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The adeno-associated virus (AAV) encodes four regulatory proteins called Rep. The large AAV Rep proteins Rep68 and Rep78 are
essential factors required in almost every step of the viral life cycle. Structurally, they share two domains: a modified version of
the AAA™ domain that characterizes the SF3 family of helicases and an N-terminal domain that binds DNA specifically. The
combination of these two domains imparts extraordinary multifunctionality to work as initiators of DNA replication and regu-
lators of transcription, in addition to their essential role during site-specific integration. Although most members of the SF3
family form hexameric rings in vitro, the oligomeric nature of Rep68 is unclear due to its propensity to aggregate in solution. We
report here a comprehensive study to determine the oligomeric character of Rep68 using a combination of methods that includes
sedimentation velocity ultracentrifugation, electron microscopy, and hydrodynamic modeling. We have determined that residue
Cys151 induces Rep68 to aggregate in vitro. We show that Rep68 displays a concentration-dependent dynamic oligomeric behav-
ior characterized by the presence of two populations: one with monomers and dimers in slow equilibrium and a second one con-
sisting of a mixture of multiple-ring structures of seven and eight members. The presence of either ATP or ADP induces forma-
tion of larger complexes formed by the stacking of multiple rings. Taken together, our results support the idea of a Rep68
molecule that exhibits the flexible oligomeric behavior needed to perform the wide range of functions occurring during the AAV

life cycle.

he adeno-associated virus (AAV) nonstructural protein Rep68

belongs to the superfamily 3 of helicases (SF3), whose main
characteristic is their multifunctionality (1). Whereas the role of
most helicases is to unwind DNA ahead of the replication fork,
SF3 helicases also work as initiators of DNA replication, transcrip-
tional regulators, and motor pumps to pack DNA into empty cap-
sids (2). This multifunctionality is due in part to the presence of a
specialized AAA™ domain that is at the core of all DNA transac-
tions performed by these proteins. Their catalytic activities are
dependent on the formation of oligomeric complexes, where the
ATP binding and hydrolysis occurring at the interface of neigh-
boring subunits drive conformational changes that promote
translocation or remodeling of target substrates (3). Functional
diversity is achieved through formation of different number of
oligomers and the presence of specialized associated domains (4).
For instance, the AAA™ core of AAV Rep proteins contains a
B-hairpin insertion that is involved in the coupling of ATP hydro-
lysis to DNA translocation/unwinding, and Rep68 and Rep78
have an origin binding domain (OBD) at the N terminus (5-7).
Combination of these structural features allows AAV Rep proteins
to play a central role in virtually every step of the viral life cycle,
such as DNA replication, transcription regulation of the p5 pro-
moter, and site-specific integration (8—11). The AAV Rep proteins
have distinct characteristics that position them apart from other
SF3 family members, such as simian virus 40 large T antigen
(SV40-LTag) and papillomavirus E1 protein (PV-E1). A case in
point is the OBD that contains an endonuclease activity that is
required for DNA replication and site-specific integration and is
similar to domains from other nonstructural proteins from gemi-
niviruses and bacteriophages that use rolling-circle replication

1232 jviasm.org

Journal of Virology p. 1232-1241

(RCR) to replicate their genome (12). Moreover, the minimal
AAA™ helicase domain of Rep proteins is monomeric, in contrast
to the equivalent domains of SV40-LTag and PV-E1, which form
hexameric rings (13-15). This important structural difference
may be a reflection of the diversity of DNA binding sites that Rep
proteins recognize and the special mechanisms used to replicate
the AAV genome. The AAV single-stranded genome contains pal-
indromic sequences at both ends that fold into three-way junction
structures called inverted terminal repeats (ITRs). The start of
replication initiates at the 3" end, which is used as a primer for
leading strand synthesis. This initial cycle of replication, which
requires unwinding of the 5'-end ITR, leaves a DNA molecule
with an I'TR hairpin end that needs to be replicated to generate a
double-stranded DNA (dsDNA) molecule (16, 17). To complete
replication, Rep68/Rep78 bind to a specific site called the Rep
binding site (RBS) within the ITR and in a reaction that is ATP
dependent unwind and nick DNA, generating a new 3’ end (18).
The nature of the Rep-DNA complex formed during this process
remains unknown, but because of the variety of DNA substrates
generated—from double-stranded DNA during the initial bind-
ing to single-stranded DNA after the melting reaction—it may
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require the assembly and disassembly of Rep-DNA complexes
with different stoichiometries (19). For instance, binding to both
AAV ori and AAV S1 sites may be a stepwise process where initial
binding to the RBS site is followed by additional recruitment of
more Rep molecules, as has been reported for similar initiator
proteins such as SV40-Tag and PV-El. Therein lies the impor-
tance of determining the peculiar oligomeric nature of the apo-
Rep68/Rep78 proteins in order to understand their DNA-directed
assembly. Recently, we and others have determined that the linker
that connects the OBD to the AAA" domain is critical for the
oligomerization of Rep proteins and may be important for DNA
complex formation (20, 21). Our current knowledge of Rep68/
Rep68 oligomerization derives mostly from studies of these pro-
teins bound to the AAV ori or other DNA targets showing a variety
of oligomers from hexameric to double octameric (19, 22). In this
study, we have used a multifaceted approach involving size-exclu-
sion chromatography, analytical ultracentrifugation, modeling,
plus electron microscopy, and we show below that Rep68 has a
dynamic behavior in solution and forms a mixture of monomer,
dimers, tetramers, and multiple-ring structures.

