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In latent infection, Kaposi’s sarcoma-associated herpesvirus (KSHYV) latency-associated nuclear antigen 1
(LANAL1)-specific binding to KSHV terminal repeat DNA mediates multicopy episome persistence. We now use
electrophoretic mobility shift assays to investigate LANA1 binding to its 20-bp cognate sequence. Mutations at
positions 6, 7, and 8 (,CCCy) severely reduced LANA1 binding, whereas mutations at other positions only
modestly reduced binding. Since (CCCy is in the 5’ half of an inverted repeat sequence, these results are
consistent with an asymmetric role for the inverted repeat in LANA1 binding.

Kaposi’s sarcoma-associated herpesvirus (KSHV), or human
herpesvirus 8§, is tightly associated with KS, primary effusion
lymphoma, and multicentric Castleman’s disease (8, 10, 28,
32). KSHYV infection in tumor cells and in primary effusion
lymphoma cell lines is predominantly latent. Latently infected
cells have multiple copies of extrachromosomal, circular,
KSHYV episomes (plasmids) (9, 13). To persist in proliferating
cells, episomes must replicate and efficiently segregate to prog-
eny cells.

Latency-associated nuclear antigen 1 (LANA1) (21, 22, 29),
encoded by one of a small number of viral genes expressed in
latent infection, is necessary and sufficient for KSHV episome
persistence (2, 3). Expression of LANAI1 in uninfected B-
lymphoma cells permits episome persistence of DNA contain-
ing specific KSHV terminal repeat (TR) sequence. Confocal
microscopy demonstrates that LANA1 concentrates at sites of
KSHYV DNA along mitotic chromosomes (2, 11). LANAI also
mediates replication of TR-associated DNA in transient assays
(16, 18, 25). Taken together, these data support a model in
which LANA1 mediates KSHV TR DNA replication and teth-
ers episomes to mitotic chromosomes to effect efficient parti-
tioning to progeny nuclei. Similar roles in episome persistence
have been proposed for the Epstein-Barr virus (EBV) EBNAL1
and bovine papillomavirus (BPV) E2 proteins (5, 19, 24, 30, 31,
33, 34).

Consistent with this model, LANA1 binds specific TR se-
quence (3, 12, 15) with high affinity (14). Footprinting analyses

* Corresponding author. Mailing address: Channing Laboratory,
Brigham and Women’s Hospital, 181 Longwood Ave., Boston, MA
02115. Phone: (617) 525-4256. Fax: (617) 525-4251. E-mail:
kkaye@rics.bwh.harvard.edu.

T V.S. and T.K. contributed equally to this work.

1 Present address: PTC Therapeutics, South Plainfield, NJ 07080.

§ Present address: Human Genetics Program and Department of
Biochemistry, Tulane Medical School, New Orleans, LA 70112.

indicate that LANA1 also binds to a low-affinity site which is
adjacent to the high-affinity site (14). The crystal structures of
the EBNA1 and E2 DNA-binding domains complexed with
cognate sequence have been determined, revealing their struc-
tural homology (6, 17). Despite an absence of primary amino
acid homology with EBNAI, the structure of the LANA1 C-
terminal DNA-binding domain is predicted to be similar to
that of EBNAI (and thereby to that of E2) (16). EBNAI and
E2 each bind inverted repeat sequence as a dimer. There is an
8-bp inverted repeat within the LANA1 cognate sequence (Fig.
1A) (3, 12, 15), but its importance for LANAI1 binding is
unclear. The similarities between LANA1 and EBNA1 (and
E2) suggest the possibility that these proteins recognize DNA
through similar mechanisms.

