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ABSTRACT Non-histone chromosomal
proteins are an important part of nuclear struc-
ture and function due to their ability to inter-
act with DNA to form and modulate chromatin
structure and regulate gene expression. How-
ever, the understanding of the function of chro-
mosomal proteins at the molecular level has
been hampered by the lack of structures of
chromosomal protein–DNAcomplexes. We have
carried out a molecular dynamics modeling
study to provide insight into the mode of DNA
binding to the chromosomal HMG-domain pro-
tein, HMG-D. Three models of a complex of
HMG-D bound to DNA were derived through
docking the protein to two different DNA frag-
ments of known structure. Molecular dynam-
ics simulations of the complexes provided data
indicating the most favorable model. This
model was further refined by molecular dynam-
ics simulation and extensively analyzed. The
structure of the corresponding HMG-D-DNA
complex exhibits many features seen in the
NMR structures of the sequence-specific HMG-
domain-DNA complexes, lymphoid enhancer
factor 1 (LEF-1) and testis determining factor
(SRY). The model reveals differences from these
known structures that suggest how chromo-
somal proteins bind to many different DNA
sequences with comparable affinity. Proteins
30:113–135, 1998. r 1998 Wiley-Liss, Inc.
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INTRODUCTION

Chromatin structure and gene regulation are or-
chestrated by numerous macromolecular interac-
tions between proteins and nucleic acids that form
different types of complexes. The best understood of

these protein-DNA interactions is the binding of the
sequence-specific transcription factors to their cog-
nate DNA sites.1–3 In contrast, the DNA-binding
properties of abundant chromosomal proteins are
rather poorly understood.4 Chromosomal proteins
are essential for cellular regulation. They bind to
DNA in a relatively sequence-independent manner,
although they may have slight preferences for some
sequences because of sequence-dependent structural
and dynamic properties.3,5,6 Such nonsequence-
specificity makes the structural studies of chromo-
somal proteins technically more challenging than
those of their sequence-specific counterparts.6,7

Several groups of homologous chromosomal pro-
teins called High Mobility Group (HMG) proteins
take part in general modulation of chromatin struc-
ture and gene activity (reviewed in ref. 8). Of these,
the HMG1 chromosomal proteins are typified by
vertebrate HMG1, its close relative, HMG2, HMG-D
of Drosophila melanogaster, and NHP6 of Saccharo-
myces cerevisiae.8–13 These are abundant proteins
with still somewhat poorly defined functions.8 They
bend DNA upon binding and stabilize bent and
supercoiled DNA structures and thus may facilitate
the formation of higher order nucleoprotein com-
plexes, DNA packaging, or interactions with other
proteins in chromatin.5,14,15 HMG-D is thought to
associate with a loosely condensed state of chroma-
tin during early Drosophila embryogenesis.12 Recent
studies suggest that HMG1 may interact with tran-
scription factors and possibly also nucleosomes16
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with functional consequences ranging from repressive17

to targeted positive effects on gene expression.18

The chromosomal HMG proteins belong to a larger
family of HMG-domain-containing proteins.10,13,19

This protein family also includes several well-
characterized sequence-specific transcription fac-
tors, such as the sex-reversal transcription factor
SRY,20 T-lymphocyte enhancer factor,21 and others
(reviewed in ref. 13). Despite utilizing the same
DNA-binding domain (known as the HMG-box), the
two protein subfamilies have different specificities
for preferred DNA sites, approximately 2–5-fold for
the chromosomal proteins6,22 compared to approxi-
mately 50-fold for the transcription factors.21,23 The
chromosomal proteins are much more abundant in
the cell than the HMG-box containing transcription
factors and characteristic amino acid differences in
the HMG-box can be used to distinguish between the
two subclasses of HMG-box domains.13 Both subfami-
lies possess ‘‘architecture specificity,’’15,19 that is, an
increased affinity for distorted DNA structures such
as synthetic Holliday junction models24 or DNA
duplexes pre-bent either by circularization,5 cisplatin-
DNA adducts,6,25,26 or interstrand disulfide cross-

links.27 All of the HMG proteins bend DNA upon
binding with a range of bend angles from 70° to
130° 5,24,28,29 and the preference for pre-bent DNA is
thought to arise from a reduced energetic penalty for
this bending.23,27

The DNA binding domain of the proteins, the
HMG-box, defines the homology of the group.9,13 The
HMG-box homology and structural domain consists
of approximately 75 amino acids. The structures of
several HMG-box domains have been determined by
NMR methods.7,30–33 The domain has an L-shaped
fold of three a-helices which are held together by two
hydrophobic cores, as illustrated in the model of
HMG-D32 in Figure 1a. The primary hydrophobic
core (D) lies within the short wing of the ‘‘L’’ and at
the junction between the two wings; the secondary
hydrophobic core (E) lies within the long wing of the
protein. The angle between the two wings is approxi-
mately 80°.30–32