MATERIALS AND METHODS

Protein expression and purification. Rep68 wild type (wt), as well as the
other mutants proteins used here, was expressed and purified as described
before (19). Briefly, the His,-PreScission protease (PP) cleavage site-
Rep68 fusion protein was expressed in Escherichia coli BL21(DE3)/pLysS
bacteria at 37°C for 3 h in LB medium containing 1 mM IPTG (isopropyl-
B-p-thiogalactopyranoside). Cell pellets were lysed in Ni-buffer A (20
mM Tris-HCI [pH 7.9 at 4°C], 500 mM NaCl, 5 mM imidazole, 10%
glycerol, 0.2% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate}, 1 mM TCEP [Tris(2-carboxyethyl)phosphine]). After
five 10-s cycles of sonication, the fusion protein was purified using an Ni
column preequilibrated in Ni-buffer A. The protein that eluted was de-
salted using buffer A and a HiPrep 26/10 desalting column (GE Health-
care). The His-PP tag was removed by PreScission protease treatment
using 150 wg PP/mg His-PP-Rep68. After overnight incubation at 4°C,
buffer was exchanged using the same desalting column and Ni-buffer A.
Subsequent Ni column chromatography using buffer B (the same as buf-
fer A but with 1 M imidazole) was performed to remove the uncleaved
fusion protein, and untagged Rep68 was eluted with 30 mM imidazole.
Rep68 was finally purified by gel filtration chromatography using a
HiLoad Superdex 200 16/60 column (GE Healthcare) and size-exclusion
buffer (25 mM Tris-HCl [pH 8.0], 200 mM NaCl, 2 mM TCEP). Rep68 wt
and mutant proteins were concentrated (1.0 mg/ml for wt and the Cys
mutants and 10 mg/ml for the double mutant of Cys). All proteins were
flash-frozen in liquid N, and stored at —80°C.

Analytical gel filtration chromatography. Samples of the different
versions of Rep68 (200 wl) at 4-mg/ml concentrations were chromato-
graphed on a Superose 6 10/300 GL column (GE Healthcare) with a flow
rate of 0.5 ml/min. Size-exclusion buffer was used for all chromatographic
analyses. Protein elution was detected from its absorbance at 280 nm. A
standard curve for protein molecular masses was generated using the pro-
teins carbonic anhydrase (29 kDa), bovine serum albumin (66 kDa), al-
cohol dehydrogenase (ADH; 150 kDa), B-amylase (210 kDa), apoferritin
(443 kDa), and thyroglobulin (669 kDa) (Sigma-Aldrich).

Cross-linking of Rep68*. The cross-linking reactions for the Rep68
Cys151Ser mutant (Rep68*) were done according to a protocol adapted
from that of Packman and Perham (23). The protein concentration was 82
M (5 mg/ml) in 20 mM phosphate buffer, added with 300 mM NaCl, pH
8.0. A 30-fold molar excess of 100 mM dimethyl pimelimidate dihydro-
chloride (DMP; MP Biomedicals, LLC) was added to the reaction mix-
ture, and the mixture was incubated at room temperature. The reaction
was quenched by addition of Tris (pH 7.5) to a final concentration of 50
mM after 1 h.
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Analytical ultracentrifugation. Sedimentation velocity experiments
were carried out using a Beckman Optima XL-I analytical ultracentrifuge
(Beckman Coulter Inc.) equipped with both four- and eight-hole rotors.
Samples were loaded in the cells, using in all cases size-exclusion buffer.
Samples were centrifuged in 2-sector carbon-filled Epon centerpieces typ-
ically at 25,000 rpm and 20°C. Sectors were loaded with a 420-pl sample
volume. Typically, 200 or more scans were collected at 5-min intervals at
25,000 rpm. Concentration profiles were collected using both UV absorp-
tion (280 nm) and Rayleigh interference optical systems. Results were
analyzed using both the SEDFIT and SEDPHAT programs (24, 25).

DNA binding. Fluorescence anisotropy experiments were performed
onan ISS PC1 fluorimeter (ISS, Champaign, IL). The DNA substrate used
was a single-stranded oligo(dT), oligonucleotide modified with a 5’
6-carboxyfluorescein molecule (Integrated DNA Technologies). Reac-
tions were performed in a volume of 500 wl with a buffer containing 25
mM HEPES (pH 7.0), 100 mM NaCl, and a final concentration of 5 nM
DNA. Protein concentrations were in the range of 0 to 2.0 WM. Samples
were incubated at 20°C for 30 min prior to measurement. Binding activity
was followed at an excitation of 492 nm and an emission of 520 nm. Data
analysis was performed as described by Yoon-Robarts et al. (7).

Helicase assay. DNA unwinding was measured using a fluorescence
resonance energy transfer (FRET)-based fluorometric assay based on the
protocol of Bjornson et al., with some modifications (26). The assay uses
a DNA molecule labeled at each strand with a FRET pair. The DNA site
consists of an 18-bp duplex region and a 10-nucleotide 3’ tail in the bot-
tom strand. The top strand has been labeled with Iowa-Black Dark
quencher (IB) at the 3’ end, and the bottom strand has been labeled with
cyanine 5 (Cy5) at the 5" end. IB quenches the fluorescent intensity of Cy5,
and upon DNA unwinding, the increase in fluorescent intensity of Cy5 is
measured. Fluorescent stopped-flow kinetics studies were carried out us-
ingan ISS PC1 fluorimeter (ISS, Champaign, IL) equipped with a Hi-Tech
SFA-20 rapid kinetics stopped-flow mixer (TgK Scientific Limited, United
Kingdom). The Rep68 protein and the ATP were mixed in a buffer con-
taining 25 mM HEPES, 50 mM NaCl, pH 7.0. A reaction mix of protein,
fluorescent DNA (IB/Cy5-dsDNA), and MgCl, was placed in one syringe
of the device, and the ATP mix was placed in a second. Samples were
equilibrated at 20°C for 5 min before mixing. Helicase activities were
followed using 30 nM fluorescent DNA and 1 pM protein in each case for
900 s. ATP was kept at a 1 mM final concentration. An excitation of 645
nm (Cy5) and an emission of 670 nm (IB) were used for these experiments
with a slit of 1 mm. Data results were fit by nonlinear least-squares, using
the Origin (version 5.0) program, to F, = Fy[1 — exp(—a- k)], where a is
the amplitude of the fluorescence, k is the first order rate constant, and F,
and F,, are the total and initial fluorescent signals, respectively.