Identification of the TR-13 sequence critical for LANA1
DNA binding. Mutations were introduced into the 20-bp high-
affinity LANA1 binding site, TR-13 (Fig. 1A), to identify nu-
cleotides important for LANAI binding. Previous electro-
phoretic mobility shift assays (EMSAs) had implicated the first
seven TR-13 positions as having a role in LANA1 DNA bind-
ing (3). In these experiments, an excess of an unlabeled oligo-
nucleotide which included TR-13 positions 1 through 7 weakly
competed LANALI in binding to the TR probe. In contrast, an
excess of an unlabeled oligonucleotide which included posi-
tions 8 through 20 did not compete LANAT1 in binding to the
TR probe. Therefore, we initially focused our attention on the
5" end of TR-13, including positions 1 through 7. The first 11
TR-13 nucleotides were mutated to T’s in adjacent pairs except
for at position 1, where the native T was mutated to a G.
Positions 17 and 18 were also mutated to T’s.

Each mutated oligonucleotide was assayed for the ability to
compete LANAI in binding to the TR-13 probe. In vitro-
translated LANA1 was incubated with an end-radiolabeled
TR-13 probe and a 50-fold excess of nonradiolabeled TR-13 or
a mutant oligonucleotide prior to EMSA, which was per-
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FIG. 1. Mutation of adjacent base pairs in the LANAI binding site
compromises the ability of oligonucleotides to compete LANALI in
binding to the WT probe. (A) The WT TR-13 sequence is shown. The
8-bp inverted repeat is underlined. (B) In vitro-translated LANAT was
incubated with radiolabeled TR-13 probe, and EMSA was performed.
A 50-fold excess of the indicated nonradiolabeled competitor was
added to the incubation mixture for lanes 2 to 9. The substitutions in
each mutant (M) are indicated above the lanes. Horizontal arrows
indicate LANAI-specific complexes. The upper complex sometimes
resolves into two bands (3). FP, free probe. The data shown are
representative of more than five experiments. (C) Quantitation of
EMSA results. Signal from two experiments was captured with a Phos-
phorImager (Molecular Dynamics) and analyzed using ImageQuant
software. The average values (bars) and individual values (circles and
squares) are shown. Values were determined by dividing the signal in
the shifted position after incubation with each competitor oligonucle-
otide by the signal in the absence of competitor.

formed as described previously (3, 23). In the absence of com-
petitor, LANA1 formed two major complexes with the TR-13
probe (Fig. 1B, lane 1), similar to earlier results (3, 4, 23). An
excess of unlabeled TR-13 efficiently competed the LANAL1
gel-shifted complexes (Fig. 1B, lane 2, and C). In contrast,
mutant 4 (,CC, — TT) did not compete the LANAI com-
plexes (Fig. 1B, lane 6, and C). Therefore, the TR-13 (CC,
sequence is critical for LANA1 binding. The ability to compete
LANA1 complexes was not abolished in any of the other mu-
tated oligonucleotides. However, the ability of each oligonu-
cleotide to compete the LANA1 complexes was reduced com-
pared to that of wild-type (WT) TR-13 (Fig. 1B and C).
Interestingly, the magnitude of the impairment of the ability to
compete LANA1 complexes was related to the proximity of
mutations to (CC,. For instance, oligonucleotide mutant 3
(4,CGs — TT) only weakly competed LANA1 complexes (Fig.
1B, lane 5, and C), whereas mutant 2 (;CC, — TT) (Fig. 1B,
lane 4, and C) and mutant 1 (;TC, — GT) (Fig. 1B, lane 3, and
C) competed LANAI complexes more efficiently. Therefore,
these results indicate that the TR-13 (CC, sequence is critical
for LANA1 DNA binding and that other sequence is less
important.

Transition mutations indicate that TR-13 positions 6, 7, and
8 ((CCCy) are each critical for LANA1 binding to DNA. To
more precisely investigate the role of individual TR-13 bases in
LANALI1 binding, scanning transition (purine to purine or py-
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rimidine to pyrimidine) substitutions were introduced into TR-
13. EBNALI binding to its cognate sequence is significantly less
sensitive to transition mutations than to transversion (purine to
pyrimidine or pyrimidine to purine) mutations (1). Due to
similarities between EBV EBNA1 and LANAL1 (16, 23), we
therefore reasoned that transition mutations might be less dis-
ruptive to LANAI binding.