Recent solution structures of two sequence-specific
HMG-box proteins, SRY and lymphoid enhancer
factor 1 (LEF-1), in complex with DNA,34,35 confirm
earlier observations that HMG-boxes bind to the
minor groove of DNA at the outside of the DNA

Fig. 1. The HMG-domain of HMG-D. (a) Solution structure of
HMG-D obtained by NMR.32 Letters A, B, C refer to a-helices I, II,
and III; D, E refer to hydrophobic cores 1 and 2; F indicates the
concave face of the HMG-box. The diagram was prepared using

the program VMD.57 (b) The electrostatic potential on the surface
of the HMG-box, computed by GRASP;67 black color indicates
positively charged and light shading shows negatively charged
regions. The arrow points to the location of Met13.
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bend.27,36,37 These structures provide valuable de-
tailed insights into the interface of the proteins
complexed with DNA,38 revealing extensive hydro-
phobic interactions mediated by a ridge of aliphatic
and aromatic residues contributing substantially to
binding. Further, specific hydrogen bonds between
the protein and particular DNA sequences can
account for the specificity of this subfamily of
HMG-boxes. However, these structures do not fully
explain how the chromosomal proteins may form a
complex with DNAin a nonsequence-specific fashion.

The HMG-box proteins are an ideal target for the
study of chromosomal protein–DNA binding by mod-
eling techniques, because of the opportunity they
provide to predict a novel protein–DNA complex
structure using the knowledge of structural and
DNA binding properties of related sequence-specific
proteins. In particular, the prediction may be
achieved by docking the protein to DNA, guided by
all available experimental data, then adjusting the
resulting model in a series of molecular dynamics
(MD) runs. Molecular dynamics is a classical power-
ful tool in theoretical biology39–41 that has been
previously applied to study the protein–DNA con-
tacts in the structures of lac repressor headpiece-
operator complex42 and of nuclear hormone receptor–
DNA complexes.43–47 Additionally, the role of water
in protein–DNA interactions43,47,48 and the conse-
quences of the modifications of experimental protein–
DNA complex structures45–47 have been recently
studied using MD. The methodology developed in
these investigations has created a good foundation
for the application of MD in structure prediction
studies.49 However, modeling of protein–DNA com-
plexes is extremely demanding due to a need to
include a large bath of water and ions in the simula-
tions. The required large-scale simulations have been
carried out so far only in the systems with known
structures, but not in the context of structure prediction.

Here, we try to predict the structure of the com-
plex of the HMG-box of HMG-D with DNA. Three
trial structures of the protein-DNA complex were
generated through docking and were subjected to
160 ps of free MD simulations within an environ-
ment of water and sodium ions (involving altogether
18,000 atoms). An analysis of the simulations re-
vealed that one of the trial models was superior to
the other two. This best model was subjected to a
second, 60-ps long, MD simulation, which generated
data for the structural analysis. A family of 60
snapshots from the second MD run constituted our
prediction of the HMG-D-DNA complex structure.
Comparison of the HMG-D-DNA model with the
known models of SRY-DNA and LEF-1-DNA com-
plexes, and inspection of the protein–DNA interface
revealed many common details and also several
features that may explain the difference in specificity
between the two subfamilies of HMG-domain proteins.

MATERIALS AND METHODS
Initial Docking

The program ‘‘Quanta’’50 was employed to dock the
protein to the DNA. For the docking, we used an
NMR-determined HMG-D protein structure by Jones
et al.,32 PDB entry 1HMA. Two DNA structures used
were 1) an NMR structure of 12 bp DNA segment
pre-bent by an interstrand disulfide cross-link27 (the
coordinates for this DNA model were kindly provided
by Drs. Scot Wolfe and Greg Verdine), and 2) the
DNA from the complex with the TATA-binding pro-
tein (TBP) reported by Kim et al.,51 PDB entry 1YTB.
The latter DNA is a 29-nucleotide hairpin from
which a 12 base pair double helical region lacking 3’
and 5’ phosphates was extracted for the modeling.
The sequences of the DNA fragments are CGC-
GAATTCGCG and GTATATAAAACG, respectively.

