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The high mobility group (HMG) box domain has de-
fined a family of proteins, mostly transcription factors,
that specifically interacts with DNA on the minor groove
and sharply bends it. The founding member of the fam-
ily, HMG1, does not specifically recognize regular B-
DNA but is recruited to DNA by interaction with other
transcription factors and TATA box-binding protein
(TBP). However, conflicting effects of HMG1 on tran-
scription have been reported. We show that the interac-
tion between HMG1 and TBP is species-specific. This
interaction in turn affects the interaction of TBP with
transcription factor (TF) IIB and is competed by TFIIA.
A primary binding site was mapped to the H2* a-helix in
the highly conserved core domain of human TBP. On
HMG1, the primary binding site was only in the HMG
box A, and HMG box A was also sufficient to interact
with native TFIID. Both HMG boxes efficiently re-
pressed transcription in vitro as fusions to the Gal4-DNA
binding domain. Additionally, HMG box B showed a
weak level of activation at very low amounts. These
results suggest a general involvement of HMG1 at the
early stages of polymerase II transcription that may
result in subtle activation or repression of individual
genes.

High mobility group protein 1 (HMG1)1 is an abundant,
highly conserved nuclear protein found in practically all eu-
karyotes. It is structured in three domains, one C-terminal
highly acidic domain and two basic domains, A and B. The
structures of the A and B domains have been solved in solution
by NMR (1, 2). Both domains adopt a very similar L-shaped
structure, formed by two short and one long a-helix, that is
known as the HMG box domain. An increasing number of

proteins containing one or more HMG box domains have been
described; the HMG box domains for which the structure has
been solved, such as the ones in LEF-1 or SRY, are very similar
to the HMG box domains of HMG1 (3, 4). However, whereas
SRY and LEF-1 interact with DNA in the minor groove with a
certain sequence specificity, HMG1 (and the related protein
HMG2) does not interact specifically with regular B-DNA. Nev-
ertheless, HMG1 shows a clear preference for binding angled
structures in the DNA without any sequence specificity, such
as cisplatin-modified DNA, bulged DNA, or four-way DNA
junctions (5, 6). Structure-specific DNA recognition has also
been observed for the HMG box domains of several other pro-
teins such as UBF and SRY (7, 8).

The HMG boxes of HMG1 are also a place for protein-protein
interactions. Both HMG1 domains A and B have been reported
to interact with the POU domains of Oct2 and HOXD9 (9, 10),
and full-length HMG1 has been shown to interact with TBP
(11) and recently with p53 (12) and steroid hormone receptors
(13).

The fact that many members of the HMG box family are
transcription factors (14), along with the interactions of
HMG1/2 with several transcription factors, has suggested a
role for HMG1/2 in transcription. In this respect, enhancement
of progesterone receptor binding to specific DNA sequences
(15), reversible repression of basal and activated transcription in
vitro (11, 16), and co-stimulation of activated transcription both
in vitro and in vivo (9, 10, 17, 18) have been well documented.

Here we describe a remarkably species-specific interaction of
HMG1 with human TBP that affects the interaction of TFIIB
with hTBP and is competed by TFIIA. The interaction takes
place between the highly conserved core domain of hTBP and
the HMG1 box A domain; HMG box A also interacts with the
high molecular mass TFIID complex in crude nuclear extracts.
HMG box A represses transcription in vitro on its own, and this
activity can be significantly increased by using Gal4-binding
domain fusions.

EXPERIMENTAL PROCEDURES

Plasmids—Plasmids pT7-HMG1bA and pT7-HMG1bB, expressing
rat HMG1 boxes A and B, respectively, have already been described
(19). pET14b-HMG1 was constructed by inserting an NdeI-BamHI in-
sert from pT7-HMG1 (20) in pET14b (Novagen). An internal NdeI site
at position 144 in HMG1 was previously mutated without affecting the
amino acidic sequence.

