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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) ORF6 is homologous to the herpes simplex virus 1 (HSV-1) ICP8 and Epstein-
Barr virus (EBV) BALF2 proteins. Here, we describe its single-stranded DNA (ssDNA) binding properties. Based on previous
findings with ICP8 and BALF2, a 60-amino-acid C-terminal deletion mutant of Orf6 was generated, and the protein was purified
to explore the function of the C terminus in ssDNA binding. We showed that full-length ORF6 binds cooperatively to M13
ssDNA, disrupting its secondary structure and extending it to a length equivalent to that of duplex M13 DNA. The width of the
ORF6-ssDNA filament is 9 nm, and a 7.3-nm repeat can be distinguished along the filament axis. Fluorescence polarization anal-
ysis revealed that the wild-type and C-terminal mutant ORF6 proteins bind equally well to short ssDNA substrates, with dissoci-
ation constant (K,;) values of 2.2 X 10”’M and 1.5 X 10~”M, respectively. These values were confirmed by electrophoretic mobil-
ity shift assay (EMSA) analysis, which also suggested that binding by the full-length protein may involve both monomers and
small multimers. While no significant difference in affinities of binding between full-length ORF6 and the C-terminal deletion
mutant were observed with the short DNAs, binding of the C-terminal mutant protein to M13 ssDNA showed a clear lack of co-
operativity as seen by electron microscopy (EM). Incubation of a duplex DNA containing a long single-stranded tail with double-
helical ORF6 protein filaments revealed that the ssDNA segment can be enveloped within the protein filament without disrupt-
ing the filament structure.

IMPORTANCE

This work describes the biochemical characterization of the single-stranded DNA binding protein of KSHV, ORF6, central to
viral DNA replication in infected cells. A C-terminal deletion mutant protein was generated to aid in understanding the role of
the C terminus in DNA binding. Here we analyze the binding of the wild-type and mutant proteins to short oligomeric and lon-
ger genomic ssDNA substrates. Although it is capable of interacting with the short substrates, the inability of mutant ORF6 to
form oligomers in solution hindered it from fully covering the long genomic substrates. We previously showed that ORF6 forms
long filaments in solution, and we showed here that these can absorb ssDNA without disruption of the filament structure. This
work will provide an important basis for future studies by us and/or others.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a member
of the gammaherpesvirus family (1) and the causative agent of
primary effusion lymphoma, Kaposi’s sarcoma, and multicentric
Castleman’s disease (2). Similar to herpes simplex virus 1 (HSV-1)
and Epstein-Barr virus (EBV), the life cycle of KSHV consists of a
latent phase with periodic episodes of Iytic replication. During the
lytic phase, replication is driven by a set of 6 core replication fac-
tors (3), which for KSHV have been identified as ORF9 (DNA
polymerase), ORF59 (polymerase processivity factor), ORF56
(primase), ORF44 (helicase), ORF40/41 (primase-associated fac-
tor), and ORF6 (DNA binding protein), based on homology with
the HSV-1 and EBV proteins. This identification was bolstered by
the finding that when the KSHV proteins are expressed in Vero
cells, they will catalyze replication from the EBV lytic origin (4).
ORF6 is homologous to the HSV-1 ICP8 and EBV BALF2 proteins
(5), both of which were first identified as single-stranded DNA
(ssDNA) binding proteins. Interestingly, in murine gammaher-
pesvirus 68 (MHV68), a gammaherpesvirus related to EBV and
KSHYV, deletion of the MHV68 Orf6 homolog resulted in a virus
that could establish latency in vivo but was defective for viral rep-
lication (6).

Most of what is known about these single-stranded binding
proteins comes from studies of ICP8. ICP8 was first shown to be
required for in vitro replication reactions, suggesting that it might
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be the herpesvirus equivalent of the Escherichia coli single-
stranded DNA binding protein (SSB) protein or eukaryotic repli-
cation protein A (RPA) (7). Further studies, however, revealed
that in the absence of DNA, it forms long double-helical protein
filaments (8, 9), a property shared with the RecA recombinase but
not with SSB or RPA. Deletion of the C-terminal 60 amino acids of
ICP8 was found to render it unable to form the double-helical
filaments and also reduced the cooperative nature of its ssDNA
binding (10). It was then shown that ICP8 is able to catalyze the
annealing of homologous ssDNAs (11, 12), placing it in the an-
nealase category, which contains numerous proteins, including
Redp. Finally, when ICP8 is incubated with a linear double-
stranded DNA (dsDNA) containing a resected tail and a homolo-
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gous ssDNA circle, it catalyzes DNA strand transfer over distances
of >7 kb (13-15). These varied properties suggest that ICP8 has
multiple functions in replication and recombination and does not
fit into just one protein family. Little information is currently
available as to whether ORF6 also shares these properties. How-
ever, we recently showed that ORF6 is able to form double-helical
protein filaments in the absence of DNA (16).

