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The POU domain protein Tst-1/Oct-6 is a transcriptional activator of human papovavirus JC virus in
transient transfections. Because of its endogenous expression in myelinating glia, Tst-1/Oct-6 might also be an
important determinant for the glia specificity of JC virus in vivo. Activation of viral early and late genes
depends on the ability of Tst-1/Oct-6 to interact with an AT-rich element within the viral regulatory region.
Here, we show that this element not only is bound by Tst-1/Oct-6 but, in addition, serves as a binding site for
the high-mobility-group protein HMG-I/Y. In the presence of HMG-I/Y, Tst-1/Oct-6 exhibited an increased
affinity for this AT-rich element. The specificity of this effect was evident from the fact that no stimulation of
Tst-1/Oct-6 binding was observed on a site that did not allow binding of HMG-I/Y. In addition, both proteins
interacted with each other in solution. Direct contacts were identified between the POU domain of Tst-1/Oct-6
and a short stretch of 10 amino acids in the central portion of HMG-I/Y. These results point to an accessory
role for HMG-I/Y in the activation of JC viral gene expression by the POU domain protein Tst-1/Oct-6. In
agreement with such a role, HMG-Y synergistically supported the function of Tst-1/Oct-6 in transient trans-
fections, measured on the early promoter of JC virus or on an artificial promoter consisting of only a TATA
box and the common binding element for Tst-1 and HMG-I/Y.

POU domain proteins are important transcriptional regula-
tors. They are involved in conferring developmental or tissue
specificity on a number of cellular and viral gene promoters
(38, 40, 47). Accordingly, expression of most POU domain
proteins is tightly regulated. Tst-1, for instance, is expressed in
a highly restricted manner during development and in the
adult. Coded for by an intronless gene with features of an
expressed retroposon (15, 24), expression of Tst-1 is confined
to embryonic stem cells, skin, neuronal subpopulations, and
myelinating glia (4, 10, 11, 17, 31, 44). In glial cells, this protein,
which is also known as SCIP or Oct-6 (29, 31, 44) and hereafter
will be referred to as Tst-1/Oct-6, has been implicated in the
regulation of myelin-specific genes and the glia-specific human
papovavirus JC virus (16, 30, 48).
JC virus specifically infects glial cells in the central nervous

system of immunocompromised individuals, thereby leading to
a severe demyelinating disease, which is known as progressive
multifocal leukoencephalopathy (27). Part of the viral tropism
for glial cells is based on the glia specificity of viral gene
expression (22). Tst-1/Oct-6 has been implicated in this glia
specificity, because it both binds to the regulatory region of JC
virus and activates the viral early and late gene promoters
which are contained within this region (48).
Like most POU domain proteins, Tst-1/Oct-6 is an intrinsi-

cally weak transcriptional regulator (for a recent review, see
reference 47). To compensate for this weakness, Tst-1/Oct-6
has to rely on glia-specific or viral coactivators which interact
with either its POU domain or its amino-terminal transactiva-
tion region (28, 32, 33, 37). While the glia-specific coactivators
have yet to be cloned, the large T antigen of JC virus has been
identified as a viral coactivator which stimulates the function of

Tst-1/Oct-6 synergistically by interacting directly with its POU
domain (37).
Recently, the high-mobility-group protein HMG-I and its

splice variant HMG-Y (21) have been implicated in the regu-
lation of a number of cellular gene promoters, including the
beta interferon, interleukin-4, interleukin-2 receptor a-chain,
lymphotoxin, and E-selectin promoters (3, 9, 18, 26, 45, 50).
With the exception of the interleukin-4 gene promoter (3),
HMG-I/Y exerts a stimulatory effect on the activities of these
promoters. They all contain AT-rich binding sites for HMG-
I/Y in close vicinity to binding sites for known transcription
factors such as NF-kB, Elf-1, and ATFs, with which HMG-I/Y
has been shown to interact directly. In addition, HMG-I/Y
often increases the binding affinities of those proteins it phys-
ically associates with (6, 26, 45, 50). However, HMG-I/Y can
also sterically block the access of proteins to a promoter in the
absence of protein-protein interaction (6). Though not a tran-
scriptional regulator by itself, HMG-I/Y is believed to serve as
a promoter-specific accessory factor modifying the function of
NF-kB, ATFs, and Elf-1 (6, 7, 18, 26, 45, 50).
Here, we show that the promoter-specific interaction of

HMG-I/Y with Tst-1/Oct-6 is an important component for the
function of Tst-1/Oct-6, providing a novel mechanism for mod-
ifying the activity of a POU domain protein by chromatin
components.

MATERIALS AND METHODS

Plasmids. cDNA sequences for human and mouse HMG-Y were gifts of R.
Eckner and R. Reeves, respectively. A eukaryotic expression vector for human
HMG-Y was created by placing the entire cDNA (8) as an EcoRI fragment
under the control of the cytomegalovirus promoter, thus generating pCMV/
HMG-Y. A second eukaryotic expression vector, pCMV/T7HMG-Y, was con-
structed by using an epitope-tagged version of the coding sequence for mouse
HMG-Y (20). The epitope which corresponded to the amino-terminal end of the
T7 major capsid protein (T7-Tag; Novagen) and was preceded by a eukaryotic
translational start consensus, was fused in frame to the amino terminus of
HMG-Y. The other plasmids used in transient transfections include pCMV/
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Tst-1, an expression vector for Tst-1/Oct-6, and the luciferase reporter plasmids
pJClucearly, p36-luc, and siteA-luc (37, 48).
The bacterial expression vector pGEX/HMG-Y contains the coding sequence

for mouse HMG-Y fused in frame to glutathione S-transferase (GST) as a
BamHI-EcoRI fragment. Similar fusion proteins were generated for select parts
of HMG-Y by using fragments with EcoRI and HindIII sites introduced by PCR
at their ends. pGEX/H20-56 expressed amino acids 20 to 56 of HMG-Y as a GST
fusion protein. Analogously, pGEX/H32-56 and pGEX/H46-56 expressed amino
acids 32 to 56 and 46 to 56, respectively. The corresponding plasmid for the
bacterial expression of a GST/Tst-1 fusion protein as well as all plasmids used
during in vitro transcription/translation of Tst-1/Oct-6 mutants in reticulocyte
lysates have been described previously (37, 48). For in vitro transcription/trans-
lation of HMG-Y, the T7-tagged version of mouse HMG-Y (see above) was
inserted into pBKS2II1 (Stratagene).
Cell culture, transfections, and luciferase assays. U138 human glioblastoma

