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ABSTRACT. Rep68 and Rep78 DNA helicases, encoded by adeno-associated virus 2 (AAV2), are required
for replication of AAV viral DNA in infected cells. They bind to imperfect palindromic elements in the
inverted terminal repeat structures at theahd 3-ends of virion DNA. The ATPase activity of Rep68

and Rep78 is stimulated up to 10-fold by DNA containing the target sequence derived from the inverted
terminal repeat; nontarget DNA stimulates ATPase activity at 50-fold higher concentrations. Activation
of ATPase activity of Rep68 by DNA is cooperative with a Hill coefficient of £8&.2. When examined

by gel filtration at 0.5 M NaCl in the absence of DNA, Rep68 self-associates in a concentration-dependent
manner. In the presence of DNA containing the binding element, Rep68 (and Rep78) forms-protein
DNA complexes that exhibit concentration-dependent self-association in gel filtration analysis. The ATPase
activity of the isolated Rep68DNA and Rep78-DNA complexes is not activated by additional target
DNA. Results of sedimentation velocity experiments in the presence of saturating target DNA are consistent
with Rep68 forming a hexamer of the protein with two copies of the DNA element. Activation of the
ATPase activity of Rep68 is associated with the formation of a pret®eiNA oligomer.

Adeno-associated virus 2 (AAV2) is a nonpathogenic element, which can recognize the target sequence indepen-
member of the parvoviridiael( 2) that requires helper dently of the rest of the proteinl§). Rep68 or Rep78 is
functions provided by another viru8<6), such as aden- required to create the primer used in replication by cleaving
ovirus, to replicate efficiently and produce infectious virions. the ITR while Rep40 and Rep52 are important for efficient
Because it is nonpathogenic and can integrate specifically packaging of the single-stranded genomic DNA into virions
at a site on chromosome 19-9), AAV2 has attracted (17, 18).
attention as a potential gene therapy vectt®—(13). The Rep68 and Rep78 are classified as SF3 helicases based
genome encodes the capsid proteins, VP1, VP2, and VP3,0n the organization and sequence of conserved sequence
and four replication proteins, Rep40, Rep52, Rep68, and motifs (19) and the crystal structure of the C-terminal
Rep78. Rep68 and Rep78 have a 225 residue N-terminaldomains 20). Like other helicases2(—23), Rep68 and
structure that is absent in Rep40 and Rep52 and is responsibl®ep78 couple energy from the hydrolysis of ATP to the
for DNA sequence specific bindingl4). The N-terminal unwinding of duplex nucleic acids with & 5 polarity (24).
structure results from translation of a longer mRNA tran- Most DNA helicases exist as oligomers or assemble into
scribed from the p5 promoter. Shorter mRNAs for Rep40 oligomers on DNA or upon binding a nucleotide; Rep68/78
and Rep52 are transcribed from the p19 promoter. Rep68(25) also forms oligomers on target DNAs. In some instances
and Rep40 differ from Rep78 and Rep52 at their C-termini the proteins are monomeric in the absence of DNA but
as a result of alternate splicing, which replaces a 92 aminofunction as dimers, as is the case with the R&®-28) and
acid residue element in Rep78 and Rep5hwaitd residue  UvrD (29, 30) helicases oEscherichia coli Others exist as
element in Rep68 and Rep40. All four proteins have DNA preformed oligomers, as is the case with the RepA helicase
helicase and ATPase activities while only Rep68 and Rep78required for replication of plasmid RSF10181(34) and
exhibit a site-specific nucleas&) and specific binding to  the DnaB protein oE. coli (35), though the latter requires
the inverted terminal repeat element (ITR) at theahid 3- magnesium ions for oligomerization. Some hexameric he-
ends of the virion DNA. The sequence-specific binding and licases, including the T736, 37) and T4 @38) bacteriophage
endonuclease activities reside in the 225 residue N-terminalenzymes and SV40 large T-antigeB9( 40), require a
nucleotide for oligomerization. While helicases functioning
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AAV2 Rep68 and Rep78 form oligomers when they bind concentrated to-23 mL with Vivaspin 6 mL concentrators
to DNA, though the exact oligomeric state is uncertain. A (Vivascience; 10000 MWCO). The concentrated material was
hexameric structure was proposed in one study based on thepplied as 0.5 mL aliquots to a Superose 12 gel filtration
behavior of a Rep/8DNA complex on size exclusion column (1 cmx 32 cm; GE Healthcare) equilibrated in 20
chromatography and on the size of products in chemical mM Tris-HCI (pH 7.5), 10% (v/v) glycerol, 0.5 M NacCl,
cross-linking experiments4g). Multiple species in gel  0.5mM DTT, 2 mM MgC}, and 0.2 mM EDTA. Chroma-
mobility shift experiments also suggest multiple oligomeric tography was performed at room temperature at 0.5 mL/min;
states 44). In other studies investigators proposed that the fractions were collected and immediately placed on ice.
enzyme forms a dimer based on the enzyme concentrationFractions were assayed for ATPase activity and examined
dependence of helicase activiBs]. Because the oligomeric by SDS-polyacrylamide gel electrophoresis (see Figure 1);
state of Rep68 and Rep78 is likely an important feature of Rep68-containing fractions from multiple runs were com-
their function as helicases, we have conducted critical studieshined, concentrated, and stored frozer-&0 °C.
of the oligomerization of these proteins and the solution  Purification of Untagged Rep68. E. coBL21(DE3)
conditions required for activation of their ATPase activity Rosetta (Novagen) cells harboring a plasmid encoding Rep68
by the target DNA. without the polyhistidine tag (pRep68, in pET9a) were grown

as described for the His-tagged protein. Cells (20 g) were

EXPERIMENTAL PROCEDURES extracted and subjected to PEG fractionation as described