ICP8 (17) and BALF2 (18) are abundantly expressed through-
out lytic replication and are highly concentrated in nuclear repli-
cation bodies where viral DNA replication occurs. These bodies
contain many cellular replication and repair factors (19). During
KSHYV lytic infection, ORF6 has been shown to be present in rep-
lication bodies as well. The six core replication proteins together
with two other viral proteins, K8 and RTA, form a prereplication
complex, which loads onto ori-Lyt DNA and becomes a replica-
tion initiation complex (20). Fluorescence microscopy and coim-
munoprecipitation assays have shown that certain cellular DNA
repair proteins, such as MSH2/6 and DNA-PK/Ku86/70 com-
plexes, topoisomerase I, and topoisomerase II, accumulate in the
viral replication bodies. Furthermore, their expression levels ele-
vate dramatically during viral lytic DNA replication (21). The to-
posiomerases were of particular importance, since inhibition of
their activity abolished lytic KSHV DNA replication altogether.

In this study, we have continued our biochemical characteriza-
tion of the ORF6 protein by examining its ssDNA binding prop-
erties. To understand the role of oligomerization in ORF6-cata-
lyzed reactions, we generated a C-terminal deletion mutant. We
have employed electrophoretic mobility shift assay (EMSA), fluo-
rescence polarization, and electron microscopic (EM) assays to
examine the structure of the ssDNA-protein complexes and the
effects of oligomerization on DNA binding kinetics.

MATERIALS AND METHODS

Expression constructs. The Orf6 gene was cloned into the pFastBac HTa
plasmid for baculovirus expression as described previously (16). The last
60 amino acids from the C terminus of the Orf6 gene were removed by
PCR using the following primers: forward, 5'-GGC TAT GGA TCC GAT
GGCGCAAA GGG ACC ACA-3'; reverse, 5'-GCT TTC AAA GCT TCT
AAC CCT CGG CCG TCC A-3'. The mutant Orf6 [Orf6(AC)] gene was
subcloned into the pFastBac HTa plasmid at the HindIII and BamHI
restriction sites and contains a 6 X His tag on the N terminus. The integrity
of the mutant Orf6 gene was confirmed by sequencing. The baculovirus
for protein expression was generated as described by the manufacturer
(Invitrogen, Carlsbad, CA). The incorporation of mutant Orf6 into the
viral genome was verified by PCR.

ORF6(AC) expression and purification. The wild-type ORF6 protein
was expressed and purified as previously described (16). ORF6(AC) was
expressed and purified as follows. Sf21 cells (250 ml) were grown in sus-
pension in Sf-900 II SFM and were inoculated with the virus at a multi-
plicity of infection (MOI) of 10. The cells were incubated for 48 h at 27°C
and then pelleted at 1,500 X g for 10 min and washed once with ice-cold
1X phosphate-buffered saline (PBS) (Gibco BRL, Carlsbad, CA). After
pelleting again, the cells were frozen and kept at —80°C until further use.
Batch purification was used by following the Qiagen (Valencia, CA) nickel
resin protocol with minor modifications. After thawing the cell pellet on
ice, the cells were resuspended in cold lysis buffer (20 mM Tris, pH 7.4,
300 mM NaCl, 0.1% NP-40, 8 mM B-mercaptoethanol, and EDTA-free
protease cocktail tablets [Roche, Indianapolis, IN]) and incubated on ice
for 20 min. The cells were then sonicated (0.5-s pulses) for 2 min on ice.
The cell extract was clarified by spinning at 18,000 X g for 60 min at 4°C.
Qiagen nickel resin (1 ml) was equilibrated with the lysis buffer and ap-
plied to the clarified cell extract. The protein was allowed to bind to the
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resin by rocking in the cold room overnight. The resin was then washed
several times with lysis buffer containing 5% glycerol and 20 mM Imida-
zole (pH 8.0). The ORF6(AC) protein was eluted with elution buffer (20
mM Tris, pH 7.4, 200 mM NaCl, and 250 mM imidazole) and dialyzed
overnight against 20 mM HEPES, pH 7.4, 150 mM NaCl, 0.1 mM EDTA,
and 20% glycerol and stored at —80°C. The purity of the protein was
determined by SDS-PAGE and Coomassie staining.

