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The high mobility group (HMG) protein HMG-D
from Drosophila melanogaster is a highly abundant
chromosomal protein that is closely related to the
vertebrate HMG domain proteins HMG1 and HMG2.
In general, chromosomal HMG domain proteins lack
sequence specificity. However, using both NMR spectro-
scopy and standard biochemical techniques we show
that binding ofHMG-D to a single DNA site is sequence
selective. The preferred duplex DNA binding site com-
prises at least 5 bp and contains the deformable
dinucleotide TG embedded in A/T-rich sequences. The
TG motif constitutes a common core element in the
binding sites of the well-characterized sequence-specific
HMG domain proteins. We show that a conserved
aromatic residue in helix 1 of the HMG domain may
be involved in recognition of this core sequence. In
common with other HMG domain proteins HMG-D
binds preferentially to DNA sites that are stably bent
and underwound, therefore HMG-D can be considered
an architecture-specific protein. Finally, we show that
HMG-D bends DNA and may confer a superhelical
DNA conformation at a natural DNA binding site in
the Drosophila fushi tarazu scaffold-associated region.
Key words: cis-DDP/DNA bending/DNA specificity/foot-
printing/HMG

Introduction
Highly abundant chromosomal proteins must be able to
bind many different DNA sequences with moderate to
high affinity, in distinct contrast to other proteins, such as
transcription factors, which bind DNA in a site- or
sequence-specific fashion. However, the mechanism by
which chromosomal proteins recognize DNA in general
is poorly understood (von Hippel and Berg, 1986; von
Hippel, 1994). A large family of such proteins, typified
by HMG1 and HMG2, contain a common DNA binding
motif known as the HMG domain (Jantzen et al., 1990;
Ner, 1992; Landsman and Bustin, 1993; Grosschedl et al.,
1994). This domain is also found in less abundant
sequence-specific DNA binding proteins, such as the

transcription factors LEF-1 and UBF and the mammalian
testis-determining factor SRY (Jantzen et al., 1990; Nasrin
et al., 1991; Ferrari et al., 1992; Giese et al., 1992).
Members of both classes of HMG domain bind preferen-
tially to distorted DNA sites such as synthetic four-way
DNA junctions (Bianchi et al., 1992) and those formed
by adducts between DNA and the anticancer drug cis-
diamminedichloroplatinum (cis-DDP). Consequently, they
have been termed architecture-specific proteins (Bruhn
et al., 1992, 1993; Pil and Lippard, 1992; Grosschedl
et al., 1994). In addition, they can induce bends in linear
duplex DNA (Giese et al., 1992; Paull et al., 1993; Pil
et al., 1993) and can constrain negative supercoils in
plasmid DNA (Sheflin and Spaulding, 1989; Megraw and
Chae, 1993; Sheflin et al., 1993; Bazett-Jones et al., 1994;
Ner et al., 1994; Stros et al., 1994). Furthermore, they
can promote the formation of higher order nucleoprotein
complexes (Crothers, 1993; Paull et al., 1993; Grosschedl
et al., 1994; Travers et al., 1994), a property also character-
istic of a bacterial chromosomal protein HU (Drlica and
Rouviere-Yaniv, 1987; Haykinson and Johnson, 1993).

Although the primary role of the prototypical HMG1/2
proteins in vivo is not known (Landsman and Bustin, 1993),
the homologous protein from Drosophila melanogaster,
HMG-D (Ner, 1992; Wagner et al., 1992), is associated
with mitotic chromosomes during the earliest stages of
embryogenesis, at a time when histone HI is absent.
As HI accumulates and the relative concentration of
HMG-D decreases, there is a correlated decrease in the
size of the chromatids. It has been proposed that HMG-D
may stabilize a less condensed state of chromatin than
that containing HI. This less condensed state could
facilitate the rapid cycles of cell division that occur prior
to blastoderm formation (Ner and Travers, 1994).
HMG-D is closely related to the vertebrate HMG1 and

2 proteins but, in contrast, it contains only a single copy
of the prototypical DNA binding domain of 74-80 residues
(Landsman and Bustin, 1991, 1993), a feature usually
associated with the sequence-specific HMG domain pro-
teins such as LEF-1 and SRY (Giese et al., 1991; Nasrin
et al., 1991; Alexander-Bridges et al., 1992; Ner, 1992).
The HMG domain is followed by a 'tail' region that has
basic sequences similar to the C-terminal domain of
histone HI and a short C-terminal acidic stretch similar
to those seen in HMG1/2. The NMR structure of the HMG
domain from HMG-D is very similar to the previously
determined structure of the B-domain of HMG-1, which
revealed the characteristic L-shaped fold formed by three
a-helices (Weir et al., 1993; Read et al., 1993; Jones
et al., 1994). Precisely how the HMG domain binds to
DNA is not known, as no structure of an appropriate
protein-DNA complex is available. However, footprinting
and mutagenesis experiments suggest that HMG domain
proteins bind to the minor groove (Giese et al., 1991; van
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de Wetering et al., 1993). In addition, NMR experiments
show that at least one residue may partially intercalate
into the DNA, via the minor grove (King and Weiss, 1993).

Here we describe DNA binding studies of HMG-D.
These show that HMG-D is an architecture-specific protein
and prefers to bind to deformable DNA sites. Binding site
selection methods, DNase I footprinting experiments and
competitive gel electrophoretic mobility shift assays
(EMSA) revealed that HMG-D prefers to bind to A/T-
rich DNA containing the dinucleotide sequence TG. The
TG site is a readily deformable DNA base step and
consistent with this we show that HMG-D binds preferen-
tially to pre-bent DNA sites and induces substantial bends
in DNA. NMR studies of a complex of HMG-D with
DNA containing this preferred sequence show that the
region of DNA affected by binding extends over 5-6 bp
and includes the TG dinucleotide site and that a highly
conserved aromatic residue may interact with this TTG
site.

