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During latency, the Kaposi’s sarcoma-associated herpesvirus genome is maintained as a circular episome,
replicating in synchrony with host chromosomes. Replication requires the latency-associated nuclear antigen
(LANA) and an origin of latent DNA replication located in the viral terminal repeats, consisting of two LANA
binding sites (LBSs) and a GC-rich sequence. Here, we show that the recruitment of a LANA dimer to
high-affinity site LBS-1 bends DNA by 57° and towards the major groove. The cooccupancy of LBS-1 and
lower-affinity LBS-2 induces a symmetrical bend of 110°. By changing the origin architecture, LANA may help
to assemble a specific nucleoprotein structure important for the initiation of DNA replication.

Kaposi’s sarcoma-associated herpesvirus (KSHV, or human
herpesvirus 8 [HHV-8]) is the etiological agent of KS, multi-
centric Castleman’s disease, and primary effusion lymphoma
(11, 47). As is true for all members of the gammaherpesvirus
family, KSHV exploits two contrasting modes of infection: lytic
or productive replication and latency. In late-stage KS or pri-
mary effusion lymphoma, the latent form of the virus predom-
inates and drives the proliferation and survival of the tumor
cells. The 140-kbp double-stranded-DNA KSHV genome is
maintained as multiple circular episomes that are assembled
into chromatin and retained in the nucleus (29, 35). Only a few
of the 90 or so viral genes are expressed at this time and
invariably include the latency-associated nuclear antigen
(LANA) encoded by open reading frame 73 (12, 23, 34, 42).
LANA is associated with host chromatin throughout the cell
cycle, giving rise to characteristic foci in all infected cells (37,
45, 49). Based on amino acid composition, we divide LANA
into three domains or regions (Fig. 1A): a proline and basic-
residue-rich N terminus (LANAN), a highly acidic and repet-
itive central region, and a C terminus (LANAC) that is en-
riched in charged and hydrophobic residues (39).

LANA contributes to many aspects of latency and is re-
quired for the replication and maintenance of the viral epi-
somes (1, 2, 18, 21, 28). Episome replication occurs during the
S phase, utilizing the host DNA synthesis machinery, and re-
quires two viral components: LANA and an origin sequence
found in each of the 20 to 40 copies of the 801-bp terminal
repeats (TRs) present in the KSHV genome (2, 13, 18, 21, 27).
LANA is required to initiate DNA synthesis at the origins and
to ensure efficient segregation of the newly replicated mole-
cules during mitosis. The latter is achieved by the tethering of
the viral DNA to components of host chromatin using a short
sequence at the extreme N terminus of LANAN (3, 25, 32, 40,

49). The association of LANA with KSHV DNA is mediated
by a DNA-binding/dimerization domain located in LANAC

that recognizes two GC-rich sequences (LANA binding site 1
[LBS-1] and LBS-2) found in each TR (2, 9, 15, 16, 41). A
single TR is sufficient for plasmid replication in transient as-
says, and the minimal origin comprises a 71-bp sequence con-
taining LBS-1, LBS-2, and a GC-rich “replication element”
(22).

There is no evidence for a resident helicase function in
LANA, and instead, it seems likely that its initiation function
involves recruiting components of the cellular DNA replication
initiation machinery (52). Subunits of the origin recognition
complex (ORC) and MCM3 are detected at the TR in latently
infected cells by chromatin immunoprecipitation, and there is
evidence that LANA interacts directly with at least two ORC
subunits (28, 43). In addition to recruiting, LANA may also
reorganize the chromatin around the origins and create a spe-
cific structure recognized by the ORC (43). Here, we address
the architectural consequences of LANA binding to TR DNA.
Using a circular permutation assay (CPA), we show that
LANAC can induce a strong bend (57° or greater) in the DNA
helix of LBS-1. A similar bend is introduced when LBS-2 is
occupied, giving a cumulative bend angle of at least 110°.
These observations were confirmed by phasing analysis, which
also showed that the DNA helix is bent towards the major
groove. An alanine substitution mutant within the DNA-bind-
ing domain altered the relative gel mobility of the DNA-bound
complex and reduced the extent of the induced bend by 25°
when both LBSs were occupied. Several other well-character-
ized viral and bacterial replication initiator proteins, including
EBNA1 from Epstein-Barr virus (EBV), induce bends of sim-
ilar magnitude in origin DNA, suggesting that this is a funda-
mental aspect of initiator protein function.