Materials. NADH, phosphoenolpyruvate, ATP, lactate for the His-tagged protein. The-10% PEG fraction was
dehydrogenase, and pyruvate kinase were obtained fromapplied to Q-Sepharose (20 mL bed volume) equilibrated in
Sigma. p-*2P]ATP (from MP Biomedicals) used for ATPase 20 mM Tris-HCI (pH 7.5), 20% (v/v) glycerol, 100 mM
assays was applied to a 0.25 mL column of Q-Sepharose inNaCl, 0.5 mM DTT, and 0.2 mM EDTA. Rep68 eluted in
20 mM Tris-HCI (pH 7.5) and eluted with the same buffer the unbound fraction and active fractions were combined;
containing 0.5 M NaCl; this step was required to remove 0.25 volume 65 M NaCl was added to a final concentration
Norit A nonadsorbable radioactive material that contributed of 1 M and applied to phenyl-Sepharose equilibrated in 25
to a high blank in the assay. Chromatographic media (Q- mM Tris-HCI (pH 7.5), 1 mM EDTA, 10% (v/v) glycerol,
Sepharose, S-Sepharose, Sephacryl S300, and Superose 12)mM DTT, ard 1 M ammonium sulfate. The column was
were from GE Healthcare. Ni-NTA Superflow was from washed with starting buffer and eluted successively with
Qiagen. Common laboratory salts and reagents were obtainedbuffer containing 0.75, 0.5, and 0.25 M ammonium sulfate;
from various suppliers. Rep68 eluted in the 0.75 and 0.5 M fractions. Active fractions

Purification of Rep68HisRep68His was expressed were combined and concentrated to 0.7 mL using Vivaspin
coli (SG13009) harboring plasmid pStump68; this plasmid 6 mL concentrators (10000 MWCO). The concentrated
contains the coding sequence for Rep68 in a plasmid (pQE70;material was applied to Superose 12 equilibrated in 20 mM
Qiagen) designed for inducible expression in bacteti). ( Tris-HCI (pH 7.5), 10% (v/v) glycerol, 250 mM NacCl, 0.5
Cells were grown in LB, supplemented with M9 salts, 1% mM DTT, and 0.2 mM EDTA; Rep68 eluted at the retention
glucose, 25ug/mL kanamycin, and 10@g/mL ampicillin time of thyroglobulin. Active fractions were pooled, con-
(46) at 37°C to anAgpo 0f 0.8 to 1; IPTG was added to 0.2 centrated to 0.5 mL, and applied to the same Superose 12
mM, and cells were harvested afteh and stored frozen at  column equilibrated with buffer containing 0.5 M NacCl.
—70°C. Preparation of the extract and Ni-NTA chromatog- Active fractions under these conditions eluted at the retention
raphy were performed at-84 °C. Partially thawed cell pellets  time of 1gG.
(40—50 g) were suspended with a Dounce homogenizer (A Purification of MBPRep78Rep78 was expressed &
pestle) in 6 volumes of 50 mM Tris-HCI (pH 7.5 at 26), coli as a maltose binding protein (MBP) fusion encoded by
10% (v/v) glycerol, 0.1% (v/v) Triton X-100, 2 MM EDTA, a plasmid (pRepmal78X{, 48). Cells were grown at 37C
1 mM dithiothreitol, 1 mM phenylmethanesulfonyl fluoride, in LB medium containing M9 saltig), 2 mM MgSQ, 0.1
and 0.01 mg/mL egg white lysozyme. NaCl and Mg@ére mM CaClb, 1% (w/v) glucose, and 58g/mL ampicillin to
added with stirring to 0.5 M and 5 mM, respectively, and anAgy of 0.8 to 1.0 and induced with 0.2 mM IPTG. Cells
the extract was stirred for 30 min. The extract was subjectedwere grown fo 3 h after induction and harvested by
to centrifugation for 30 min at 200@g.. Polyethylene glycol centrifugation. Purification procedures were performed at
8000 [0.25 volume of a 50% (w/v) solution] was added, with 4 °C. Cells (25 g in a typical preparation) were suspended
stirring, to the supernatant and stirred for 30 min. The in 5 volumes of 25 mM Tris-HCI (pH 7.5 at 28C), 1 mM
precipitate was collected by centrifugation (2069030 min) EDTA, 1 mM DTT, 20% (v/v) glycerol, 250 mM NacCl, 0.1%
and dissolved in 3040 mL of 20 mM Tris-HCI (pH 7.5), (v/v) Triton X-100, 1 mM PMSF, and 0.01 mg/mL lysozyme
20% (v/v) glycerol, and 0.5 M NaCl with a Dounce and incubated 30 min. The extract was centrifuged at
homogenizer (A pestle). The sample was applied & mL 2700@,, for 30 min, and the supernatant was retained.
column of Ni-NTA Superflow (Qiagen) equilibrated in the Polyethylene glycol (MW 8000) was added slowly to 10%
same buffer. The column was washed with 10 column (w/v) with stirring to the supernatant fraction by the addition
volumes of starting buffer and eluted successively with 5 of 0.25 volume of a 50% (w/v) solution; the sample was
column volumes each of buffer containing 0.05 and 0.4 M stirred for 30 min after the PEG was added. The suspension
imidazole; Rep68 was in the 0.4 M imidazole eluate. was centrifuged at 170@g, for 40 min, and the precipitate
Fractions were assayed for ATPase activity and examinedwas suspended with a Dounce homogenizer (A pestle) in
by SDS-polyacrylamide gel electrophoresis; Rep68-contain- 50 mL of buffer A [25 mM Tris-HCI (pH 7.5 at 25C), 0.5
ing fractions were pooled, dithiothreitol (to 0.5 mM) and mM EDTA, 1 mM DTT, 20% (v/v) glycerol, 50 mM NacCl,
EDTA (to 0.2 mM) were added, and the material was and 1 mM PMSF]. The solution was applied to a Q-
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Sepharose column (2.5 10.5 cm) equilibrated with the
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2 mM EDTA, and 2 mM DTT were incubated for 30 min

same buffer, and the column was washed with 4 bed volumeson ice and diluted in the same buffer without NaCl. Samples
of the same buffer. The column was eluted with a 20 volume of 100 uL were loaded on 2 mL gradients of-@0% (w/v)

linear gradient from 50 mMa 1 M NacCl in buffer A.

sucrose in 25 mM Tris-HCI, pH 7.5, 50 mM NacCl, 1 mM

Fractions were assayed for ATPase activity and examinedEDTA, and 1 mM DTT. Rep68 (7.@M) without DNA in

by SDS gel electrophoresis, and MBPRep78-containing the same buffer with 500 mM NaCl was loaded onto a
fractions were combined and concentrated with an Amicon sucrose gradient containing 500 mM NaCl. Samples of
ultrafiltration cell using a PM10 membrane. The concentrated MBPRep78 were applied to gradients with 50 mM NacCl.

material was applied to a Sephacryl S-300 gel filtration
column (1.5x 141 cm) equilibrated in 25 mM Tris-HCI,
pH 7.5, 0.5 mM EDTA, 1 mM DTT, 20% (v/v) glycerol,
and 200 mM NacCl and eluted at 10 mL/h. Fractions were
examined by enzyme assays and by SIPAGE, pooled,
diluted to 50 mM NacCl, and applied to a column of
S-Sepharose (1.5 15 cm) equilibrated in 25 mM Tris-HCI
(pH 7.5), 0.5 mM EDTA, 1 mM DTT, 20% (v/v) glycerol,
and 50 mM NacCl. The column was eluted at 30 mL/h with
a 10 column volume gradient of NaCl from 50 to 400 mM.
Fractions were assayed for ATPase and examined by-SDS
PAGE, and active fractions were stored-&80 °C.