The concave surface of HMG-D was docked to the
minor groove of the DNA. The putative intercalating
Met13 was located as close as possible to the space
between the 6th and 7th base pairs of the DNA. This
is the site of the main kink in the structure of the
cross-linked DNA and the site between the two
intercalations of TBP, the third TA base step in the
‘‘TATA’’ DNA. We avoided as many steric clashes
between the protein and DNA atoms as possible. A
few clashes were neglected if it appeared that they
could be eliminated by a minor change of an amino
acid side-chain conformation, e.g., by a rotation
around a C–C bond. When necessary, these changes
were introduced manually. A short minimization
procedure (50 to 100 steps of the Powell method)
followed the docking. The resulting structures were
used for further molecular dynamics simulations.

Solvation

The MD simulations of the protein–DNA com-
plexes were carried out in an environment consisting
of the solvent molecules (TIP3 water model) and
sodium ions. A sphere of water molecules was cen-
tered at the center of mass of the complex at the
beginning of the simulation. The radius of the sphere
was 35 Å, which covers most of the complex by at
least two layers of water molecules. To counterbal-
ance the increase of the water density/pressure in
the sphere due to surface tension, the oxygen atoms
of the outer (3.2 Å thick) layer of the water were
harmonically constrained to their initial positions.
The spring constant was chosen such that the aver-
age displacement of the constrained water molecules
from their initial positions would be the order of 1 Å.

Each model system contained the DNA carrying a
charge of -22 units, and the protein with a charge of
of 14 units. Eighteen counterions were employed to
maintain electrical neutrality and to approximate a
solvent environment. The solvent environment
around the fixed protein–DNA complex was con-
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structed in three steps: 1) pure water was equili-
brated for 15 ps; 2) 18 water molecules with largest
electrostatic energy of the oxygen atoms were re-
placed by sodium ions—no two ions were positioned
closer than 9 Å from each other, to allow each ion to
have at least a single solvation shell; and 3) the
water and the ions were equilibrated for 25 ps. Using
the solvent was necessary to avoid possible simula-
tion artifacts, but it significantly increased the size
of the system to approximately 18,000 atoms, thus
reducing the affordable simulation time.

Equilibration and MD Simulations

After the environment was built, the constraints
on the protein-DNA complexes were released and the
completed systems were equilibrated. In the initial
stage of the equilibration, the protein and DNA
heavy atoms were harmonically constrained to their
initial positions. The temperature was controlled by
coupling to a 300K heat bath using the Berendsen
method.52 During ten steps of 1 ps dynamics, the
harmonic constraints were gradually turned off. The
second stage of equilibration consisted of five steps of
1 ps, during which the temperature coupling was
also turned off. As a test, 5 ps of constraint-free
dynamics was carried out. In all of the trial struc-
tures the temperature of the system remained steady
at 300K during the test stage, proving the successful
equilibration of the systems.

The equilibrated systems were simulated for up to
160 ps total time (equilibration included) without
any temperature control or harmonic restraints (ex-
cept for the outer water layer). One system was
selected from the three trials (see Results), and for
this system a second MD simulation of 60 ps was
carried out. Snapshots from the MD trajectories
were taken every picosecond.

The program X-PLOR53 was used to carry out all
the simulations. The interactions within the system
were defined by the Charmm2254,55 force field. Van
der Waals and Coulomb interactions between non-
bonded atoms were computed within a cutoff dis-
tance of 11.35 Å, at which a local energy minimum is
achieved (data not shown). At the cutoff boundary,
the interactions were turned off smoothly by apply-
ing a switching function starting from 8.5 Å. Since
the solvent was explicitly included in our simula-
tions, the dielectric constant was set to 1.

Analysis of the Simulations

Two-dimensional root-mean-square deviation
(r.m.s.d.) maps, similar to those developed by Bever-
idge et al.40, were used to analyze the structural
stability of the three protein–DNA complexes during
the MD runs. Each cell of the map with coordinates
(i,j) contains the r.m.s.d. between the i-th and j-th
MD snapshots.

During the dynamics, various parameters were
monitored using the library of X-PLOR scripts that
process data extracted from the MD trajectories. The
software package ‘‘MDToolchest’’56 was also used. To
characterize the DNA unwinding, we used the differ-
ence between the average twist per helical step and
the canonical twist of B-form DNA: 34.6° 2 Twist/
Nsteps . The DNA bend was defined as the angle
between the vectors normal to the planes of the
lateral base pairs of a DNA segment. If the planarity
of a lateral base pair was not well maintained during
the simulation, the adjacent base pair was used
instead. Intercalation events were visually revealed
by monitoring the simulation process using the
program VMD57 and characterized by the roll angle
between the disturbed base pairs and the depth of
intercalation. The latter was defined as the average
distance between the carbon atom of an inserted
methyl group and the geometric centers of the dis-
turbed nucleotide bases.