Mutation in the C terminus of LANA alters the mobility of
the protein-DNA complex. DNA-binding function by LANAC

(Fig. 1A) was analyzed by electrophoretic mobility shift assay
(EMSA) using 32P-labeled DNA probes containing either the
high-affinity LBS-1 (Fig. 1B, lanes 1 to 4) or the combination of
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high- and low-affinity sites (LBS-1 and LBS-2 [LBS-1�2]) (Fig.
1B, lanes 5 to 8). The coding sequence for LANAC (residues
936 to 1162 in the prototype sequence) (36) was subcloned into
the in vitro translation vector pTCITE, a derivative of
pCITE2a� (Novagen) that adds a T7 epitope tag to the N-
terminal end of the recombinant protein. The LANAC protein
was then expressed in vitro using the TNT Quick coupled
transcription/translation system (Promega) in the presence of
[35S]methionine. Probes were prepared by introducing oligo-
nucleotide duplexes spanning LBS-1 (30 bp) or both LBS-1
and LBS-2 (54 bp) into the unique XhoI site of a modified
pUC119 polylinker. Radiolabeled probes, with lengths of 157
bp and 181 bp were generated by PCR amplification using
flanking primer pairs that had been end labeled with
[�-32P]ATP and T4 polynucleotide kinase. Probes were gel

purified on a 5% native polyacrylamide gel to remove single-
stranded probe DNA and excess primer and then eluted into
10 mM HEPES (pH 7.9), 60 mM KCl. In vitro translation
reaction mixtures (5 �l) were incubated with each probe at
room temperature for 25 min, with the buffer adjusted to 10
mM HEPES (pH 7.9), 50 mM KCl, 1 mM EDTA (pH 8.0), 1
�g poly(dI-dC), 10 mM dithiothreitol, and 10% glycerol (total
reaction volume, 20 �l). Reaction mixtures were loaded onto a
5% native polyacrylamide gel that had been prerun for at least
1 h at room temperature. After electrophoresis, gels were fixed
in 10% methanol–10% acetic acid, dried, and visualized by
exposure to Kodak X-ray film or a Molecular Dynamics Phos-
phorImager plate.

Incubation of the LBS-1 probe with wild-type LANAC

(LANAC WT) gave a robust LANAC-specific complex (com-

FIG. 1. Association of wild-type and KK1113AA mutant LANAC with LBS-1 and LBS-2. (A) Schematic showing full-length LANA and
fragments used in this study. The amino acid numbering corresponds to the prototype BC-1 sequence (36). The numbers in parentheses signify
coordinates of the actual LANA variant (GenBank accession no. AAB62657 [31]) used here. FL, full length; N, LANAN; C, LANAC. (B) EMSA
using 32P-labeled probes containing LBS-1 or LBS-1 and LBS-2. The first two lanes of each panel are controls showing the probe mixed with
unprogrammed lysate (lanes 1 and 5) and lysate expressing LANAN (lanes 2 and 6; lanes labeled “N”). Lysates expressing LANAC WT (lanes 3
and 7; lanes labeled WT) or LANACKK1113AA (lanes 4 and 8; lanes labeled “M” for “mutant”) were incubated with each probe, giving rise to
one or more specific complexes (filled and open arrowheads). Nonspecific complexes are indicated with an asterisk. (C) Coimmunoprecipitation
assay to monitor self-association. HeLa cells were transiently transfected with expression plasmids (1.5 �g each) encoding FLAG-tagged LANAC
WT (lanes 1 and 4), FLAG-LANACKK1113AA (mutant; lanes 2 and 5), or FLAG-LANAN (lane 3) and HA-tagged LANAC WT (lanes 3 and 4),
LANACKK1113AA (lane 5), or LANAN (lanes 1 and 2). At 24 h posttransfection, protein extracts were prepared using high-salt extraction buffer
and immunoprecipitated (IP) with anti-FLAG antibody (�-FLAG)-coupled beads (Sigma). Immunoprecipitated complexes were resolved by
SDS-12% PAGE and probed by immunoblotting with anti-HA (�-HA) antibody (upper panel). One-thirtieth of the starting extracts were
immunoblotted in parallel using anti-FLAG (middle panel) or anti-HA (lower panel) antibodies. Nonspecific cross-reactive polypeptides are
indicated with an asterisk. Sizes of the molecular mass standards are in kilodaltons. (D) SDS-PAGE analysis of in vitro-translated 35S-labeled
proteins used in panel B detected by fluorography.
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plex A) (Fig. 1B, lane 3) that was not found when the probe
was incubated with either unprogrammed reticulate lysate
(lane 1) or the N terminus of LANA (lane 2). The same
translation mixtures were incubated with the 181-bp probe
incorporating both LBS-1 and LBS-2 (Fig. 1B, lanes 5 to 8).
Again, LANAC WT (Fig. 1B, lane 7) formed specific com-
plexes not found when the probe was incubated with unpro-
grammed reticulate lysate (lane 5) or LANAN (lane 6). From
the literature (15), it is likely that the faster-mobility complex
(complex A) consists of one LANAC dimer bound to high-
affinity LBS-1, while the slower-migrating complex (complex
B) is composed of two LANAC dimers, with each dimer occu-
pying each site. The complexes often resolve as doublets and
may suggest posttranslational modifications introduced by the
lysates or possibly slightly different protein confirmations.