Constructs expressing His6-tagged human and yeast TBP were pro-
vided by A. Hoffmann and R. Roeder (The Rockefeller University, New
York) and J.-M. Egly (Institut de Génétique, Biologie Moléculaire et
Cellulaire (IGBMC), Illkirch, France), respectively. The human TFIIB
expression plasmid was obtained from D. Reinberg (Robert Wood John-
son Medical School, University of Medicine and Dentistry, Piscataway,
NJ).

pGST-HMG1box A was constructed by inserting a NcoI-EcoO109
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(Klenow-filled) fragment from pET14b-HMG1 into pGEX-KG digested
with HindIII (Klenow-filled) and NcoI. pGST-HMG1box B was con-
structed by inserting an NdeI (Klenow-filled)-HindIII fragment ob-
tained from pT7-HMG1bB into a pGEX-KG digested with SmaI and
HindIII. pGEX-KG is a derivative of pGEX-2T (Amersham Pharmacia
Biotech) with an extended polylinker.

pET14b-Gal4BD-HMG1box A was obtained by ligating the sequence
corresponding to domain A, excised from pET14b-HMG1 with NdeI and
AvaI and filled in with Klenow enzyme, to the SmaI site of pET14b-
Gal4BD; pET14-Gal4BD-HMG1box B was constructed by ligating the
sequence corresponding to domain B, excised from pT7-HMG1bB with
NdeI and HindIII and filled in with Klenow enzyme, to the SmaI site of
pET14-Gal4BD.

All constructs were verified by DNA sequencing.
Recombinant Proteins and Extracts—Expression and purification of

HMG1 boxes A and B were carried out in Escherichia coli BL21(DE3)
cells as described (19) except that they were further purified over
FPLC-MonoS columns using a 0–1 M KCl gradient in buffer D (20 mM

HEPES, pH 7.9, 20% glycerol, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.1
mM phenylmethylsulfonyl fluoride). HMG1 box A elutes at 0.6 M KCl
and box B at 0.2 M KCl. Selected fractions were pooled, dialyzed versus
0.1 M KCl-buffer D, aliquoted, and stored at 280 °C. Recombinant
His6-tagged HMG1 was expressed in E. coli BL21(DE3) pLysE cells at
30 °C for 2 h and purified over Ni21-nitrilotriacetate columns exactly as
described for human TBP (21). Fractions containing HMG1 were fur-
ther purified by FPLC over MonoQ columns using a 0.05–1 M KCl
gradient in buffer D. HMG1, which elutes at 0.5 M KCl, was dialyzed
versus 0.1 M KCl-buffer D, aliquoted, and stored at 280 °C.

Expression and purification of yeast and human TBP were done as
described (22). Human TBP mutants in pQE vectors were expressed
and purified on Ni21-nitrilotriacetate columns as described above and
further purified on FPLC-MonoS columns. For pull-down experiments,
the soluble fraction of crude extracts was used without further
purification.

Recombinant human TFIIB was expressed in E. coli and purified as
described (23). TFIIA was purified from HeLa nuclear extracts exactly
as described (24).

GST and GST box A and box B were expressed and purified as
suggested by the manufacturer (Amersham Pharmacia Biotech).

Pull-down Assays—GST, GST box A, or GST box B were incubated
with glutathione-Sepharose beads in 0.1 M NaCl-buffer D containing
0.05% Nonidet P-40. Protein in excess was washed away with the same
buffer. For each experiment, 20 ml of beads were incubated for 1 h at
4 °C with extracts in a final volume of 450 ml. After exhaustive washing
of the beads with the same buffer, retained proteins were eluted by

boiling in SDS-polyacrylamide gel electrophoresis loading buffer. Pro-
teins were separated in SDS-polyacrylamide gels, transferred to nitro-
cellulose membranes (BA-85, Schleicher & Schuell), probed with spe-
cific antibodies, and detected using ECL reagents.

EMSA and Hydroxyl Radical Footprinting—Gel retardation analysis
was performed by incubating the proteins and the TATA box WT probe
for 30 min at 30 °C (22). Supershifting of the bands included an addi-
tional incubation with the antibody for 10 min before loading the gels.
Antibodies used were a monoclonal anti-TFIIB (Promega) and 3G3
anti-hTBP monoclonal antibody (a gift from P. Chambon, IGBMC).

Hydroxyl radical footprinting was done as described (25). Briefly,
after assembly of complexes under the same conditions as for EMSA but
omitting glycerol, samples were subjected to hydroxyl radical digestion
conditions, and the reaction was quenched by glycerol addition. Sam-
ples were then run on nondenaturing EMSA gels and the corresponding
complexes excised from the gels after visualization by autoradiography.
DNA was eluted and analyzed in denaturing 20% polyacrylamide gels.

In Vitro Transcription Assays—In vitro transcription reactions were
done and analyzed as described (21). The 8xGal4-WT DNA template
was constructed by multimerization of a pair of synthetic oligonucleo-
tides containing a monomer of the Gal4-binding site sequence (CGGAG-
TACTGTCCTCCG and CGGAGGACAGTACTCCG) and ligation to the
EcoRI site, made blunt by repair with Klenow enzyme, of the WT G-less
construct previously described (22).