ATPase Assay&TPase activity was determined spectro-
photometrically by coupling the production of MgADP to
the pyruvate kinase and lactate dehydrogenase reactitns (
50). Reaction mixtures contained 50 mM Tris-HCI (pH 7.5),
5 mM MgCl, 50 mM NaCl, 0.1 mg/mL bovine serum
albumin, 1 mM MgATP, 1 mM phosphoenolpyruvate, 0.2
mM NADH, 25 units/mL pyruvate kinase, and 29 units/mL

Molecular weight markers, catalas®dy, 11.3, MW 250000),
alcohol dehydrogenas&f, 7.4, MW 141000), and hemo-
globin (Sow4.3, MW 64500), in the same buffer were loaded
on a separate gradient; molecular weights indicated paren-
thetically for the markers are for their oligomeric molecular
weights. The gradients were centrifuged in a TLS-55 rotor
in a Beckman TLX ultracentrifuge at 1800§Qfor 5.5 h at
4 °C and fractionated from the top. Fractions were assayed
for ATPase activity, in the absence or presence of DNA,
and analyzed by SDS gel electrophoresis. CataB3eahd
alcohol dehydrogenases4) were assayed spectrophoto-
metrically, and hemoglobin was determined spectrophoto-
metrically from its absorbance at 418 nm. Molecular weights
were calculated frons w andDyo,, (from theRs determined
by size exclusion chromatography) as described in 5&fs
and56.

Glutaraldehyde Cross-Linking of Rep68HRep68His or
untagged Rep68 (0.5 mg mt) in 20 mM HEPES-NaOH
(pH 7.5), 2 mM MgC}, and 0.5 mM DTT was incubated

lactate dehydrogenase. Reactions were initiated by thewith or without A-stem DNA and at various NaCl concentra-
addition of Rep68, and absorbance at 340 nm was monitoredtions and 0.005% glutaraldehyde for 10 min at°Z2 The

in a Beckman DU640 spectrophotometer equipped with reaction was quenched by the addition of sample buffer for
a temperature controller. Temperature was maintained atSDS gel elctrophoresis. Samples were analyzed on 6% or

30 °C. Activity was determined from the change in absor-
bance at 340 nm, using the extinction coefficient for NADH
of 6.22 mM cm™L. In some experiments ATPase activity

10% acrylamide-bisacrylamide SDS gels.
Size Exclusion Chromatograph$amples of Rep68 and
the Rep68-A-stem complex were prepared as described for

was determined by a radioactive, stopped time assay. Thethe sucrose density gradients, and 140 samples were

stopped time assay was performed in @b reactions
containing 50 mM Tris-HCI (pH 7.5), 50 mM NacCl, 2 mM
MgCl,, 0.2 mM [y-*2P]JATP (20-50 cpm/pmol), 1% (v/v)

chromatographed on a Phenomenex BioSep-SEC-3000 col-
umn (4.6x 300 mm, fractionation range 506000000 Da)
equilibrated with 20 mM Tris-HCI, pH 7.5, 0.2 mM EDTA,

glycerol, and enzyme. Reactions were incubated for 10 min 1 mM DTT, 2 mM MgCh, and 100 mM NaCl (Rep68A-

at 30°C and stopped with 1aL of 15% (w/v) perchloric
acid and 5QiL of a 12.5% (w/v) Norit A suspension in water.
The mixture was centrifuged in a microcentrifuge at 14000
rpm for 10 min, 20uL of the supernatant was spotted on a

stem complex) or 500 mM NaCl (Rep68). The flow rate was
0.5 mL/min, and absorbance was monitored at 280 nm
(Rep68 and standards) or 260 nm (RepB8stem complex).
Gel filtration standards from Bio-Rad contained thyroglobulin

1.5 cm square of Whatman 1 filter paper, the papers were (MW 670000,Rs 85 nm), boviney-globulin (MW 158000,

dried, and radioactivity was determined by liquid scintillation

Rs 5.1 nm), chicken ovalbumin (MW 4400®s 3.2 nm),

counting. One unit is the amount of enzyme that hydrolyzes equine myoglobin (MW 17000 2.3 nm), and vitamin B

1 nmol of ATP to ADP and Pper minute.
Determination of Extinction Coefficient¥he UV spec-

(MW 1350); molecular weights indicated parenthetically are
for the oligomers. Fractions of Rep68 and the RepA8

trum of MBPRep78 was recorded from 210 to 350 nm on a stem complex were analyzed as for the sucrose gradients.

sample dialyzed for 17 h against buffer A without DTT using

The concentration dependence of the size of Rep68 was

the dialysis buffer for the reference. Absorbance at 205 nm determined by diluting protein in 25 mM Tris-HCI (pH 7.5),
was determined to calculate the extinction coefficient at 280 500 mM NacCl, 5 mM MgC4, 0.2 mM EDTA, and 0.5 mM

nm (51). The absorbance coefficient at 280 nm for the

DTT to 100, 60, 30, 12, and M. Samples of 5Q:L were

MBPRep78 was 10.6 for a 1% solution. The absorbance chromatographed on a Phenomenex BioSep-SEC-3000 col-
coefficient at 280 nm for the Rep68 was calculated from umn equilibrated in the same buffer. To determine the
composition $2) and was 16 for a 1% solution. Molar concentration dependence of the size of the Rej#68tem
extinction coefficients for Rep68 at 260 and 280 nm were complex, Rep68 was combined with a 2-fold molar excess

respectively 6.57x 10* M~ cm™t and 9.958x 10* M~!
cm L,

Sucrose Gradient Velocity Sedimentati®ep68 or MB-
PRep78 (+15 uM) and A-stem (1530 uM) in 25 mM
Tris-HCI, pH 7.5, 100 mM NaCl, 5 mM magnesium acetate,

of A-stem in 25 mM Tris-HCI, pH 7.5, 5 mM MgGJ 0.2
mM EDTA, 0.5 mM DTT, and 100 mM NacCl. The sample
was concentrated in a Vivaspin 2 mL centrifugal concentrator
to 60uM Rep68. The concentrated sample was diluted with
the same buffer containing 100 mM NacCl to 30, 12, 6, 3,
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and 1.5uM, and 50uL samples were chromatographed on A | 16 18 21 23 25
a Phenomenex BioSep-SEC-3000 column equilibrated in the 98-
same buffer. 64-

