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ABSTRACT HMG-I proteins are DNA-binding proteins
thought to affect the formation and function of transcription
complexes. Each protein contains three DNA-binding motifs,
known as AT-hooks, that bind in the minor groove ofAT tracts
in DNA. Multiple AT-hooks within a polypeptide chain should
contact multiple AT tracts, but the rules governing these
interactions have not been defined. In this study, we demon-
strate that high-affinity binding uses two or three appropri-
ately spaced AT tracts as a single multivalent binding site.
These principles have implications for binding to regulatory
elements such as the interferon ,8 enhancer, TATA boxes, and
serum response elements.

The HMG-I family of high mobility group chromosomal
proteins consists of three members: HMG-I and HMG-Y,
which are alternatively spliced products of a single gene (1-3),
and HMGI-C, which is the product of a separate gene (4, 5).
There is evidence that HMG-I(Y) is involved in the transcrip-
tional regulation of genes, the best characterized example
being the interferon ,B gene (6-17). Specific biochemical
functions of HMGI-C have not been elucidated, but recent
reports of an HMGI-C knockout in the mouse causing the
pygmy phenotype (18) and the implication of HMGI-C gene
rearrangements in lipomas and other benign mesenchymal
tumors (19) suggest an important role for this protein in cell
growth and differentiation. Consistent with such a role is the
activation of HMG-I genes as part of the delayed early
response to growth factors (20).
The HMG-I proteins are DNA-binding proteins, and the

DNA-binding motif is known as an AT-hook (21), which has
been shown to bind in the minor groove of AT tracts of
double-stranded DNA (22, 23). Footprinting studies have
shown that many AT tracts of 4, 5, 6, or more bp can be bound
by HMG-I proteins (22). However, of the multitude of AT
tracts in cellular DNA, such as TATA boxes, homeodomain-
binding sites, serum response elements, matrix attachment
regions, and many others, it is not clear which among them are
high-affinity HMG-I protein-binding sites of functional signif-
icance.

Since each HMG-I protein molecule contains three AT-
hooks, each one is presumably able to mediate contact with an
AT tract in DNA. This suggests the likelihood that high-
affinity binding would involve multivalent binding of a single
polypeptide to multiple AT tracts in close proximity to each
other, although this form of binding has not been well defined.
The purpose of the studies described in this report was to
define multivalent, high-affinity binding sites for the HMG-I
proteins.

sequencing. HMGI-C was then subcloned into pET-3d (No-
vagen) and HMG-I and -Y were subcloned into pET-28d
(Novagen), using Escherichia coli strain DHSa (GIBCO/BRL)
to produce the plasmids pET/HMG-C, pET/HMG-I, and
pET/HMG-Y, respectively.

Protein Purification. The above plasmids were transferred
into E. coli strain BL-21(DE3) (Novagen) and protein expres-
sion was induced with isopropyl thiogalactoside at 1 mM for 3
hr. Cells were harvested by centrifugation, washed in ice-cold
buffer [50 mM Tris, pH 7.5/10 mM magnesium acetate/i mM
EDTA/10% glycerol/i mM DTT/23 [kg/ml phenylmethylsul-
fonyl fluoride (PMSF)], and stored overnight at -80°C. The
pellet was resuspended in ice-cold lysis buffer [50mM Tris, pH
7.4/500 mM NaCl/20 mM MgCl2/1 mM DTT/23 ,tg/ml
PMSF], lysozyme was added at 0.1 mg/ml, and the cells were
sonicated on ice. After centrifugation at 400 x g, one-half
volume of acetone at room temperature was added to the
supernatant, and the mixture was immediately centrifuged at
4000 x g for 10 min at 4°C. To the supernatant, another
one-half volume of ice-cold acetone was added, and after 20
min on ice, the mixture was centrifuged at 4000 x g. The
air-dried pellet was then resuspended in HME buffer [20 mM
Hepes, pH 7.8/5 mM MgCl2/0.2 mM EDTA/23 ,ug/ml PMSF]
and applied to an SP-Sephadex column with a gravity flow
rate. The column was eluted at 4°C with a step gradient of KCl
in HME buffer. For HMG-I and -Y, fractions containing
electrophoretically identified HMG protein were pooled and
applied to a Phosphocellulose column at 4°C and eluted with
a step gradient of KCl in HE buffer [20 mM Hepes, pH 7.8/0.2
mM EDTA]. Fractions containing HMG proteins were con-
centrated and buffer-exchanged into HK buffer [20 mM
Hepes, pH 7.8/20 mM KCl/0.2 mM EDTA/0.1% Nonidet
P-40], and protein concentrations were measured with the
Bradford assay (Bio-Rad). Purified, bacterially expressed
NFkB p50 subunit was a gift of C. Rosen and C. Kunsch
(Human Genome Science).