cells were propagated in RPMI medium supplemented with 10% fetal calf serum
(FCS). Five days before transfection, cells were plated at a density of 5 3
105/60-mm plate in Dulbecco’s modified Eagle’s medium supplemented with
0.5% FCS. Cells were transfected by the calcium phosphate technique (2) with 2
mg of a luciferase reporter plasmid and 2 mg of an expression plasmid for Tst-1,
HMG-I/Y, or a combination of both. The total amount of plasmid was kept
constant. At 4 h posttransfection, cells were treated for 1 min with 30% (vol/vol)
glycerol in phosphate-buffered saline (PBS) and placed in fresh Dulbecco’s
modified Eagle’s medium supplemented with 0.5% FCS. Cells were harvested
after 48 h. Extracts were assayed for luciferase activity as described elsewhere
(48).
Preparation of nuclear extracts. Nuclear extracts were prepared from

Schwann cell cultures or transiently transfected CV1 cells as described elsewhere
(41). Cells from two 100-mm plates were washed twice with PBS, scraped from
the plates in hypotonic buffer, swollen on ice, and lysed by the addition of 1%
Nonidet P-40 and vortexing. Nuclei were pelleted and extracted in 200 ml of
ice-cold 10 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid)
(pH 7.9)–400 mM NaCl–0.1 mM EDTA–0.1 mM EGTA [ethylene glycol-bis(b-
aminoethyl ether)-N,N,N,9N9-tetraacetic acid]–2 mM dithiothreitol–1% Nonidet
P-40–2 mg of pepstatin per ml–2 mg of leupeptin per ml–1 mg of aprotinin per ml
for 15 min at 48C under constant rotation.
Electrophoretic mobility shift assay. In general, 0.5 ng of 32P-labeled probe

was incubated with protein for 20 min at room temperature in a 20-ml reaction
mixture containing 10 mM HEPES (pH 8.0), 5% glycerol, 25 mM NaCl, 5 mM
MgCl2, 2 mM dithiothreitol, 0.1 mM EDTA, and 50 ng of poly(dG-dC) as
unspecific competitor. Reaction mixtures were loaded onto native 4% polyacryl-
amide gels and electrophoresed in 0.53 TBE (45 mM Tris, 45 mM boric acid, 1
mM EDTA [pH 8.3]) at 180 V for 1.5 h.
The following oligonucleotides were used as probes: site A (AGGCGG

CCTCGGCCTCCTGTATATATAAAAAAAAGGGAAGGGATGGC), site A
mutants A2 to A9 (see Fig. 2C), octGC (GATCTGGCATGCAAAGCGGGCT
AG), and muNTS1(48-103) (49). HMG-I/Y purified to near homogeneity from
Ehrlich ascites tumor cells (49) and Schwann cell nuclear extracts were used as
protein sources in addition to GST/Tst-1 and GST/HMG-Y fusions. Expression
of GST fusion proteins from pGEX/Tst-1, pGEX/HMG-Y, pGEX/H20-56,
pGEX/H32-56, and pGEX/H46-56 in Escherichia coli DH5a and purification
procedures were as described elsewhere (37).
In vitro translation. In vitro translation of [35S]methionine-labeled Tst-1/

Oct-6, HMG-Y, or GST/HMG-Y protein was carried out with in vitro-tran-
scribed RNA in nuclease-treated rabbit reticulocyte lysate using protocols of the
supplier (Promega). For 35S labeling, a T7-Tag sequence (Novagen) had to be
added onto the amino terminus of HMG-Y. To obtain deletion proteins of
HMG-Y, pBKS/HMG-Y was digested with AvaI, NarI, StyI, or SfaNI prior to in
vitro transcription. For in vitro transcription of GST/HMG-Y fusion proteins,
fragments were generated by a PCR-mediated approach in which a T7 promoter
was placed immediately in front of the coding sequence for the respective fusion
protein.
Protein-protein interaction. Equal amounts of purified GST or its fusion

derivatives (GST/Tst-1 and GST/HMG-Y) were immobilized on glutathione-
agarose beads (Sigma). Resins carrying equal amounts of GST, GST/Tst-1, or
GST/HMG-Y were incubated for 2 h at 48C with in vitro-translated 35S-labeled
proteins or nuclear extracts in B buffer (100 mM NaCl, 20 mM HEPES [pH 7.8],
2 mM EDTA, 0.2% Nonidet P-40, 5 mM dithiothreitol, 10% glycerol, 1 mg of
leupeptin per ml, 1 mg of aprotinin per ml). After extensive washing, resin-bound
proteins were separated on sodium dodecyl sulfate (SDS)-polyacrylamide gels
(10% polyacrylamide for Tst-1/Oct-6 and 15% polyacrylamide for HMG-Y) and
detected by autoradiography (for 35S-labeled proteins) or Western immunoblot-
ting) (for nuclear extracts). Western blots were performed with the ECL detec-
tion system (Amersham) according to the manufacturer’s instructions. Alterna-
tively, in vitro-translated 35S-labeled GST proteins were incubated with purified
baculovirus-produced full-length Tst-1 (48a) in the presence of anti-Tst-1 anti-
serum and protein A-Sepharose beads in B buffer. Coimmunoprecipitated GST
proteins were detected after extensive washing as described above for the glu-
tathione-agarose-bound proteins.