Analytical Ultracentrifugation.The complex of A-stem 50-18 i deudnd
and Rep68 was prepared as described for sucrose gradients
and gel filtration. In some experiments samples were 10000 14
subjected to chromatography on Superose 12 to remove free I ? ? "f A
A-stem and used for sedimentation velocity experiments. 8000 i
Samples used in experiments performed in the presence of il 110 »
excess A-stem were applied to Sephadex G-50 fine spin E 6000 j P
columns equilibrated in 20 mM Tris-HCI (pH 7.5), 2 mM 2 Q g,
MgCl,, 0.2 mM EDTA, 0.5 mM DTT, and 50 or 100 mM S 4000 \ 106 B
NaCl. Sedimentation velocity experiments were performed loa 8
at two or three concentrations in a Beckman XLA analytical 2000
ultracentrifuge (Beckman Coulter Inc., Fullerton, CA) equipped it
with absorbance optics using an An60Ti rotor. Sedimentation 0 T " f r p: 0.0
velocity data were converted to a distribution of sedimenta- A CH Tt e T L SERR S

Retention Time

tion coefficients §(s) vs § with Sedfit and analyzed by direct

boundary fitting to discrete assembly models using SedAnal FIGURE 1: Superose 12 purification of Rep68. Pooled, concentrated

(57). Samples were centrifuged at 35000 rpm at°®6and

sample cells were scanned at 280 and 260 nm. Extinction

coefficient data used for global analysis were as follows:
for A-Stem at 260 nm, 23 mL mg cm™?, and at 280 nm,
11.9 mL mg* cm%; for Rep68 at 260 nm, 0.927 mL my
cml, and at 280 nm, 1.606 mL mg cm % Multiple

wavelength data are useful for estimating stoichiometry and

verifying discrete models in direct boundary fitting (SedA-
nal). The partial specific volume of Rep68 calculated from
composition was 0.732 chg %, and the calculated subunit
molecular weight was 61876 (SednterB). The partial
specific volume of A-stem DNA was taken as 0.55°qgn?!
with a calculated molecular weight of 16578. Sedimentation
coefficient data were converted ®,,, using density and
viscosity values calculated with Sednterp.

SDS-Polyacrylamide Gel ElectrophoresiSamples were

fractions from the Ni-NTA step were applied to Superose 12. (A)
SDS-PAGE of Superose 12 fractions. |, concentrated Ni-NTA
pool; fractions are indicated by retention time. The positions of
molecular weight standards are indicated. (B) Absorbance at 295
nm (—); ATPase activity in the absenc®) or presence®) of

125 nM A-stem. Molecular weight standards: T, thyroglobulin,
670000; G, bovine-globulin, 158000; O, ovalbumin, 44000; M,
myoglobin, 17000.

chelate resin, and HPLC gel filtration, and ATPase was
monitored in the absence or presence of an oligonucleotide
(A-stem) containing the recognition sequence from the
AAV2 ITR (61, 62). Chromatography on Superose 12, shown
in Figure 1, was essential for removal of contaminating DNA
bound to the protein that interfered with analysis of activation
of ATPase activity. Performing the purification in high salt
was necessary for the His-tagged protein because it precipi-
tates reversibly at low ionic strength and moderate protein

treated with SDS (1%) and mercaptoethanol (5%) and concentrations; untagged Rep68 and MBPRep78 are soluble

subjected to electrophoresis on 10% acrylamiblisacryla-
mide (30:1) gels§9) and stained with Coomassie blue R250.

Preparation of Oligonucleotide®uplex oligonucleotides
were prepared by mixing equimolar concentrations of
complementary oligonucleotides in 20 mM Tris-HCI (pH
7.5 at 25°C), 100 mM NacCl, and 1 mM EDTA, heating to
100°C for 5 min, and cooling slowly (over-35 h) to room
temperaturegQ). The sequences of the oligonucleotides were
as follows: A-stem-1, 5GATCTCAGTGAGCGAGCGA-
GCGCGCA- 3, A-stem-2, 5GATCTGTGCGCGC TCGC-
TCGCTCACTGA-3; Ala-1, 3-TAAGGATTTCTTCAATCT-
TAGGATCGGCCA-3; Ala-2, 5-TAGGCCGATCCTA-
AGATTGAAGAAATCT-3'. A-stem is the duplex formed
from A-stem-1 and A-stem-2, and NC30 is the duplex formed
from Ala-1 and Ala-2. The extinction coefficients for duplex
A-stem at 260 and 280 nm were respectively 4.3110°
and 1.98x 10° M~tcm™

RESULTS

Purification of Rep68His and MBPRep78he studies
described in this work required quantities of Rep68His and
MPBRep78 sufficient for biophysical studies that were free
of activities that interfere with analysis of the ATPase
activity. Rep68His was purified from cell extracts by
polyethylene glycol fractionation, chromatography on a Ni-

at low ionic strength. The complex of Rep68His with A-stem
DNA is soluble at low ionic strength. Rep68 without the
polyhistidine was purified by precipitation with polyethylene
glycol, ion-exchange chromatography, hydrophobic chro-
matography, and gel filtration. While the ATPase activity
was similar to Rep68His, it did not precipitate at low ionic
strength. However, it exhibits concentration-dependent as-
sociation at low ionic strength in the absence of the target
DNA. The DNA-independent and DNA-dependent ATPase
activities in the elution profile are coincident with the peak
of protein. MBPRep78 was purified by a combination of ion-
exchange and gel filtration column chromatography. We
resorted to conventional purification procedures since only
a fraction of MPBRep78 (1620%) in extracts bound to
amylose resin employed for purification of maltose binding
protein fusions. Material eluting with maltose was contami-
nated with other proteins and interfering nonspecific phos-
phatase activity. Unlike Rep68His, free MBPRep78 without
DNA containing the binding element is soluble at low ionic
strength. The ATPase activity of MBPRep78 was also
stimulated by DNA, and the DNA-stimulated ATPase and
DNA-independent ATPase activities were also coincident in
the elution profile in the last S-Sepharose chromatographic
step (data not shown). MBPRep78 was used as a fusion
protein since the maltose binding protein fusion was resistant
to digestion with factor Xa.
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Ficure 3: Determination of appareiygare andVmax for Rep68.
ATPase assays were performed at the indicated concentrations of
MQgATP in the absencel) or presencel{) of A-stem. The lines

are the fit to a hyperbolic function of two (minus A-stem) or three
(plus A-stem) separate experiments.
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Table 1: Kinetic Parameters of Rep68 and MBPRép78
KMgATp, IuM Vmax; Unitslmg