Next, we examined complex formation by a mutant version
of LANAC—named LANACKK1113AA—in which lysines
1113 and 1114 of the prototype sequence had been changed to
alanine. This mutant was selected from a panel of alanine
substitution mutants that will be described elsewhere and was
chosen because of its increased affinity for TR DNA and al-
tered gel mobility relative to that of the wild type. When mixed
with the LBS-1 probe, LANACKK1113AA (Fig. 1B, lane 4)
gave rise to a more robust complex than LANAC WT (lane 3).
Both proteins were translated at similar levels as determined
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (Fig. 1D), and titration experiments indicated
that the complex-forming activity of the mutant was approxi-
mately threefold greater than that of the wild type (data not
shown). Note that the in vitro-translated LANAC proteins are
predominantly full length. More significantly, there were
marked and reproducible differences in the relative mobilities
of the major complexes formed by the proteins, with that of
LANACKK1113AA consistently running faster than that of
LANAC WT. This difference was also evident when complex
formation was assayed using the larger LBS-1 and LBS-2
probes (Fig. 1B, lanes 7 and 8). Three discrete complexes were
observed with LANACKK1113AA, and the two slower-migrat-
ing complexes were unique to the LBS-1 and LBS-2 probes.
The nature of the slowest complex is currently unclear and may
reflect the recruitment of more than two LANAC dimers to a
single DNA molecule. Similar complexes are sometimes ob-
served with LANAC WT (data not shown).

We have previously shown that LANAC contains a self-
interaction domain (39), and it is possible that the altered
mobility of the mutant results from a difference in oligomer-
ization state. We, therefore, asked whether LANACKK1113AA
was competent to self-associate using a coimmunoprecipitation
assay (Fig. 1C). Using the lipid transfection reagent PolyFect
(QIAGEN), human HeLa cells were transiently transfected
with expression plasmids encoding versions of LANAC WT
and the mutant tagged with either FLAG or hemagglutinin
(HA) epitopes. Twenty-four hours after transfection, protein
extracts were prepared in high-salt lysis buffer containing 420
mM KCl, 20 mM Tris-HCl (pH 7.9), 10% glycerol, and 0.25%
NP-40 and immunoprecipitated using anti-FLAG antibody-
coupled agarose beads (Sigma). The resulting immunocom-
plexes were resolved by SDS-12% PAGE, transferred to a
nitrocellulose membrane, and immunoblotted with an anti-HA
monoclonal antibody (12CA5; Covance). As expected, HA-

tagged LANAC WT was recovered in the presence of FLAG-
tagged LANAC WT (Fig. 1C, lane 4) but not in the presence of
FLAG-tagged LANAN (lane 3). The HA-tagged LANAC mu-
tant was similarly coprecipitated in the presence of its FLAG-
tagged version (Fig. 1C, lane 5), showing that the mutation
does not prevent self-association. HA-tagged LANAN was not
recovered with either FLAG-tagged protein (Fig. 1C, lanes 1
and 2), confirming that the observed LANAC interactions
were specific. Direct immunoblotting of the starting extracts
using either anti-FLAG or anti-HA antibodies showed that
LANACKK1113AA was expressed at a slightly lower level than
LANAC WT, thus accounting for the slightly reduced level of
immunoprecipitated LANAC mutant protein. These results in-
dicate that the observed differences in relative gel mobility of
the protein-DNA complexes are not due to the inability of the
mutant to oligomerize with itself.