RESULTS

The high-mobility-group protein HMG-I/Y interacts with a
Tst-1/Oct-6 responsive element from the JC virus promoter.
We have previously identified two binding sites for Tst-1/Oct-6
within the regulatory region of JC virus, designated site A and
site B (Fig. 1A). Each of these sites occurs twice because of the
repetition of a 98-bp enhancer (TR1 and TR2 in Fig. 1A).
Whereas site A conferred Tst-1/Oct-6-dependent transcrip-
tional activation to a heterologous promoter in transient trans-
fections, site B failed to respond to the presence of Tst-1/Oct-6
(48). Thus, it is likely that site A rather than site B is involved
in determining the glia specificity of JC viral gene expression
through binding of Tst-1/Oct-6 (48).
To identify glial proteins interacting with Tst-1/Oct-6 in the

JC virus promoter region, we initially performed electro-
phoretic mobility shift assays on nuclear extracts using site A as
a probe. In the course of these experiments we reproducibly
observed a fast-migrating complex which on high-percentage
polyacrylamide gels resolved into two distinct bands (Fig. 1B),

FIG. 1. (A) Schematic representation of the regulatory region of JC virus
(Mad-1). The region between map positions 5029 and 279 of the viral genome
(12) is flanked by the early (on the left) and late (on the right) viral transcription
units. It contains both viral promoters as well as the origin of DNA replication
(ori). Solid boxes, potential binding sites for HMG-I/Y (42); open boxes, previ-
ously identified binding sites A and B for Tst-1/Oct-6 (48). TR1 and TR2, 98-bp
tandem repeats 1 and 2. (B) Electrophoretic mobility shift assays with site A and
nuclear extracts. Radiolabeled site A was incubated with purified HMG-I/Y from
Ehrlich ascites tumor cells (lane 5) or 2 mg of nuclear extract (NE) prepared
from Schwann cells which after expansion in culture had been kept in the
absence of forskolin (lanes 2 to 4). For some binding reactions nuclear extracts
were preincubated with an antiserum raised against HMG-I/Y (aHMGI/Y) (lane
3) or with preimmune serum (pre) (lane 4). Lanes 1 and 6, free probe. Electro-
phoresis was done on an 8% polyacrylamide gel. Arrowhead, HMG-I/Y-contain-
ing complex.
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neither of which contained Tst-1/Oct-6 (data not shown). Fast
migration and thermal stability pointed to the presence of the
low-molecular-weight HMG-I/Y protein in one of these com-
plexes. Preincubation of extracts with an antiserum directed
against HMG-I/Y led to a specific loss of the lower band of the
doublet, while the preimmune serum had no such effect. Ad-
ditionally, only the lower band exhibited the same mobility as
HMG-I/Y purified from mouse Ehrlich ascites tumor cells,
indicating the presence of HMG-I/Y in this complex.
Like many other binding sites for POU domain proteins, site

A is indeed a potential binding site for HMG-I/Y, as judged by
its AT richness (42). In fact, binding sites for POU domain
proteins and HMG-I/Y are sometimes so similar that in the
past human HMG-I/Y has been cloned from a cDNA library as
binding to the octamer sequence motif from the immunoglob-
ulin light-chain promoter (8). However, binding sites for POU
domain proteins and HMG-I/Y are not completely identical, as
can be deduced from Fig. 1A.
Similarly to recombinant Tst-1/Oct-6 and HMG-I/Y from

Ehrlich ascites tumor cells, a bacterially expressed GST/
HMG-Y fusion protein bound site A in an electrophoretic
mobility shift assay (Fig. 2A). As can be deduced from Fig. 2C,
the sequence of site A contains in its center a long AT-rich
region which is half homopolymeric and half heteropolymeric.
To determine the exact binding sites for Tst-1/Oct-6 and
HMG-I/Y within this AT-rich region, we performed gel shift
assays with mutant versions of site A (Fig. 2C) in which runs of
consecutive bases were substituted in or near those parts
known from DNase I footprint experiments to be bound by
Tst-1/Oct-6 (48).

Only site A8 formed as readily a complex with Tst-1/Oct-6 as
did wild-type site A (Fig. 2B). Reduced binding of Tst-1/Oct-6
was observed for a number of other mutants including A4, A6,
and A7, while no binding could be detected for mutants A2,
A3, A5, and A9. These results are in good agreement with
previously published DNase I footprint experiments (48). Ac-
cording to the footprint data, the mutations which exhibit un-
changed or reduced Tst-1/Oct-6 binding (A4, A6, A7, and A8)
carry substitutions in regions representing the footprint bor-
ders. Mutations present in A2, A3, A5, and A9 disrupt the core
of the Tst-1/Oct-6 binding site as defined in footprint analyses.
Bacterially expressed GST/HMG-Y showed a distinct bind-

ing pattern compared with that of Tst-1/Oct-6. Binding of
GST/HMG-Y was severely reduced in all mutants but was
more strongly affected in mutants A2, A3, A7, A8, and A9 than
in A4, A5, and A6. At high concentrations of GST/HMG-Y,
however, residual binding was observed for all mutants (data
not shown). Because mutations which severely decrease bind-
ing of GST/HMG-Y are spread over the whole AT-rich region
including the hetero- and the homopolymeric stretches, it has
to be concluded that the whole region is involved in determin-
ing the optimal DNA conformation for HMG-I/Y binding. In
addition, we observed a reduced mobility of the complex be-
tween GST/HMG-Y and A3, suggesting that the conformation
of bound HMG-I/Y is altered in this mutant compared with
wild-type site A. Thus, while being clearly distinct, binding sites
for Tst-1/Oct-6 and HMG-I/Y strongly overlap.
In vitro binding of Tst-1/Oct-6 is stimulated by HMG-I/Y.

DNA binding properties of Tst-1/Oct-6 and HMG-I/Y are
rather divergent. HMG-I/Y recognizes DNA conformation