Rep68His minus A-stem 31 90 24004+ 200
Rep68His plus A-stem 266& 35 6500+ 300
: MBPRep78 minus A-stem 608 100 200+ 60

10 15 20 MBPRep78 plus A-stem 246 50 790+ 100

Mg™]

units/mg

2000

o
(2]

mM a Data were fit to a hyperbolic function as described for Figure 3.
Results are showr: the standard deviation of the fit.

free’

6000

:o& " strength may be related to reversible association of the protein
at low salt. High ionic strength prevents binding of DNA to
4000+ Rep68, and this effect probably accounts for the small
activation by DNA and reduced activity at high salt. As
shown in panel B, the magnitude of activation is also
20004 influenced by magnesium ion concentration (2-fold at O free
// — magnesium and 4-fold at 15 mM free magnesium), though
A~ the effect is less dramatic than that of NaCl. The choice of
~a buffer and the pH of the reaction also influenced the degree
5 6 7 8 9 of activation as shown in panel C. The effect of NaCl, MgCl
pH and pH were also examined with MBPRep78 with similar
FIGURE 2: Effect of ionic strength, free Mg, and pH on ATPase results (not_s_hO\_Nn). The rt_asults show that activation _o_f the
activity and activation by DNA. The concentrations of Rep68 and ATPase activity is strongly influenced by solution conditions
A-stem were 25 nM in all assays. (A) ATPase assays were Which affect both binding to DNA and the oligomeric state
performed at the indicated concentrations of NaCl in the absenceof the protein.
(®) or presenceQ®) of A-stem with 5 mM MgC} and 50 mM Tris- Kinetic Constants for ATPase Adiiy. We examined the
HCI (pH 7.5). The lines are the fit of a polynomial to data from dependence of ATPase activity on [MgATP] as shown in

three experiments. (B) ATPase assays were performed at the_. . .7 .
indicated concentrations of free Rig(MgCl,) in the absence®) Figure 3 for Rep68His. Activity showed a hyperbolic

or presenced) of A-stem. NaCl was 60 mM at 0 Mgghnd was dependence on the concentration of the nucleotide. Similar
adjusted to maintain constant ionic stre_ngth at the higher Iy!gCI studies were performed with MBPRep78 (not shown), and
concentrations; the buffer was 50 mM Tris-HCI (pH 7.5). The lines  the results were similar to those for Rep68His; the results

are the fit of a polynomial to data from two experiments. (C : ; ;
ATPase assays were performed at the indicated pH values in thefor Rep68His and MBPRep78 are summarized in Table 1.

absence (closed symbols) or presence (open symbols) of A-stem. Activation of ATPase Actity by DNA.The concentration
Buffers were 50 mM MES NaOH @, 0), 50 mM HEPES-NaOH dependence of activation of Rep68His by DNA at two
(@, 0), and 50 mM Tris-HCI 4, A). NaCl was 50 mM with Tris-  concentrations of enzyme was examined as shown in Figure
HCI (7.5), MgCh was 5 mM, and the ionic strength was kept  4A The enzyme was activated up to 8-fold, showing a
constant with the other buffers by adjusting NaCl concentration. sigmoidal dependence of activity on A-stem concentration,
Characterization of the DNA-Actated ATPase Adctity. consistent with cooperative binding of the ligand. Values for
We examined solution conditions for the ATPase activity Ka-semWere 2.4+ 0.1 nM at 25 nM Rep68 and 38 0.3
of Rep68His and MBPRep78 as shown in Figure 2. As nM at 40 nM Rep68; the Hill coefficient was 1F# 0.1 at
shown in panel A, the ionic strength optima for the A-stem 25 nM Rep68 and 1.& 0.1 at 40 nM Rep68. Maximum
stimulated and the unstimulated ATPase activities were activation occurred at substoichiometric concentrations of
different. At low ionic strength, there was little stimulation A-stem with respect to Rep68His. Nontarget oligonucleotides
by A-stem DNA, while the highest stimulation was observed of similar size and composition gave little activation at the
at 75 mM NacCl. The absence of activation at low ionic concentrations of A-stem employed in the experiments shown
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Ficure 5: Activation of Rep68 by different DNAs. Rep68 (50 nM)
was assayed for ATPase activity in the presence of the indicated
concentrations of A-stem (duplex). ATPase assays were also
performed at the indicated concentrations of single strand DNAs
in the absence or presence of 25 nM A-stem. A-stem-1: a 26 base
oligonucleotide from the Rep target sequence. Ala-1: a 30 base
oligonucleotide of an unrelated sequence. Results are the #ean
SD of three experiments.

3000
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Units/mg

1000 4
in Figure 5. Duplex A-stem DNA activated ATPase from 3-

to 9-fold (3.5-fold in the example in Figure 5), with maximal
o0 2e0 a0 avo 300 activation a’g substoichiometric concentrations with respect
to Rep68. Single-stranded DNA (A-stem-1) used for duplex
[Rep68], nM . . .
A-stem and an unrelated single-stranded oligonucleotide of

Ficure 4: Dependence of activation of ATPase activity on : ; ) ; PR
concentration of A-stem and Rep68. Panel A: ATPase assays wereappmx'mateIy the same size (Ala-1) gave little activation