ATPase assay. The ATPase assay was performed using a protocol
modified from that of Baginski et al. (27). The conditions of the reactions
were as follows: I mM ATP and 1 wM protein in the presence of 1 mM
MgCl, were mixed in a final volume of 125 pl in reaction buffer A (25 mM
Tris-HCI, pH 8.0, 200 mM NaCl, 2 mM TCEP). The reaction mixture was
incubated at 25°C, and aliquots were removed every 15 s. This reaction
mixture was stopped with 250 pl of solution MA (0.5% ammonium mo-
lybdate, 3% ascorbic acid—0.5 N HCl). After 20 min of incubation in ice
water, solution CA (2% sodium citrate tribasic dihydrate, 2% sodium
arsenite, 2% acetic acid) was added to the samples. After 20 min of incu-
bation at room temperature, samples were read at 840 nm in a spectro-
photometer (Agilent Technologies) with a multiple-cell thermoregulated
compartment. The formation of inorganic phosphate was calculated from
phosphate standard curves.

Virus production and purification. HEK293T cells maintained in
Dulbecco’s modified Eagle medium (DMEM; Invitrogen, United King-
dom) supplemented with 10% fetal calf serum (FCS; Invitrogen, United
Kingdom) at 37°C and in 5% CO, were transfected using polyethyleni-
mine (PEI) with 45 pg of pAV2 plasmid (containing the AAV type 2
[AAV2] genome) or its C151S-mutated version, pMB2, and 135 pg of
helper plasmid pXX6 (University of North Carolina Vector Core Facility;
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see http://genetherapy.unc.edu/mta.htm or a map and the sequence).
Cells were incubated in DMEM containing 2% fetal bovine serum, 100
units/ml of penicillin, 100 pg/ml streptomycin, and 25 mM HEPES. After
72 h, the cells were harvested and lysed in 150 mM NaCl, 50 mM Tris at pH
8.5, followed by three freeze (—80°C)-thaw (37°C water bath) cycles. The
crude lysate was treated for 30 min at 37°C with 150 units/ml of Benzonase
(Sigma) and cleared by centrifugation. The virus was purified on an
iodixanol step gradient as previously described (28). The gradient was
formed in clear ultracentrifugation tubes (Beckman) by first adding 2.8 ml
of 15% iodixanol (Optiprep density gradient medium; Sigma) in 1 M
sodium chloride, 1X TD buffer (1X phosphate-buffered saline, 1 mM
MgCl,, 2.5 mM KCl) and then underlying, in succession, 1.88 ml 25%
iodixanol in 1X TD buffer containing 12.5 pg/ml phenol red (Gibco,
Grand Island, NY), 1.55 ml 40% iodixanol in 1X TD buffer, and 1.55 ml
60% iodixanol containing 12.5 pg/ml phenol red. The cell lysate was then
applied on top of the gradient, which was centrifuged at 40,000 rpm for 3
hat 18°Cin a Sorvall Discovery 90SE ultracentrifuge usinga TH641 rotor.
The virus was extracted with an 18-gauge needle from the 40%-60%
iodixanol interphase as well as the majority of the 40% iodixanol phase. A
Vivaspin20, 100-kDa-cutoff concentrator (Sartorius Stedim, Goettingen,
Germany) was used to concentrate the virus in a final volume of 700 .l as
well as to exchange the buffer to lactated Ringer’s solution (Baxter, Deer-
field, IL).

Slot blot. HEK293T cells were transfected with pAV2 or pMB2 with
Lipofectamine 2000 (Sigma) and after 24 h infected with adenovirus at a
multiplicity of infection of 10. After an additional 48 h, the cells were
harvested, lysed in 350 .l of 0.2 M NaOH-10 mM EDTA, and boiled for
15 min. Each sample was loaded in triplicate onto a nylon hybridization
membrane (Amersham Biosciences). The membranes were rinsed in 2X
SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate), dried, UV
cross-linked, and prehybridized in 0.75X nylon wash solution (NW; 40.6
gNa,HPO,, 18.65 g EDTA, 500 g SDS in 3.58 liters of H,O, pH 7.2) buffer
at 65°C. The membranes were hybridized overnight in 0.75 X NW buffer
to a radiolabeled probe (labeled using a Prime-It RmT random primer
labeling kit from Stratagene, [**P]dCTPs from PerkinElmer) consisting of
either a rep sequence or an ampicillin sequence. Primers used to amplify
the rep probe were 5'-AACTGGACCAATGAGAACTTTCC-3" and 5'-A
AAAAGTCTTTGACTTCCTGCTT-3". To generate the ampicillin probe,
a 587-bp fragment of the mini-pDG plasmid was amplified by PCR, using
the primers ND44 5'-AATCAGTGAGGCACCTATCTCAGC-3" and 5'-
AACTCGGTCGCCGCATACACTATT-3'. The membranes were washed
twice with 0.5X NW butftfer, followed by an additional wash in 0.1 X NW
buffer. Finally, the membranes were exposed to a phosphorimager screen
for 2 h, and the image was analyzed with ImageQuant software (GE
Healthcare Life Sciences).