LANAC bends DNA when bound to LBS-1. A number of
virus-encoded initiators of DNA replication are known to bend
origin DNA (4, 7, 8, 17, 24, 30, 33, 51). This raised the possi-
bility that LANA might also bend DNA and that the
KK1113AA mutation alters the extent of the induced bend. To
determine if LANAC WT was capable of bending TR DNA, we
adapted the EMSA for use as a CPA. In this approach, the
relative mobility of a protein-DNA complex through the gel
matrix is measured using a series of probes of identical lengths
but in which the position of the binding site is moved relative
to the probe ends (10, 50). If the binding of a protein causes
the DNA to bend, then the migration rate of the resultant
complex will vary depending on the position of the bend rela-
tive to the probe ends. Probes that are bent at one end exhibit
a faster mobility during electrophoresis than probes bent near
the middle. Furthermore, the extent and position of the bend
can be calculated from the relative mobilities of the bound
probes.

To generate an appropriate probe set, we inserted a 36-bp
oligonucleotide spanning LBS-1 into the unique XbaI and
HindIII sites of the plasmid pBEND2H (a gift from A. Sten-
lund, Cold Spring Harbor Laboratory, NY). This plasmid
contains a duplicated polylinker and can be digested to release
a series of probes of identical lengths (17, 48). The DNA
was radiolabeled by PCR amplification in the presence of
[�-32P]dCTP using the oligonucleotide primers Bend 1 (5�-
TAGGCGTATCACGAGGCCCT-3�) and Bend 2 (5�-CGTT
AGCAATTTAACTGTGAT-3�), which anneal to sequences
on each side of the permutated polylinker region. To improve
the efficiency of amplification of the highly GC-rich LBS-1
sequence, the PCR was performed in the presence of 1 M
betaine (20). After PCR, the amplification product was ali-
quoted and digested with eight different restriction endonucle-
ases (Fig. 2A) to give a series of probes with an overall length
of 157 nucleotides. The probe fragments were purified from
template DNA and cleaved arms by native gel electrophoresis
and eluted from the gel slices prior to incubation with in
vitro-translated protein. The results of a representative CPA
using LANAC WT (lanes 1 to 8) and LANACKK1113AA
(lanes 9 to 16) are shown in Fig. 2B. All eight unbound probes
migrated at similar rates, indicating that the probe DNA had
little or no intrinsic curvature. In contrast, the LANAC-specific
complexes showed an obvious difference in mobility depending
on the position of the LBS-1 site relative to the ends of the
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probe. This result indicates that both versions of LANAC in-
duce a significant bend in DNA upon binding.

From this analysis, the bend angle can be estimated using
the empirically derived formula (�M/�E) � cos (�/2), where
�M is the slowest-migrating complex, �E is the fastest-migrat-
ing complex, and � is the estimated bend angle (46). In es-
sence, this equation compares the mobility of the complex
bound in the middle of the probe, the slowest-migrating com-
plex, with the mobility of the complex bound at the end of the
probe, the fastest-migrating complex. Using measurements de-
rived from six independent CPA experiments, we derived an
estimated bend of 57° � 3° for LANAC WT bound to LBS-1.
This confirms that the binding of LANAC to a single high-
affinity site induces a significant distortion in the DNA. The

analysis was also applied to LANAC KK1113AA (Fig. 2A,
lanes 9 to 16) and yielded an estimated bend angle of 57° �
1.5°. In spite of the fact that both proteins give rise to protein-
DNA complexes with different relative mobilities, the DNAs
are bent to similar degrees.