performed at the indicated concentrations of A-stem. The concen-€Ven at high concentrations. Activation by duplex A-stem
trations of Rep68 were 25 n\aj and 40 nM @). Panel B: ATPase  was not significantly affected by the target or nontarget
assays were performed at the indicated concentrations of Rep68 insingle-stranded DNA in the experiment presented in Figure
the presencef) or absenceQ) of 1 uM A-stem. The lines are fits 5 \yith some enzyme preparations the single strands at high
of the Hill equation to the data. concentrations antagonized activation. Nontarget duplex
in Figure 4, indicating that activation is sequence specific. DNA (N30) gave little activation1.4-fold) at 100 nM (not
Micromolar concentrations of a 30 base pair nontarget DNA shown). Maximal activation by DNA, in addition to being
activated severalfold, and the DNA removed during purifica- sequence specific, requires duplex structure. We also exam-
tion by chromatography of Rep68His on Superose 12 alsoined the effect of target and nontarget DNA on the ATPase
activated at high concentrations. Similar results were obtainedactivity of Rep78Mal and obtained qualitatively similar
with MBPRep78. Activation did not depend on the nature results (i.e., activation by the target A-stem and little
of the assay since similar results were obtained with a activation by single strands or nontarget duplex DNA).
coupled spectrophotometric assay and a stopped time assay Characterization of the Reprarget DNA ComplexTo
measuring the release of FOfrom [y-3?P]ATP. Activation understand how the target DNA activates Rep68His and
at saturating A-stem also shows a marked dependence orMBPRep78, we examined the size of the free proteins and
enzyme concentration as shown in Figure 4B. Much higher their complexes formed with DNA by gel filtration and
activation (710-fold) is seen at low enzyme concentrations, sucrose density gradient centrifugation. Figure 6 shows the
and activity is higher in the presence or absence of saturatingresults of such experiments for Rep68His. In the absence of
A-stem at higher enzyme concentrations. The enzyme DNA the protein elutes from a size exclusion column (panel
concentration dependence of activation and enzyme activityA) at a size slightly larger than the monomer molecular
is consistent with the association of inactive subunits into weight; the ATPase is activated approximately 8-fold by
more active oligomers. These results for activation of A-stem DNA. Later experiments show that the retention time
Rep68His by DNA differ significantly from those of Zhou is concentration dependent. Rep68His without DNA was run
et al. 4), who saw little activation (1.4-fold) of the ATPase in high salt (0.5 M NacCl) since it precipitated at low ionic
activity by an oligonucleotide containing the Rep binding strength (below 200 mM NaCl). When Rep68His was
element. The difference between our results and those ofexamined by sucrose density gradient centrifugation (panel
Zhou et al. 24) may reflect differences in the enzyme B), the protein sedimented at a position close to hemoglobin
preparations, enzyme concentrations, and the sensitivity ofand was activated by A-stem DNA approximately 5-fold. A
the activity to solution conditions; the activity and activation complex of Rep68 and A-stem was also examined by gel
of the enzyme are affected by ionic strength, and these earlieffiltration (Figure 6, panel A) and sucrose density gradient
studies were done without NaCl in the assay. centrifugation (Figure 6, panel B). We obtained similar
To analyze the specificity of the DNA activation, we results with the untagged form of Rep68; the untagged
examined the effect of duplex and single-stranded target (A- protein did not precipitate at low ionic strength. In both gel
stem) on ATPase activity; four different enzyme preparations filtration and sedimentation experiments, Rep68 with A-stem
were examined, and a data set from one example is presenteélutes as a larger species that is not activated by A-stem
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Ficure 6: Determination of the size of Rep68 and of the complex
of Rep68 with A-stem. (A) The complex of Rep68His formed with

A-stem (squares) or free Rep68His without A-stem (circles) was
fractionated on a size exclusion column (Phenomenex BioSep-SEC-
3000). Fractions were assayed for ATPase activity in the absence

(m, ®) and presence], O) of additional A-stem. Molecular weight
standards: T, thyroglobulin, 67000&s 8.5 nm; G, bovine
y-globulin, 158000R; 5.1 nm; O, ovalbumin, 4400 3.2 nm;

M, myoglobin, 17000R; 2.3 nm. (B) The complex of Rep68His
formed with A-stem (squares) or Rep68 alone (circles) was
fractionated on 520% (w/v) sucrose gradients. Fractions were
assayed for ATPase activity in the absen®@e M) and presence
(O, O) of A-stem. Molecular weight standards: H, hemoglobin,
64500,S,0w 4.3; A, alcohol dehydrogenase, 1410, 7.4; C,
catalase, 25200@,, 11.3. (C) MBP-Rep78 combined with A-stem
(squares) or MBP-Rep78 alone (circles) was fractionated-20%6
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FiIGure 7: Glutaraldehyde cross-linking of Rep68. (A) SBS
acrylamide gel (10%) electrophoresis of cross-linked Rep68His:
(1) no cross-linking; (2) cross-linking at 50 mM NaCl with A-stem;
(3) cross-linking at 50 mM NacCl without A-stem; (4) cross-linking
at 100 mM NacCl with A-stem; (5) cross-linking at 100 mM NacCl
without A-stem; (6) cross-linking at 500 mM NaCl with A-stem;
(7) cross-linking at 500 mM NacCl without A-stem. (B) SBS
acrylamide gel (6%) electrophoresis of cross-linked Rep68His and
untagged Rep68: (1) Rep68His, no cross-linking; (2) Rep68His,
cross-linking at 100 mM NaCl without A-stem; (3) Rep68Hlis, cross-
linking at 100 mM NaCl with A-stem; (4) Rep68 untagged, no
cross-linking; (5) Rep68 untagged, cross-linking at 100 mM NacCl
without A-stem; (6) Rep68 untagged, cross-linking at 100 mM NacCl
with A-stem.

raphy and sucrose density gradient centrifugation, the
behavior of the complex suggested that it was not homoge-
neous with respect to size since the peaks are broad; on
sucrose density gradients (see panel B in Figure 6), the peak
of activity was at approximately 11.6 s with clear evidence
of larger species. We also examined MBPRep78 by sucrose
density gradient centrifugation and gel filtration and obtained
results similar to those obtained with Rep68His, except that
MBPRep78 did not precipitate at low ionic strength, allowing
for examination of the free and DNA-bound forms under
the same solution conditions. An example of results obtained
for MBPRep78 on sucrose gradient sedimentation is shown
in panel C of Figure 6; as with Rep68His, the ATPase
activity of the free protein was activated by A-stem while
the ATPase activity of the complex was not. As is shown
later in gel filtration experiments, both the free protein and
the Rep68-A-stem complex show concentration-dependent
self-association.

Cross-Linking StudiesWe examined the association of
Rep68His by using glutaraldehyde to covalently cross-link
oligomeric species. As shown in Figure 7 (panel A, 10%
acrylamide, and panel B, 6% acrylamide), incubation with
glutaraldehyde produced a species with a mobility corre-
sponding to approximately 180000; this species is consistent
with a trimer of the subunits (185568 predicted from
sequence). If cross-linking was performed at low ionic
strength, in the absence of A-stem (lanes 3 and 5 in panel A

(wiv) sucrose gradients. Fractions were assayed for ATPase activityand lane 2 in panel B), larger cross-linked material was

in the absence®, W) and presenced, O) of A-stem.