RESULTS

HMG1 Binds Human but Not Yeast TBP—The involvement
of HMG1 (and HMG2) in the transcription process has long
been a matter of discussion, and apparently opposite results
have been reported. Transcription from pol II requires the
formation of a pre-initiation complex (PIC). This process is
begun by the recognition of the TATA box by TBP. Then, TFIIA
and TFIIB join the initial complex, followed by several other
factors until the whole set of basal factors plus RNA pol II are
ready to start transcription (26).

With the aim of clarifying the role of HMG1 in RNA pol II
transcription, we have studied its involvement in several of the
very beginning steps of PIC formation.

As shown in Fig. 1A, the interaction of HMG1 with human
TBP was clearly seen in an EMSA gel, whereas it could not be
detected when using yeast TBP (compare lanes 5 and 10).
Notice that in the gel conditions used, TBP interaction with the

FIG. 1. HMG1 interacts with hTBP but not with yTBP. A, EMSA of human TBP (10 ng, lanes 2–5) and yeast TBP (20 ng, lanes 6–10) in
the presence of TFIIB (10 ng, lanes 3 and 7), HMG1 (30 ng, lanes 5 and 7), and both (lane 4, TFIIB 1 30 ng of HMG1; lanes 8 and 9, 10 ng of TFIIB
1 30 and 60 ng of HMG1, respectively). Lane 1 is a control with HMG1 (60 ng) alone. B, EMSA of human core TBP (5 ng, lanes 1–4) and yeast
core TBP (18 ng, lanes 5–10) in the presence of TFIIB (10 ng, lanes 2 and 6), HMG1 (140 ng, lanes 4 and 10), and both (lane 3, 10 ng of TFIIB 1
35 ng of HMG1; lanes 7–9, 10 ng of TFIIB 1 35, 70, and 140 ng of HMG1, respectively). Lanes 1 and 5 are controls for human core and yeast core
TBP alone, respectively. The positions of the relevant complexes are indicated; hD and hcD and yD and ycD indicate full-length or core versions
of human and yeast TBP, respectively. F, free DNA probe; p denotes a nonspecific complex.
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TATA box on its own was very unstable and could hardly be
detected (see Fig. 1, A (lanes 2 and 6) and B (lanes 1 and 5)) as
originally described (27). The interaction of HMG1 with the
hTBP-TATA complex (hD) gave rise to a clear complex HMG1-
hTBP (hD-HMG1) (Fig. 1A, lane 5), suggesting that HMG1
stabilized the binding of hTBP to the TATA box. Moreover, this
interaction also took place with the TFIIB-hTBP complex (hD-
IIB), giving rise to the HMG1-hTBP-TFIIB complex (hD-
HMG1-IIB, lane 4). Remarkably, the presence of HMG1 in the
HMG1-hTBP-TFIIB complex did not result in a band of lower
electrophoretic mobility but rather of intermediate mobility
between the hTBP-TFIIB and the HMG1-hTBP complexes
(compare lane 4 with lanes 3 and 5). HMG1 did not bind
significantly to DNA in the absence of TBP (Fig. 1A, lane 1).

Human and yeast TBPs share a highly conserved C-terminal
region (the so-called core domain) with 81% sequence identity,
whereas the N-terminal domains do not show any significant
homology. Fig. 1B shows that using human core TBP (hcTBP),
HMG1 still interacts with hcTBP and gives rise to a HMG1-
hcTBP-TFIIB complex with anomalous electrophoretic mobil-
ity as shown above (hcD-HMG1-IIB, lane 3). The interaction of
hcTBP with HMG1 looks weaker in this case (lane 4). Yeast
core TBP (ycTBP) was also assayed for interaction with HMG1
(lanes 7–10) either alone or in the presence of TFIIB. Results
show that ycTBP interacted with TFIIB (lane 6) but not with
HMG1, ruling out any potential interference by the yTBP N
terminus. The presence of increasing amounts of HMG1 ap-
peared somehow to interfere with the formation of the ycTBP-
TFIIB complex (Fig. 1B, lanes 6–9). This interference never
resulted in the formation of a new complex containing ycTBP
and might reflect a very weak interaction that cannot be ob-
served with the full-length yTBP (Fig. 1A, lanes 7–9). All of
these results indicate that the core domain of hTBP contains
the primary binding site for HMG1, most likely in a region not
conserved in the yeast TBP.