Determination of infectious particle production. HEK293T cells
(10°) were seeded and triple transfected 2 days later with plasmids encod-
ing the recombinant AAV2 (rAAV2)-green fluorescent protein (GFP)
(pPTRUF11), AAV Rep (wt or C151S mutant), and Cap (pDG or pMB1)
constructs and adenovirus helper functions (pXX6). Cells were harvested
3 days after transfection and treated as described above for virus produc-
tion. Increasing volumes of crude lysate were used to infect HeLa cells. At
3 days postinfection, HeLa cells were harvested and the percentage of
GFP-positive cells was determined by fluorescence-activated cell sorter
(FACS) analysis (FACSCalibur; BD).

Sequencing of viral preparations. PCR was used to prepare a frag-
ment of rep containing the C151S mutation. The primers used were
ND140 (forward, 5'-GTTTCCTGAGTCAGATTCGCG-3') and ND45
(reverse, 5'-AAAAAGTCTTTGACTTCCTGCTT-3’), both at 0.5pmol/
L. Deoxynucleoside triphosphates (0.2 mM; NEB) and Go Taq polymer-
ase enzyme (0.05 U/wl; Promega) were added to the reaction mixture. The
cycling parameters were 2 min at 94°C, followed by 35 cycles of 30 s at
94°C, 40 s at 64°C, and 1 min at 72°C, with a final 10 min of incubation at
72°C. The resulting fragment was cloned into the pCR2.1 TOPO vector
(Invitrogen) and sequenced using primers 5'-AAAAAGTCTTTGACTTC
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CTGCTT-3" and MB3 5'-GTCAGGCTCATAATCTTTCCCGCA-3" at
Eurofins MWG Operon. The results were analyzed using the BLAST
(NCBI website) program to confirm the expected viral sequence.

Transmission electron microscopy (TEM) analysis. Protein samples
at 0.1 mg/ml were adsorbed directly onto carbon-coated copper grids.
Following negative staining with 0.75% (wt/vol) uranyl formate, samples
were visualized in an electron microscope (Tecnai F20) operated at 200
kV, and images were collected at a magnification of X50,000 under low-
dose conditions on a Gatan 4k X 4k charge-coupled-device camera. Par-
ticle windowing, two-dimensional (2D) alignment, and classification re-
construction were carried out with EMAN?2 software. During the entire
process, the default settings of this image-processing software were fol-
lowed for eight iterative alignments. The 2D averages were obtained from
a final set of 560 particles.

Generation of Rep68 models. An initial model of AAV2 OBD was
built using the crystal structure of AAV5 OBD (Protein Data Bank [PDB]
accession number 1RZ9) encompassing residues 1 to 98. The structure of
AAV2 Rep40 (PDB accession number 1S9H) contains residues 225 to 490.
Using the program MODELLER, we generated the last 46 residues known
to be unstructured as an extended polypeptide chain (29). We generated
two linker models; the first was modeled as an extended polypeptide. The
second model was generated using the Robetta server with the sequence
from residues 205 to 230 (30). The three regions (OBD, linker, and heli-
case domain) were put together using the program COOT (31).

RESULTS

AAV2 Rep68 forms multiple oligomeric species in solution with
a tendency to aggregate. An initial characterization of Rep68 in
solution was carried out using gel filtration chromatography and
sedimentation velocity. Gel filtration profiles on a Superose 6 col-
umn clearly showed the presence of three major distributions. A
fraction of the protein, P1, eluted at the void volume (V,), thus
indicating the presence of aggregates with molecular masses larger
than the exclusion limit of the column, i.e., ~40 MDa (Fig. 1A).
The two other species, P2 and P3, eluted at 13.3 and 15.9 ml, which
correspond to molecular masses of ~550 kDa and ~110 kDa,
respectively. These molecular masses should be considered ap-
proximations due to the elongated nature of the Rep68 molecule.
Athigher concentrations (>1 mg/ml), the fraction of total protein
in the aggregate peak increased substantially and constituted the
majority of the protein population. This behavior was also ob-
served in sedimentation velocity studies using concentrations
ranging from 2 uM to 16 wM (0.125 to 1 mg/ml), indicating that
even at the lowest concentration, significant formation of aggre-
gates with an apparent s, value of >40S occurs (Fig. 1B). The
two other major species have apparent sedimentation coefficients
of ~4S and ~13S. The width of the peaks suggests that each of
these species may be composed of more than one component. In
order to assess this possibility, we analyzed the data using the van
Holde-Weischet (VHW) method implemented by the program
UltraScan-SOMO (32). This method removes any effect from dif-
fusion on the calculation of s, ,, and any spread of these values
reflects the presence of multiple species. Figure 1C shows the
VHW analysis of the same data, showing significant drifts in both
4S and 13S peaks, indicative of a heterogeneous mixture of mul-
tiple oligomeric species.