Results
HMG-D prefers to bind to DNA containing 'TG'
sites
HMG-D was isolated from a screen of a Drosophila kgtl 1
expression library (Ner et al., 1993) under conditions that
were favorable for the selection of a sequence-specific
protein; a specific fragment of the Drosophila fushi tarazu
(ftz) scaffold-associated regions (SAR) (Amati et al., 1990;
Harrison and Travers, 1988) was used to probe this library
in the presence of a vast excess of carrier DNA (Ner
et al., 1993). However, in gel mobility shift assays HMG-D
gives rise to a ladder of bands characteristic of non-
sequence-selective DNA binding proteins such as
Escherichia coli HU, FIS and EcoRV (in the absence
of magnesium) (Bonnefoy and Rouviere-Yaniv, 1992;
Lazarus and Travers, 1993; Vipond and Halford, 1993).
In order to resolve this apparent contradiction, we decided
to investigate whether HMG-D shows any preference for
binding to particular DNA sequences.
A binding site selection protocol was used to search

for preferred binding sites for HMG-D (Pollock and
Treisman, 1990). A specific sequence or even short binding
site was not selected using this procedure, as determined
by scanning 32 of the selected sequences either by eye or
by using the Motif Exploration program (MEP; Staden,
1989). However, analysis of the selected sequences using
the Dinucleotide Frequency program (DNF; Satchwell
et al., 1986) revealed a striking preference for certain
patterns of dinucleotides (Table I). The DNA sequences
selected by HMG-D contain a significantly higher (nearly
3-fold) proportion of TG, TT, GT and GG motifs in the
randomized region than the complementary dinucleotide
sequences on a single strand. It is possible that this non-
random distribution in the 'top strand' may arise from
bias in the original oligonucleotide synthesis of the first
strand, but this has not previously been observed. Interest-
ingly, three of the most common dinucleotides found in
the binding sites of the sequence-specific HMG domain
proteins are TT, TG and GT (Landsman and Bustin, 1993;
Grosschedl et al., 1994) (Table II). In a similar study
using xUBF, no preferred binding sites were observed

Table I. Dinucleotide frequencies seen in selected inserts

Dinucleotide Frequencya Dinucleotide Frequencya
(%) (%)

GT 9.8 AC 3.2
TG 9.1 CA 3.8
GG 8.6 CC 3.2
TI 7.4 AA 4.8
AG 7.1 CT 6.0
GA 6.9 TC 7.0
GC 5.3 CG 6.0
AT 5.8 TA 5.6

aTop strand of inserts: CG-(N),-GA and average dinucleotide
frequency should be 6.25%.

Table II. Binding sites for HMG-box domains

HMG domain protein Binding site sequence

LEF-1, TCF-1 CCTTTGAAGCT
SRY CCATTGTTCT
MatMc CTTTGTT
sox-4 CTTTGTT
sox-5 CTTTGTT or

ATTGTT
IRE-ABP CCTTTGAA
Roxl YYATTGTTCT
Stel I TTCTTTGTTY
DPI TCTGAA

HMG-D TATTG

Consensus YYATTGAA
T TT

(Copenhaver et al., 1994), but DNF analysis reveals a
slight preference for TT, TG and GT steps.
The TG dinucleotide is the most conserved sequence

among the well-characterized sequence-specific HMG
domain DNA binding sites (Landsman and Bustin, 1993;
Bazett-Jones et al., 1994). Therefore, a series of band
shift/competition experiments were performed to confirm
whether HMG-D exhibits a preference for binding to
DNA containing a TG dinucleotide embedded in an A/T-
rich sequence. In the absence of competitor DNA, HMG-D
binds to a long DNA probe (>60 bp) giving a ladder of
bands, indicating the formation of higher order protein-
DNA complexes (Figure iB) with an apparent affinity of
-50-200 nM (data not shown). However, in the presence
of a 200-fold excess of a successful, specific competitor
DNA (Figure IA) having an affinity of -1 ,uM (data not
shown), the relative amount of higher order complexes
formed decreases (Figure IB). At HMG-D concentrations
of 100 and 250 nM (Figure 1B) the sequences that compete
better in this assay are those oligonucleotides which
contain the sequence TTG (oligomers 1TTG and TATIG).
In comparison, the A and ATA DNA fragments compete
approximately half as well, suggesting that HMG-D indeed
favors binding to the TG site over the AA, AT or TA
sequences found in an equivalent position in the other
competitor oligonucleotides.

HMG-D contacts the DNA at a TATTG site
In order to study the mode of binding of HMG-D, we
used this preferred DNA sequence for NMR experiments.
The minimum size of the oligonucleotide required for

1265



M.E.A.Churchill et al.

A
Name Variable sequence (21 bp)
AAA CLLikiks a
ATA COAAAAALLTAAJLALAAACO
TTO CGAAAAJAATTGLAL.AAACO
TATT" COCALAAATLTTGAAAAACOC

Variable length (TATTG)
TOlO GCTATTOGAG
TG12 GCATATTGAACG
TQ14 GCGATATTGALACGC
TG15 GCGAATATTGAACGC
TG16A GCGAATATTGAAACGC
T016B (MUR) GCTTATTGAAAAATCG

B
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Fig. 1. HMG-D competitive electrophoretic mobility shift assays.
(A) Table showing sequences and lengths of oligonucleotides used as
unlabeled competitor DNA fragments. (B) Composite diagram of
images from competition experiments with the competitor DNA shown
in (A). Labeled 92 bpftz SAR DNA (1 nM) and unlabeled 21 bp
duplex DNA molecules and the NMR 16mer fragment (200 nM) were
incubated together with a series of concentrations of HMG-D. Only
two HMG-D concentrations, 100 and 250 nM, from each experiment
are shown. (C) Plot of competition binding curves for different length
DNA fragments containing the sequence 1TG. The saturation binding
curves were calculated from experiments as in (B). HMG-D bound to
92 bpftz SAR DNA with no competitor (0) and with 1Omer (El),
12mer (A), 14mer (+), l5mer (*), 16mer (0) competitor
oligonucleotides.

HMG-D-DNA complex formation was determined by
competition assays ofDNA containing the favored TATTG
sequence. These showed that the DNA fragment must be
at least 12 bp in length to compete effectively with the
labeled probe DNA (Figure IC) and the 16 bp oligomers
gave the best competition of higher order complexes (data
not shown). These values agree well with a site size of
14 bp determined for LEF-1 and HMG 1 by DNase I
footprinting and fluorescence quenching respectively
(Butler et al., 1985; Giese et al., 1991). Consequently, the
16 bp oligonucleotide (TG16B) and a 99 residue construct
of HMG-D which lacks the acidic tail (see Materials and
methods) were used to prepare samples of the complex
for NMR studies.