FIG. 2. Electrophoretic mobility shift assays reveal binding of Tst-1/Oct-6
and HMG-I/Y to the same element within the regulatory region of JC virus. (A)
Radiolabeled site A was incubated with purified HMG-I/Y from Ehrlich ascites
tumor cells (lane 2), recombinant GST/HMG-Y (lane 3), and bacterially ex-
pressed Tst-1/Oct-6 (lane 4). Lane 1, probe alone. (B) Binding of bacterially
expressed Tst-1/Oct-6 (lanes 2 to 5 and 12 to 17) and recombinant GST/HMG-Y
(lanes 7 to 10 and 19 to 24) to site A and its mutants A2 to A9. Lanes 1, 6, 11,
and 18, free probe. (C) Sequences of site A and its mutant versions A2 to A9.
The binding site for Tst-1/Oct-6, as determined in DNase footprint experiments
(48), is overlined.
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through minor groove contacts, whereas Tst-1/Oct-6 interacts
with DNA mainly through major groove contacts in a se-
quence-specific manner (13, 23, 35, 45, 49). To analyze whether
the presence of HMG-I/Y exerts any influence on the binding
of Tst-1/Oct-6, we performed mobility shift assays with radio-
labeled site A in the presence of both proteins. At low con-
centrations of Tst-1/Oct-6, binding to site A was detectable as
a faint complex of characteristic mobility (Fig. 3). Simulta-
neous addition of a fixed amount of HMG-I/Y resulted in a
significant increase of Tst-1/Oct-6 binding to site A. This stim-
ulatory effect was observed not only with HMG-I/Y purified
from eukaryotic cells (Fig. 3, lane 5) but also with a bacterially
expressed GST/HMG-Y fusion protein (Fig. 3, lane 6). Addi-

tion of HMG-I/Y, however, did not alter the mobility of the
Tst-1/Oct-6-containing complex. Instead, HMG-I/Y formed a
complex of its own characterized by its high mobility. Under no
conditions did we observe an additional complex of low mo-
bility in the presence of HMG-I/Y, suggesting that a ternary
complex of site A, HMG-I/Y, and Tst-1, if existent, is either
transient or unstable under our gel shift conditions.
To investigate this stimulatory effect in more detail, we per-

formed additional studies in which we kept the amount of
HMG-I/Y constant while simultaneously increasing the
amount of Tst-1/Oct-6 protein. A Tst-1/Oct-6-containing com-
plex was observed with as little as 2 ng of Tst-1/Oct-6 protein
in the presence of GST/HMG-Y, whereas in the absence of
GST/HMG-Y this complex was first detected with 15 ng of
Tst-1/Oct-6 protein, corroborating that HMG-I/Y substantially
stimulates Tst-1/Oct-6 binding under our assay conditions (Fig.
4A).
In a reverse experiment we kept the amount of Tst-1/Oct-6

constant while simultaneously increasing the amount of GST/
HMG-Y. GST/HMG-Y already exerted a stimulatory effect on
Tst-1/Oct-6 binding to site A at concentrations too low to yield
a detectable complex between GST/HMG-Y and site A (Fig.
4B, lanes 4 and 5). Tst-1/Oct-6 binding was maximally en-
hanced at approximately equimolar amounts of both proteins
(Fig. 4B, lanes 5 and 6), while very high concentrations of
GST/HMG-Y led to a reduction in the strength of the Tst-1/
Oct-6-containing complex. Surprisingly, large amounts of GST/
HMG-Y also decreased the strength of the complex generated
by GST/HMG-Y itself as if under these conditions Tst-1/Oct-6
and GST/HMG-Y would prevent each other from binding to
site A. No such effects on Tst-1/Oct-6 binding were observed in
the presence of increasing amounts of bovine serum albumin
(BSA) (Fig. 4B, lanes 9 to 14).
Stimulation of Tst-1/Oct-6 binding requires HMG-I/Y to

bind to DNA. HMG-I/Y not only binds to DNA but is also
known to engage in direct physical associations with transcrip-
tion factors such as NF-kB, ATF-2, and Elf-1 (6, 7, 18, 45).
Therefore, HMG-I/Y-dependent stimulation of Tst-1/Oct-6
binding to site A could involve HMG-I/Y binding to DNA as
well as interaction of HMG-I/Y with Tst-1/Oct-6. To analyze

FIG. 3. The presence of HMG-I/Y affects binding of Tst-1/Oct-6 to site A.
Site A was incubated with Tst-1/Oct-6 (lane 2), purified HMG-I/Y from Ehrlich
ascites tumor cells (lane 3), recombinant GST/HMG-Y (lane 4), Tst-1/Oct-6 and
purified HMG-I/Y (lane 5), or Tst-1/Oct-6 and GST/HMG-Y (lane 6). Amounts:
Tst-1/Oct-6, 15 ng; HMG-I/Y, 2 ng; GST/HMG-Y, 15 ng. Lane 1, free probe.

FIG. 4. HMG-I/Y enhances the binding of Tst-1/Oct-6 to site A in electrophoretic mobility shift assays. (A) Site A was incubated with increasing amounts of
Tst-1/Oct-6 (lanes 2 and 7, 0.5 ng; lanes 3 and 8, 2 ng; lanes 4 and 9, 5 ng; lanes 5 and 10, 15 ng; lanes 6 and 11, 45 ng) in the presence (lanes 2 to 6) or absence (lanes
7 to 11) of 25 ng of GST/HMG-Y. Lane 1, probe incubated with 25 ng of GST/HMG-Y. (B) Site A was incubated with 15 ng of Tst-1/Oct-6 in the presence of increasing
amounts of GST/HMG-Y (lane 3, 2 ng; lane 4, 5 ng; lane 5, 10 ng; lane 6, 25 ng; lane 7, 75 ng; lane 8, 150 ng) or BSA (lane 9, 2 ng; lane 10, 5 ng; lane 11, 10 ng; lane
12, 25 ng; lane 13, 75 ng; lane 14, 150 ng). Lane 1, site A with 15 ng of Tst-1; lane 2, site A with 25 ng of GST/HMG-Y.
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whether HMG-I/Y binding to DNA is a prerequisite for the
observed stimulation, we artificially generated a DNA element
(octGC) in which the octamer sequence from the simian virus
40 enhancer is flanked by GC-rich sequences. Such a site
should still bind Tst-1 but should prohibit binding of HMG-I/Y
since no more than three consecutive AT base pairs are
present within this site. That this is indeed the case is shown in
Fig. 5A, in which binding of HMG-I/Y to site A and octGC is
compared with binding of Tst-1/Oct-6 to the same sites. Puri-
fied eukaryotic HMG-I/Y specifically failed to recognize the
octGC sequence while simultaneously binding to site A (Fig.
5A). GST/HMG-Y exhibited a virtually identical behavior
(Fig. 5B). Competition experiments revealed that octGC and
site A were equally efficient and specific competitors of Tst-1/
Oct-6 binding to site A, with no more than a twofold difference
in the effective competitor concentration needed to reduce
binding to 50% (data not shown). The existence of conforma-