DNA substrates. For EMSA, homopolymers of [dT],,, [dT],s, and
[dT],5 were labeled with fluorescein at the 5’ end. The DNA was visualized
by exciting the fluorophore with 494-nm-wavelength light and recording
its emission at 521 nm. For the electron microscopy (EM) experiments,
we used M13mp18 ssDNA (NEB, Ipswich, MA) and a circular dsDNA
plasmid with a 400-nucleotide (nt)-long ssDNA tail prepared as described
before (22).

Fluorescence polarization. Solutions (70 1) containing 0.15 wM flu-
orescein isothiocyanate (FITC)-labeled [dT],, or [dT],s with varied
amounts of ORF6 or ORF6(AC) in 20 mM HEPES, 50 mM NaCl, and 1
mM dithiothreitol (DTT) were prepared for the assays. The mixtures were
incubated at room temperature for 20 min. The fluorescence anisotropies
were measured on a Fluorolog-3 instrument (Horiba Jobin Yvon, Edison,
NJ) with an excitation wavelength of 494 nm and an emission wavelength
of 515 nm. The statistical analysis of the data and the graphs were gener-
ated using the Prism 6 software program (GraphPad, La Jolla, CA).

EMSA. Binding reactions were carried out in a final volume of 20 pl.
The reaction mixtures contained 20 nM DNA in 20 mM HEPES (pH 7.9),
50 mM NaCl, and 1 mM DTT with appropriate amounts of the ORF6 and
ORF6(AC) proteins. The mixtures were incubated at room temperature
for 20 min, and the complexes were resolved on 5% nondenaturing poly-
acrylamide gels in Tris-borate-EDTA (TBE) buffer run at 50 V at 4°C. The
DNA was visualized by using a Typhoon 9400 instrument (GE Life Sci-
ences, Piscataway, NJ) to record the emission signal of the excited fluo-
rescein labels. The images were adjusted for contrast using Adobe Photo-
shop software (Adobe Systems, San Jose, CA). Statistical analysis of the
data and the graphs were generated using Prism 6 software.

Electron microscopy. To image the ORF6 filaments by negative stain-
ing, ORF6 or the C-terminal mutant protein was incubated at room tem-
perature for 3 h in a buffer containing 20 mM HEPES (pH 7.9), 50 mM
NaCl, and 1 mM DTT as described previously (16). Aliquots were then
absorbed to copper grids covered by thin glow-charged carbon foils and
stained for 5 min with 2% (wt/vol) uranyl acetate in water. Samples were
examined in a Tecnai 12 transmission electron microscopy (TEM) (FEIL,
Hillsboro, OR) at 80 kV, and images were captured on a Gatan Orius
charge-coupled device (CCD) camera programmed with Digital Micro-
graph software (Gatan, Warrendale, PA).

To visualize DNA-protein complexes, binding mixtures were pre-
pared as described for the EMSAs. For rotary metal shadowcasting, ali-
quots of the DNA-protein binding mixtures were cross-linked with 0.6%
glutaraldehyde (final concentration) for 5 min at room temperature and
then chromatographed through - ml Biogel A-5m columns equilibrated
with 10 mM Tris (pH 7.4)-0.1 mM EDTA buffer. The samples were
mixed with a buffer containing spermidine hydrochloride (final concen-
tration of 2 mM) and applied to copper grids covered by thin glow-
charged carbon foils, washed, dehydrated, and rotary shadowcast with
tungsten as described previously (23). The grids were examined in an FEI
Tecnai 12 TEM at40kV, and the images were captured as described above.
Contrast in the final images was adjusted using Photoshop software
(Adobe Systems, San Jose, CA). For negative staining, binding reactions
were carried out in a final volume of 10 pl. The reaction mixtures con-
tained 20 nM M13mp18 ssDNA in 20 mM HEPES (pH 7.9), 50 mM NaCl,
and 1 mM DTT with various amounts of the ORF6 and ORF6(AC) pro-
teins. The mixtures were incubated at room temperature or at 37°C for 20
min. Aliquots were then absorbed to copper grids covered by thin glow-
charged carbon foils, stained for 5 min with 2% (wt/vol) uranyl acetate in
water, and examined as described above.
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FIG 1 Visualization of ORF6 filaments by electron microscopy. The samples
were adsorbed to glow discharge-treated thin carbon foils and stained with 2%
uranyl acetate (see Materials and Methods). Bar = 200 nm.