Each of the 20 TR-13 bases was individually mutated by
transition substitution, and the mutated oligonucleotides were
termed transition 1 (Til) through Ti20. Excess nonradiola-
beled oligonucleotides with each transition mutation were then
assayed for the ability to compete LANALI in binding to the
TR-13 probe (Fig. 2A to C). As expected, an excess of unla-
beled WT TR-13 efficiently competed LANA1 in binding (Fig.
2A and B, lanes 2, 3, 16, and 17, and C). Excesses of nonra-
diolabeled Til through Ti5 and Ti9 through Ti20 (Fig. 2A to
C) also greatly diminished the shifted LANA1 complexes, al-
though Ti4 and Ti5 competed slightly less efficiently.

In contrast, oligonucleotides with transitions at positions 6
through 8 were each significantly impaired in their ability to
compete the LANAI complexes. Ti7 (,C — T) was the most
severely impaired. Unlabeled Ti7 at a 25- or even 100-fold
excess only minimally competed LANAI complexes (Fig. 2A,
lanes 21 and 22, and C). The ability of Ti6 (;C — T) and Ti8
(sC —T) to compete LANAI1 complexes was also significantly
compromised (Fig. 2A and C). Therefore, these data indicate
that transitions at positions 6, 7, and 8 each greatly decrease
the ability of oligonucleotide to compete LANA1 complexes
with WT TR-13. A transition at position 7 had the most dra-
matic effect.

To directly assay the ability of LANA1 to complex with each
transition mutant, EMSA was performed using radiolabeled
transition mutants or WT TR-13 (Fig. 3A and B). As expected,
LANAI efficiently formed complexes with WT TR-13 (Fig. 3A,
lanes 2 and 14). Less-intense, higher-mobility LANAI com-
plexes were also present (Fig. 3A, lanes 2 and 14). These
complexes are often present with various intensities and are
LANAL specific since they are not present with reticulocyte
lysate alone (Fig. 3A, lanes 1 and 13), can be competed with
unlabeled competitor oligonucleotide, and are supershifted
with anti-LANAI antibody (data not shown). Til through Ti3
(Fig. 3A, lanes 3 to 5, respectively) and Till through Ti20 (Fig.
3A, lanes 15 to 24, respectively) bound LANA1 in complexes
that were easily detectable. These oligonucleotides formed
complexes at mildly reduced levels of ~50 to 90% relative to
the level of the WT, although Ti20 formed complexes at a level
of ~36% of that of the WT (Fig. 3B). Ti4 (Fig. 3A, lane 6), Ti5
(Fig. 3A, lane 7), Ti9 (Fig. 3A, lane 11), and Til0 (Fig. 3A, lane
12) complexed with LANA1 at moderately reduced levels of
~23 to 33% of the WT level (Fig. 3B). Therefore, Til through
Ti3 and Till through Ti20 were mildly impaired in LANA1
binding, while oligonucleotides Ti4, Ti5, Ti9, and Til0, whose
mutations are immediately adjacent to ;CCCg, were moder-
ately impaired.

In contrast, and consistent with the competition experi-
ments, Ti6 through Ti8 (Fig. 3A, lanes 8 to 10, respectively)
were greatly compromised in their ability to bind LANAL.
LANAI1 complexes were barely detectable for these mutants.
Ti6 and Ti8 bound LANAI at ~8.5 and 9.5% of WT levels,
respectively (Fig. 3B). Consistent with the competition data,
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FIG. 2. Competition of LANA1 complexes with oligonucleotides containing point mutations. (A to C) EMSA results after competition with
oligonucleotides containing point transition mutations. (A and B) An EMSA was performed after the TR-13 radiolabeled probe was incubated with
in vitro-translated LANAI (lanes 1 and 15) or reticulocyte lysate (lanes 4 and 18). Unlabeled TR-13 (WT) or the indicated transition mutant (Til
through Ti20) at a 25- or 100-fold excess was included in the incubation mixture prior to the EMSA as indicated. The transition substitution in
each mutant is indicated above the lanes. Horizontal arrows identify LANA1 complexes. Data shown are representative of three experiments.
(C) Quantitation of EMSA results. The signals from two experiments (shown as circles and squares) were captured and averaged (bars). Data are
from competition with oligonucleotides at a 100-fold excess. (D to F) EMSA results after competition with oligonucleotides containing point
transversion mutations. (D and E) EMSA with the TR-13 radiolabeled probe after incubation with in vitro-translated LANA1 (lanes 1 and 15) or
reticulocyte lysate (lanes 4 and 18). Unlabeled TR-13 (WT) or the indicated transversion mutant (Tv1 through Tv20) at a 25- or 100-fold excess
was included in the incubation mixture prior to the EMSA. The transversion substitution for each mutant is indicated above the lanes. Arrows
indicate LANA1 complexes. The data shown are representative of three experiments. (F) Quantitation of EMSA results. The signals from two
experiments (shown as circles and squares) were captured and averaged (bars). Data are from competition with oligonucleotides at a 100-fold
excess. (C and F) Values were determined by dividing the shifted signal after incubation with competitor oligonucleotide by the shifted signal in