Oxidation of Rep68 cysteine residues is the major contribu-
tor to Rep68 aggregation in vitro. Aggregation of Rep68 hinders
not only the further characterization of its oligomeric properties
but also future functional and structural work. To determine the
cause of Rep68 aggregation, we pursued a systematic study on the
influence of conditions such as pH, salt, detergents, as well as
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FIG 1 Rep68 wt oligomerization profile. (A) Rep68 wt (2 mg/ml) was injected
in a Superose 6 10/300 GL column with a flow rate of 0.5 ml/min. Protein
elution was followed by UV detection at 280 nm. The x axis represents the
elution volume. Molecular mass standards are shown above the plot. (B) Sed-
imentation velocity profiles of Rep68 wt at a concentration of a 0.5 optical
density (0.33 mg/ml). The experiment was run at 40,000 rpm and 20°C, as
described in Materials and Methods. (C) van Holde-Weischet analysis of the
sedimentation velocity data shown in panel B. The spread from the vertical at
both 4S and 13S indicates the presence of more than one species in each pop-
ulation.
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chaotropic agents and reducing agents. We determined that only
reducing agents and specifically TCEP significantly reduced the
fraction of Rep68 aggregates present (Fig. 2). Protein samples at a
concentration of 2 mg/ml were analyzed on a Superose 6 column
equilibrated with buffer A containing different TCEP concentra-
tions ranging from 3 to 5 mM. These data clearly show that the
aggregate peak eluting at the void volume of the column is reduced
as the concentration of the reducing agent TCEP is increased. This
indicates that aggregation is caused by oxidation, which is perhaps
caused by the formation of intermolecular disulfide bonds.
Mutation of Cys151 prevents Rep68 aggregation. To identify
cysteine resides with the potential to form intermolecular disul-
fide bonds, we analyzed the crystal structure of AAV2 Rep40 and
an AAV2 OBD model based on the crystal structure of the AAV5
OBD AB (33). The structures show that of the six cysteine resi-

January 2013 Volume 87 Number 2

Oligomerization of Adeno-Associated Virus Rep68

Absorbance (280 nm)

T T T T T
0 5 10 15 20 25

Vol (ml)

FIG 2 Effect of TCEP on aggregation of Rep68 wt. Rep68 wt (2 mg/ml) was
injected with different concentrations of TCEP (3 and 5 mM). A Superose 6
10/300 GL column was used with a flow rate of 0.5 ml/min. Protein elution was
followed by UV detection at 280 nm. The aggregation peak of the protein at an
elution volume of ~7 ml decreases as the TCEP concentration increases.

dues, four are buried or semiburied in the protein and only two,
Cys151 and Cys405, are fully exposed to the solvent. Cys151 re-
sides in the OBD and Cys405 is located in § hairpin 1 of the
helicase domain. Interestingly, Cys405 is conserved in other AAV
serotypes, while Cys151 is not. We thus proceeded to make single
Cys mutants and an additional mutant in which both residues
were replaced by serine/alanine. The mutant proteins were pu-
rified and analyzed on a Superose 6 column. Figure 3 shows
that mutation of Cys151 to alanine or serine abolished the
formation of aggregates at all concentrations tested. In con-
trast, the Cys405Ser mutant protein still showed significant
formation of aggregate eluting at the void volume (Fig. 3B). As
expected, the double mutant behaved like the single Cys151Ser
mutant (Fig. 3C).

The Rep68 C151S mutant is functionally equivalent to Rep68
wt. In order to determine if the Cys151Ser mutation affects any of
the biochemical activities of Rep68, we compared the biochemical
activities of the C151S mutant with those of Rep68 wt. We per-
formed ATPase (Fig. 4A), helicase (Fig. 4B), and DNA binding
functional (Fig. 4C) assays in vitro. Results show that the C151S
mutant protein performed as well as the wild-type protein in all
these functional assays. In addition, we assessed the performance
of the C151S mutant in a simple replication assay in HEK293T
cells. Figure 4D shows comparable replication efficiencies by both
the wt and mutant Rep68 proteins. To determine if the Rep C151S
mutant was also able to support the production of infectious viral
particles, we produced recombinant AAV2-GFP in the context of
the mutant Rep protein and infected HeLa cells with increasing
amounts of virus. Figure 4E shows that infectious rAAV2-GFP
particles were efficiently formed in the presence of the C151S Rep,
albeit at slightly lower titers than wt Rep. To investigate this small
difference, we then purified both AAV2 wt and AAV2 containing
the C151S mutation and assessed the fraction of empty particles in
our preparations by transmission electron microscopy (Fig. 4F).
The presence of the mutation in the purified viruses, confirmed by
sequencing part of the viral DNA containing the mutation, did not
affect the ratio of empty versus full particles.

Rep68* forms multiple species in solution. Similar to the re-
sults obtained for Rep68 wt (Fig. 1), Rep68* forms multiple oli-
gomers at moderate protein concentrations. To further character-
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FIG 3 Effect of Cys mutations on Rep68 wt aggregation. Three Rep68 Cys
mutants were evaluated by gel filtration chromatography: Rep68 CI151S,
Rep68 C405S, and a double Cys mutant, Rep68 C151A and C405S. A Superose
6 10/300 GL column was used with a flow rate of 0.5 ml/min. Protein elution
was followed by UV detection at 280 nm. When the protein contains the
Cys151S mutation (A), no aggregation was observed. In contrast, the C405S
mutation still shows an aggregation peak eluting at the void volume of the
column (B). (C) The double mutant behaves like the single C151S mutant. The
concentration of the proteins was 32.65 uM (2 mg/ml).