RESULTS

Expression and purification of the ORF6AC protein. The objec-
tive of this study was to examine the binding of the ORF6 protein
to ssDNA and to further examine the properties of the double-
helical protein filaments formed in the absence of DNA. We pre-
viously reported that deletion of the last 60 amino acids of ICP8
abolishes its ability to form double-helical protein filaments (24).
Similar results were obtained with the C-terminus deletion mu-
tant of BALF2 (24). Thus, we constructed a similar deletion
mutant of ORF6. We successfully overexpressed the C-terminal
deletion mutant (ORF6AC) in insect cells as a recombinant N-
terminal 6 XHis-tagged protein and purified it to homogeneity
(see Materials and Methods). The expression levels of ORF6AC
were very high, with almost 3 mg of protein obtained from 500 ml
of insect cell culture. Wild-type ORF6 was expressed as described
previously (16). The purities of both wild-type and mutant ORF6
were determined by SDS-PAGE and Coomassie staining (see Fig.
S1 in the supplemental material).

ORF6AC does not form double-helical protein filaments.
Under reducing conditions, ORF6 forms long filamentous struc-
tures (16), easily visualized by negative staining with 2% uranyl
acetate (Fig. 1). All fields examined showed many of these fila-
ments with >90% of the protein being present in filaments as
contrasted to single particles on the background. These large pro-
tein oligomers elute in the void volume upon size exclusion chro-
matography on Superdex 200 columns, using UV absorption at
280 nm and SDS-PAGE staining to monitor the location of the
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protein (see Fig. S2 in the supplemental material). Omission of
DTT did not completely eliminate filament formation, however,
since a few shorter filaments and a few large unstructured aggre-
gates were present in addition to a large amount of single Orf6
particles as observed by EM. The ORF6AC protein, however,
eluted at the position expected for monomers when it was applied
to Superdex 200 columns just after the purification. However, if
the protein was incubated at 4°C or room temperature for several
hours, then the bulk of the mutant protein eluted in the void
volume (data not shown). Negative staining of ORF6AC from the
void volume revealed the presence of large, unstructured protein
aggregates (see Fig. S3), similar to those observed with the full-
length protein in the absence of DTT. These results demonstrate
that the mutant protein is blocked from forming long uniform
filaments, in agreement with previous studies of ICP8 (8, 25).
Wild-type and mutant ORF6 bind ssDNA as shown using
biochemical assays. To examine the binding of full-length ORF6
and ORF6AC to ssDNA, we employed electrophoretic mobility
shift assays (EMSA). The assays were performed with poly(dT)
oligonucleotides, 14, 28, and 45 nt in length, labeled with 5'-flu-
orescein. The fluorescent tag made it possible to measure fluores-
cence polarization and follow the position of the DNA on the gels
in the EMSAs by monitoring fluorescence at 515 nm with an ex-
citation at 494 nm. With the 28-nt substrate, full-length ORF6
formed two supershifted nucleoprotein species in the gel, while
ORF6AC formed only a single supershifted band (Fig. 2A). Incu-
bation of full-length ORF6 with the 14-mer resulted in a single,
slow-moving complex, which barely penetrated the gel, while
ORF6AC formed a faster-moving complex that easily penetrated
the gel (Fig. 2A). Previously, it has been shown that a 14-nt-long
substrate can accommodate only a single ICP8 molecule, and this
is clearly what we observed with ORF6AC. However, wild-type
ORF6 formed a much larger complex with this substrate, suggest-
ing that in the presence of short stretches of ssDNA, the protein
tends to bind in an oligomeric form. ORF6AC bound only as a
monomer to each substrate, from 14 to 45 nt. ORF6, however,
showed two bands, likely a dimer and possibly a trimer with the
45-nt template (Fig. 2A). These results are different from previ-
ously published data with ICP8. First, by deleting the C terminus
of ORF6, we eliminated its binding cooperativity, whereas ICP8
displayed some cooperativity since it was capable of binding as a
dimer to longer substrates (10). Second, ORF6 formed large nu-
cleoprotein complexes with the short 14-mer substrate, whereas
ICP8 bound as a monomer. Negative staining of full-length ORF6
showed that in 20 min at room temperature, it had already started
to form protein-only filaments, but most of the protein was still
present as monomers. Similar examination of ORF6AC showed
that it was predominantly monomeric with occasional aggregate
forms. It is quite possible that wild -type ORF6 binds as a mono-
mer and then starts forming oligomers. Similarly, when we in-
creased the protein concentration in the presence of the 28-mer,
OREFG6 started to lose the monomeric species, and a new, heavier
complex, which had difficulty penetrating the gel, appeared (see
Fig. 4A). Mg”" ions have been shown to be important for ICP8
function (8, 25). Even though we have shown previously (16) that
Mg** ions do not affect ORF6 filament formation, we asked
whether they would alter ORF6 interaction with small oligonucle-
otide substrates (Fig. 2B and C). Neither protein was affected by
the presence of magnesium in the reaction as observed with the
EMSA, nor did omission of DTT alter the results. This indicates
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FIG 2 Binding of ORF6 and ORF6AC to ssDNA. (A) ORF6 and ORF6AC were incubated with 5" fluorescein-labeled [dT]14, [dT]28, and d[T]45 single-stranded
DNA, and the complexes were separated on 5% nondenaturing polyacrylamide gels (see Materials and Methods). The gel was imaged with a Typhoon 9400
scanner. The effect of reducing conditions and Mg”* ions on the activity of ORF6 (B) or ORF6AC (C) is shown.