EMSA experiments (Fig. 2) showed no evidence for a hypo-
thetical TFIIA-HMG1-hTBP ternary complex. Instead, bands
of the hTBP-TFIIA and hTBP-HMG1 complexes appeared at
the same time (hD-IIA and hD-HMG1, Fig. 2, lanes 12 and 13
and 15 and 16), and their intensities were inversely correlated.
There was no detectable interaction either with yTBP or yTBP-
TFIIA, but there was a faint interference as the amount of
HMG1 increased (lanes 3–5). This effect became weaker at
higher amounts of TFIIA (lanes 6–8). Because homologous

hTBP-hTFIIA complexes have been reported to be more stable
than heterologous yTBP-hTFIIA complexes (28), this effect
might reflect a very weak interaction that cannot give rise to a
defined band, as suggested above. The same results were ob-
tained when the core versions of yeast and human TBPs were
assayed (results not shown). Altogether, the results suggest
that HMG1 does not interact with TFIIA and that their binding
sites on hTBP may be in close proximity.

The Interaction of HMG1 with hTBP Affects the Arrangement
of TFIIB in the PIC—The simplest explanation for the anom-
alous mobility of the HMG1-hTBP-TFIIB complex may be that
the overall arrangement of subunits in the complex was differ-
ent from the hTBP-TFIIB and hTBP-HMG1 complexes. To test
this hypothesis, the hTBP-TFIIB, HMG1-hTBP-TFIIB, and
hTBP-HMG1 complexes were assembled and then incubated
with monoclonal antibodies against hTBP or TFIIB (Fig. 3).
Lanes 3–5 in Fig. 3 are controls run with the hTBP-TFIIB
complex. Lanes 9–11 show the presence of hTBP in the hTBP-
HMG1 complex and the lack of reaction with anti-TFIIB. Note
that the amount of the complex supershifted with the anti-
hTBP antibody was clearly reduced in the HMG1-hTBP com-
plex (and also in the HMG1-hTBP-TFIIB) when compared with
the TFIIB-hTBP complex (Fig. 3, lanes 10, 7, and 4, respective-
ly). Since the antibody used (3G3) recognizes residues 1–17 of
hTBP (29), these residues are probably close to HMG1 in the
complex. Lanes 6 and 7 show that the HMG1-hTBP-TFIIB
complex could still be supershifted with the anti-hTBP anti-
body, although at a very moderate level. Upon addition of the
anti-TFIIB antibody, the HMG1-hTBP-TFIIB complex was not
supershifted but actually disappeared (lane 8); at the same
time, the band representing the HMG1-hTBP complex became
prominent. Unfortunately, the presence of HMG1 in the com-
plexes could not be observed directly because anti-HMG1 an-
tibodies do not supershift HMG1 complexes (results not
shown). These results suggest that TFIIB is weakly bound
within the complex so that the addition of the anti-TFIIB

FIG. 2. Binding of HMG1 and TFIIA to hTBP is mutually exclu-
sive. EMSA of yeast TBP (20 ng, lanes 2–9) in the presence of TFIIA
(125 ng, lanes 3–5; 180 ng, lanes 6–8) and human TBP (10 ng, lanes
10–17) in the presence of TFIIA (30 ng, lanes 11–13; 60 ng, lanes
14–16). Increasing amounts of HMG1 (35 and 100 ng) were added,
respectively, to lanes 4 and 5, 7 and 8, 12 and 13, and 15 and 16. Lanes
9, 17, and 18 contain 70 ng of HMG1. Lane 1 contains free DNA probe.
Relevant complexes are indicated by arrows; hD and yD indicate hu-
man and yeast TBP, respectively. F, free DNA probe.

FIG. 3. Altered arrangement of TFIIB in the hTBP-HMG1-
TFIIB complex. The composition of the TFIIB-hTBP (lanes 3–5),
TFIIB-HMG1-hTBP (lanes 6–8), and HMG1-hTBP complexes (lanes
9–11) was assessed in each case by addition of buffer, anti-hTBP, and
anti-hTFIIB antibodies, respectively. Lanes 1 and 2 and 12–14 are
controls for free DNA probe, hTBP alone, and HMG1 and TFIIB, either
alone or in combination. Complexes are indicated on the right (arrows).
The supershifted complexes are indicated by a bracket on the left. hD
indicates human TBP. F, free DNA probe.
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antibody (but not the anti-hTBP antibody) is sufficient to dis-
place it.