ize the oligomeric behavior of Rep68*, an extensive sedimentation
velocity study was undertaken at various Rep68* concentrations
and in the presence and absence of either ATP or ADP. The results
for apo-Rep68* show that the continuous sedimentation [¢(S)]
distributions change significantly as the total concentration of
Rep68* isincreased (Fig. 5A). At the lowest concentration (1 uM),
two species are present, sedimenting at 4S and 13S. The number of
species increases at higher concentrations, with as many as six
species present at 18 uM and the appearance of a faster-sediment-
ing species at ~27S. Figure 5B shows the effect of the Rep68*
concentration on the weight (actually, the signal) average sedi-
mentation coefficient (s,,,) for the overall reaction and the mono-
mer-dimer equilibrium. These plots are considered a sensitive and
powerful proof of species at equilibrium (34). The fact that s,
increases significantly over the 18-fold concentration range indi-
cates that dynamic protein-protein interactions are occurring. For
the monomer-dimer reaction, s,,, was estimated by integrating
over a somewhat variable range from 2.5S to 6.5S, which is neces-
sary because at high Rep68* concentrations the larger particles
(13S and 27S) interfere with the sedimentation of the monomer
and dimer. The pattern exhibited is consistent with a strong
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monomer interaction that forms dimers (positive slope) and the
well-known effect of an increasing concentration of a larger, more
rapidly sedimenting species that interferes hydrodynamically.
These results, although complex, are consistent with a kinetic pro-
cess that seems to be near or at the boundary between a slow and
an intermediate kinetic process (10™* to 10 ™>/s and <10™/s, re-
spectively). This is illustrated in the behavior of the 4S peak pres-
ent at low concentrations but at higher concentrations resolution
into two peaks of monomer and dimers as a result of a better
signal-to-noise ratio (Fig. 5A). In addition, calculation of the av-
erage molecular mass of the 4S species at the lowest concentration
gives a molecular mass of ~81 kDa, a value between that of a
monomer and that of a dimer. Calculation of the molecular mass
of the 13S species gives a range of values from 360 to 450 kDa at the
lower concentrations. Together, these results indicate that in so-
lution, Rep68 forms two major populations: a monomer-dimer
population that is in slow equilibrium and sediments over the
range of 3S to 5S and a 13S population consisting of a mixture of
multiple oligomers of six or more Rep68* molecules. Interchange
between the two populations occurs as the concentration in-
creases and is mediated by an intermediate species that sediments
with an s, ,, value of between 5S and 9S, suggesting Rep68* trim-
ers or tetramers. Sedimentation velocity data were also collected in
the presence of both 1 mM ATP and ADP, and a representative set
of these data at a 18 M concentration is shown in Fig. 5C. These
curves suggest that the presence of either ATP or ADP shifts the
equilibrium in favor of higher-order oligomers. This effect can
clearly be seen in Fig. 5D, which shows the amount of the 27S peak
formed as a function of protein concentration in the presence or
absence of nucleotides. The major difference with the apo-Rep68*
is the formation of a species sedimenting at ~278S, especially at the
lowest concentrations. At the highest concentration (18 uM), two
things are occurring: first, we have exceeded the K (dissociation
constant) for the formation of the 27S species in the absence of
nucleotides, and this explains the sudden increase in its formation
after 10 wM. Second, the amount of the 27S peak is the same in the
absence and presence of nucleotides because we have reached the
maximum amount of 27S that can be formed at this concentra-
tion. To estimate a value for the dissociation constants of these
oligomerizations, each peak was identified by comparing its esti-
mated S value from the peak integrations with S values calculated
by hydrodynamic modeling of the structure (see below). Table 1
shows the results of these dissociation constant calculations for
the oligomerization steps K, ,; K, ,, Kg_.4, and K5, where the
subscripts represent our best estimation as to the minimum oli-
gomerization state described by the peak under investigation. The
one peak that is difficult to assess is that assigned to the tetramer,
since the signal from both the trimer and the hexamer might over-
lap the tetramer peak. The values in Table 1 show a degree of
consistency both between values determined for the same step in
the presence and absence of nucleotides and between those values
calculated for what we presume are linear molecules with the same
reactive interface (monomer-dimer and dimer-tetramer). There
is a larger ~0.1-fold change in Ky_,, than in K,_,, which might
indicate an entropic effect caused by ring closure. There seems to
be a small decrease in the values of the dissociation constants when
either ATP or ADP is added; although the effect is not large, the
trend seems to be there. The 27S peak must represent a higher-
order oligomer, and based on the electron microscopy results pre-

Journal of Virology


http://jvi.asm.org

Oligomerization of Adeno-Associated Virus Rep68

A 200, D
h 4 c
160 T S 120
8
_ 1204 E‘ 804
E 1
10 & 4
A 4
k)
0 = 0
wT C1518 Ad -+ -+ -+
NoAAV  Rep68WT C1515
B E
1.24
< 804
a
2 60
3 0.8 2 ]
£ ; o
3 H —— Rep68WT g 401
o : [
g 0.4-.; (2
2 ; = 204 —— Rep6aWT
[ —o—C151S
'
0-0 v v v v v J o d \J v \J \J d
0 200 400 600 800 1000 0 20 40 60 80 100
Time (sec) Lysate [ul]
(o3 F
< 1.2
z wt %full: 96.5+1.1  C151 %full: 93.6 1.4
5 _ R _
3 o084
o
2 —— RepGsWT
S 044 . c151s
Q v
[
w
0.04
0 500 1000 1500 2000

Protein (nM)

FIG 4 Functional comparison of Rep68 wt and the Rep68 C151S mutant. (A) ATPase activity showed no significant difference for the wt and C151S mutant
proteins. (B) Helicase activity for WT and C151S proteins, using fluorescent stopped-flow kinetics). Helicase activities were followed using a 30 nM concentra-
tion. (C) Binding of DNA analysis of Rep C151S. A fluorescent probe (F-DNA-dsDNA) was used to monitor the binding of the protein. Binding was followed
using 5 nM DNA and a range of protein concentrations from 50 to 2,000 nM. (D) Determination of viral replication in the presence of wt or C151S mutant Rep.
The bar graph shows the quantification of three slot blot experiments. The signal obtained with the Rep-specific probe was normalized to that obtained with the
ampicillin-specific probe, to normalize for input (transfected) DNA. The replication of the wt AAV2 genome in the presence of adenovirus was set as 100%. Data
are presented as means * SEMs. (E) Comparison of the production of rAAV2-GFP infectious particles in the presence of wt or C151S Rep. rAAV2-GFP particles
were produced in HEK293T cells in the presence of adenovirus helper functions, AAV2 Cap, and wt or C151S Rep. Cells were harvested, lysed, freeze-thawed, and
treated with the endonuclease Benzonase. Various volumes of crude lysate (in pl, x axis) were added to HeLa cells, and the percentage of GFP-positive infected
cells was determined by FACS analysis. Data from four experiments are presented as means * SEMs. (F) Visualization of wt AAV2 and AAV2-RepC151S viral
particles by transmission electron microscopy at X 50,000 magnification. Empty viral particles appear as white rings. For each sample, 6 fields of approximately

200 particles were counted; the mean percentage of full particles and the standard deviation are indicated.

sented below, we tend to identify it as a stack set of rings consisting
of two either seven- or eight-member rings or a mixture of both.