that although DTT is critical for the formation of long double-
helical filaments in solution, it does not affect the binding prop-
erties of ORF6 for small oligonucleotide DNAs.

To further investigate the nature of binding of ORF6 to ssDNA,
we carried out protein titrations and fluorescence polarization
analysis. The fluorescein-labeled oligonucleotides were diluted to
0.15 wM concentrations in the binding buffer as described in Ma-
terials and Methods. The proteins were added at the needed con-
centrations, and the reactions were allowed to proceed for 20 min
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at room temperature. The fluorescence anisotropy of each reac-
tion was measured by monitoring emission at 515 nm with exci-
tation at 494 nm. The equilibrium binding data were then ana-
lyzed using nonlinear regression. Based on the results (Fig. 3) with
both 14- and 28-nt substrates, the dissociation constant (K;) val-
ues obtained for the proteins were similar, 2.2 X 10~"M for ORF6
and 1.5 X 107’M for ORF6AC. Next, we repeated the protein
titration assays with the 28-mer substrate using EMSA. The K
values obtained from EMSAs, 4.6 X 10~"M for full-length ORF6
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FIG 3 Fluorescence polarization analysis of binding of ORF6 and ORF6AC to ssDNAs. ORF6 (A)or ORF6AC (B), at the indicated concentrations, was incubated
with 0.15 wM (each) FITC-labeled poly[dT] substrate for 20 min, and fluorescence polarization was measured. Bars indicate standard errors.
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FIG 4 EMSA analysis of the binding of ORF6 (A) or ORF6AC (B) to ssDNAs. The proteins at the indicated concentrations were incubated with 0.2 M
28-nt-long ssDNA, and the protein-DNA complexes were separated on 5% nondenaturing polyacrylamide gels and subjected to image analysis with a Typhoon
9400 scanner. Left panels show representative gel images, and right panels show quantitative analysis of data from three independent experiments. The bars

indicate standard errors.

and 6.3 X 10~’M for ORF6AC (Fig. 4), indicate that the affinities
of the two forms of the protein for these short DNAs are similar.
These values are in good agreement with the results obtained from
the fluorescence polarization analysis of the same binding exper-
iments (Fig. 3). Both sets of experiments show that deletion of the
C-terminal 60 amino acids has a minimal effect on the protein’s
binding affinity for short ssDNA.