tional differences between Tst-1/Oct-6 bound to octGC and
Tst-1/Oct-6 bound to site A cannot be excluded.
When octGC was incubated with Tst-1/Oct-6 protein in the

presence of increasing amounts of GST/HMG-Y, HMG-I/Y
did not enhance Tst-1/Oct-6 binding, but it did so in parallel
reactions in which octGC was replaced by site A (Fig. 5B and
data not shown). At low concentrations of GST/HMG-Y, Tst-
1/Oct-6 binding to octGC remained virtually unaffected, before
complex formation was strongly repressed at high concentra-
tions of GST/HMG-Y. Therefore, we conclude that HMG-I/Y
has to bind to DNA to be able to stimulate Tst-1/Oct-6 binding.
We cannot rule out at the moment that a specific conformation
adopted by Tst-1/Oct-6 upon binding to site A but not upon
binding to octGC is also important for the observed HMG-I/
Y-dependent stimulation of Tst-1/Oct-6 binding to site A.
HMG-I/Y interacts with Tst-1/Oct-6 in the absence of DNA.

We analyzed the ability of HMG-I/Y and Tst-1/Oct-6 to inter-
act with each other. Protein-protein interaction was assessed
by affinity chromatography in which one of the two proteins
was expressed as a GST fusion protein and bound to a gluta-
thione resin while the other protein was passed over the resin
and analyzed for its ability to be specifically retained by the
GST fusion protein. When passed over a GST/HMG-Y col-
umn, 35S-labeled Tst-1/Oct-6 protein bound to the resin,
whereas no Tst-1/Oct-6 protein could be recovered from a
column containing GST only (Fig. 6A). In the reverse experi-
ment, in vitro-translated 35S-labeled HMG-Y bound specifi-
cally to a column carrying GST/Tst-1 but not to a column
carrying GST (Fig. 6B).
The presence of contaminating DNA fragments can influ-

ence the results from protein-protein interaction studies. It has
been argued that inclusion of ethidium bromide in the assay
allows a distinction between bona fide protein-protein interac-
tions and interactions requiring the unspecific binding to the
contaminating DNA (25). As can be deduced from Fig. 6C,
binding of in vitro-translated HMG-Y to GST/Tst-1 is largely
unaffected by the presence of up to 200 mg of ethidium bro-
mide per ml, strongly arguing in favor of a bona fide protein-
protein interaction between HMG-I/Y and Tst-1/Oct-6.
Interaction between these two proteins was also detectable

with nuclear extracts from transfected CV1 cells. Tst-1/Oct-6
was specifically retained from nuclear extracts on a column
carrying GST/HMG-Y but not on a column carrying GST only
(Fig. 7A). In the reciprocal experiment, murine HMG-Y with
a T7-Tag at its amino-terminal end was readily detected in
nuclear extracts as binding to a column carrying GST/Tst-1
(Fig. 7B). Again, we did not observe any unspecific interaction

FIG. 5. HMG-I/Y does not enhance the binding of Tst-1/Oct-6 to a specific
octamer element. (A) Site A (lanes 1 to 3) and the octamer-containing probe
octGC (lanes 4 to 6) were incubated with eukaryotic HMG-I/Y (lanes 2 and 5) or
bacterially expressed Tst-1/Oct-6 (lanes 3 and 6). (B) The octamer-containing
probe octGC was incubated with 15 ng of Tst-1/Oct-6 (lane 2 to 6) in the presence
of increasing amounts of GST/HMG-Y (lane 2, 2 ng; lane 3, 10 ng; lane 4, 25 ng;
lane 5, 75 ng; lane 6, 150 ng) or with 25 ng of GST/HMG-Y alone (lane 1).

FIG. 6. GST chromatography reveals physical interaction between Tst-1/Oct-6 and HMG-Y. (A) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of 35S-
labeled Tst-1/Oct-6 bound to GST or GST/HMG-Y resins. (B) SDS-PAGE of 35S-labeled HMG-Y bound to GST or GST/Tst-1 resins. (C) 35S-labeled HMG-Y bound
to GST/Tst-1 resins in the presence of ethidium bromide (EtBr). EtBr concentrations are given above the lanes. The sizes of molecular mass markers are indicated
on the left in kilodaltons.
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of HMG-Y with the GST part of the fusion protein or the
column material.
To further identify the region within Tst-1/Oct-6 which is

involved in the interaction with HMG-I/Y, we in vitro trans-
lated a series of Tst-1/Oct-6 deletion mutants. After confirming
that approximately equal amounts of protein were generated
during in vitro translation, we tested each mutant for its ability
to be retained on a GST/HMG-Y column (Fig. 8). All amino
acids preceding the POU domain (DN) could be deleted from
the protein without any loss of its ability to interact with HMG-
I/Y. Similarly, deletion of all amino acids carboxy terminal to
the POU domain (DC) had no effect on the interaction. In
agreement with this, the POU domain alone without any ad-
dition of amino acid sequences to its amino- or carboxy-termi-
nal side (DNC) was still fully capable of interacting with HMG-
I/Y. Deletion of the POU domain (DPOU), on the other hand,
abolished interaction between Tst-1/Oct-6 and HMG-I/Y com-
pletely. This detrimental effect was observed not only when the
whole POU domain was deleted; separate deletion of either
the POU-specific domain (DPOUS) or the POU homeodomain
(DPOUHD) also interfered with the interaction. Therefore, the
POU domain is both necessary and sufficient to mediate bind-
ing to HMG-I/Y.
A comparable analysis was also performed to map the region

within HMG-I/Y involved in the interaction. HMG-I/Y con-

tains three repeats of a basic peptide motif known to be in-
volved in DNA binding (35). In fact, a single isolated peptide
motif is able to bind to DNA by itself (13, 35). In addition,
HMG-I/Y contains an acidic domain in its very carboxy-termi-
nal part (8, 20). Using various restriction endonucleases, we
generated a series of deletion mutants by successively shorten-
ing HMG-Y from its carboxy-terminal end (Fig. 9D). All mu-
tants, therefore, lacked the acidic carboxy-terminal domain.
The number of intact repeats of the basic peptide motif varied
among mutants from only one (D46) to all three (D86). All
mutant proteins were produced by in vitro translation in
amounts similar to each other and to the amount of wild-type
HMG-Y protein (Fig. 9A). When tested for their ability to be
retained on a GST/Tst-1 column, all mutants except the short-
est one (D46) bound to Tst-1/Oct-6 (Fig. 9B). This indicates
that the region which interacts with Tst-1/Oct-6 is contained
within the first 56 amino acids of HMG-Y, with the region
between amino acids 46 and 56 being important for the inter-
action. We also tested the mutant proteins for their ability to
bind to DNA after establishing that the in vitro-translated
full-length HMG-Y bound to DNA with characteristics iden-
tical to HMG-I/Y purified from eukaryotic cells (Fig. 9C and
data not shown). Mutants D86, D72, and D57 all retained their
ability to bind to DNA. However, DNA binding became un-
detectable in the shortest mutant, D46, which contained only