DNA. A-stem DNA was well resolved from the protein in

detected. The amount of these species were far less when
A-stem was present (lanes 2 and 4 in panel A and lane 3 in
panel B). There are also at least two larger species that may

both separation methods so that the absence of activationcorrespond to oligomers of the trimer. When these experi-

reflects the presence of DNA in the complex. Unlike free
Rep68His, the Rep68HisDNA complex remained in solu-
tion at relatively low ionic strength; the complex was
dissociated from DNA by high ionic strength, precluding
analysis of the free Rep68 and Rep@3NA complex under

the same ionic strength. On both size exclusion chromatog-

ments were performed at low protein concentrations (not
shown) or high ionic strength (panel A, lanes 6 and 7), the
amount of the larger species was reduced. Similar results
were obtained with Rep68 lacking the His tag (panel B, lanes
5 and 6), except that the level of high molecular weight
material was far less at low ionic strength, consistent with
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A (60 uM) were rechromatographed on the same column, the
peak of the complex eluted at a retention time indicative of
reversible dissociation of an oligomer into a smaller species
corresponding to those seen at lower loading concentrations.
z G Analytical Ultracentrifugation. We examined the
S 10° Rep68His-A-stem complex by sedimentation velocity to
obtain an estimate of its size by a rigorous method that is
independent of standards. In some experiments the complex
M was examined without free A-stem DNA while in others
there was excess free DNA. The cells were scanned at 260
7 s P Y 12 and 280 nm to determine the distribution of the complex
Retention Time, min and the A-stem DNA. The results of these studies are shown
in Figure 9. Panels A and B show the distribution of
B sedimentation coefficients [presentedcés vs § for several
experiments done in (A) 50 mM NaCl and (B) 100 mM
NaCl. The insert in both panels is an enlargement of the
complex region of the distribution. Data collected at 260 and
280 nm give very close agreement consistent with a tight
complex comprised of two A-stem per six Rep68 subunits.
Figure 9C presents the weight aver&yealues for regions
of the c(s) distributions corresponding to free A-stem DNA
and the Rep68A-stem complex from several experiments.
10*- There is reasonable agreement between the different salt
7 8 9 0 11 12 concentrations and the presence or absence of excess A-stem
Retention Time, min. DNA. In the absence of a significant excess of free A-stem
FIGURE 8: Concentration dependence of the size of Rep68His and the Rep68-A-stem complex exhibits a tendency to aggregate
of the complex of Rep68His with A-stem. (A) Rep68His was into large species consistent with the tendency of the free
applied to a SEC column at 60, 30, 12, andM (2—5). A sample protein to precipitate. This latter observation might also
of the concentrated Ni-NTA pool, estimated at 104 (1), was reflect the formation of higher order oligomers as suggested

also applied. Molecular weight standards are as described for Figure : ;
1. Estimated molecular weights: 1, 176000; 2, 154000; 3, 125000; by band shift assays in work by Owens et &3)( In the

4, 99000; 5, 90400. (B) Rep68His was combined with A-stem to Presence of excess A-stem the complex tends to sediment
form a complex and applied to a SEC column at 60, 30, 12, 6, 3, as a well-defined species (see inserts in Figure 9A,B). The
and 1.54M (1—6). Estimated molecular weights: 1, 627000; 2, best extrapolate® value for the 2:6 complex in both salt
511000; 3, 428000; 4, 377000; 5, 307000; 6, 263000. concentrations is 13.1%,,,as indicated by the vertical line
this protein showing less tendency to precipitate under thesein the inserts. The tendency of the complex to adsorb to
conditions. Similar-sized cross-linked species are seen withsurfaces or precipitate during the exchanging of buffers
both the untagged and His-tagged versions of Rep68 in theduring sample preparation precluded examination of higher
presence of DNA, suggesting that these species seen withcomplex concentrations; this was particularly true at 50 mM
the tagged protein do not reflect an effect of the tag. NaCl. Free A-stem sedimented at 3.28 0.22 S,
Concentration-Dependent Self-Association of Rep68His. consistent with a MW value of 16578 based on the sequence.
We characterized the properties of the free protein and theAt higher concentrations A-stem sediments in a concentra-
Rep68His-A-stem complex in more detail to obtain esti- tion-dependent manner consistent with weak self-association
mates of size. The concentration dependence of the retentiordlue to complementary overhang regions.
time of Rep68His on gel filtration chromatography in 0.5
M NaCl indicates that it undergoes reversible self-association DISCUSSION
as shown in Figure 8A. This result indicates that the protein  Oligomerization of AAV2 Rep6BNA helicases serve an
forms oligomers in the absence of DNA. The tendency of essential function in the replication of both cellular and viral
the protein to oligomerize is more pronounced at low ionic genomes. The large replication proteins of AAV2, Rep68
strength, to the point that it precipitates below 200 mM NaCl. and Rep78, serve important roles in viral replication by
At the lowest loading concentration, the protein eluted at a creating the site for the initiation of DNA replication by
retention time between those expected for a dimer and anicking a site in the ITR through an endonuclease activity
monomer. At 0.25 M NacCl the protein remains in solution in the N-terminal domains and then acting as a helicase with
but is aggregated, eluting ahead of thyroglobulin when 3' to 5 polarity. Though the mechanism of neither the
examined by gel filtration. The Rep68Hi#\-stem complex bacterial nor the eukaryotic helicases is entirely understood,
showed behavior indicative of self-association (Figure 8, they function as motor proteins, coupling energy derived
panel B) but was significantly larger, giving approximately from the hydrolysis of ATP to the separation of DNA strands.
260000 for the apparent molecular weight at the lowest In their function as motor proteins, oligomeric structure is
protein concentration examined ¢8M) with values ap- an important featureE. coli Rep helicase and related
proaching 630000 at the highest protein concentration helicases of Gram-negative bacteria have been proposed to
examined (6QuM). The ATPase activity of the complex in  function as dimers with the two subunits binding alternately
all cases was independent of added A-stem. When sampledo duplex and single-stranded DNA in what has been called
of the large species obtained at high Rep68His concentrationghe rolling model; an alternate view is that they function as
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2.0 : T monomers akin to an inchworm. The hexameric helicases
184 A are either stable oligomers or form hexamers on their DNA
1 0.15 substrates; in some cases the association is promoted by ATP.
6] Our analysis of AAV2 Rep68 indicates that it forms
1.4 1 0104 oligomers on the target DNA from the AAV2 ITR, consistent
12 with a hexameric helicase. Ay of 12.22 to 13.1550w
. for the Rep68-A-stem complex is consistent with six
@ 0] e subunits of Rep68 and two copies of the target DNA.
© 08 Analysis of the Rep68A-stem complex by gel filtration
06.] 000t indicates that it undergoes concentration-dependent self-
. association; the size of the species seen at low protein
041 concentrations is consistent with the results of analytical
0.2 ultracentrifugation. The data are most consistent with the
0.0 ’ formation of a hexameric structure that associates reversibly
0 ) to form larger oligomeric species. The biological significance
s of these larger species is unclear since they are seen at high
14 ' o protein concentrations. However, some of the species
o ' detected in electrophoretic mobility shift assays may cor-
] B 0201 respond to different oligomeric states of the complex.
o1s | Activation of AAV2 Rep68 ATPas&n important feature
104 of Rep68 is its ATPase activity, which is required both for
Z g0l the helicase function and to open the DNA at the site of the
0.8 endonucleolytic cleavage in the ITR. The ATPase activity
+ 0.054 is stimulated by DNA and is associated with oligomerization
T 06+ of the protein. The association with oligomerization suggests
0.00 that a conformational transition, linked to formation of
0.4+ & oligomers, activates the ATPase. The monomers may have
1 low intrinsic ATPase activity that is enhanced by oligomer-
0.2 ization, or the enzyme may be inactive as a monomer with
1\ j the activation reflecting the equilibrium distribution between
0.0 r I inactive monomer and active oligomer. In either case, binding
to target DNA would shift the distribution toward the more
S0 active oligomer. In the absence of the target DNA, dissocia-
R R tion of the oligomer and reduction in ATPase activity are
1C ] also favored by low protein concentration and high ionic
154 « « T strength.
00, AN K. 1 Structural Relationship of Rep68 and Rep78 to Other DNA
g 12 --'g""'**,;éw' g HelicasesThe AAV2 Rep helicases belong to the SF3 class
2 of helicases, and most members of this group form hexameric
2 o ] ring-like structures. One early report suggested that Rep78
§ also formed a hexame#3d), though the data supporting this
s proposition were not as extensive as the data presented here.
5 °7 i Our results are consistent with a hexameric model but could
$ include trimers and species larger than a hexamer detected
3O R B g . in the glutaradehyde cross-linking experiments. We did not
J ] see significant effects when the cross-linking was performed
o in the presence of ATP or AT, indicating that, unlike
0.1 02 03 04 05 06 07 SV40 T-antigen, assembly does not require the nucleotide.
oD However, the nucleotide might alter affinity of the protein