By plotting the mobility of each protein-DNA complex rel-
ative to the free probe (y axis) against the position of an
arbitrarily chosen nucleotide from one end of the probe (x
axis), we can extrapolate the position of LBS-1 that would give
rise to the slowest-migrating complex (Fig. 2C, top graph). The
center of the bend can then be predicted from the minimum
of the cosine curve. Using measurements from six indepen-
dent gel runs, we found that the center of the bend induced
by the binding of LANAC WT to the LBS-1 probe corre-

FIG. 2. LANAC bends DNA. (A) Design of probes used for the CPA. Sequences of LBS-1 and LBS-2 as determined by Garber et al. (15) are
boxed, and the numbering follows that of the prototype TR sequence (GenBank accession no. U86666) (26). Probes were labeled by PCR in the
presence of [32P]dCTP and digested at one of eight restriction endonuclease sites in the duplicated polylinker of pBEND2H, yielding probes of
identical lengths but with the LBS at different positions relative to the ends. The center of the bend induced by the binding of LANAC WT to the
LBS-1 probe was at guanine-581 (filled diamond); with LANACKK1113AA, the center of the bend was at guanine-580 (asterisk). (B) EMSA using
32P-labeled probe sets containing LBS-1 incubated with in vitro-translated LANAC WT (lanes 1 to 8) or the KK1113AA mutant (lanes 9 to 16).
Bands correspond to the LANAC-induced complex (filled arrowheads), and unbound probes are indicated. (C) Plot of the relative mobilities of
retarded complexes (mobility of a complex divided by the mobility of the free probe) compared to the position of an arbitrary reference point
(cytosine-584 [underlined]) from the 5� end of each probe. The best fit to the cosine function curve was generated using SigmaPlot. The upper
graph represents the relative mobility of LANAC WT. By extrapolation, the fastest-migrating complex corresponds to a probe with a reference
nucleotide at position 75.3 within the 157-bp probe (95% confidence interval, 73.6 to 78.0). The predicted bend center should be equidistant from
the ends of this probe and would therefore correspond to guanine-581. The lower graph shows the analogous mobility plot for LANAC KK1113AA.
Minimal migration occurs when the reference point is at position 74.5 in the probe (95% confidence interval, 72.0 to 77.0) and thus predicts the
bend center to be at guanine-580.
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sponded to guanine-581 (Fig. 2A and C, upper graph). For
LANACKK1113AA, the calculated bend center was at gua-
nine-580 (Fig. 2A and C, bottom graph). Given the margin of
error in these measurements, it is likely that the bend center
for LBS-1 is the same for both proteins and lies within the core
binding site and slightly to one side of the point of symmetry
(9, 15, 41).

Additive increase in bend angle when LBS-1 and LBS-2 are
occupied. Within each copy of the TR, the two LANA binding
sites are separated by 22 bp center-to-center and thus lie on
approximately the same face of the DNA helix. LANA binds
to the two sites in a cooperative manner such that the occu-
pancy of LBS-1 facilitates the recruitment of a second LANA
multimer (most likely a dimer) to the adjacent lower-affinity
site, LBS-2 (15). To examine the extent of the induced bend
when both LANA binding sites are occupied, we subcloned a
60-bp oligonucleotide spanning LBS-1 and LBS-2 into the
pBEND2H vector and performed CPAs as described above.
As expected, incubation with LANAC WT gave rise to two
major complexes corresponding to the occupancy of LBS-1
alone or of LBS-1 and LBS-2 (Fig. 3A, lanes 1 to 8). The
occupancy of two sites was reduced compared to that of the
single site, a consequence of the limited amount of biologically
active LANAC WT protein in the reticulocyte lysate. In spite of
the weaker signal, it was clear that the upper complex migrated
in a semicircular pattern similar to that of the lower complex.
Using this longer probe, the bend angle for the lower complex
was estimated at 65° � 5.5° (n � 3).

Although the upper complex formed by LANAC WT was
more diffuse than that of the mutant, we were able to deter-
mine the center of the band by measuring the pixel density
from the scanned autoradiogram (ImageQuant software; Mo-
lecular Dynamics) and derived an average bend angle of 110°
� 11.8° (n � 3). From comparable measurements of the well-
defined upper complex formed by LANAC KK1113AA, we

calculated an average bend angle of 85.4° � 0.2° (n � 3). From
these results, we conclude that LANAC bends the two binding
sites in a roughly additive manner but that the cumulative
angle is reduced in the case of the mutant.