More extensive analysis was performed on the
chosen (see Results for selection criteria) model of
the HMG-D-DNA complex. The data for the analysis
were collected during the final (60 ps) round of MD
simulations. Most parameters are averaged over the
second MD round. Where the dynamics of a param-
eter is of interest, we present the complete time
course. The analyzed properties of the complex in-
cluded angles between a-helices, hydrophobic core
sizes (gyration radii), the surface area of the protein–
DNA contact region, and the hydrogen bonds be-
tween the protein and the DNA. A hydrogen bond
was considered established when the donor–acceptor
distance was lower than 3.5 Å, and the donor–
hydrogen–acceptor angle was in the range 100°–
180°. To characterize the nonpolar (hydrophobic)
interactions, the protein–DNA contact surface was
computed as the difference between the accessible
surface area of the protein alone and in complex with
the DNA. The accessible area was computed using
the algorithm by Lee and Richards58 implemented in
the X-PLOR package. The probe radius for the
surface construction was set to 1.7 Å.

We compared the HMG-D-DNA complex model to
the structures of the SRY-DNA and LEF-1-DNA
complexes determined by NMR. Coordinates for SRY
(current PDB entry 1HRY) were kindly provided to
us by Dr. Marius Clore,35 and those for LEF-1 were
obtained from the PDB (entry 1LEF). Superposition
and values of r.m.s.d. between the complexes were
computed for sets of common atoms of protein or
DNA backbone. Thus, residues 3–46 and 49–73 of
the HMG-box were used and the HMG-D and LEF-1
residues that are absent in the SRY structure as well
as the loop of variable length between a-helices II
and III were excluded from the calculations. The 12
bp-DNA complexed with HMG-D best overlaps with
base pairs 4–15 of the 15 bp-DNA from the LEF-1-
DNA complex and was compared to that DNA frag-
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ment. The 8 bp-DNA complexed with SRY was
compared to base pairs 1–8 of the DNA from the
HMG-D-DNA model and, correspondingly, to base
pairs 4–11 of the DNA complexed with LEF-1.

After the structures were overlapped as described
above, the following protein regions were compared:
short wing—residues 11–50, long wing—residues
3–10 and 51–73, N-terminal stretch—residues 3–9,
a-helix I—residues 10–26, a-helix II—residues 31–
44, a-helix III—residues 50–73, residues at the
HMG-box-DNA interface (DBI)—4–24 and 31–37.
DNAbases 4–10 (HMG-D-DNAcomplex) were consid-
ered to be the protein binding site (PBS). The r.m.s.d.
values were averaged over all (60) snapshots from
the second MD round as well as the complete fami-
lies of structures available from the PDB for LEF-1
(12 structures) and SRY (35 structures).

RESULTS
Docking and First Round of Molecular
Dynamics Simulations

Trial models of the complex between the HMG-box
of HMG-D and DNA were constructed using the
experimentally determined structures of HMG-D
and DNA fragments. The solution structure of the
HMG-box of HMG-D was chosen as the initial pro-
tein model with the assumption that HMG-D does
not significantly change its structure upon binding
to DNA. Since the structures of the SRY- and LEF-1-
DNA complexes had not been determined at that
time, two DNA fragments, that we expected to
resemble most closely the structure of a DNA com-
plexed with a minor groove binding protein, were
chosen for docking. One structure is the 12 base pair
segment of DNA pre-bent by an interstrand disulfide
cross-link.27 HMG-D binds particularly well to such
a cross-linked DNA site,27 suggesting that this DNA
fragment may better approximate the DNA struc-
ture in the complex with HMG-D than straight
duplex DNA. The other structure, the DNA from the
complex with the TATA-box binding protein (TBP)
determined by X-ray crystallography,51 was chosen
because of the great similarity between the DNA
binding properties of TBP and those of the HMG-box
proteins. TBP binds to the minor groove on the
outside of a severely bent (by approximately 90°)
DNA fragment and has two amino acids with side
chains inserted between the DNA bases.51 The struc-
tures of the cross-linked and of the TATA-box DNA
have bending angles, unwinding angles, and minor
groove widths that are either larger or smaller than
those expected for DNA bound by HMG-D by analogy
with HMG1.5 Thus, it was anticipated that the DNA
geometry of the two fragments may converge to an
intermediate structure of DNA complexed with
HMG-D during the molecular dynamics simulations.