Sequence-specific assignments of the HMG domain
of the free protein (residues 2-74) have been reported
elsewhere (Jones et al., 1994). In HMG-D-100 only the
resonances from the four C-terminal residues of the HMG
domain (71-74) shift significantly compared with the 74
residue construct. Sequential connectivities between these
four residues and several residues in the basic tail are
observed in an HSQC-NOESY spectrum, which suggests
that helix 3 may persist for an additional 3-4 residues
compared with the isolated domain. The remaining
residues in the tail are unstructured, as judged by the
narrow line widths, lack of chemical shift dispersion and
tertiary NOE connectivities. Sequential assignments of the
imino proton resonances of TG16B were obtained from a
NOESY spectrum recorded at 10°C (data not shown) and
were confirmed from NOE connectivities between the
non-labile base protons and the 1' and 2'/2" ribose ring
protons. The remaining sequence-specific assignments
were made using a combination of DQF-COSY, NOESY
and TOCSY spectra.
A series of 1-dimensional spectra of the complex

acquired with increasing protein:DNA ratios shows
selective broadening of several imino protons even at
the lowest concentrations of protein used (-0.3 mM).
However, in spectra with equimolar or excess protein
there is a dramatic broadening of all resonances in the
spectrum, even in comparison with spectra of the complex
with a protein:DNA ratio of 0.85. This observation is
consistent with the control band shift assays of the NMR
samples, which show that single DNA-protein complexes
form for protein:DNA ratios from 0.3 to 1, whereas higher
order complexes appear at ratios >1 (data not shown).
Consequently, all further experiments used samples that
contained excess DNA (protein:DNA ratio -0.85).

Figure 2A shows the sequential connectivities between
the imino proton and H2 resonances of bp 3-9 in the free
DNA. In the complex, the resonances from bp 4-8 are
broadened and no sequential connectivities are observed
between them (Figure 2B). In addition, the imino proton
of T9' is much broader than those of the remaining
base pairs. This broadening most probably results from
exchange between free and bound DNA, as almost
identical patterns of broadening are observed for other
DNA resonances. The resonances from bp 1-3 and 10-
16 exhibit only small changes in line width, consistent
with formation of a higher molecular weight complex.
Sequential connectivities are observed between all these
latter base pairs in the complex.
A diagram of the 'footprint' established from the NMR

data (Figure 3) shows the location of those base protons
and ribose 1' and 2'/2" protons which broaden significantly
on binding DNA. Little information can be obtained for
the 3', 4' and 5'/5" ribose protons, due to overlap with
protein resonances. This 'footprint' indicates that HMG-D
binds preferentially to a single site located between
residues 4 and 9 of TG16B, whilst bp 1-3 and 10-16 are
essentially unaffected by binding. Therefore, we conclude
from the NMR data that HMG-D shows a high preference
for the sequence TTATTG over AAAATCG.

Tyrl2 of HMG-D is directly implicated in binding
DNA
In the spectra of the complex the protein resonances
show characteristically different behavior to the DNA

1266



A

T4
T 1' T4 O °

Tl 2' i T9'
T7°f---0 t5'

T3lQ3j'0 Ti 30@ QT6

0 0T14

eG2'

BG1s' 0G8

B

0C2

QU
U-

0
co

13.0
F2 (ppm)

14.0 13.0
F2 (ppm)

Fig. 2. Regions of NOESY spectra recorded in H20 showing the sequential connectivities observed between the imino protons and the H2 protons of
bp 3-8 of oligonucleotide TG16B (A) Free DNA and (B) DNA in the complex formed with HMG-D. The intra-residue connectivity is labeled and
the sequential inter-residue connectivities are indicated by a black line.

resonances. For example, the indole proton from each
tryptophan is doubled (Figure 4B), in contrast to their
appearance in the free protein (Figure 4A). This doubling
is observed for many other protein resonances and suggests
that they are in slow exchange on the NMR time scale.
Furthermore, both resonances from the indole proton of
Trp 43 are shifted downfield relative to the free protein
(Figure 4B). This suggests that the protein is exchanging
between two forms, neither of which is directly comparable
to the free form. In the presence of excess DNA all the
protein is bound and so we conclude that two distinct
conformations of the protein may be involved in binding
DNA. However, the precise nature of these different
conformations is not yet understood.

In a IH-15N HSQC spectrum of the complex (data not
shown) a large number of backbone amide resonances are

doubled, including a significant number from residues in
the basic tail, which suggests that these residues are
also directly involved in binding DNA. However, the
complicated nature of the spectra precluded a complete
determination of the structure of the protein-DNA com-
plex. Despite this problem, the spectra can be simplified
and information about non-exchangeable protons can be
obtained by exchanging the complex into D20.

In a NOESY spectrum of the free protein recorded in
D20 a large number of NOE connectivities are observed
between the aromatic resonances (Figure 4C) and aliphatic
resonances in other parts of the spectrum. In a spectrum
of the complex, many of these resonances are doubled
(Figure 4B and D). Furthermore, no resonances are

5G 3'
G-C

Irnino Protons

Base Protons

*Ribose Protons

A-T
A-T
A-T
A-T
T-A
C-G
G-C

3' 5'

Fig. 3. Schematic representation of TG16B highlighting those
nucleotides which show broadening of resonances on binding to
HMG-D. The different types of protons are represented by different
shaded boxes as indicated.

observed for Tyrl2 and all of the connectivities from
Trpl5 and Trp43 are severely attenuated. In contrast,
connectivities from Tyr63 and Phe7O in the C-terminal
helix are essentially unaffected by DNA binding. There
is no apparent doubling of the resonances from these
residues and essentially the whole set of NOE connectivi-
ties observed in the free protein are also present in the
spectrum of the complex. In these studies we observe that
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Fig. 4. Regions of NOESY spectra recorded in H20 showing connectivities between the indole protons of the three tryptophans in (A) the free

protein and (B) the HMG-D-DNA complex and regions of spectra recorded in D20 showing NOE connectivities between aromatic ring protons in

(C) free protein and (D) HMG-D-DNA complex. Selected protons are labeled (large type) and the patterns of NOE connectivities shown by a line.

The identity of the other proton involved is indicated. Note that the resonances from hyr and Phe residues are non-stereospecifically assigned.

the binding of DNA only significantly affects residues in
the main hydrophobic core and in the basic tail regions.