Visualization of binding of ORF6 and ORF6AC to M13
ssDNA reveals major differences. While it is essential to know
how ORF6 interacts with small, defined substrates, it is also im-
portant to examine its interaction with longer substrates typical of
DNA segments present during viral replication. We thus em-
ployed M13mp18 ssDNA and visualized the ORF6-ssDNA com-
plexes using EM. The ssDNA was incubated with ORF6 or
ORF6AC in a buffer containing 20 mM HEPES, 50 mM NaCl, and
1 mM DTT at room temperature. We varied the mass ratio of
protein to DNA from 4:1 to 38:1 (micrograms of ORF6 per mi-
crogram of ssDNA). This corresponds to ratios from 1 monomer
per 100 nt (4:1) to 1 monomer per 10 nt (38:1). The higher mass
ratios are typical of complexes formed by ICP8, RecA, UvsX, and
other proteins that form helical filaments on ssDNA. The samples
were then stained with 2% uranyl acetate (without fixation) and
visualized by EM at 80 kV. In Fig. 5, we show a typical field seen by
EM. At higher ratios of ORF6 to ssDNA (Fig. 5A), uniform-ap-
pearing circular nucleoprotein filaments were observed, with all
fields examined showing similar structures. The filaments showed
a repeat along the filament axis of 7.3 = 0.8 nm (n = 13), sugges-
tive of single protein particles stacked side by side (inset, Fig. 5A).
These ORF6-ssDNA filaments were very different from the dou-
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ble-helical protein filaments which ORF6 forms in the absence of
ssDNA. The ORF6-ssDNA filament measured 9 = 0.3 nm in
width (n = 206 measurements). The ORF6 self-filaments are
thicker in diameter and have a helical twist (16), similar to ICP8
self-filaments formed in the presence of Mg>". The length of the
circular ORF6-M13mp18 ssDNA filaments measured 2,060 = 180
nm (n = 6). Preparation of M13mp18 dsDNA for EM by spread-
ing it on an air-water interface with cytochrome ¢ yielded a value
0f2,330 nm * 55 nm (# = 15). This suggests that when ssDNA is
fully bound by the ORF6 protein, the ssDNA thread is extended to
avalue of 0.28 nm per nt, a value close to what it would be were it
in a duplex conformation (0.34 nm/bp). This is similar to the
extension of ssDNA by the T4 gene 32 protein (26) but not by the
E. coli SSB protein, where the ssDNA is extended only to 0.3 times
the length of an equivalent dsDNA (27).

To estimate the number of nucleotides covered by a single
ORF6 protein particle along the filament axis, we measured the
lengths of segments of the ORF6-M13ssDNA filaments where
there was a clear string of repeating particles. The segment lengths
were divided by the number of particles and converted to nucleo-
tides based on the value of 0.28 nm/nt determined above. This
revealed that a single particle covers 22 nt. Based on the dimen-
sions of the axial particles (average diameter of 11 nm [16]) and
comparison with the sizes of single ORF6 particles present on the
background, we assume that these axial particles represent single
protein monomers. This is in agreement with the dimensions of
ICP8 from the crystal studies (10.9 nm by 14.6 by 16.8 nm [28]).
This represents a somewhat longer segment of ssDNA covered by
OREF6 than had been reported for ICP8 and ICPSAC (24, 29) (15.8
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FIG 5 Visualization of the binding of ORF6 and ORF6AC to M13 ssDNA. ORF6 (A and B) was incubated with M13 ssDNA (see Materials and Methods). The
complexes were visualized by staining with 2% uranyl acetate. In panel A, the monomer/nucleotide ratio is 10:1, and in panel B, 1:10. (C and D) ORF6AC with
M13 ssDNA. In panel C, the reaction was carried out for 10 min at 37°C with a monomer/nucleotide ratio of 10:1. In panel D, the reaction was carried out with
a monomer/nucleotide ratio of 5:1 and performed at 20°C. Arrows indicate nucleoprotein filaments. The insets in panels A and C are close-ups of the

nucleoprotein filaments. Bar = 50 nm for all panels.

and 14.6 nt, respectively). However, as discussed below, our esti-
mate is expected to be biased toward a higher value.

The C-terminal deletion of ORF6 eliminates cooperative
binding to ssDNA. When the ratio of full-length ORF6 mono-
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mers per nucleotide was reduced stepwise below 1 monomer per
20 nt, the resulting nucleoprotein filaments showed long tracts of
ORF6 spaced by segments of unbound ssDNA (Fig. 5B), reflecting
the highly cooperative assembly of ORF6 onto ssDNA. When we
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FIG 6 Binding of ORF6 to dsDNA containing ssDNA tails. The ORF6 protein was incubated at room temperature for 3 h in the absence of DNA to form protein
filaments. A circular dsDNA with a single-stranded tail was then added to the protein filaments. The sample was adsorbed to a charged carbon foil grid, followed
by rotary tungsten shadowcasting (see Materials and Methods). Bar = 100 nm. The model represents the ORF6 filament interaction with the substrate. The arrow

points to dsDNA. The single-stranded tail is buried within the ORF6 filament.