We obtained more direct evidence on the status of TFIIB in
the different complexes by hydroxyl radical footprinting. Fig. 4
shows a clear hTBP footprint encompassing the TATATA se-
quence in the three complexes. The protection resulting from
TFIIB and centered around position 217 could be observed for
the TFIIB-hTBP complex but was absent in the HMG1-hTBP-
TFIIB complex. This suggests that TFIIB is not stably bound to
DNA in the presence of HMG1 and accounts for the reduced
stability and the anomalous electrophoretic mobility of the

complex shown above. In these experiments, there was no
evidence for specific contacts of HMG1 with DNA in any com-
plex. These results indicate that the interaction of HMG1 with
hTBP affects the interaction of TFIIB with hTBP.

HMG1-hTBP Interaction Occurs Primarily between HMG
Box A and Helix H29 of Human TBP—We identified the hTBP
segment involved in the interaction with HMG1 by screening
the point mutations on the surfaces of hTBP that are not
engaged with DNA in the hTBP-TATA box complex. EMSA
analysis of mutants in all helical tracts (hTBP-WT, -IIA, -H1,
-H19, and -H2, mostly double point mutations (30)), kindly
provided by Bill Tansey and Winship Herr, showed no remark-
able effect on HMG1 interaction (not shown). The mutant in
helix H29 (-H29), although stable in E. coli, looked to be incor-
rectly folded and could not be tested. To circumvent this prob-
lem, a second set of single point mutations, kindly provided by
A. Berk, was assayed (31). We studied mutations on helix H29
and concentrated on the nonconservative changes observed
between human and yeast TBPs. A pull-down assay using GST
fusions to domains A and B of HMG1 was used. Only domain A,
encompassing residues 1–89, showed a clear interaction with
wild type hTBP (Fig. 5); domain B did not show any significant
affinity for hTBP. The interaction was not strongly affected in
any hTBP mutant except for the Asn 3 Glu substitution at
position 327. In this case, a 5–10-fold lower affinity was con-
sistently observed. Similar results have been observed in
EMSA assays using full-length HMG1. Mutant 327 fully sup-
ported basal transcription in in vitro assays (results not
shown).

All of these results indicate that HMG1 interacts with hu-
man TBP primarily by making contact with its HMG box A to
the helix H29 of hTBP, likely involving Asn-327 as an impor-
tant residue.

HMG1 Interacts with TFIID—TBP has been shown to exist
in mammalian cells in the form of several complexes, at least
one for each polymerase; there is probably no free TBP in the
cell nucleus. For RNA pol II transcription, TBP exists in the
form of TFIID, a high molecular mass oligomer (.700 kDa)
containing TBP and a set of other polypeptides called TAFs. As
shown in Fig. 6, we have found that HMG box A can efficiently
pull down TFIID from crude HeLa cell nuclear extracts, as
revealed by the presence of hTBP and TAFII135 in the retained
material. HMG box B did not show any significant affinity for
any form of TBP in the same extracts. In similar experiments,
we observed no evidence for interaction of HMG box A with

FIG. 4. Hydroxyl radical footprinting of the TBP-containing
complexes. The three complexes studied, hTBP-TFIIB (lanes 2 and 3),
hTBP-HMG1-TFIIB (lanes 4 and 5), and hTBP-HMG1 (lanes 6 and 7)
were reacted with hydroxyl radicals as indicated under “Experimental
Procedures.” Free and bound DNAs (F and B, respectively) are analyzed
on a 20% polyacrylamide sequencing gel. The footprints of hTBP and
TFIIB are indicated on the left. L, G 1 A ladders. The 59 to 39 orienta-
tion and the sequence of the TATA box are indicated on the right.

FIG. 5. HMG1 interacts with hTBP
on the H2* a-helix. The interaction of
HMG1 boxes A and B with several point
mutations on the H29 a-helix of hTBP was
assayed by pull-down analysis. The input
material and the hTBP retained by GST,
GST-HMGbox A, and GST-HMGbox B are
shown for each mutant, as revealed by
Western blot analysis. Numbers refer to
the mutated residue. Input lanes contain
10% of the material used per reaction.
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TFIIIB, the TBP-containing complex for pol III, suggesting an
involvement of HMG1 mostly in RNA pol II transcription (re-
sults not shown).