TEM shows that the 13S population is a mixture of heptam-
eric and octameric rings. In order to determine the exact nature
of the 138 species identified in the sedimentation velocity experi-
ments, we carried out negative-stain TEM. We cross-linked all our
samples using DMP to stabilize the protein complexes prior to
purification on a Superose 6 gel filtration column. All samples
were first analyzed by sedimentation velocity to confirm the for-
mation of the 13S complexes. Figure 6A shows a representative
electron microscopic image of a negatively stained Rep68*-13S
peak where many ring-shaped particles can be seen. A reference-
free 2D alignment without imposing symmetry was carried out,
and Fig. 6B and C show a selection of several classes, clearly indi-
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cating the presence of seven- and eight-ring structures. The hep-
tameric ring has an external diameter of 140.25 A and an internal
diameter of 63.11 A; the octameric ring has an external diameter of
144 A and an internal diameter of 67.65 A. We also analyzed by
TEM the effect of ATP on Rep68*. We observed the same seven-
and eight-ring structures seen in apo-Rep68*, and in addition, we
observed the formation of large filament-like structures. These
higher-order structures may represent a series of stacked rings or a
helical arrangement of Rep68 molecules, as has been observed in
several other AAA™ proteins and RecA-like proteins (Fig. 6D and
E) (35). In addition, we observed the same seven- and eight-ring
structures seen in apo-Rep68*.

Hydrodynamic modeling of Rep68 indicates the presence of
multiple oligomers. Taking advantage of the X-ray structures of
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under the 27S peak was integrated at each concentration.

the two functional domains of Rep68, we created several oligo-
meric models of Rep68 and calculated their hydrodynamic prop-
erties using the programs HYDRO and UltraScan-SOMO (36,
37). This approach allows us to verify the results from the sedi-
mentation velocity and TEM experiments. First, in order to exam-
ine the limits of our Rep68 model, we generated two structures.
The first model has the two domains joined by an extended inter-
domain linker; in the second model, the linker is folded up. The
first structure resulted in a calculated sedimentation coefficient of
2.9S 5,54, While the second model predicted a sedimentation co-
efficient of 3.5S s,,,, which is closer to the experimental value.
These results suggest that the interdomain linker is not in an ex-
tended conformation but probably folded, bringing the two do-
mains close to each other. Using the second model, we generated
models for dimers, trimers, and tetramers. At the same time, we
created models for hexameric, heptameric, and octameric ring
structures. The theoretical sedimentation velocity coefficients of
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all models were calculated using the program UltraScan-SOMO,
as shown in Table 2. The calculated sedimentation coefficients
from these models reproduce the experimental values obtained
from the sedimentation velocity experiments remarkably well.
Taken together, our modeling results support the notion that
Rep68 is present as a mixture of monomer-dimer species at slow
equilibrium at low concentrations. Increasing the concentration
induces the formation of trimers and tetramers that slowly inter-
convert to several oligomeric rings, namely, heptamers and oc-
tamers (Fig. 7).

DISCUSSION

The experiments described here show that in vitro, Rep68 exists as
a mixture of multiple species in equilibrium. At low concentra-
tions Rep68 partitions into two populations. The first consist of
monomers and dimers interchanging slowly and sedimenting as
two clearly defined peaks at most concentrations. The second
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TABLE 1 Estimates of dissociation constants for the oligomerization of
Rep68* at various concentrations and in the presence of 1 mM ATP or
ADP*

Protein and concn® Ka (pD)
(M) Ky Ky Ks .y Kie s
Apo-Rep68*
1.0 ND* ND ND ND
2.1 1.5 1.79 0.16 ND
4.8 3.26 1.71 0.15 ND
9.3 2.35 1.98 0.17 1.6
18.2 1.56 2.56 0.38 0.48
Avg 2.2 2.0 0.21 1.0
Apo-Rep68* with ATP
0.7 4.9 NDP ND ND
1.8 2.0 0.43 0.04 0.16
4.2 0.75 0.9 0.13 ND
8.6 0.87 1.26 0.09 0.31
17 0.96 1.1 0.06 0.07
Avg 1.9 0.9 0.08 0.18
Apo-Rep68* with ADP
0.9 0.9 1.1 0.02 ND
2.1 1.3 0.5 0.04 0.5
4.2 0.7 0.6 0.05 0.4
8.8 0.9 ND ND 0.7
18.1 1.9 1.0 0.05 0.5
Avg 1.1 0.8 0.04 0.5

@ Total concentration of the Rep68* monomers in the cell obtained from the
integration of the complete ¢(S) distribution from the interference data.

b ND, not determined.