FiIGurRe 9: Sedimentation velocity of the Rep6&-stem complex. for DNA as suggested_by effects_ on binding of Rep68 to
Panel A: The distribution of sedimentation coefficients [shown as the AAV2 ITR detected in band shift assayi(64). Effects
c(s) vs S for experiments in standard buffer conditions plus 50 Of nucleotides have precedent in the SV40 T-antigg9) (
mM NacCl. Panel B:c(s) vs S, for experiments in standard buffer ~ 40) and some phage helicas&6{38) whose oligomeriza-
conditions plus 100 mM NaCl. The inserts in (A) and (B) enlarge tjon is stimulated by ATP.

the region of the distribution corresponding to the A-stdRep68 :
heterocomplex; vertical lines correspond to 1351&,. Solid lines While no crystal structures have been reported for Rep68

are data collected at 280 nm; dotted lines are data collected at 26007 R€p78, structures were determined for the N-terminal
nm. Panel C: Concentration dependence of weight aveBage nuclease/DNA binding domair6$) present in Rep68 and
vs OD corresponding to integration of the free A-stem or the Rep78 and for Rep4020, 66). The Rep40 structure was
heterocomplex region of the distribution. Open symbols correspond getermined on the free proteid@) and on a complex with

to 50 mM NacCl and closed symbols to 100 mM NacCl. The different .
symbols correspond to data from different experiments. The upperADP (66). Although Rep40 was not crystallized as an

line reflects the trend of the heterocomplgx,, data in excess  oligomer in these studies, based on the similarity of the
A-stem, and the lower line reflects the average A-s@&g. structure to SV40 T-antigen and other AAAproteins 67)
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it was modeled as a hexam&(f. Presumably Rep68 and 5
Rep78 have the potential to form similar structures since they
likely have some of the same surfaces for protgimtein
interaction present in Rep40. We do see evidence of large
oligomers by gel filtration, by sucrose gradient sedimentation,
and by glutaraldehyde cross-linking. While the most abun-
dant species in cross-linking experiments appears to be a
trimer, this species may form oligomers corresponding to a
hexamer. SV40 T-antigen assembles into hexamers and
double hexamers6g—71), but it also forms dimers and
trimers that may be on a path leading to hexamers and double
hexamers. Hexameri®¥9), trimeric (72), and dimeric oli-
gomeric {3) forms were detected with the bovine papilloma
virus (BPV) E1 protein, a homologue of SV40 T-antigen.
Oligomerization of SV40 T-antigen and BPV EL1 is affected
by ATP and DNA, and EM reconstructiongl) and X-ray
structures of SV40 T-antigeQ) suggest that oligomeriza-
tion is coupled to ligand binding. Analysis of multiple
oligomeric forms of Rep68 and Rep78 complexes by
electrophoretic mobility shift assays indicates that one or two
copies of the ITR§2) bind to various oligomeric forms and
ATP promotes the formation of some of these oligomeric
species44). Effects of ATP are also seen with the binding
of NS1 of minute virus of mice, the MVM equivalent of
Rep68 and Rep78, to the MVM replication origins4).
Although Rep78 has been reported to form a hexamer on
the stem of the ITR based on gel filtration and chemical
cross-linking 43), the oligomeric state of the protein in these
studies was not rigorously characterized. The +Hep78
complex’s behavior on gel filtration in these studies was
consistent with a hexamer, but the amount of DNA bound

[o)]

~

was not determined. A case can be made for Rep68, Rep78, 18.

and Rep40 all forming hexamers, but the evidence supporting
this idea is not entirely convincing at present, particularly ;4
with Rep40. The formation of an oligomer could involve a
number of intermediate species that may depend on the

presence of both the target sequence and nucleotide with the 20.

final active oligomeric form having limited stability; in such

a case (i.e., Rep40), detection of the active oligomer would 21.

be difficult.
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