Differences in HMG Boxes A and B on Repression of Basal
Transcription When Tethered Close to a Minimal Promoter—
The addition of increasing amounts of HMG1 to an in vitro
transcription reaction has already been shown to result in
repression of both basal and activated transcription. However,
to obtain these results large amounts of HMG1 or -2 must be
added (Refs. 11 and 16; and results not shown). We prepared
Gal4-binding domain fusions to domains A and B of HMG1 to
increase the efficiency of promoter loading and reduce the
amounts required. We used the hybrid proteins in transcription
assays in vitro with a template with 8xGal4 binding sites (Fig.
7A) or a control template with no binding sites (Fig. 7B) fused
to a minimal promoter. Titration of Gal4 box A (Fig. 7, A (lanes
2–6) and B (lanes 2–4)) resulted in repression, which was more
efficient on the 8xGal4 template. Gal4 box B titration resulted
in an overall repression activity when the template tested had
no Gal4 binding sites (Fig. 7B, lanes 5–7). However, a two-step
behavior was observed when using the 8xGal4 template. At low
concentrations, there was no repression; instead, a moderate
(around 1.5-fold) although reproducible activation was consis-
tently observed (Fig. 7A, lanes 8 and 9). At higher concentra-
tions, a repressing effect was noticed (Fig. 7A, lanes 10–12).
These differences suggest that depending on the way domain B

enters the PIC, it may repress or enhance transcription.
At the same protein concentrations, Gal4 box A was more

efficient in repressing transcription than Gal4 box B when
using the 8xGal4 template. From the remaining transcrip-
tional activities (16.5 and 86.8% for Gal4 box A and Gal4 box B
in lanes 4 and 10 of Fig. 7A, respectively), we can estimate that
Gal4 box A is around 5-fold more efficient than Gal4 box B in
repressing basal transcription. However, this difference prac-
tically disappeared when the template carried no Gal4 binding
sites (e.g. compare lanes 3 and 6 on Fig. 7B). These results
suggest a specific repression by domain A targeted to the pro-
moter. Remarkably, and in contrast to domain B, the addition
of Gal4 box A never showed any positive effect at any concen-
tration, suggesting again that boxes A and B, although similar,
are not equivalent and that they likely play different roles in
RNA pol II transcription in the context of the intact HMG1
protein.

DISCUSSION

The involvement of HMG1 (and HMG2) in transcription has
been suspected for a long time, and apparently different results
have been reported. Depending on the different systems and
conditions used, either repression or activation of transcription
has been observed in vitro (11, 15, 16, 18). The conflicting
results may be the effect of the shortcomings of in vitro recon-
stituted systems and thus biologically meaningless, or they

FIG. 6. HMG box A interacts with
TFIID in nuclear extracts. The inter-
action of HMG1 boxes A and B with TBP
in crude nuclear HeLa cell extracts was
analyzed by pull-down assays. The mate-
rial retained on GST, GST-HMGbox A,
and GST-HMGbox B beads was analyzed
by Western blot using an anti-hTBP anti-
body (left panel) and an anti-hTAFII135
antibody (right panel).

FIG. 7. Gal4BD-HMGbox A and B fu-
sions show different activities in ba-
sal transcription. A, effect of titration
of Gal4 boxes A and B on transcription in
vitro from a template containing 8xGal4
binding sites. Lanes 1 and 7 are control
reactions with no added Gal4 fusions.
Lanes 2–6 and 8–12 contained increasing
amounts (30, 60, 120, 300, and 450 ng) of
Gal4 box A and Gal4 box B, respectively.
B, effect of titration of Gal4 boxes A and B
on transcription in vitro from a template
bearing no Gal4 binding sites. Lane 1 is a
control without added Gal4 fusions. Lanes
2–4 and 5–7 contained increasing
amounts (60, 120, and 300 ng) of Gal4 box
A and Gal4 box B, respectively. The posi-
tions of the full transcripts (arrows) and
the recovery control (p) are indicated.
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may come from subtly different activities of HMG1 on the
promoter of different genes.