Binding sites of HMG-D in the ftz SAR DNA
Despite NMR evidence for a site-selective, albeit weakly
bound, HMG-D-DNA complex and the successful selec-
tion for TG-containing sites, we were unable to detect

binding sites for HMG-D using standard DNA footprinting
methods on the seven 'selected' DNA fragments that we
assayed. However, we did see effects of HMG-D binding
on the DNase I cleavage pattern with the DNA that was
originally used to isolate HMG-D from the Drosophila
expression library, region 421-442 of theftz SAR (Harrison
and Travers, 1988; Amati et al., 1990; Ner et al., 1993).
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Fig. 5. Preferred HMG-D binding sites in the ftz SAR region.
(A) DNase I protection patterns of ftz SAR DNA with and without
HMG-D. DNA, isolated from a band shift gel, had been cleaved with
DNase I in the absence of HMG-D (lane 2); the DNA which had been
cleaved in the presence of HMG-D had been isolated from different
parts of the gel so that complexes with 1-3 HMG-D molecules
(lane 3) and complexes with 4 up to saturation of DNA binding sites
(lane 4) were isolated separately. The undigested DNA is shown in
lane 1 and a Maxam-Gilbert G-specific marker reaction is shown in
lane 5 (Maxam and Gilbert, 1980). The DNA sequence is numbered at
the right of the diagram according to Harrison and Travers (1988).
(B) Cylindrical projection diagram of theftz SAR DNA fragment with
regions indicating protection (-) and exposure (<) relative to the
surrounding DNA. Putative binding sites contain TG that are in outline
(1G).

or structured DNA, such as synthetic Holliday junctions
(Bianchi et al., 1992; Ferrari et al., 1992; Giese et al.,
1992; Pontiggia et al., 1993) and DNA containing cis-
DDP lesions (Bruhn et al., 1992, 1993; Pil et al., 1993).
Therefore, we expected that HMG-D may also prefer to
bind to structured DNA and used gel mobility shift assays
with two 'structured' DNA probes to determine whether
HMG-D preferentially recognizes bent DNA. We found
that HMG-D had no significant preference for a four-
way junction formed by four 17 nucleotide strands (JI)
(Churchill et al., 1988) compared with the control 17 bp
linear duplexes (data not shown), although we did find
that HMG-D has a 2- to 3-fold higher affinity for platinated
DNA than for unplatinated DNA in an assay of a 24
nucleotide fragment containing a cis-DDP lesion (Figure
6A and B); the estimated dissociation constants are -200
and -560 nM respectively. Since DNA containing a single
cis-DDP lesion is bent by about 300 and untwisted by
about 130, depending on the sequence, HMG-D appears
to preferentially bind to bent and underwound DNA
(Bellon and Lippard, 1990; Bellon et al., 1991).

Other HMG domain proteins have also been shown to
bend and possibly unwind DNA (Sheflin and Spaulding,
1989; Ferrari et al., 1992; Haykinson and Johnson, 1993;
Paull et al., 1993; Pil et al., 1993; Sheflin et al., 1993).
The circularization rate assay is the most effective method
for determining whether a non-sequence-specific protein
can bend DNA (Kotlarz et al., 1986; Haykinson and
Johnson, 1993; Paull et al., 1993). In this assay the E.coli
protein HU bends DNA (Haykinson and Johnson, 1993),
whereas the drug Hoechst 33258 slows down the
circularization rate (M.E.A.Churchill, unpublished data).
We compared the circularization rate of the 169 bp tyrT

-440

. _

The DNase I footprint of one strand of the 400-455 region
of the ftz SAR is shown (Figure SA). This strand exhibits
weak, but significant, perturbations compared with free
DNA. These footprints and others on both strands were
analyzed quantitatively and the patterns mapped on the
helical projection diagram in Figure SB (Churchill and
Suzuki, 1989; Smith and Thomas, 1990). This diagram
shows the regions on the top strand, for example, centered
at 411-413, 418-419, 429-430 and 439 that are slightly
protected from DNase I cleavage and 421-424 that are
hypersensitive to DNase I cleavage in the presence of
HMG-D.

Based on the dimensions and positions of the protected
regions and hypersensitive sites, it is reasonable to con-
clude that two HMG-D binding sites contribute to the
footprint. This is also consistent with the sequence and
extent of the binding site determined by NMR spectro-
scopy. These regions are 19 bp apart and each 'site'
contains a single TG dinucleotide step located in the 3'
part of the protected region. The TG dinucleotide is on
the same strand in both sites and the protection patterns
are oriented in the same direction, suggestive of a tandem
arrangement of binding. At exactly the mid-point between
the two sites is a region of enhanced DNase I cleavage
(421-424), which is indicative of DNA distortion (Suck
et al., 1988). It is this same region (-422) that appears to
be hypersensitive in the DNase I protection patterns
previously obtained with stage-dependent Drosophila
embryo extracts (Harrison and Travers, 1988).

HMG-D prefers to bind to 'bent' DNA and bends
DNA
Both the site-specific and chromosomal HMG domain
proteins have been shown to bind preferentially to bent
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RNA promoter DNA restriction fragment (Drew and
Travers, 1985) in the presence of HMG-D and control
proteins with Hoechst 33258 to determine the relative
degrees of bending (Haykinson and Johnson, 1993; Pil
et al., 1993). The rate of circularization was compared by
examining the accumulation of circular products of the
ligation reaction as a function of time by native PAGE
(Figure 7A). The plot of the circularization rates (Figure
7B) shows that compared with the control, Hoechst 33258
has a slower rate, whereas HMG-D at 75 nM and HU at
50 nM have faster rates (2-fold) and are comparable under
these conditions. Therefore HMG-D can bend DNA, but
appears to be less effective than HU.

Discussion
We have shown that HMG-D, in common with other
HMG domain proteins, binds preferentially to pre-bent
DNA and facilitates DNA bending. Both these properties
are characteristic of architecture-specific proteins. More
importantly, the results of competition binding studies,
NMR spectroscopy and DNase I footprinting indicate that
HMG-D exhibits sequence selectivity in binding to duplex
DNA and favors sites containing a TG dinucleotide.
Finally, binding of HMG-D to at least one arrangement
of preferred sites gives rise to a multiprotein-DNA
complex that can be detected using DNase I footprinting.
This is the first characterization of a preferred DNA
binding site of a predominantly architecture-specific
chromosomal protein.

Fig. 6. Gel mobility shift experiment of HMG-D with platinated and
unplatinated DNA. (A) Image of the gel showing a concentration
course of HMG-D. The complexes are marked with arrows and the
protein concentrations indicated. (B) A reciprocal plot illustrates the
different affinities of the DNA fragments for HMG-D. The value of
the x intercept gives an affinity measurement of -250 nM for the
platinated DNA (0) and at least 650 nM for the unplatinated DNA
(0). v = fraction of DNA bound.