Oligonucleotide Synthesis and Labeling. Oligonucleotides
were chemically synthesized using standard methodology. Oli-
gonucleotides used in the experiments (see Figs. 1, 2, and 3)
were double-stranded 60-mers and contained homopolymeric
AT tracts separated and flanked by GC-rich stretches. For
example, the oligonucleotide designated T5-6-T5 had the
following sequence in one strand: GGACTCCAGGTCCAG-
GACCGCGTTTTTCGCGCGTTTTTCGCGGGAGGT-
CCAGCTGTCCACCTCC.
Other oligonucleotides were of the same general type. Most

oligonucleotides had a common 3' sequence that is comple-
mentary to the primer 5'-GGAGGTGGAC-3', which was used

MATERIALS AND METHODS
Constructs. HMG-I, HMG-Y, and HMGI-C were cloned by

PCR in pBX/BspHI. The resulting clones were verified by
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to prime synthesis of double-stranded DNA with the Klenow
fragment of DNA polymerase I. Each oligonucleotide was then
purified on a 12% polyacrylamide gel in lx TBE buffer (89
mM Tris/89 mM borate/2 mM EDTA). In the case of the
positive regulatory domain II (PRD II)/negative regulatory
domain I (NRD I) oligonucleotides, both strands were chem-
ically synthesized and annealed by slow cooling of an equimo-
lar mixture from 100°C, then purified on a 12% polyacrylamide
gel as above (for their sequences, see Fig. 4). Double-stranded
oligonucleotides were end-labeled with polynucleotide kinase
and [,y-32P]ATP at 6000 Ci/mmol (1 Ci = 37 GBq). The
resultant reaction mixtures were heat-inactivated and purified
over NICK columns (Pharmacia). In all cases, the oligonucle-
otides to be compared had specific activities within 12% of
each other.

Electrophoretic Mobility Shift Assay (EMSA). Unless oth-
erwise noted, binding reactions were carried out at room
temperature (22°C) in a mixture containing 10 mM Tris (pH
7.5), 50 mM KCl, 0.5 mM MgCl2, 0.1 mM EDTA, 250 ,ug/ml
acetylated BSA, and 5% glycerol in reaction volumes of 30 ml.
After incubation for 30 min, the binding mixtures were loaded
onto pre-electrophoresed 6% polyacrylamide gels in 0.4 x
TBE, run at 4°C and 300 V, and autoradiographed.

RESULTS
Effect of Spacing Between Two AT Tracts on Binding of

HMG-I, HMG-Y, and HMGI-C. To look for multivalent
binding, we used EMSAs with purified, recombinant HMG-I,
HMG-Y, and HMGI-C and synthetic oligonucleotides with
two AT tracts in which the spacing between the tracts was
systematically varied. Direct binding to labeled oligonucleo-
tides rather than band competition was used ito assess the
stoichiometry of the bound complexes. Fig. 1 shows the pattern
of binding to oligonucleotides containing two homopolymeric
T5-A5 tracts with spacing between them of 0, 2, 4, 6, 8, 10, 12,
14, 16, 20, and 30 bp; to an oligonucleotide containing a single
T5-A5 tract; and to an oligonucleotide containing no AT tract.
As can be seen in Fig. 1, all HMG-I proteins bind with higher
affinity to two AT tracts with a spacing of up to 8 or 10 bp, with
a peak of affinity occurring with spacing of 6-8 bp. The pattern
of high-affinity binding is somewhat more restricted with
HMG-I than with HMG-Y and HMGI-C.