Here, we have studied in detail the interaction of HMG1 with
TBP in PIC formation to gain some clues on the possible mech-
anisms of action. Ge and Roeder (11) first reported that HMG1
can interact with hTBP. Our results were in agreement with
theirs and, surprisingly, showed that this interaction is spe-
cies-specific. The contact surface of the interacting partners
has been mapped; we determined that only box A of HMG1
interacts with hTBP. This is remarkable because to this point
domains A and B had been shown to be absolutely equivalent
for binding to cruciform and cisplatin-modified DNA (6, 14) and
for interacting with HOXD9 and Oct2 (9, 10). The exact surface
of HMG box A involved in the interaction with hTBP is not
known; however, molecular docking analysis rules out the con-
cave side of the L-shaped domain, which has been shown to
interact in the minor groove of DNA (32). HMG1 interacts with
human TBP but not detectably with yeast TBP, and the inter-
action takes place on the core domain. Because of the extensive
sequence identity, a nonconserved region within the TBP core
domain was a likely candidate to explain the results. In fact, we
identified helix H29 of hTBP as the HMG1 primary binding
site; a single point mutation that converts residue 327 from
Asn to Glu strongly reduces the interaction. Asn-327 is con-
served neither in yeast TBP (Ala) nor in Drosophila TBP (Lys);
in agreement, we also did not find any detectable interaction of
HMG1 with Drosophila TBP using pull-down assays (results
not shown). Mutation of Asn-327 affects the interaction with
HMG1. However, some interaction can still be observed, sug-
gesting that neighboring residues, which are not conserved
either, can help in defining the binding specificity. For exam-
ple, mutation of human Gly-334 (which is Glu in yeast and Lys
in Drosophila) to Arg also weakly reduces the interaction with
HMG box A (Fig. 5, panel 334). Note that in Drosophila the
closest homolog to mammalian HMG1, HMG-D, shows only a
very limited sequence homology (14). The same is true for the
closest yeast homologs of HMG1, proteins HMO1 and HMO2,
which show a weak homology, especially in the HMG box A

domain (33). Conversely, both HMG1 and the core domain of
TBP are absolutely conserved in mammals and may thus in-
teract in all mammalian species.

The N-terminal region of hTBP probably contributes to the
interaction with HMG1, as suggested by the reduced interac-
tion of core TBP compared with full-length TBP and by the
limited availability to antibodies of the N-terminal region of
hTBP in the hTBP-HMG1 complex compared with the hTBP-
TFIIB complex.

HMG1 can clearly interact not only with free TBP but also
with TFIID. The simplest interpretation is that the same H29
helix of TBP is recognized, although possible interactions with
TAFs cannot be discounted. In any case, HMG box B does not
interact (Fig. 6). Significantly, TBP in the TFIIIB complex is
not recognized, implying that any specific biological effect
should be restricted to pol II transcription, because HMG1 is
excluded from the nucleolus, where pol I transcription takes
place (34). In any case, the possibility of additional interactions
with other basal transcription factors remains open.

Significant fractions of basal transcription factors and RNA
pol II are associated to form the pol II holoenzyme (35–37).
Interestingly, the holoenzyme has been reported to be effi-
ciently repressed in vitro by the addition of HMG2 (35). We
found no evidence for the interaction of the pol II holoenzyme
with HMG1, as neither the small subunit of TFIIF (RAP30) or
TFIIB was detected in pull-down experiments with crude ex-
tracts (results not shown).

The proposed site of interaction of HMG1 on TBP maps very
closely in space to the TFIIB binding site on the C-terminal
stirrup (38) (see Fig. 8A). It is also proximal to the TFIIA
binding site, which has been mapped on the opposite side of
TBP in the co-crystal structure and on helix H2 by site-directed
mutagenesis (31, 39). The TBP-TFIIA interaction surface is
still subject to some uncertainty, however, because of different
requirements for the binding of human and yeast TFIIAs (40,
41). Despite these caveats, the known structures are compati-
ble with the effects we observe of HMG1 on TFIIB and TFIIA;
TFIIA binding to TBP excludes HMG1 binding, whereas HMG1

FIG. 8. Model of the human core TBP interacting with HMG1 and TFIIB. A, front and side views (left and right panels, respectively) of
hcTBP as a schematic drawing of the crystal structure. The position of the residues involved in TFIIB contacts, as reported in the crystal structure,
are shown in green. The position of the homologous residues involved in contacts with yeast TFIIA in the yIIA-yTBP positions, as described in the
crystal structure, are indicated in magenta; the positions marked in yellow correspond to mutants shown to affect human TFIIA interaction with
hTBP by EMSA. The position of HMG1 is shown in red, around Asn-327. The approximate areas occupied by TFIIB and TFIIA are indicated by
ovals and are not intended to be at scale. B, schematic drawing of the proposed TFIIB arrangement in the TFIIB-hTBP (left) and HMG1-hTBP-
TFIIB (right) complexes.
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and TFIIB are not mutually exclusive, but TFIIB is reposi-
tioned with respect to the DNA (its footprint disappears) and
possibly with respect to TBP (TFIIB becomes more loosely
bound and TBP less accessible to specific antibodies). We do not
know whether the HMG1-induced state of TFIIB within the
PIC corresponds to one of the alternative (open or closed) con-
formations that have been attributed to TFIIB (42) or repre-
sents an additional conformation. In any case, our results sug-
gest that in the hTBP-HMG1-TFIIB complex, TFIIB may be
interacting only on the hTBP C-terminal half, likely on the
stirrup (residues 284–290 in hTBP) (Fig. 8B). In support of this
interpretation, no interaction of either HMG box A or box B
with TFIIB can be detected in pull-down experiments (results
not shown), suggesting that distortion of TFIIB binding to
hTBP involves no specific interaction of HMG1 with TFIIB but
rather a sterical hindrance.

