameric assemblies were observed, and the mixtures
Rep198-489/DNA complexes form hexameric rings. To visu-  appeared to form amorphous clumps of various sizes and no dis-
alize complexes of Rep198-489 directly, we obtained negatively  cernible symmetry (Fig. 6A).
stained electron microscopy images of complexes assembled with
dsSO36 in the presence of ADP-AIF, (Fig. 6A, lower right panel). ~DISCUSSION
The dense lawn of complexes reveals apparently homogenous par- ~ Accumulating evidence indicates that there are at least two dis-
ticles ~12 nm in diameter, which consistent with the 12- to 14-nm  tinct modes of DNA binding by Rep68/78, corresponding to the
diameters of other hexameric helicases (37) and also with the multiple roles that these proteins play during viral replication.
hexameric model based on the AAV2 Rep40 crystal structure (24).  One of the initial functions of Rep68/78 is to recognize and bind
Inspection of individual particles suggests that, as expected for a  specifically to the viral origin of replication. This is mediated by
SF3 helicase, they are ring-like structures with a channel or holein  the N-terminal endonuclease domain, which binds specifically to
the middle and six distinct lobes (Fig. 6A, zoomed inserts on  the double-stranded form of the RBS, most likely forming a spiral
right). The hexameric nature of these complexes was confirmed by  of Rep molecules along the DNA, as seen for the isolated endonu-
reference-based classification and 2D averaging (Fig. 6B). Itisim-  clease domain (21). This type of spiral assembly presumably ac-
portant to note that the 6-fold symmetry emerges without apply-  counts for the observation of AAV2 Rep68/78 hexamers in the
ing any external symmetry constraints. Furthermore, the struc-  presence of AAV origin sequences (10, 42), although it has re-
tural features of the averaged images are only preserved when 2-,  cently been suggested that this complex might be only pentameric
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FIG 6 Rep198-489 bound to nonspecific dsDNA forms hexameric assemblies in the presence of ADP-AIF,. (A) Negatively stained electron micrographs of Rep
complexes. Images show Rep221-489 in the presence of ADP-AIF, (top left), Rep198-489 in the presence of ADP-AIF, (top right), Rep221-489 in the presence
of dsSO36 DNA and ADP-AIF, (bottom left), and Rep bound to dsSO36 DNA in the presence of ADP-AIF, (bottom right). The smaller images to the right show
three representative close-up images of Rep198-489/dsSO36/ADP-AIF, complexes that illustrate the apparent 6-fold symmetry. Scale bars, 50 nm. (B) Reference-
based classification and 2D averaging of individual Rep198-489/dsSO36/ADP-AIF, complexes. Individual particles were compared to reference projections
derived from the helicase hexamer of the SV40 large T antigen (EMD-1648) (labeled SV40 on right) and ranked according to cross-correlation values. Averages
calculated from the top 150, 180, 210, 240, 270, and 289 particles in the data set with the highest cross-correlation values are shown. Note the hexameric
appearance in the absence of externally applied symmetry constraints. (C) 2D averages retain structural features only when 2-, 3-, or 6-fold symmetry is applied.

(34). The second mode of binding occurs in the presence of ran-
dom ssDNA or dsDNA and relates to the helicase function of
Rep68/78. These assemblies seem likely to be hexameric or do-
decameric, although double octamers have been reported (34).
In vitro studies to understand the apparent ability of Rep68/78
to switch conformations from a spiral assembly to a planar ring
expected for an SF3 helicase— or to be capable of adopting both
conformations—have been hampered by the poor biophysical
properties of the AAV2 and AAV5 Rep 68/78 proteins, particularly
in the low-ionic-strength buffer conditions required to detect
DNA binding (10, 34; this study). Here, we circumvented this
problem by creating a series of deletion versions of Rep68/78 in an
effort to understand the contributions of various domains to DNA
binding and helicase assembly. Our results establish that the 23-
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amino-acid linker sequence located between the endonuclease
and helicase domains of AAV5 Rep68/78 proteins is a crucial con-
tributor to the ability of the AAV5 Rep helicase domain to form
discrete oligomeric complexes on both ssDNA and dsDNA. These
complexes are functionally active, demonstrating both stimulated
ATPase and helicase activity relative to the isolated helicase do-
main.