Effect ofAT Tract Size on Binding. Fig. 2 demonstrates that
the affinity of binding also increases with the size of the AT
tract when a single T8-A8 tract is compared with a T5 A5 tract
or when two spaced tracts are compared. For each protein,
binding to two T5 A5 tracts with a spacing of 6 bp is of higher
affinity than binding to a single T8-A8 tract (or the single
T10-A10 tract in T5-0-T5, as seen in Fig. 1). However, the
pattern of binding to AT tracts with different spacing between
them is essentially the same whether T8-A8 or T5 A5 tracts are
used (data not shown).
The results described above do not establish whether AT

hooks of a single HMG monomer bind to the two AT tracts of
an oligonucleotide or whether HMG dimers are the binding
species. To distinguish between these two possibilities, we used
an equimolar mixture of HMGI-C and GST/HMGI-C (a
glutathione S-transferase-HMG fusion protein) to look for
heteromeric protein-oligonucleotide complexes with mobili-
ties between those of the HMGI-C and GST/HMGI-C com-
plexes. Since no such heteromeric complexes were detected
(data not shown), we infer that each complex is likely to be
monomeric.
Two or Three Optimally Spaced AT Tracts Form a Single,

Multivalent Binding Site. We next determined more directly
whether two optimally spaced AT tracts form a single binding
site for HMG-I proteins. Fig. 3A and B demonstrates that two
optimally spaced AT tracts behave as a single, high-affinity
binding site, whereas with greater spacing, they behave as two

FIG. 1. EMSA of purified recombinant HMG-I, HMG-Y, and
HMGI-C binding to double-stranded oligonucleotides containing two
homopolymeric T5-A5 tracts separated by variable spacing. The
spacing in base pairs between the two T5-A5 tracts is noted at the
bottom. Binding to oligonucleotide Ts (with a single T5 A5 tract) and
oligonucleotide To (with no AT tract) are present for comparison. Oo
designates the unbound oligonucleotide, and 01 designates a singly
liganded protein-oligonucleotide complex. The concentrations of
HMG-I, HMG-Y, and HMGI-C are 1000, 250, and 100 pM, respec-
tively, and the concentration of each oligonucleotide was 33 pM.
Binding reactions were done at 22°C for 30 min. The faint band seen
below the main complex in experiments with HMGI-C is probably due
to the binding of a proteolytic product formed during protein purifi-
cation, as seen by Coomasie staining or specific immunostaining of the
purified HMGI-C preparation following gel electrophoresis.

low-affinity binding sites. In Fig. 3A, saturation curves dem-
onstrate that the T5-6-T5 oligonucleotide saturates as a singly
liganded site (01 complex), whereas the T5-12-T5 and T5-
20-T5 oligonucleotides readily form a doubly liganded complex
(02 complex). Fig. 3B demonstrates this phenomenon with a
broader range of spacings between two T8-A8 tracts at a
saturating concentration of HMGI-C. As can be seen, high-
affinity sites with spacing of .8 bp are resistant to double
saturation, whereas more widely spaced, low-affinityAT tracts
show much more double saturation. (The relatively low
amount of 02 complex seen with high-affinity sites is similar to

HMG-I HMG-Y HMG-C

_ . a: ......

ToT T ToT5T8o To |T T

FIG. 2. EMSA of HMG-I, HMG-Y, and HMGI-C binding to
oligonucleotides containing a single T5A5 or T8&A8 tract, or with two
T5A5 or T8-A8 tracts separated by 6 bp. Oligonucleotide To with no
AT tract was included for comparison. The concentrations of proteins
used was 500, 200, and 20 pM for HMG-I, HMG-Y, and HMGI-C,
respectively, and oligonucleotides were each 14 pM. Binding reactions
were done at 22°C for 30 min.
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FIG. 3. (A) EMSA analysis of increasing concentrations of
HMGI-C binding to oligonucleotides containing two T5 A5 tracts with
spacings of 6, 12, and 20 bp. The lx concentration of HMGI-C was
20 pM, and the concentration of oligonucleotide was 33 pM. (B)
EMSA analysis of binding of a saturating concentration of HMGI-C
to the T8-X-T8 series of oligonucleotides. The HMGI-C concentration
was 200 pM, and that of the oligonucleotide was 33 pM. (C) EMSA
analysis of the binding of HMGI-C to a series of oligonucleotides
containing a third TSA5 tract of variable spacing, compared with
binding to oligonucleotides containing two optimally spaced T5 A5
tracts. The gel was run sufficiently long to bring out slight differences
in mobility of the complexes; hence, the complexes are more diffuse.
In A and B, binding reactions were done at 22°C, and in C, reactions
were done at0°C. 0o and 01 are as in Fig. 1, and 02 designates doubly
liganded protein-oligonucleotide complex.

the amount of 02 complex seen with the single AT tract
oligonucleotide T8, or the amount of 01 complex seen with
oligonucleotide To, indicating that this is nonspecific binding
seen at the relatively high, saturating HMG concentration
used.) Essentially identical results were obtained with HMG-I
and HMG-Y (data not shown).
As noted above, each HMG-I protein has three AT-hooks.