increased the temperature to 37°C with wild-type ORF6, the M13
ssDNA molecules appeared fully covered by protein even after a
2-min incubation. In contrast, when the same titrations were re-
peated with ORF6AC, the protein was unable to cover the M13
molecules fully even at ratios of 1 monomer per 10 nt. As seen by
EM, examining many fields of complexes, only short stretches of
nucleoprotein filaments had formed, and most of the ORF6AC
was visible in the background of the EM grids as monomers or
larger particles (Fig. 5D), which are probably just protein aggre-
gates since we see only monomers bound to short oligomeric sub-
strates in our EMSAs. Increasing the temperature to 37°C slightly
improved the ability of ORF6AC to interact with ssDNA, but it
was still unable to fully cover the DNA (Fig. 5C). ICPS8AC, how-
ever, had been shown to form filaments with ssDNA, which also
had a larger diameter (24). The ORF6AC particles did not appear
to be tightly stacked as in the case with wild-type ORF6. Thus,
while the full-length and C-terminally deleted ORF6 proteins
show similar binding to very short substrates, on long natural
DNA, the full-length protein binds in a highly cooperative man-
ner, forming stable nucleoprotein filaments, while ORF6AC ap-
pears to have lost its cooperativity and is unable to fully cover the
long ssDNA.

ORF6 double-helical filaments can take up ssDNA without
losing their structure. While we have suggested that in vivo the
double-helical ORF6 or ICP8 protein filaments might organize
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the viral replication bodies, there has been no evidence for this
proposal, nor indeed that these filaments can even bind DNA.
Thus, it is possible that incubation of the double-helical protein
filaments with ssDNA would lead to their rapid disintegration and
concomitant assembly of ORF6 (or ICP8) onto the ssDNA. To
examine this question, a circular double-stranded DNA with a
long single-strand tail was prepared as described previously (22).
ORF6 double-helical filaments were generated by incubating the
protein for 3 h at room temperature, followed by addition of
the tailed dsDNA circles to the protein filaments. Examination of
the mixture by EM (Fig. 6; see also Fig. S4 in the supplemental
material) revealed that the ssDNA tails of the plasmid circles had
become engulfed within the double-helical filaments without vis-
ibly altering the filament structure. The duplex portion of the
plasmid, however, remained unbound. Similar experiments with
ORF6AC showed that the protein can bind to the ssDNA tails of
the plasmid circles, but none of the filamentous structures were
detected, as expected (see Fig. S5). This demonstrates that dsSDNA
is not a substrate for ORF6 and supports our proposal, discussed
below, that the double-helical ORF6 filaments can bind ssDNA.

DISCUSSION

Orf6 was originally identified as the KSHV gene with considerable
homology to the genes for the EBV BALF2 and HSV ICP8 pro-
teins, both of which are well-characterized ssDNA binding pro-
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teins. In our previous study, we purified the ORF6 protein to
homogeneity and showed that it shares a unique property with
ICP8 in forming long, highly regular double-helical protein fila-
ments in the absence of DNA (16). There, we hypothesized that
these filaments might organize the replication bodies and provide
a scaffold for the replication and repair factors, increasing their
effective concentration and facilitating their function. This estab-
lished the first structural similarity between ORF6 and ICPS8. In
this new study, we examined the ability of ORF6 to bind to ssDNA
using biochemical assays for short DNA substrate binding and EM
to visualize binding to long natural ssDNA. A 60-amino-acid (aa)
C-terminal deletion mutant of the Orf6 gene was constructed, and
the protein was purified to localize the region responsible for co-
operative binding. Design of this mutant was based on our previ-
ous studies of ICP8 and BALF2. As described here, full-length
ORF6 and ORF6AC bound to 14- and 28-nt poly(dT) with similar
efficiencies and K s. When bound to M13 ssDNA, ORF6 disrupted
the secondary structure, showed highly cooperative binding, cov-
ered ~22 nt/protein monomer, and extended the ssDNA filament
to 0.28 nm/nt. ORF6AC, in contrast, bound poorly and showed
little evidence of cooperative binding.