FIG. 7. Interaction between Tst-1/Oct-6 and HMG-Y is detected in nuclear extracts. SDS-polyacrylamide gel electrophoresis of nuclear extracts before and after
binding to columns carrying various GST fusion proteins. (A) Nuclear extracts from CV1 cells transfected with pCMV/Tst-1 (NE 1Tst1) and nuclear extracts from
mock-transfected cells (NE 2Tst1) (two left lanes) were passed over columns carrying GST alone or GST/HMG-Y. Resin-bound Tst-1/Oct-6 (four right lanes) was
detected in Western blots using a rabbit anti-Tst-1 antiserum and horseradish peroxidase-coupled protein A (both diluted 1:3,000) as primary and secondary antibodies,
respectively. (B) Nuclear extracts from CV1 cells transfected with pCMV/T7HMG-Y (NE 1T7/HMG-Y) and nuclear extracts from mock-transfected cells (NE
2T7/HMG-Y) (two left lanes) were passed over columns carrying GST alone or GST/Tst-1. T7-tagged resin-bound HMG-Y (four right lanes) was detected in Western
blots using a mouse monoclonal antibody against the T7-Tag (Novagen) and horseradish peroxidase-coupled anti-mouse immunoglobulin G (both diluted 1:3,000) as
primary and secondary antibodies, respectively. The sizes of molecular mass markers are indicated on the left in kilodaltons.

FIG. 8. The POU domain of Tst-1/Oct-6 interacts with HMG-I/Y. (A) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of 35S-labeled Tst-1/Oct-6 proteins.
(B) 35S-labeled Tst-1/Oct-6 wild-type protein and various mutant versions were incubated in similar amounts with resins carrying GST/HMG-Y. Proteins bound to the
GST/HMG-Y resin were analyzed by SDS-PAGE. The sizes of molecular mass markers are indicated on the left in kilodaltons. (C) Summary of the Tst-1/Oct-6 mutants
and their abilities to interact with HMG-Y. WT, wild-type Tst-1; DN, mutant Tst-1/Oct-6 lacking amino acids 4 to 240; DNC, POU domain of Tst-1; DPOU, mutant
Tst-1/Oct-6 lacking amino acids 241 to 395; DPOUS, mutant Tst-1/Oct-6 lacking amino acids 241 to 319; DPOUHD, mutant Tst-1/Oct-6 lacking amino acids 336 to 395;
DC, mutant Tst-1/Oct-6 lacking amino acids 396 to 448.
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the most amino-terminal copy of the three basic peptide motifs
present within HMG-I/Y (Fig. 9C). Therefore, the most ami-
no-terminal repeat is not sufficient to obtain detectable levels
of DNA binding in the context of the HMG-I/Y protein.
To investigate whether the region between amino acids 46

and 56 of HMG-Y was by itself sufficient to mediate interac-
tion with Tst-1/Oct-6 or whether it was only part of a larger
interaction domain, we generated a set of GST/HMG-Y fusion
proteins which extended from various amino acid positions in
the amino-terminal part of HMG-Y to amino acid 56 (Fig.
9H). All mutant GST/HMG-Y fusion proteins were in vitro
translated with efficiencies similar to those of wild-type GST/
HMG-Y and GST alone (Fig. 9E). When tested for their
ability to bind to DNA in gel shift assays, only the shortest
mutant, GST/H46-56, in which amino acids 46 to 56 of
HMG-Y were expressed, failed to bind to DNA (Fig. 9G). In
agreement with its failure to bind to DNA, GST/H46-56 did
not contain a complete copy of the basic peptide motif. Mu-
tants GST/H32-56 and GST/H20-56, which contained amino
acids 32 to 56 and 20 to 56, respectively, bound DNA as
efficiently as full-length GST/HMG-Y. This indicates that the
combination of the first two basic peptide motifs (GST/H20-
56) as well as the middle motif alone (GST/H32-56) are suffi-
cient for DNA binding in the context of a GST fusion protein.
Interaction of these GST/HMG-Y mutants with Tst-1/Oct-6

was studied in coimmunoprecipitation assays (Fig. 9F). 35S-
labeled GST, GST/HMG-Y, and its mutants were analyzed for
their ability to be immunoprecipitated by an antiserum di-
rected against Tst-1/Oct-6. Immunoprecipitation was observed
only in the presence of Tst-1/Oct-6 protein (Fig. 9F, compare
the last two lanes) and only for GST/HMG-Y but not GST
alone. Surprisingly, even the shortest GST/HMG-Y mutant
(GST/H46-56), which contained only amino acids 46 to 56, was
coimmunoprecipitated, albeit at a lower rate than full-length

GST/HMG-Y or the longer mutants. While parts of HMG-Y
that are amino terminal to amino acid 46 might thus have a
supporting function, the short stretch between amino acids 46
and 56 seems to be the central domain for interaction with
Tst-1/Oct-6.
HMG-I/Y and Tst-1/Oct-6 synergistically activate JC virus

gene expression in transient transfections. In light of the
above-mentioned data, it was important to ask whether any
functional interaction between HMG-I/Y and Tst-1/Oct-6
could also be detected in vivo. For this purpose we performed
transient transfection experiments on U138 glioblastoma cells.
As shown previously, ectopically expressed Tst-1/Oct-6 is able
to activate the early promoter of JC virus approximately 10-