LANAC bends DNA towards the major groove. Phasing anal-
ysis offers an alternative method to identify protein-directed
DNA bends and can also be used to determine the direction of
the bend (38, 53). This method relies on the phase-dependent
interaction between the protein-induced bend under study and
an intrinsic DNA bend incorporated into each of the probes.
The spacing between these two bends is varied over a single
helical turn in small increments so that at a particular spacing,
the two bends will either be in phase (cis isomer) or out of
phase (trans isomer) with each other. In the latter, the two
bends will counteract each other, and the complex will migrate
through the gel with the fastest mobility. As shown in Fig. 4A,
an intrinsic bend was created by the insertion of a series of
three adenine (A) tracts on one side of the probe. Each copy
of the A tract bends the DNA towards the minor groove by 18°.

The three-part A tract oligonucleotide was subcloned into
the unique SalI site of the pBEND2H constructs used in the
previous CPAs (Fig. 4A). Insertions of 2, 4, 6, 8, and 10 bp
between the LBS inserts and the three-part A tract were then
made by PCR. Constructs were verified by DNA sequence
analysis and then used as the templates for PCR amplification
in the presence of [�-32P]dCTP, betaine, and the Bend 1 and 2
primers. Amplification products were digested with PvuII to
remove excess vector sequences and gel purified. Each phasing
probe (LBS-1 alone or LBS-1 and LBS-2) was incubated with
in vitro-translated LANAC WT (Fig. 4B and C, lanes 1 to 6) or
KK1113AA proteins (Fig. 4B and C, lanes 7 to 12), and the
relative gel mobilities of the resultant protein-DNA complexes
were measured by EMSA.

Both LANAC WT and LANAC KK1113AA gave a robust
complex with each of the phasing probes containing LBS-1

FIG. 3. CPA using LBS-1 and LBS-2 probe sets. EMSA using a set of 32P-labeled probes containing LBS-1 and LBS-2 incubated with in
vitro-translated LANAC WT (lanes 1 to 8) or the KK1113AA mutant (lanes 9 to 16) is shown. Specific complexes corresponding to the occupancy
of LBS-1 (LANAC complex A, filled arrowheads) or LBS-1 and LBS-2 (LANAC complex B, open arrowheads) are indicated together with the
unbound probes (Free LBS-1�2). A nonspecific complex is indicated with an asterisk. A representative pixel density profile (probe C incubated
with LANAC WT, lane 2) is shown on the left.
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alone (Fig. 4B). As expected, the relative mobility of the
LANA-induced complex was dependent on the number of
additional bases inserted between the LBS-1 site and the three-
part A tract. Insertion of 2 or 4 bp increased the mobility of the
complex, whereas insertion of 6 or 8 bp reduced the mobility.
By comparison, the unbound probes showed a linear relation-
ship of mobility to probe length, confirming the absence of an
intrinsic bend in the KSHV sequence. The distinctive sinusoi-
dal behavior of the LANAC-induced complexes shows that the
binding of either protein to LBS-1 induces a significant bend in
the DNA. The slowest-migrating complex (8-bp insertion) cor-
responds to the cis isomer, and in this probe, the bend center
is located 48 bp from the middle of the A tract. Assuming a
periodicity of 10.5 bp per helical turn, this corresponds to 4.6
helical turns. In this orientation, the induced and intrinsic
bends distort the DNA in the same direction. The fastest-
migrating complex (trans isomer) was formed on the probe
with a 2-bp insertion such that the centers of the two bends
were separated by 42 bp or exactly four helical turns. Based on
the bending at the center of the A tracts towards the minor
groove of DNA, we can conclude that the LANAC-induced
bend is directed towards the major groove. A similar sinusoidal

mobility profile was observed using the LBS-1 and LBS-2
probe sets (Fig. 4C) for both the lower (LANAC complex A)
and upper (LANAC complex B) complexes. The linker inser-
tions are expected to have equivalent effects on single and
double complexes because the binding sites are separated by 22
bp and are therefore in helical phase.