Implications of 'TG' sites in DNA recognition
The TG dinucleotide step identified in our study is also
found in the DNA binding sites of all well-characterized
sequence-specific HMG domain proteins (Alexander-
Bridges et al., 1992; Landsman and Bustin, 1993), usually
within the sequence TTG (Table II). The extent of the
NMR footprint of HMG-D also agrees with the principal
contact regions of the sequence-specific HMG domain
proteins LEF-I (Giese et al., 1991), SRY (Nasrin et al.,
1991), TCF-l (van de Wetering and Clevers, 1992) and
MatMc (Dooijes et al., 1993), as defined by mutagenesis
and interference studies (Giese et al., 1991, 1992), except
that the sequence-specific binding sites, as defined by
footprinting, extend 2 bp further on the 3' side of the TTG
sequence. We therefore provide experimental evidence for
a role of TTG as a core recognition element for HMG
domain proteins, with the exception of UBF, where at
least one of the HMG domain binding regions in the
rRNA promoter lacks such a sequence (Landsman and
Bustin, 1993; Leblanc et al., 1993).
We have shown that HMG-D, in common with other

HMG domain proteins, facilitates the circularization of
linear DNA duplexes and thus bends DNA, consistent
with the recognition of a deformable DNA region. Our
data further suggest that HMG-D does not bind as well
to conformationally rigid sequences, as typified by poly-
(dA-dT) sequences. The pyrimidine-purine dinucleotide
steps TA and TG are both frequently found in deformable
regions of DNA (Travers, 1991) and both exhibit fast
rates of imino proton exchange in appropriate sequence

contexts (Cheung et al., 1984; Leroy et al., 1988;
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Folta-Stogniew and Russu, 1994). The TG step in particu-
lar is frequently found at the site of severe bending
induced by proteins (Travers and Klug, 1987; Travers,
1991); for example, binding of E.coli catabolite gene

activator protein (CAP) induces a bend of -90° in its
target DNA (Schultz et al., 1991), which results almost
completely from a 40° bend at each of two TG steps
10 bp apart. However, the conservation of the TG step in
the known HMG domain binding sites not only reflects a

requirement for deformability of the DNA, but also
suggests that some recognition feature of the TG dinucleo-
tide allows even the non-specific HMG domains to
discriminate between sites containing TG and TA steps.

Protein-DNA interactions
King and Weiss have shown that binding of SRY is, in
part, mediated by partial intercalation of an isoleucine
side chain at a TT base step within the sequence element
GATTG (King and Weiss, 1993). This isoleucine is situated
towards the N-terminus of helix 1 and corresponds to
residue Metl3 in HMG-D (Haaq et al., 1994). In the
NMR spectrum of the complex no signals are observed
from the ring protons of the neighboring residue Tyrl2.
This observation is consistent with the involvement of
Tyrl2 in binding DNA. The estimated dissociation constant
for the complex is -600 nM. If we assume that formation
of the complex is diffusion controlled, then we expect

0 2 5 7 1D 12 15 20

Fig. 7. Circularization rate experiment with HMG-D, Hoechst 33258
and HU. (A) A representative set of images of a time course ligation
experiment. The circular DNA migrates more slowly on the gel than
the linear monomer and duplexes, as indicated. Hoechst 33258,
HMG-D and HU at 10 lM and 50 and 75 nM respectively affect the
ligation rate of the tyrT DNA restriction fragment as seen by the
different amount of circular monomer after 20 min ligation. (B) A plot
of percent DNA circularized from each reaction as a function of time
for one representative experiment. The circularization rate for each
reaction is the slope of each of the lines representing the control (0),
HU (*), HMG-D (0) and Hoechst 33258 (A).

that the components of the complex will be exchanging
on the micro- to millisecond time scale. At protein-DNA
ratios where half the DNA is bound, the imino proton of
G8 is dramatically broadened and is shifted downfield by
-250-300 Hz. This is consistent with DNA exchanging
between free and bound forms on this time scale. Con-
sequently, exchange broadening of Tyrl2 may result from
the DNA exchanging on and off at this site. Other residues
in this region are not affected to the same extent. The
intensities of NOE connectivities from Trpl5 and Trp43,
which pack against Tyri 2 (Figure 8), are attenuated.
However, the intensities of connectivities from Trp52,
located on the opposite face to Tyrl2, are not significantly
affected, reinforcing the idea that Tyrl2 is intimately
involved in binding DNA.
The aromatic residue at position 12 of HMG-D is very

highly conserved in the equivalent position in nearly all
HMG domains. In the solution structure of HMG-D (Jones
et al., 1994) Metl3 lies parallel to Tyrl2 (Figure 8).
Therefore, by analogy with SRY, Meti 3 may interact with
the T6-T7 step of the DNA, whilst Tyrl2 may interact
with a neighboring base step, one of which is the conserved
T7-G8 step. This implies that the N-terminus of helix 1
recognizes a core element, TTG, of the binding site,
whereas sequence-specific recognition of the surrounding
DNA may be conferred by a distinct region of the domain
comprising the N-terminal residues (Berta et al., 1990;
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W52

Y12
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Fig. 8. Schematic representation of the main hydrophobic core of
HMG-D showing the relative conformations of the main residues
within this region. The diagram is based on the structure with the
smallest RMSD from the mean structure as determined by NMR.
spectroscopy (Jones et al., 1994).

Giese et al., 1991; Nasrin et al., 1991; Read et al., 1994).
The conserved aromatic residue at position 12 may interact
with the minor groove in different ways: for example, in
the complex of DNase I with DNA a tyrosine residue
makes van der Waals contacts with a sugar moiety,
inducing a widening of the minor groove and a bend of
-25° away from the protein (Suck et al., 1988). In contrast,
in the complex of the TATA binding protein (TBP) with
DNA, phenylalanine residues partially intercalate between
adjacent base pairs, inducing both a bend of .40° at each
site and an associated untwisting (Kim,C.Y. et al., 1993;
Kim,J.L. et al., 1993). These three minor groove binding
proteins, HMG-D, TBP and DNase I, have completely
different DNA binding motifs and distort DNA to differing
extents, yet all appear to use aromatic residues and bulky
hydrophobic residues to stabilize their interactions with
the minor groove of DNA.
The indole resonances of the tryptophan residues in the

main hydrophobic core each appear as two signals in slow
exchange on the NMR time scale and these signals arise
from two distinct conformations of the protein bound to
DNA. However, the exact nature and the contribution that
each makes to binding is not yet understood. In contrast,
the aromatic residues in the secondary hydrophobic core
are unaffected by binding DNA. However, mutational
analysis has shown that residues in the N-terminal strand
are important in binding DNA (Berta et al., 1990; Giese
et al., 1991; Nasrin et al., 1991; Read et al., 1995).
However, it is possible that the aromatic residues in the
secondary core are less sensitive to conformational changes
induced on binding DNA than the four closely packed
aromatic residues in the main hydrophobic core. Many
residues in the basic tail also exhibit conformational
changes on binding DNA. These changes are complex
and preclude further analysis at this stage. However, they
may be associated with either a transition to a more

ordered structure or interaction with the DNA. It is known
that removal of this tail reduces the affinity for DNA
(M.E.A.Churchill, unpublished data) and this reinforces
the idea that the tail may make direct contacts with
the DNA.