FIG. 9. A short stretch in the central portion of HMG-I/Y interacts with
Tst-1/Oct-6. (A and E) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of
35S-labeled HMG-Y, GST/HMG-Y, and mutants. The sizes of molecular mass
markers are indicated on the left in kilodaltons. (B) Interaction of in vitro-
translated HMG-Y proteins with Tst-1/Oct-6. Equal amounts of 35S-labeled
mutant or wild-type HMG-Y proteins were incubated with a resin carrying
GST/Tst-1, before the bound material was analyzed by SDS-PAGE. (C and G)
DNA binding of in vitro-translated HMG-Y and GST/HMG-Y proteins in elec-
trophoretic mobility shift assays. An AT-rich region from the nontranscribed
spacer of mouse rDNA which previously had been described as a high-affinity
binding site for HMG-I/Y (49) was used as a probe. (F) Interaction of in
vitro-translated GST/HMG-Y proteins with Tst-1/Oct-6. Equal amounts of 35S-
labeled mutant or wild-type GST/HMG-Y proteins were immunoprecipitated
with an antiserum against Tst-1/Oct-6 in the presence of recombinant Tst-1/
Oct-6 (1 Tst-1). Recombinant Tst-1/Oct-6 was omitted from the last lane (2
Tst-1). Coimmunoprecipitated GST proteins were analyzed by SDS-PAGE. WT,
in vitro-translated wild-type HMG-Y; D46, mutant HMG-Y lacking amino acids
46 to 95; D57, mutant HMG-Y lacking amino acids 57 to 95; D72, mutant
HMG-Y lacking amino acids 72 to 95; D86, mutant HMG-Y lacking amino acids
86 to 95; 2, unprogrammed reticulocyte lysate; HMG-I/Y, purified HMG-I/Y
from Ehrlich ascites tumor cells; GST/HMG-Y, fusion of GST and full-length
mouse HMG-Y; GST/H20-56, GST fusion protein containing amino acids 20 to
56 of HMG-Y; GST/H32-56, GST fusion protein containing amino acids 32 to 56
of HMG-Y; GST/H46-56, GST fusion protein containing amino acids 46 to 56 of
HMG-Y. (D and H) Schematic representations of mutant HMG-Y and GST/
HMG-Y proteins and summaries of their abilities to bind to Tst-1/Oct-6 or DNA.
For the generation of HMG-Y mutants the following enzymes were used: A,
AvaI; N, NarI; Y, StyI; S, SfaNI. Hatched box at the amino terminus, fused
T7-Tag (see Materials and Methods). Filled boxes, basic peptide motifs which
have been implicated in binding of HMG-I/Y to DNA (35).
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fold when these cells are kept and transfected in the presence
of 10% FCS (37, 48). However, under these conditions no
significant change in the rate of stimulation was observed when
expression plasmids for HMG-Y or its antisense RNA were
cotransfected (data not shown).
Results were different when transfections were carried out in

U138 cells, which had been starved in 0.5% FCS prior to
transfection (Fig. 10). Under these low-serum conditions stim-
ulation of the JC virus early promoter by Tst-1/Oct-6 was
strongly reduced (Fig. 10A). In fact, Tst-1/Oct-6 induced only
a twofold stimulation of promoter activity, very similar to that
induced by ectopically expressed HMG-Y. The presence of
both Tst-1/Oct-6 and ectopically expressed HMG-Y in trans-
fected cells, however, led to a strong, 13-fold stimulation of the
early viral promoter, clearly indicating the existence of tran-
scriptional cooperativity between the two proteins. Such a co-
operativity was observed not only with a reporter plasmid in
which the luciferase gene was under the control of the JC virus
early promoter but also with a reporter in which luciferase
gene expression was driven by the combination of site A and an
adjacent TATA box (siteA-luc in Fig. 10B). In the absence of
site A, no such effect was observed (p36-luc in Fig. 10B). Site
A alone was not as efficient in mediating cooperativity between
Tst-1/Oct-6 and HMG-Y as the JC virus early promoter, indi-
cating that, in addition to site A, other components of the early
promoter or its overall structure might be important for coop-
erativity between these two proteins.

DISCUSSION

HMG-I/Y was originally identified as a binding protein for
highly repetitive AT-rich ‘‘satellite’’ DNA and is one of the
major nonhistone components of chromatin in eukaryotic cells
(43). High concentrations of HMG-I/Y protein and mRNA are
usually detectable only in mammalian cells actively engaged in
cell proliferation and mitosis (19–21). In agreement with its
high-affinity for AT-rich sequences in vitro, HMG-I/Y protein

is localized to G/Q-bands, centromeres, and telomeres of
metaphase chromosomes (5). These observations have led to
the assumption that HMG-I/Y might actively participate in the
dynamic changes of chromatin structure. Other data implicate
HMG-I/Y in the control of gene expression and DNA replica-
tion (9, 34, 39, 45, 49, 52). Control of cellular transcription by
HMG-I/Y is thought to be mediated through general derepres-
sion as well as promoter-specific mechanisms (3, 7, 9, 26, 45,
50, 53). HMG-I/Y is uniquely suited for this task because it
interacts with both DNA and proteins. Among the proteins
known to interact with HMG-I/Y are nucleosome core parti-
cles and the transcription factors NF-kB and ATF-2 (6, 7, 36,
50). In both the human beta interferon gene promoter and the
E-selectin gene promoter, HMG-I/Y has been shown to bind
to AT-rich sequences adjacent to or overlapping with binding
sites for NF-kB or ATF-2 and to be involved in cooperative
interactions with these transcription factors (7, 26, 45, 50). At
the same time HMG-I/Y has been shown to increase the over-
all transcriptional synergy between different elements within
these promoters, an effect which was attributed to the ability of
HMG-I/Y to engage in direct protein-protein interactions.
ATF-2, for instance, physically associates with HMG-I/Y
through its bZip domain (7). As a consequence, HMG-I/Y
promotes ATF-2 dimerization and stimulates its binding to the
beta interferon promoter (6).
However, HMG-I/Y functions not only as a positive regula-

tor of promoter activity. There is at least one case in which
HMG-I/Y has been shown to decrease promoter activity (3).
An explanation for this effect was offered by a recent report,
showing that there exists a specific isoform of ATF-2 with
which HMG-I/Y does not interact (6). While facilitating the
binding of other ATF-2 isoforms to the beta interferon gene
promoter, HMG-I/Y interferes with binding of this specific
isoform probably because of steric hindrance. Thus, it is easily
conceivable how HMG-I/Y can modulate promoter activity by
preventing some transcription factors from binding to a pro-
moter while stimulating others.