In conclusion, we have shown that the C-terminal DNA
binding and dimerization domain of LANA bends TR DNA by
a minimum of �57° at LBS-1 and to a similar degree at LBS-2.
This is a property of other origin-binding proteins from both
viral and bacterial systems, and it is likely that distortion of
DNA within the origin is a necessary step in the initiation of
DNA replication (8, 17, 24, 30, 33, 51). As noted by others,
there are interesting parallels in the organization of the KSHV
and EBV latent origins (22, 43). In EBV oriP, DNA replication
initiates near the dyad symmetry element DS, which contains
two pairs of EBNA1 binding sites (14). Each pair is composed
of one high- and one low-affinity site separated by 21 bp center-
to-center, analogous to the arrangement in KSHV, in which
the centers of LBS-1 and LBS-2 are separated by 22 bp or two
helical turns (15). EBNA1 has also been shown to bend the
DNA within each binding site, and measurements using CPAs

FIG. 4. TR DNA is bent towards the major groove. (A) Design of phasing analysis probes. Oligonucleotides containing either LBS-1 or LBS-1
and LBS-2 were inserted between unique XbaI and HindIII sites of pBEND2H. To provide the intrinsic bend, a second oligonucleotide containing
three A tracts (underlined) was inserted into the unique SalI site. The size of the spacer region was increased by PCR using a series of
oligonucleotides spanning the ends of the LBS and A tract was used in a PCR to clone in the spacers. Subsequently, the center of the A tract is
located 40 bp (3.8 helical turns), 42 bp (4.0 helical turns), 44 bp (4.2 helical turns), 46 bp (4.4 helical turns), 48 bp (4.6 helical turns), and 50 bp
(4.8 helical turns) from the molecular bend center of G581 when the spacer lengths are 0, 2, 4, 6, 8, and 10 nucleotides, respectively. (B) 32P-labeled
probes containing LBS-1 were incubated with in vitro-translated LANAC WT (lanes 1 to 6) or the KK1113AA mutant (lanes 7 to 12). Specific
LANAC-induced complexes and the unbound probes are indicated. The numbers indicate the linker length inserted between LBS-1 and the A tract.
(C) Phasing analysis using 32P-labeled probes containing LBS-1 and LBS-2 incubated with in vitro-translated LANAC WT (lanes 1 to 6) or the
KK1113AA mutant (lanes 7 to 12). Specific LANAC-induced complexes A and B plus the positions of unbound probes are indicated. Spacer
lengths are listed above the lanes.
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give values that are remarkably similar to those presented here
with LANA. For high-affinity site 4, a single EBNA1 dimer
bends the DNA by approximately 55°, increasing to a minimum
of 88° when sites 3 and 4 are occupied (4). Evidence of bending
is also seen in the structures of EBNA1-DNA cocrystals, in
which the distorted B-form DNA wraps around the surface of
the DNA-binding domain (5, 6). It is noteworthy that the
bovine papillomavirus E1 and E2 initiator proteins also bend
DNA (17). The structure of the core DNA-binding domain of
E2 is similar to that of EBNA1, and the dimers induce a bend
of at least 50° (19). One function of the induced bend at the
bovine papillomavirus origin is to bring the transactivation
domain of E2 into contact with the helicase domain of E1, a
rate-limiting step in initiation (17, 44). It is possible that DNA
architecture also facilitates interactions between LANA and
cellular replication proteins such as ORC or the MCM com-
plex, with its resident helicase activity.

Despite an obvious difference in the relative gel mobilities
between complexes formed by the wild-type and KK1113AA
versions of LANAC and LBS-1, the calculated bend angles and
the location of the bend centers were very close, if not identi-
cal. At face value, this suggests that the mobility difference is
due to the conformation of the protein moieties rather than
the DNA probe; however, the calculated bend angles differ by
25° when LBS-1 and LBS-2 are occupied simultaneously. The
reason for this discrepancy is not clear but might reflect dif-
ferences in the interactions between the two dimers. So far, we
have not observed a measurable defect in the ability of the
KK1113AA mutant to support plasmid replication in transient
assays (J. Hu, L.-Y. Wong, A. C. Wilson, and R. Renne, un-
published data). It is possible that the higher affinity of the
KK1113AA variant for DNA compensates for the effects of the
shallower bend or that the transient replication assay is simply
not sensitive enough to detect subtle differences in the fre-
quencies of initiation. In conclusion, the shared ability of
LANA and EBNA1 to bend origin DNA may be a necessary
step in creating a specific platform capable of recruiting ORCs
and associated replication initiation factors.
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