The linker region appears to be a strong driver of DNA bind-
ing. For example, it confers nonspecific dsDNA binding to the
isolated helicase domain (Fig. 2), the endonuclease domain (Fig.
3C), and even the small subdomain comprised of only the four-
helix bundle that precedes the Rep AAA+ domain (Fig. 3A).
However, it is possible that the architecture of these protein-DNA
complexes may be fundamentally different. For example, in the
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case of Rep198-275, which does not have the AAA+ domain,
DNA binding is evident on short oligonucleotides, and it appears
that the number of bound protein molecules depends on the DNA
length. In contrast, Rep198-489 forms discrete hexameric com-
plexes (Fig. 6) only on DNA longer than ~30 nucleotides. Thus,
although the AAA+ domain does not detectably contribute to
DNA binding, it is clearly important in establishing the architec-
ture of the assembled proteins on DNA. Stable assembly on DNA
appears to require sufficient DNA to fully pass through the central
cavity of the assembled hexamer, since 30 nucleotides is on the
same order as the number of base pairs of dsDNA that might be
expected to be accommodated in the observed central channels of
the SF3 helicase domains that have been structurally character-
ized. In the case of the SV40 helicase domain, the central channel
is ~80 A long (30), whereas that of the E1 helicase domain is ~60
A (12).

Our data strongly suggest that the linker region plays an im-
portant role in the oligomerization of the larger Rep proteins on
nonspecific ssDNA and dsDNA. It is tempting to speculate that
the linker might serve as a hook that helps to hold Rep68/78 in
place on DNA as it transitions between the first mode and second
mode of DNA binding. During the transition, the linker region
might be engaged as we observed for Rep198-275, perhaps form-
ing a “spiral coat” along the DNA molecule limited only by the
availability of accessible DNA or the number of Rep protomers
and recapitulating the spiral observed for endonuclease binding to
the RBS (21). In the second mode of binding, the presence of the
linker region stimulates both the ATPase and helicase activities,
suggesting that it actively contributes to the organization of the
assembly.

The importance of the linker region has been previously dem-
onstrated for AAV2 since mutation of either R217 or K219 (cor-
responding to K213 and K215 of AAV5; underlined in Fig. 1A) to
alanine in Rep78 results in a protein unable to nick at the trs or
mediate site-specific integration into AAVSI1, whereas RBS bind-
ing is maintained (46). The lost activities are consistent with a
model in which mutations in the linker region prevent the forma-
tion of an active helicase-competent assembly, shown to be nec-
essary for trs nicking (5, 48). Each of our cluster mutants 1 to 4
contained a mutation of either K213 or K215, and the associated
loss of DNA binding (Fig. 2 and 4) provides a potential mechanis-
tic explanation for the observations of Urabe et al. (46).

For other members of the SF3 helicase superfamily, such as
T-Ag and E1, combined biochemical and structural studies have
shown that the N-terminal origin binding domain and the helicase
AAA+ domain are linked by an intervening domain that mediates
oligomerization (12, 30, 32, 45; reviewed in reference 22). In the
case of T-Ag, the intervening domain is a Zn>"-binding domain;
for E1, the intervening domain forms a four-helix bundle that is
structurally unrelated to the T-Ag Zn”*-binding domain but is in
turn structurally homologous to the hexamerization domain of
the RCR replication initiator protein of pMV158 (3). AAV Rep
appears to have dealt with the intervening region somewhat dif-
ferently by dividing it into two parts depending on protein con-
text. For Rep40 and Rep52, the intervening region consists of a
small four-helix bundle that alone does not have potent DNA
binding or oligomerization properties. For the larger Rep pro-
teins, the intervening domain appears to be functionally com-
prised of the four-helix bundle supplemented by the linker.

Since Rep40 and Rep52 lack the linker sequence, our results
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here do not shed direct light onto the functions of these smaller
Rep proteins during genome packaging, which might be reason-
ably expected to be mediated by a multimeric molecular motor
that pumps DNA into preformed capsids. It would be interesting
to establish whether the ability of Rep40 to oligomerize when ex-
tended by a short peptide sequence mimics the properties of
Rep40 and Rep52 when bound to other proteins or protein com-
plexes such as the viral capsid proteins (1, 11). The need for acces-
sory proteins to aid the assembly of an active motor protein is not
unprecedented: for example, the eukaryotic MCM2-7 replicative
helicase requires the assistance of accessory proteins ORC1-6 and
Cdc6 to load onto DNA (2), and deposition of the E. coli DnaB
helicase at replication forks requires direct interactions with two
other proteins, DnaA and DnaC (25).

Hexameric helicases continue to intrigue, and the relevance of
double hexamers encircling dsDNA continues to be discussed (4).
We do not yet know whether the double hexamers we observed
represent an authentic assembly along the AAV replication path-
way. It is nonetheless clear that the linker region is not a passive
tether joining two independent protein domains but rather con-
tributes to the oligomeric properties of AAV Rep in the presence
of DNA.
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