The architecture of HMG-D-DNA complexes
The binding of SRY to DNA (King and Weiss, 1993)
induces a bend at the 17 base step of the TTG element
which is located on the outer face of the DNA. In our
studies the (T)TG consensus sequence of the HMG domain
proteins is located towards the 3' end of the binding site.
If this sequence has the same rotational orientation in the
HMG-D-DNA complex as in the SRY-DNA complex,
then the DNase I protection pattern (Figure 5B) and the
NMR footprint (Figure 3) imply that in the region of
principal DNA contacts the protein tracks from the inside
(5') of the bend to the outside (3').
The DNase I 'footprints' of HMG-D on the ftz SAR

DNA reveal two binding sites located 19 bp apart which
each contain a single TG step oriented in the same
direction. Therefore, the relative helical repeat between
the two binding sites is 9.5 bp. A minimum estimate for
the intrinsic repeat of the DNA in the complex is 10.5 bp.
This difference between the intrinsic and relative repeats
implies that successively bound protein molecules could
be helically disposed relative to one another. Since the
binding of a single HMG domain at a single site is
sufficient to induce a bend in the DNA duplex (Ferrari
et al., 1992; Giese et al., 1992), we infer that binding of
HMG-D to an array of such sites may confer a superhelical
path on the duplex axis. In fact, the relative helical repeat
for HMG-D is close to the values of 8.5 and 9 bp reported
for the E.coli protein HU (Broyles and Pettijohn, 1986;
Bonnefoy and Rouviere-Yaniv, 1992). This correspond-
ence is fully consistent with the functional equivalence of
HU and proteins of the HMG1/2 class (Megraw and Chae,
1993; Paull et al., 1993).
The presence of a DNase I hypersensitive site midway

between the two TG sites indicates that the DNA in this
region is distorted from its normal structure and suggests
the existence of a bend at this position (Suck et al., 1988;
Lahm and Suck, 1991). However, in the absence of more
direct evidence, we cannot exclude other possibilities.
DNase I hypersensitivity is also observed between the
binding sites of individual boxes in the xUBF-rRNA-
promoter DNA complex (Leblanc et al., 1993). In the
xUBF-DNA complex the DNA forms a negative
supercoil, which suggests that the observed hyper-
sensitivity is a direct consequence of protein-induced
bending.

Previously it has been demonstrated that HMG domain
proteins bind preferentially to deformed DNA structures,
such as synthetic four-way junctions and cis-DDP-DNA
adducts. Although HMG-D, in common with similar
Chironomus proteins (Wisniewski and Schulze, 1994), has
no preference for four-way junctions, it does exhibits a 2-
to 3-fold preference for binding to cis-DDP-DNA adducts
over linear DNA. This preference is significantly less than
that reported for HMG-1. One difference between our
experiments and those of others is that the length of the
modified DNA used here is only sufficient to bind a single
molecule of HMG-D at the concentrations used, whereas
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other workers have used modified oligomers of up to 100
bp (e.g. Pil and Lippard, 1992), a length which would
allow multiple, and possibly cooperative, binding ofHMG-
1. cis-DPP adducts induce a kink of 32-34° in the DNA
and an associated untwisting of 130 (Bellon and Lippard,
1990; Bellon et al., 1991). However, HMG-D has a
substantially higher affinity (Kd = 7 nM) for a synthetic
DNA containing an enforced bend of -30° and
underwound by .30°, where the bend is distributed over
three base steps (S.A.Wolfe, A.E.Ferentz, V.Grantcharova,
M.E.A.Churchill and G.L.Verdine, submitted). Therefore,
for HMG-D the structure of DNA, rather than a specific
sequence, is the overriding factor in determining the
affinity for a binding site.
We have shown that HMG-D can bind underwound

DNA and with a particular arrangement of binding sites
may also stabilize a negative writhe. These properties are
characteristic of negatively supercoiled DNA. Indeed,
HMG-D, in common with other HMG domain proteins
and HU, can constrain negative supercoils both in vivo
and in vitro (S.S.Ner, unpublished data). By stabilizing
such structures, the protein could facilitate the wrapping
of DNA in higher order nucleoprotein complexes (Travers
et al., 1994), which would be consistent with the associa-
tion of HMG-D with condensed chromatin in the early
stages of Drosophila embryogenesis.

Materials and methods
Protein expression and purification
The gene for full-length HMG-D (112 amino acids) was sub-cloned into
pET13a. Use of this vector (Gerchman et al., 1994) was found to
improve expression levels. In addition, a construct of the gene encoding
the first 100 residues (HMG-D-100), from MetI to LyslOO inclusive,
was cloned between the NdeI and BamHI sites of pET I 3a using methods
described previously (Jones et al., 1994).

Expression and purification of HMG-D and HMG-D-100 were essen-
tially as described for HMG-D-74 (Jones et al., 1994), except that for
HMG-D-100, a SP Sepharose Fast Flow (Pharmacia) column was used
in place of Mono S (Pharmacia). For DNA binding experiments the
proteins were stored in buffer of 50 mM HEPES-Na, pH 8.0, 1 mM
EDTA, 50 mM NaCI, with added glycerol or bovine serum albumin
(BSA), depending on the method of storage required. The over-expressed
and purified proteins lack the N-terminal (initiator) methionine, as
determined by N-terminal sequence analysis.

Binding site selection
The binding site selection method of Pollock and Treisman was used to
obtain DNA sequences that bind preferentially to HMG-D (Pollock and
Treisman, 1990). A polyclonal antiserum against the HMG-D protein (a
gift from S.Ner) (Ner and Travers, 1994) was used to immunoprecipitate
complexes of HMG-D (-22 nM) with DNA fragments containing a
26 bp stretch of randomized DNA sequence flanked by fixed ends for
PCR priming and subsequent sub-cloning (Pollock and Treisman, 1990).
The immunoprecipitated material was then amplified using the poly-
merase chain reaction (PCR) and purified by polyacrylamide gel electro-
phoresis. An excess of poly(dI-dC) (1 gg/reaction) was used as a
competitor DNA in the binding reactions to compensate for the A/T
sequence preferences of the AK basic tail and to ensure selection of
preferred DNA fragments (Churchill and Travers, 1991). This process
was repeated three times and we noted that the amount of DNA
precipitated during each cycle increased steadily. After four cycles of
amplification, the selected fragments were electrophoresed in the presence
ofHMG-D on a 4% polyacrylamide gel (40:1 acrylamide:bis-acrylamide)
for 90 min at 150 V in 0.5x TBE (Tris-borate-EDTA); inserts that
retarded the mobility of the DNA were isolated, gel-purified using the
crush and soak procedure (Maxam and Gilbert, 1980), subcloned into
the BamHI-EcoRI site of a Bluescript SK- vector using standard
procedures (Sambrook et al., 1989) and sequenced using standard
methods. These sequences were of the form: CAGGTCAGTTCAGC-

GGATCCTGT-CG(N)22-27GA-GGCGAATTCAGTGCTGCAGC. We
note that CA and the TG sequences are already present in the insert and
are represented by bold or italic lettering respectively.