¢ The ~0.1-fold change in K;_,, relative to that for K, ,, might indicate a entropic
effect caused by ring closure. Note also that there seems to be a general small decrease
in the values of the dissociation constants when either ATP or ADP is added; although
the effect is not large, the trend seems to be there.

population is a mixture of heptameric and octameric rings that
sediment at ~13S. The fact that we can detect the individual peaks
of the two populations suggests that they interconvert slower than
the time scale of our sedimentation velocity experiments. At
higher concentrations, the amount of the 13S population in-
creases and we begin to detect the appearance of an intermediate
peak at ~78S. This peak likely represents a mixture of trimers and
tetramers. Our data further suggest an oligomerization mecha-
nism where Rep68 heptamers and octamers are assembled
through the association of trimers and tetramers from a pool of
monomers and dimers (Fig. 7). This process is reversible, as a
purified heptamer-octamer mixture dissociates into monomers-
dimers upon dilution (data not shown). Similarly, a report by
Dignam et al., who used size-exclusion chromatography, showed
the concentration-dependent self-association of Rep68 and its
tendency to aggregate at moderate salt concentrations, although
the nature of the different oligomers was not addressed (38). We
have shown here that aggregation of Rep68 is induced by residue
Cys151, which has a tendency to form disulfide bridges. In vivo,
due to the highly reducing environment found in the nucleus,
oxidation of cysteines does not occur. The formation of multiple
oligomeric rings displayed by Rep68 is similar to the findings for
some AAA™ proteins and other ring helicases. For instance, for-
mation of heptamers has been described for the bacteriophage T7
gene 4 primase/helicase (39), the minichromosome maintenance

January 2013 Volume 87 Number 2

Oligomerization of Adeno-Associated Virus Rep68

1 1
67.65A

FIG 6 Electron microscopic analysis of the Rep68 protein oligomers. (A)
Visualization of cross-linked Rep68* particles by electron microscopy
at X50,000 magnification using the negative-stain technique. Image pro-
cessing of the particles shows the presence of heptameric (B) and octameric
(C) rings. Addition of ATP gives a similar mixture of heptamers and oc-
tamers (data not show) but also induces the formation of large filament-
like structures (D). (E) Dimension details for these structures after the
image processing.

(MCM) proteins from several species (40—42), the heat shock pro-
tein ClpB (43), Pseudomonas aeruginosa Hfq (44), ClpP (45), and
Rad52 (46). In many cases, mixtures of heptameric and hexameric
rings have been observed to be present at the same time (47). Our
data suggest that Rep68 adopts a similar behavior, forming hep-
tameric and octameric rings. The functional role of Rep68 ring
structures, however, remains to be addressed, and it is pivotal to
investigate it in the context of its interaction with different DNA
substrates. In vitro studies of initiator proteins such as DnaA,
SV40-LTag, and PV-E1 show that the formation of an initiation
complex is a stepwise process that requires the binding of individ-

TABLE 2 Comparison of experimental and calculated sedimentation
coefficients (s, ) for different Rep68 oligomers

Mass (kDa) Syow (S)

Calculated

from
Oligomer  Sequence Experimental® Experimental® model®
Monomer  60.8 61.4 3.7 34
Dimer 121.6 114 5.4 5.5
Trimer 182.4 215°¢ 8.7 7
Tetramer 243.2 8.3
Hexamer  364.8 ND“? ND 11.1
Heptamer  425.6 412° 13.3° 12.5
Octamer 486.4 13.6

% Mass and sedimentation coefficients calculated from the corresponding peak position
of the sedimentation profiles and f/f, values determined with the SEDFIT program.

b Sedimentation coefficients calculated from atomic models using the program
UltraScan-SOMO.

¢ Calculated from broad peaks that do resolve into two or more peaks with these data.
4 ND, not determined.
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FIG 7 Hydrodynamic modeling of Rep68* oligomerization. A model of full-
length Rep68 was generated from the structures of the origin binding domain
(dark blue), Rep40 (helicase domain; slate blue), and a flexible C-terminal tail
(light blue), as described in Materials and Methods. Models for the different
oligomeric rings were generated using the SymmDock server (53). Sedimen-
tation coefficients from each model were calculated using the program Ultra-
Scan-SOMO (37).

ual protein molecules to several direct repeats. This process is
inhibited if the initiator protein is present as a stable ring structure
because of the topological constraints of placing a closed ring
around DNA. In many cases, this is what has been observed in
vitro (13). In addition, formation of rings could provide a more
stable structure, increasing protection against degradation. Sev-
eral groups have postulated that the presence of heptameric rings
provides a mechanism for loading the initiator protein onto DNA
without the need for an additional loader protein. Thus, upon
interaction with DNA, one subunit is lost with the resulting open-
ing of the ring (42, 47). The presence of multiple Rep68 oligomers
possibly provides a pool of different functional units that could be
used for distinct reactions, such as initiation of DNA replication,
recognition of the terminal resolution site (trs) hairpin for nick-
ing, or the binding to the p19 promoter. In this regard, we have
shown that Rep68 oligomerization is regulated by DNA structure
and found that single-stranded DNA and helicase substrates sup-
port the formation of double-octameric Rep68 (19). Moreover,
we determined that Rep68 is capable of unwinding a helicase sub-
strate when purified as a double-octamer Rep68-helicase substrate
complex. Other reports have found that Rep68 forms hexamers,
when bound to dsDNA (22). Another level of complexity that
could regulate the oligomerization properties of Rep proteins in
vivo involves posttranslational modifications. Studies have deter-
mined that Rep proteins are highly modified, with residues being
phosphorylated, ubiquitinated, and sumoylated. The last two
modifications are used primarily to target the Rep proteins for
proteosomal degradation (48-50). In contrast, phosphorylation
inhibits several enzymatic properties of Rep proteins, such as
DNA binding and helicase activity, and may regulate the assem-
bly-disassembly of Rep proteins to DNA substrates (51, 52). The
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final answer to the functional oligomeric state of Rep68 will be to
determine the structure of Rep68 bound to different DNA sub-
strates, such as the AAV ori, AAV S1, and p19 promoter and to
characterize the effect of phosphorylation on the formation of
these complexes.
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