Therefore, one would anticipate that an appropriately spaced
third AT tract in the DNA should add to the stability of a
protein-DNA complex. Our initial studies indicate that this is
the case (Fig. 3C). First, an appropriately spaced third AT tract
enhances the affinity of the complex. Second, the protein-
bound oligonucleotide with three optimally spaced AT tracts
(T5-8-T5-8-T5) has an electrophoretic mobility similar to that
of protein-bound oligonucleotide with two AT tracts, indicat-
ing that a single HMGI-C molecule is bound multivalently to

all three AT tracts. Slight reproducible differences in the
mobility of the complexes bound at three AT tract sites, which
were distinct from mobility differences in the unbound oligo-
nucleotides, suggest that this mode of binding may lead to
altered conformation of the DNA (and/or HMG protein) with
different spacings.

Multivalent HMG-I Binding Sites in Transcriptional Reg-
ulatory Regions. In some of the enhancer/promoter regions at
which the HMG-I proteins have been implicated (6-17), the
spacing between reportedly distinct HMG-I binding sites is
such that many are likely to behave as single, multivalent
binding sites rather than multiple distinct sites. For example,
the best-characterized cellular site of action of the HMG-I
proteins is in the enhancer of the interferon ,B gene, where
HMG-I or -Y have been shown to function as a transcriptional
coactivator in viral induction of this gene (6-9). There are two
regions within this enhancer where HMG-I has been shown to
function: at PRD II and PRD IV. At PRD II, there is a single
AT tract of 5 bp in the middle of the NFKB site that has been
identified as an HMG-I-binding site (6). However, examina-
tion of DNA sequence surrounding this site (24) reveals a
second AT tract of 4 bp in the adjacent, downstream NRD I
with a spacing of 6 bp between it and the PRD II AT tract. Fig.
4A demonstrates that mutations within either AT tract affect
the affinity of binding of HMG-I proteins to an oligonucleotide
containing the PRD II/NRD I sequence. Fig. 4B demonstrates
that this oligonucleotide saturates as a singly liganded complex
(01) of the same mobility as the complex formed with the ,u2
mutant oligonucleotide containing only a single intact AT
tract, demonstrating that the two AT tracts in the wild-type
PRD II/NRD I oligonucleotide are indeed behaving as a
single, multivalent, high-affinity HMG binding site. A similar
conclusion comes from examining the effect of HMG-I pro-
teins on the binding of NFKB p5O homodimers to the wild-type
PRD II/NRD I oligonucleotide or to the ,u2 oligonucleotide
with the mutation in the downstream AT tract of the NRD I
site. As shown in Fig. 4C, saturating concentrations of
HMGI-C effectively inhibit the binding of p50 homodimers to
the wild-type PRD II/NRD I site, whereas with the,2 mutant
site, this result is reversed and p5O effectively inhibits the lower
affinity binding of HMGI-C. Similar results have been ob-
tained with HMG-I and HMG-Y (data not shown). In no case
did we find positive cooperative binding of p5O and an HMG-I
protein.
PRD IV contains two AT tracts with a spacing of 8 bp

between them containing an ATF-2/c-Jun binding site; we
propose that the two AT tracts represent a single multivalent,
high-affinity HMG-I binding site rather than two distinct
binding sites. Although we have not tested this suggestion
directly, it is supported by published data, which demonstrates
that the complex showing high-affinity binding to the intact
PRD IV has the same mobility as the low-affinity complex
binding to a mutant site containing only one intact AT tract
(7). Presumably, multivalent versus multiple univalent binding
behavior would also have functional implications for the
cooperative interactions between HMG-I and ATF-2/c-Jun
observed at PRD IV (7-9).