The K values obtained for binding of ORF6 and ORF6AC to
short poly(dT) oligonucleotides were close to each other as deter-
mined by both EMSAs (4.6 X 10~’M for ORF6 and 6.3 X 10~'M
for ORF6AC) and fluorescence polarization methods (2.2 X
107’M for ORF6 and 1.5 X 10~ ’M for ORF6AC). The latter
method provided values that reflect a somewhat tighter binding to
the substrates. Because fluorescence polarization measures bind-
ing in solution as contrasted to a gel matrix, we would place more
confidence in those values. Extensive analysis of the binding of
ICP8 to short DNA molecules has shown that one monomer cov-
ers 15.8 nt (24, 28, 29). Our estimate of 22 nt bound by a single
monomer of ORF6 is greater than the ICP8 value even though
OREFG6 is slightly smaller than ICP8. However, our estimate derived
here was obtained by searching for segments of the ORF6-M13
ssDNA filaments, where the number of individual protein parti-
cles could be clearly counted. This required that each particle was
separated from its neighbors, and thus the particles would not be
as densely packed as they would be in regions where there were no
ssDNA gaps. Given this caveat, our measurement of 22 nt/mono-
mer should be taken as being somewhat of an overestimate and
likely reflecting a real value closer to that for ICP8 (15.8 nt/mono-
mer) (29). It does, nonetheless, emphasize the similarity between
the filaments formed by the two proteins.

Examination of the EMSA patterns produced by binding of
full-length ORF6 and ORF6AC to the 14-mer, 28-mer, and 45-
mer substrates revealed major differences. ORF6AC formed a sin-
gle slow-migrating complex with each substrate. The C-terminal
deletion completely eliminated the ability of ORF6 to coopera-
tively bind to ssDNA. Full-length ORF6, however, formed differ-
ent complexes with each substrate. It formed a single slower-
migrating nucleoprotein complex with the 14-mer but two
supershifted nucleoprotein species with the 28-mer substrate. In
the presence of the 45-nt substrate, ORF6 bound only as a dimer
or trimer. This suggests that the 14-mer was able to engage only
oligomers, whereas longer substrates can engage monomers. This
was different from findings in a previous study of ICP8 (10) bind-
ing to similar substrates. In that report, the authors concluded that
the 14-mer will accommodate only a single ICP8 monomer, while
the 28-mer binds monomers and dimers of ICP8, and they con-
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cluded that the 14-mer was too short to accommodate two ICP8
molecules. Here, we observed that ORF6AC forms a single faster-
moving band with all three substrates, suggesting that DNAs were
bound by protein monomers. This was in contrast to the ICP8
study (10), where the C-terminally truncated ICP8 generated two
supershifted bands with the 28-nt substrate.

The RecA protein exists in solution in an equilibrium between
monomers, dimers, and short rings and rods (30). Given that both
RecA and ORF6 form self-filaments in solution, it is likely that
OREFG6 is also present as a spectrum of monomeric and oligomeric
species. This may help explain the EMSA results summarized
above. We suggest that full-length ORF6 is able to bind to the
28-mer as both monomers and small oligomers, the latter gener-
ating the slow-moving species. On the other hand, the 14-mer is so
short that monomer binding is much less stable than oligomer
binding, leading to a single slow-moving band in the gels. This
model is supported by the observation that ORF6AC does not
form the self-filaments and hence the only species available to
bind to the 14- or 28- and 45-mer may be protein monomers,
and indeed only a single fast-moving band was observed with
either DNA.

Our demonstration that preformed double-helical filaments of
OREF®6 are able to take up ssDNA and that this occurs without any
obvious disruption of the protein filament structure has implica-
tions for the way in which ORF6 may function in vivo. ORF6 is
essential for viral DNA replication and is highly expressed, based
on immunostaining assays where it is located in the nuclear rep-
lication compartments, which also contain other viral and host
replication, recombination and repair factors (21). In the case of
HSV-1, many of these other factors have been shown to bind ICP8
(31). Currently, there are no structural data regarding the oli-
gomerization status of ORF6 in vivo, but we would suggest that it
is organized into a network of double-helical protein filaments
upon which other factors required for viral replication are assem-
bled. Such a preformed replication factory would aid in arranging
the replicating DNA and concentrating the other viral and host
replication factors. This model is the converse of conventional
thinking, in which the replicating DNA provides the scaffold for
protein assembly. Given our finding that the ORF6AC mutant
retains simple DNA binding but has lost the ability to form pro-
tein filaments, it will be of great interest to examine the phenotype
of this mutant in the environment of a viral infection in vivo.
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