Competitive electrophoretic mobility shift assays
The probe DNA for band shift/competitive electrophoretic mobility shift
assays (EMSA) contains the region 400-455 of the Drosophila fushi
tarazu (ftz) upstream element/scaffold-associated region (USE/SAR)
(Harrison and Travers, 1988; Amati et al., 1990). Plasmid pl9Sall2,
which contains this fragment, was constructed by sub-cloning a 62 bp
Sail restriction fragment from pBSSNP12 (a gift of S.Ner; containing a
tandem repeat of the 62 bp sequence to which Sall linkers had been
added before being subcloned into the Sail site of a Bluescript vector)
into the Sall site of pUCl9 using standard subcloning protocols. The 62
and 92 bp fragments were excised from the pl9Sal12 plasmid using
Sall and BamHIVHindIII digests respectively. These fragments were then
labeled at the 5' end using [,y-32P]ATP (3000 Ci/mmol; Amersham) and
T4 polynucleotide kinase. Competition oligonucleotides were synthesized
and purified using standard methods. The oligonucleotide duplexes were
then annealed at a 1:1 ratio and further purified from single-stranded
DNA, unless noted otherwise.

Reactions, for band shift competition assays to determine HMG-D
sequence preferences, of 10 gl contained: -1.5 fmol labeled 92 bp DNA
fragment (BamHlVHindIII cut from pl9Sall2), binding buffer (20 mM
HEPES, 50 mM KCl, 2 mM MgCI2) with 100 gg/ml BSA, 2 ng
poly(dG-dC) and 'sequence' competitor DNA at [200 nM]f. To this
reaction was added HMG-D (diluted in 50 mM HEPES, 0.1 M KCI,
1 mM EDTA, 100 ,ug/ml BSA, 50% glycerol, pH 7.5) to give a series
of final concentrations of 50, 100, 150, 200 and 250 nM and incubated
with the DNA at 220C for 30 min. The reactions were loaded onto a

6% native polyacrylamide gel (30:1 acrylamide:bis-acrylamide) and
electrophoresed for 1-2 h at 150 V in 0.33X TBE. The gel was dried
for 30 min and exposed to X-ray film.
The competition experiments to determine the minimal length of the

HMG-D binding site were performed in 5 1g reactions that contained
the following: -1 fmol labeled 62 bp DNA fragment (Sall cut from
pl9Sa1l2), because HMG-D affinity for this fragment was lower than
the 92 bp probe (100-200 nM; data not shown), 100 gg/ml BSA, 10 ng
poly(dG-dC), [1 gM]f of 'length' competitor DNA in binding buffer.
The HMG-D (diluted as above) was added to give 100, 200, 300, 400
and 500 nM final concentrations, which were incubated with the DNA
at 22°C for 30 min. The band shift assays and electrophoresis were

carried out as described above.
In order to determine the fraction of DNA bound, the gels were

exposed to a phosphorimaging screen for between 10 and 24 h and
subsequently scanned using the Molecular Dynamics phosphorimaging
system. The Molecular Dynamics ImageQuant program was used to
read the images and integrate the exposure intensity for each of the
bands of interest. These data were then transferred to an Excel (Microsoft)
spreadsheet and then to the data analysis and graphing program
Kaleidagraph (Abelbeck Software), where the bound and free fractions
were calculated and plotted for each competitor DNA at each protein
concentration.

Preparation of NMR samples
The single-stranded oligonucleotide components of TG 16B were synthe-
sized, purified and quantitated using standard methods. The strands were

annealed at a 1: 1 molar ratio at 1 mM concentration in 50 mM Tris- HC1,
pH 7.9, 1 mM EDTA by heating at 80°C for 5 min, then at 67°C for 30
min, followed by slow cooling to room temperature. The duplex DNA
was dialyzed at 4°C against 20 mM NaPO4, pH 5.0, 0.02% NaN3. NMR
samples, with a molar ratio of DNA:protein of 1.0:0.8, were prepared
by mixing together 1.0 ml of 0.55 mM TG16B in buffer (20mM NaPO4,
pH 5.0, 0.02% NaN3) with 1.0 ml of 0.69 mM ['5N]HMG-100-D in the
same buffer, allowing the mixture to stand for 30 min at room temperature
before concentration to 500 gl using a Centricon 3 microconcentrator.
D20 was added to 10% (v/v).

NMR measurements
NMR spectra were recorded on a Bruker AMX500 or a Bruker DMX600
spectrometer equipped with a 5 mm triple resonance ('H/15N/'3C) probe.
All spectra were acquired in phase sensitive mode and frequency
discrimination in the Fl dimension was achieved using time-proportional
phase incrementation (Bodenhausen et al., 1980; Marion and Wuthrich,
1983). Chemical shifts are quoted at 20°C unless otherwise stated. 'H
chemical shifts are given relative to internal sodium 2,2,3,3-[2H4]-3-
trimethylsilylpropionate. Solvent suppression in NOESY spectra recorded
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in H20 was achieved by using a jump-return sequence for the final pulse
(Plateau and Gueron, 1982). In all other spectra, suppression of the
residual HDO signal was achieved by on resonance phase-coherent
presaturation (Zuiderweg et al., 1986).

For DQF-COSY, NOESY and TOCSY spectra of protein in H20
solutions 2048 (complex) X512 (real) data points were acquired in the
time domain with 64 transients per t1 increment over a spectral width
of 8064 Hz in both dimensions. A spectral width of 5000 Hz in both
Fl and F2 was used for spectra acquired using D20 solutions. Z-Filtered
TOCSY spectra (Rance, 1987; Nakaseko et al., 1992) were acquired
with mixing times ranging from 42 to 60 ms using the DIPSI-2 mixing
sequence (Shaka et al., 1988).
HSQC spectra (Bodenhausen and Ruben, 1980) were acquired with

2048 (complex) XS512 (real) time domain data points and 64 transients
per t1 increment. The spectral widths were 8064 Hz and 2000 Hz in F2
and Fl respectively. 1 N decoupling during acquisition was achieved
using GARP (Shaka et al., 1985) with a decoupler field strength of yB2/
2s = 1.4 kHz.