FIG. 10. Early gene expression of JC virus is synergistically activated by Tst-1/Oct-6 and HMG-I/Y. Luciferase reporter plasmids containing the JC virus early
promoter (A), a minimal promoter (p36-luc) (B; hatched bars), or a combination of site A and the minimal promoter (siteA-luc) (B; solid bars) were transiently
transfected into human U138 cells either alone or in various combinations with expression plasmids for Tst-1/Oct-6 and HMG-Y as indicated. Promoter-dependent
expression levels of the reporter were determined by the luciferase activity of cellular extracts in three independent experiments, each performed in duplicate. Results
are presented as fold inductions (with standard errors of the means) above the level of luciferase activity obtained in transfections with the reporter plasmid alone, which
was assigned an arbitrary value of 1.
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Here, we show that interactions also occur between HMG-
I/Y and Tst-1/Oct-6, a member of a class of transcription fac-
tors previously not known to interact with HMG-I/Y. In par-
ticular, HMG-I/Y was found to stimulate binding of Tst-1/
Oct-6 to a DNA element within the regulatory region of JC
virus which in the past had been shown to mediate the activa-
tion of both viral promoters by Tst-1/Oct-6. Activation of viral
gene expression by Tst-1/Oct-6 could be an important deter-
minant in the glia specificity of JC virus gene expression (37,
48), which in turn is one of the main reasons for preferential
infection and destruction of oligodendrocytes by JC virus dur-
ing the demyelinating disease progressive multifocal leukoen-
cephalopathy (27). Our results therefore place HMG-I/Y in
the middle of these events.
DNA binding is a critical function of HMG-I/Y without

which it cannot stimulate binding of Tst-1/Oct-6 to its site.
Despite this fact, we were unable to show simultaneous binding
of both Tst-1/Oct-6 and HMG-I/Y to the same site. This is best
explained by a transient character or by instability of the ter-
nary complex under our assay conditions. Alternatively, HMG-
I/Y and Tst-1/Oct-6 could bind to DNA in a sequential order,
with HMG-I/Y binding first and changing DNA conformation
in a way that increases affinity for Tst-1/Oct-6. Evidence for
such a conformational change is provided by reports of HMG-
I/Y-induced DNA bending (45). Binding of Tst-1/Oct-6 would
now be followed by a displacement of HMG-I/Y.
HMG-I/Y also interacts with Tst-1/Oct-6 in the absence of

DNA. The physical association in solution involves the POU
domain of Tst-1/Oct-6. Thus, binding of HMG-I/Y to Tst-1/
Oct-6 resembles its interaction with ATF-2 (6, 7) or Elf-1 (18):
association in all these cases involves the region of the tran-
scription factor that is involved in DNA binding, namely, the
POU domain, the bZip region, and the Ets domain. To extend
the comparison between ATF-2 and Tst-1/Oct-6 even further,
both the bZip region and the POU domain are known to
engage in a number of other protein-protein interactions (1, 7,
14, 37, 47, 51).
In case of ATF-2, interaction with HMG-I/Y also promotes

dimerization of ATF-2 (6). POU domain proteins are also able
to form dimers (46). Therefore, it is conceivable that the pres-
ence of HMG-I/Y facilitates dimerization of Tst-1/Oct-6 with
itself or other POU domain proteins. Alternatively, HMG-I/Y
could stimulate interaction with other proteins including tran-
scriptional coactivators. In this regard, it is intriguing to spec-
ulate that HMG-I/Y affects the synergism between Tst-1/Oct-6
and JC virus T antigen (37).
So far, no attempt has been undertaken to determine the

region within HMG-I/Y responsible for physical interaction
with transcription factors. Here, we show that a short contig-
uous stretch of 10 amino acids in the center of the HMG-I/Y
protein (amino acids 46 to 56) is sufficient for the interaction
with Tst-1/Oct-6. Importantly, this region contained only part
of one of the three basic peptide motifs involved in DNA
binding (13, 35) and was unable to bind to DNA by itself. Thus,
it seems unlikely that these peptide motifs determine the abil-
ity of HMG-I/Y to interact with Tst-1/Oct-6. Furthermore, our
results indicate that sequences between amino acids 20 and 46
of HMG-Y might have an additional stabilizing effect on the
interaction with Tst-1/Oct-6.
The functional significance of the interaction between Tst-

1/Oct-6 and HMG-I/Y was underlined by results from transient
transfections: under low-serum conditions we observed func-
tional cooperativity between both proteins on the early pro-
moter of JC virus and on an artificial promoter consisting of
only site A and a TATA box. Although functional cooperativity
between HMG-I/Y and Tst-1/Oct-6 in the context of the JC

virus promoter most likely involves multiple interactions with
other binding sites and probably other cellular or viral pro-
teins, site A clearly plays a crucial role in this phenomenon. In
conclusion, our observations suggest that HMG-I/Y is an im-
portant accessory factor for the function of the POU domain
protein Tst-1/Oct-6 and therefore might be involved in the
activation of JC virus gene expression during the pathogenesis
of progressive multifocal leukoencephalopathy by mediating
protein-DNA as well as protein-protein interactions in the
regulatory region of JC virus.
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ADDENDUM

While the manuscript was under review, Zwilling et al. re-
ported the existence of protein-protein interactions between
the POU domain protein Oct-2 and the high-mobility-group
protein HMG-2 (54). The interaction of Oct-2 with HMG-2
and the interaction of Tst-1/Oct-6 with HMG-I/Y exhibit many
common features, including the involvement of the POU do-
main in the interaction, the HMG-dependent stimulation of
POU domain protein binding to DNA, and the absence of a
detectable ternary complex between POU domain protein,
high-mobility-group protein, and DNA in electrophoretic mo-
bility shift assays. Thus, interaction with nonhistone chromatin
proteins might be a common theme in the function of POU
domain proteins.
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