the absence of competitor.

Ti7 was most affected and bound LANA1 at a 3% level (Fig.
3B). Therefore, a transition mutation at position 6, 7, or 8
exerted severe effects on LANAL1 binding to DNA.
Transversion mutations indicate that TR-13 positions 6, 7,
and 8 ((CCCy) are each critical for LANA1 binding to DNA.
Experiments with scanning transversion mutations were also
performed. Each of the 20 TR-13 bases was individually re-

placed by transversion, and the oligonucleotides with replace-
ments were termed transversion 1 (Tv1) through Tv20. Excess
nonradiolabeled oligonucleotides with each transversion mu-
tation were then assayed for the ability to compete LANAT in
binding to the TR-13 probe (Fig. 2D to F). An excess of
unlabeled TR-13 (WT) again efficiently competed the LANALI
complexes (Fig. 2D and E, lanes 2, 3, 16, and 17). Excesses of
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FIG. 3. EMSA with oligonucleotides containing point substitutions. (A) Point transition mutations. The TR-13 (WT) probe (0.5 ng) was
incubated with reticulocyte lysate (lanes 1 and 13) or in vitro-translated LANAT1 (lanes 2 and 14). Transition mutants (Til through Ti20) were each
radiolabeled and 0.5 ng was incubated with an equivalent amount of LANAI prior to the EMSA. The transition substitution for each position is
indicated above each lane. Horizontal arrows and the vertical line indicate specific LANA1 complexes. The data shown are representative of more
than six experiments. (B) Quantitation of EMSA results with oligonucleotides containing point transition mutations. The signals from two
experiments (shown as circles and squares) were captured and averaged (bars). (C) EMSA with oligonucleotides containing point transversion
substitutions. The TR-13 (WT) probe (0.5 ng) was incubated with reticulocyte lysate (lanes 1 and 13) or in vitro-translated LANAI (lanes 2 and
24). Transversion mutants (Tv1 through Tv20) were each radiolabeled and 0.5 ng was incubated with an equivalent amount of LANAL1 prior to
EMSA. The transversion substitution at each position is indicated above each lane. Horizontal arrows and the vertical line indicate specific LANA1
complexes. The data shown are representative of more than six experiments. (D) Quantitation of EMSA results with oligonucleotides containing
point transversion mutations. The signals from two experiments (shown as circles and squares) were captured and averaged (bars). (B and D) The
fraction of shifted signal was determined by dividing the shifted signal by the sum of the signals from shifted and free probes. The fraction of the
probe in the shifted position was then compared to that of TR-13 (WT), which was normalized to 1.

nonradiolabeled Tv1 through Tv5 and Tv8 through Tv20 (Fig.
2D to F) also significantly competed the LANAI complexes.
The results with Tv1 through Tv5 and Tv9 through Tv20 gen-
erally paralleled those with the corresponding transition mu-
tants (Fig. 2A to C).

However, results with Tv8 (;C — G) greatly differed from
those with a transition at position 8. In contrast to Ti8 (sC —
T), Tv8 efficiently competed the LANAT1 complexes at both 25-
and 100-fold excesses (Fig. 2D, lanes 23 and 24, and F). This
result indicates that a transition at position 8 has a greater
impact on the ability to compete LANA1 complexes than a
transversion at position 8.