DNase I protection assay
The DNase I protection pattern of HMG-D on the ftz SAR sequence
was obtained using the plasmid pBSSNP12 (a gift of S.Ner) which
contains a tandem repeat of the ftz SAR Sail fragment described above.
The plasmid was restricted using HindIfl and end-labeled either on the
5' end (bottom strand) or 3' end (top strand) using the phosphatase/
kinase reaction described above or by end-filling using radioactive
[a-32P]dATP (3000 Ci/mmol) and reverse transcriptase (Sambrook et al.,
1989). A 157 bp fragment of this DNA was separated from the plasmid
by subsequent cleavage using Aval and gel purification from an 8%
native polyacrylamide gel (20:1 acrylamide:bis-acrylamide, IX TBE, 90
min at 150 V).
The footprinting reactions were composed of -15 fmol labeled 157 bp

DNA fragment, binding buffer (20 mM HEPES, 50 mM KCI, 2 mM
MgCl2), 100 ,ug/ml BSA, 10 ng poly(dG-dC), and HMG-D (diluted as
above) at either 0, 100 or 500 nM final concentration and were allowed
to incubate at 22°C for 15 min. To the reaction vial without HMG-D,
0.4 U DNase I was added and the reaction was quenched after 2 min
by adding EDTA to a concentration of 20 mM. The reaction vials
containing HMG-D were incubated for 3 min with 0.8 U DNase I
before quenching. The reactions were loaded directly onto a 6% native
polyacrylamide gel (30:1 acrylamide:bis-acrylamide) and electrophoresed
for 2 h at 150 V in 0.33X TBE. The gel was exposed to film and the
shifted DNA was excised and purified by electro-elution and concentra-
tion, followed by phenol extraction, ether extraction and ethanol precipita-
tion. The DNA cleavage products were redissolved in loading buffer
containing 90% formamide, 0.1 M NaOH, 1 mM EDTA, 1% each
bromophenol blue (BPB) and xylene cyanol (XC) dyes, heated to 90°C for
1 min and loaded onto a DNA sequencing gel (7% 20:1 acrylamide:bis-
acrylamide, denaturing, 8 M urea) and electrophoresed for 2.5 h at 25 W
in 1X TBE. The gel was dried for 30 min and exposed to X-ray film.

Autoradiographs were scanned using a custom built densitometer
which produced digitized images of the gel (Churchill and Suzuki,
1989). Accurate peak integrals were obtained by analysis of the peak
profiles from 1-dimensional scans of the image, using matrix decomposi-
tion and simple integration methods implemented in the GELTRAK
program (Churchill et al., 1990; Smith and Thomas, 1990). The data
were transferred to a spreadsheet where the Kaleidagraph program
(Abelbeck) was used to perform the log probability subtraction analysis
(Lutter, 1978) and to represent the data graphically (Churchill and
Suzuki, 1989).

HMG-D-cis-DDP-DNA binding assays
The single-stranded (ss) DNA, cis-DDP-modified DNA, unplatinated
and complementary ssDNA were a gift from Dr Rafael Giraldo. The
sequence 5'-TCTACACCTGGTCACCTCTC-3' (20 bp) had either been
untreated or treated with cis-DDP to form an adduct at the guanine
positions in boldface (Bruhn et al., 1992). Ten picomoles each of the ss
cis-DDP-DNA and unplatinated DNA were separately radiolabeled at
the 5' end as described above and purified by phenol extraction,
ether extraction and a final SEP-PAK (Waters) purification. The cis-
DDP-DNA and unplatinated DNA in TE buffer (10 mM Tris, 1 mM
EDTA, 100 mM NaCl, pH 8.0) were each annealed with 10 pmol of the
unlabeled complementary strand oligonucleotide by heating to 90°C for
1minand allowing the duplexes to cool slowly (note that there may be

an excess of unlabeled ss DNA in these samples, but it will be the same
amount for both the unplatinated and the platinated samples).
The 10 ,ulreactions contained labeled DNA of -1 nM concentration

in binding buffer (20 mM HEPES, 50 mM KCl, 2 mM MgCl2, 100 sg/ml
BSA) to which HMG-D (in dilution buffer, as above) was added to give
final protein concentrations of 0, 25, 50, 100, 250, 500, 750, 1250, 2000
and 10 000 nM. The samples were incubated at 0°C for 15 min to allow
the binding reaction to reach equilibrium and loaded onto an 8% (30:1)
polyacrylamide gel and electrophoresed in 33X TBE buffer at 125 V
and 4°C for 2 h. The gel was dried and quantitated as described above.
The intrinsic affinity ofHMG-D for a single site on DNA, the dissociation
constant (Kd), can be calculated using the equation: Kd = ([Df][Pf])/
[DP], where [Pf] = [HMG-Df,=], [Df] = [DNAf,re], and [DP] =
[(DNA-HMG-D)bound]. Therefore if [Df] = [DP] and [PTotal] >>
[Df], then [PTotai Pfee] and Kd [PTotal]. If these conditions are met
(which happens at 50% saturation or the mid-point of the saturation
binding curve), then the affinity of HMG-D for the DNA is approximated
by [HMG-DTotal].

Determination of circularization rate
The 169 bp tyrT DNA fragment was excised from the plasmid pA98,
derived from pA98 (Drew and Travers, 1985), using EcoRI; it was 5'
end-labeled with [y-32P]ATP and gel-purified using methods described
above. An equal amount, < 1 fmol, of radiolabeled tyrT DNA was added
to each of four reaction vials containing binding buffer (20 mM HEPES,
50 mM KCl, 2 mM MgCl2), 10 mM ATP, 1 mM dithiothreitol, 1 mM
EDTA and 100 gg/ml BSA and allowed to equilibrate for 10 min with
either water (as a control), HMG-D (75 nM final concentration), HU
(50 nM final concentration) or Hoescht 33258 (1 jM final concentration).
T4 DNA ligase (10 U/ml) was added to each reaction vial and incubated
at 22°C. Aliquots from each reaction that were removed at time intervals
of 0, 2, 5, 7, 10, 12, 15 and 20 min were quenched using phenol
extraction to halt the ligase reaction instantaneously. The DNA was
extracted with ether, ethanol precipitated, dried and redissolved in gel
loading buffer (50% glycerol, 1% XC, 1% BPB, 1% binding buffer) and
loaded onto a 6% (20:1, Ix TBE buffer) polyacrylamide gel. After
electrophoresis at 125 V at room temperature for 2 h, the gel was dried
and exposed to X-ray film. Control experiments (Drew and Travers,
1985) were performed to verify the position of the monomer circle on
the gel (data not shown). To quantitate the amount of circular and linear
DNA in each reaction, the gel was exposed to a phosphorimaging screen
and quantitated using the Molecular Dynamics phosphorimaging system
and other programs as described above.
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