HMG boxes in general and those of HMG1 in particular are
known to interact preferentially with curved DNA (5–8, 14,
32). Therefore, the anomalous electrophoretic mobility of the
hTBP-HMG1-TFIIB complex may reflect a change in the bend-
ing state of the DNA. We reason that this is unlikely because if
HMG1 produces an increase in the bending state of DNA in the
complex, this would result in a band of lower, not faster, elec-
trophoretic mobility. A reduction in DNA bending is not to be
expected from HMG1 properties and, in addition, would nega-
tively affect TBP interaction with the TATA box, which has not
been observed. In any case, the initial binding is because of
hTBP, and the effect on DNA, if any, must be a consequence of
this event. Further structural analysis is required to ascertain
the bending state of the DNA in the complex.

TFIIB is absolutely required for pol II transcription and is
also the potential target for several activators (for reviews, see
Refs. 26 and 43). The fact that HMG1 affects the normal inter-
action of TFIIB in the pre-initiation complex may help explain
its repressing activity observed in vitro (Refs. 11 and 16; this
work). On the other hand, the reversal of the TBP-HMG1
interaction brought about by TFIIA might substantially reduce
the overall effect of HMG1 on PIC formation and pol II tran-
scription. We have thus tested the effect of the HMG boxes of
HMG1 on transcription from a minimal promoter in vitro. Even
in this highly simplified situation, the results observed are
complex. HMG box B has a moderate repressing effect when
present insolutionathighconcentrationsandhasconcentration-
dependent activating or repressing effects when it is recruited
to the promoter by tethering it to a DNA binding domain. Box
A, on the contrary, shows only repressing effects in both cases.

Overall, the HMG1-TBP interaction does not necessarily pre-
clude a successful PIC formation, perhaps as a consequence of
TFIIA recruitment. Nonetheless, as some effect is apparent,
HMG1 interactions might be biologically relevant for the mod-
ulation of PIC formation in vivo. HMG1 may help recruit the
transcriptional activators with which it interacts (HOX and
OCT proteins, nuclear hormone receptors, and p53) (9, 10, 12,
13) to TFIID and/or TFIIB and be ejected by TFIIA afterward,
for instance. In fact, the web of interactions within the PIC is so
complex that HMG1 most likely will have opposite effects on
the transcription of different genes not only in vitro, as already
shown (18), but in vivo as well.
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8. Pöhler, J. R. G., Norman, D. G., Bramham, J., Bianchi, M. E., and Lilley,

D. M. J. (1998) EMBO J. 17, 817–826
9. Zappavigna, V., Falciola, L., Citterich, M. H., Mavilio, F., and Bianchi, M. E.

(1996) EMBO J. 15, 4981–4991
10. Zwilling, S., König, H., and Wirth, T. (1995) EMBO J. 14, 1198–1208
11. Ge, H., and Roeder, R. G. (1994) J. Biol. Chem. 269, 17136–17140
12. Jayaraman, L., Moorthy, N. C., Murthy, K. G. K., Manley, J. L., Bustin, M.,

and Prives, C. (1998) Genes Dev. 12, 462–472
13. Boonyaratanakornkit, V., Melvin, V., Prendergast, P., Altmann, M., Ronfani,

L., Bianchi, M. E., Taraseviciene, L., Nordeen, S. K., Allegretto, E. A., and
Edwards, D. P. (1998) Mol. Cell. Biol. 18, 4471–4487

14. Bianchi, M. E. (1994) in DNA-Protein: Structural Interactions (Lilley, D. M. J.,
ed) pp. 177–200, Oxford University Press, Oxford
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