Both transversions at positions 6 and 7 significantly reduced
the ability of oligonucleotides to compete LANA1 complexes,
which was similar to the effects of transitions at these positions.
Tv7 (,C — G) was particularly impaired (Fig. 2D, lanes 21 and
22, and F), while Tv6 (,C — G) was slightly less compromised
than Tv7 (Fig. 2D, lanes 19 and 20, and 2F). Therefore, trans-
versions at both positions 6 and 7 greatly impaired the com-
petition of LANA1 complexes and the mutation at position 7
had the more severe effect.

To directly assay the effects of each transversion mutation on
LANA1 DNA binding, an EMSA was performed after each

mutated oligonucleotide or WT TR-13 was radiolabeled. Tvl
through Tv5 (Fig. 3C, lanes 3 to 7, respectively) and Tv9
through Tv20 (Fig. 3C, lanes 11, 12, and 14 to 23, respectively)
each formed easily detectable LANAI complexes. Binding of
these mutants was generally mildly reduced, and all had at least
~50% of WT TR-13 binding activity (Fig. 3D).

In contrast to the results with the competition data, but
consistent with the results from the transition mutation exper-
iments, Tv8 (Fig. 3C, lane 10) was also significantly impaired in
its ability to complex LANA1 and formed complexes at a level
of only ~9% of the WT TR-13 level (Fig. 3D). Therefore, it
appears that a transversion at position 8 produces an interme-
diate level of binding. A significant loss of binding is seen with
direct labeling of a mutated probe, but a =25-fold excess of
unlabeled Tv8 effectively competes LANA1 complexes.

Consistent with both the competition results and the data
from the transition mutation experiments, Tv6 (Fig. 3C, lane 8)
and Tv7 (Fig. 3C, lane 9) were greatly compromised in their
ability to bind LANA1. LANA1 complexes were barely detect-
able for these mutants, and quantitation revealed an ~6.5%
binding efficiency for Tv6 and a less than 1% binding efficiency
for Tv7 (Fig. 3D). Therefore, transversions at both position 6
and position 7 severely affect LANA1 binding.
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This work identifies a core sequence that is critical for
LANALI1 binding to its high-affinity TR site. Each position of
+CCCy within the 20-bp site TR-13 was critical for LANA1
binding. Changes at position 7 had particularly severe effects.
Interestingly, mutations immediately proximal to ;CCCgq some-
times had a greater impact on LANAI binding than more-
distal changes. For instance, oligonucleotides with mutations at
two adjacent bases were more impaired for competition of
LANAI1 complexes when the changes were proximal to (CCCyq
(Fig. 1). Further, radiolabeled oligonucleotides containing sin-
gle-base transition substitutions immediately upstream (Ti4
and TiS) or downstream (Ti8 and Ti9) of ;CCCg bound
LANA1 somewhat less efficiently than did transitions at other
positions (Fig. 3A and B). One possibility is that these proxi-
mal mutations affect LANAT’s interactions with ;CCCg. Over-
all, LANA1 binding did not appear to be more sensitive to
transversion mutations than to transition mutations.