- DISCUSSION
The pattern of multivalent binding of HMG-I proteins to two
AT tracts with variable spacing as demonstrated in this report
can be interpreted in terms of two distinct, though not mutually
exclusive, models, as depicted in Fig. 5. In a flexible model
(Fig. 5A), flexibility in the polypeptide chain between the
AT-hooks would influence the ability of the AT-hooks to
contact sites of different spacing and positions relative to the
helical axis. In the alternate AT-hook model (Fig.SB), differ-
ent combinations of two of the three AT-hooks are involved in
binding to AT tracts of different spacing. To account for the
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FIG. 4. (A) EMSA analysis of the binding of HMGI-C to the
interferon ,3 PRD II/NRD I wild-type element and the ml and m2
mutant elements containing the double base pair substitutions noted.
The concentration of HMGI-C was 2.5 nM and that of the oligonu-
cleotide was 200 pM. (B) EMSA analysis of binding of increasing
concentrations of HMGI-C to the PRD II/NRD I wild-type site and
to the m2 mutant site for comparison. A 1 x concentration ofHMGI-C
was 0.8 nM, and the oligonucleotide was at 200 pM. (C) EMSA analysis
of the binding of saturating concentrations of HMGI-C and p50 to the
PRD II/NRD I wild-type and ,u1 and ,u2 mutant sites. OHMG designates
the HMGI-C/DNA complex and Op50 designates the p50/DNA com-
plex. HMGI-C and labeled oligonucleotide were preincubated to-
gether on ice for 10 min before the addition of p50. In A, B, and C,
binding reactions were carried out at 0°C for 30 min.

loss of multivalent high-affinity binding when the spacing
between the two AT tracts is greater than 10 bp, we suppose
that this spacing is beyond the maximal span of the AT-hooks
in the polypeptide chain. The more restricted pattern of
multivalent binding by HMG-I seen in Fig. 1 could be ex-
plained by its unique amino acid sequence, which either alters
flexibility of the polypeptide chain between AT-hooks or

FIG. 5. Schematic models of multivalent binding properties of
HMG-I proteins. (A) Flexible model. (B) Alternate AT-hooks model.
The ovals containing the + + + symbols represent the positively
charged AT-hooks. The boxes containing the T5 symbol represent AT
tracts in double-stranded DNA.

diminishes the DNA-binding activity of one of the alternate
AT-hooks. Further analysis using altered HMG-I, HMG-Y,
and HMGI-C proteins generated by site-directed mutagenesis
and structural studies of protein-DNA complexes will be
needed to further test these models.

Multivalent binding of HMG-I proteins as explored in this
paper has important implications for the binding of HMG-I
proteins within regulatory regions of DNA. It predicts that
single AT tracts, such as in TATA boxes, serum response
elements, and homeodomain-binding sites, would by them-
selves be univalent, low-affinity binding sites for HMG pro-
teins. However, appropriate spacing of a second (or third) AT
tract could convert a site into a multivalent, high-affinityHMG
binding site. Based on the results shown in Fig. 4, we speculate
that one effect of HMG-I(Y) binding to the interferon ,B
promoter could be to displace- a putative transcriptional re-
pressor molecule/complex bound at NRD I, thereby relieving
the preinduction repression of the gene following virus infec-
tion (25). NRD I actually overlaps PRD II and includes both
AT tracts (24). Such an effect of HMG-I(Y) could help
accentuate the off/on switch in the transcriptional activation
of this gene. It is interesting to note the published data showing
that although non-HMG binding NFKB sites, such as the Ig-KB
element, when multimerized in front of a minimal promoter,
confers virus inducibility of a reporter gene, this same element
cannot function in virus induction when substituted for the
PRD II NFKB site in the context of the interferon ,B enhancer
also containing NRD I (6). This substitution would make the
HMG-I(Y) binding site in NRD I a univalent, low-affinity site.

In addition to the finding of multivalent binding of HMG-I
proteins in the interferon 03 enhancer, we have preliminary
data showing that the HMG-I proteins bind with high affinity
to the downstream JunB enhancer, which has a serum response
element and a second AT tract spaced 5 bp away from the AT
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tract in the serum response element (26), whereas they bind
with low affinity to mutant enhancers in which either AT tract
has been disrupted. In contrast, HMG-I proteins bind with low
affinity to the c-Fos serum response element, which does not
have an appropriately spaced second AT tract (27). Multiva-
lent binding of HMG-I proteins could also have implications
for DNA structural changes, such as DNA bending or bend
reversal (28), which can affect the binding of other proteins to
the same DNA element. Finally, it is worth noting that in one
of the original descriptions of HMG-I, in which HMG-I was
defined as a protein that bound to a satellite DNA, it was
pointed out that three binding sites in this repetitive DNA
sequence could come into proximity when wrapped around a
nucleosome (29). If the multivalent binding properties of the
HMG-I proteins reported here are extended to the three-
dimensional space of the nucleosome, then three suitably
spaced AT tracts in DNA that is wrapped around a nucleosome
might be bound by the three AT-hooks of a single HMG-I
protein.
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