Although the core CCCg sequence is critical for efficient
LANALI1 binding, the context of surrounding sequence is also
important. For instance, the CCC sequence occurs at over 40
sites within the KSHV TR, yet LANA1 binds to only one of
these sites with high affinity (3, 12, 14, 15). The point transition
and transversion substitutions in sequences other than ,CCCyq
also supported a role for adjacent sequence in LANAI bind-
ing. For instance, single-nucleotide transition or transversion
mutations at any non-,CCCg TR-13 position, other than a
transversion at position 13, reduced LANA1 binding to a mild
or moderate degree (Fig. 3). Other results also demonstrate a
role for neighboring sequence. For instance, LANA1 efficiently
bound the TR-13 ;CCGCCCGGGCATGGGGC,, sequence.
However, removal of any additional bases from the 5’ or 3’ end
significantly reduced the affinity of LANA1 binding (14). Fur-
ther, LANA1 did not bind to TR-13 ;,TCCCGCCCGGGCA 5
or ,CGCCCGGGCA ; sequences, although LANA1 did bind
to the TR-13 ,CGCCCGGGCATGG,, sequence (12). LANAL
also binds to a site in its own promoter that contains the TR-13
+CCCGGGC,, sequence but with lower affinity than it does to
TR-13 itself (20). LANA1 was also reported to bind to a site in
the TR that contains the CCCCCCC sequence but with a lower
affinity than it does to the TR-13 ; TCCCGCCCGGGCATG
GG, sequence (12). However, LANAL did not bind to a
266-bp TR probe containing the CCCCCCC site but did bind
to a 535-bp TR fragment containing TR-13 (3). These differ-
ences may have been due to different sensitivities of the assays
used. LANA1 was also reported to bind to a 64-bp sequence
containing multiple CC pairs with lower affinity than it does to
the TR-13 ;TCCCGCCCGGGCATGGG,, sequence (12).

These results are consistent with LANA1’s low-affinity bind-
ing to the site adjacent to TR-13 in the TR. The low-affinity site
contains a transversion at Cq to G within the critical core
«CCCq sequence (14). This change significantly reduced
LANALI1 binding in our work. However, the low-affinity site also
contains transversions at TR-13 positions C,, A5, G4, and C,,
and a transition at position T,. Changes at all of these posi-
tions, except A,;, had mild to moderate effects on LANAL1
binding to the radiolabeled mutant probe. Therefore, it is not
surprising that the sum of these changes greatly reduces
LANAT’s affinity to this site. Interestingly, the adjacent high-
affinity TR-13 site allows cooperative binding of LANAT to the
low-affinity site (14).
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These results indicate an asymmetric role for the 8-bp in-
verted repeat, sGCCCGGGC,, (Fig. 1A) (12, 15), in the
LANA binding site. Of note, both EBV EBNA1 and BPV E2
recognize inverted repeats. Whereas the ;CCCg sequence in
one half of the inverted repeat was critical for LANAL1 binding,
mutations in the other half of the inverted repeat (, GGGC,,)
did not exert severe effects on binding. These results are in-
triguing, since several lines of evidence suggest similarities
between the EBNA1 and LANA1 DNA-binding domains.
First, there is predicted structural similarity between the
LANA1 and EBNA1 DNA-binding domains (16). The struc-
ture has been determined for the EBNA1 DNA-binding do-
main complexed with cognate, palindromic DNA (6). EBNA1
binds DNA as a dimer, and each monomer recognizes an equal
half-site of the palindrome. Second, consistent with the pre-
dicted structural similarity, LANA1 self-associates to bind
DNA, and LANA mutants which cannot self-associate do not
bind DNA, similar to EBNA1. Third, the deletion of LANA1
residues 1007 through 1021 abolishes LANA1 binding to DNA
but not LANAL self-association. These residues are predicted
to correspond to an EBNAT1 sequence which directly contacts
DNA but is not involved in dimerization (23). The asymmetric
role of the inverted repeats raises the possibility that LANALI
may not recognize two equal half-sites and instead may bind
DNA in a manner distinctly different from that of EBNAL. Of
note, the stoichiometry of LANA1 bound to DNA is not
known, and LANA1 might bind DNA as a dimer or higher-
order oligomer. For instance, it is possible that LANAI binds
DNA as a higher-order structure, such as a hexamer, like the
simian virus 40 large T antigen (27). Interestingly, the simian
virus 40 large-T-antigen DNA-binding domain shares struc-
tural homology with BPV E2 and EBNAI1 (7, 26). Alterna-
tively, it is possible that a LANA1 dimer does recognize two
equal half-sites in an inverted repeat sequence and that it
compensates for certain mutations, perhaps by repositioning
critical amino acid side chains. Further work should elucidate
the mechanisms by which LANAI binds DNA.
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CA82036 (to K.M.K.) from the National Cancer Institute.
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