The following considerations guided the docking of
the protein to the DNA. The HMG-box of HMG-D is
positively charged (14 total charge), and the concave

face of the ‘‘L’’-shaped domain (Fig. 1b) provides a
favorable binding surface for negatively charged
DNA. In NMR experiments on the SRY-DNA com-
plex, King and Weiss suggested that an isoleucine
side chain partially intercalates into the DNA minor
groove.37,59 The intercalation of this residue was
later confirmed by the structures of SRY and LEF-1
complexed with DNA.34-35 In HMG-D, the homolo-
gous residue is a methionine (Met13) which extends
from the concave face of the HMG-box. In fact,
oxidation of methionine 13 leads to a threefold
decrease in affinity of HMG-D for DNA.60 Conse-
quently, the concave surface of the protein was
docked to the minor groove surface of the DNA,
locating the Met13 near the DNA bases to allow the
residue to intercalate if the resulting structure would
favor it.

The three starting models of the HMG-box docked
to the different DNA fragments are shown in Figure
2. Two models of the HMG-D-DNA complex were
built using the disulfide cross-linked DNA struc-
ture.27 This DNA is less unwound and has a nar-
rower and more curved minor groove than the TATA-
box DNA. The HMG-box could not be aligned exactly
parallel to the minor groove on this DNA model
because the short wing of the protein clashed steri-
cally with the DNA. Hence, the protein was placed at
various angles to the groove. The two complexes
built with this DNA placed the long axis of the
HMG-box at an angle of approximately -30° and
170° from the direction of the minor groove (Figs.
2c,d). The two disulfide cross-linked DNA-HMG-box
complexes will be referred to as ‘‘CL-1’’ and ‘‘CL-2,’’
respectively. A third complex, shown in Figures 2a,b,
was built with a DNA model derived from the
TBP–DNA complex structure and will be referred to
as the ‘‘TATA’’ model. The DNA in this complex is
unwound, giving rise to a wide minor groove that can
accommodate the HMG-box nearly parallel to the
groove without any steric overlap, with Met13 extend-
ing to the site of putative intercalation.

We embedded the trial structures into the solvent
environment and simulated them for 160 ps. A gentle
equilibration protocol was used because the trial
structures of the protein–DNA complexes have vul-
nerable contacts, such as partial intercalation. The
atoms of the protein–DNA complexes were harmoni-
cally restrained to their initial positions at the
beginning of the simulation and the restraints were
slowly released during the equilibration stage. Brisk
motions of the atoms at the beginning of the equilibra-
tion were thus avoided so that favorable contacts at
the protein–DNA interface would not be damaged.
Had the system been released too quickly, it may
have been trapped in a metastable state far from
both the initial state and a satisfactory final state.
The gentle protocol allowed the protein and the DNA
to adjust slowly to the presence of each other, to
saturate smoothly the energy of all degrees of free-
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Fig. 2. Three models obtained by docking the HMG-box of
HMG-D to DNA. (a) Complex of the HMG-box with DNA. (b) A view
into the minor groove of the complex of the HMG-box with TATA
DNA. (c,d ) Complexes of the HMG-box with disulfide cross-linked

DNA (‘‘CL-1’’ and ‘‘CL-2,’’ respectively). Dashed lines are drawn
along the minor groove and the ‘‘dash-and-dotted’’ lines represent
the long axis of the protein (the axis of a-helix III).
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Fig. 3. 2D r.m.s.d. maps illustrating the dynamics of the trial
complexes. (a) ‘‘CL-1’’ model, 160 ps of MD. (b) ‘‘CL-2’’ model, 160
ps of MD. (c) ‘‘TATA’’ model, 220 ps of MD. R.m.s.d. values for all
atoms of the protein–DNA complex (column 1), non-hydrogen
atoms of the protein (column 2), and non-hydrogen atoms of the
DNA (column 3) were computed after superposition of all atoms of

the complex for each pair of snapshots during the simulation. The
dark triangular patterns of low r.m.s.d. values appeared during the
last stage of MD, indicating that stable conformational subfamilies
were achieved by the ‘‘CL-2’’ and ‘‘TATA’’ complexes. The diagonal
direction of the boundaries between the zones in the ‘‘CL-1’’ map
indicates that the ‘‘CL-1’’ model lacks stability.
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dom, and to start drifting to a favorable conforma-
tion of the complex.

Selection of the Best Trial Structure

The purpose of the first set of simulation runs was
to distinguish the best of the three trial structures on
the basis of structural changes that occurred during
the simulations. The simulations of the ‘‘CL-1,’’
‘‘CL-2,’’ and TATA models were compared consider-
ing three main criteria: Does the trial complex reach
a stable state by the end of the simulation (160 ps)?
Is the intercalation of Met13 conserved in the model?
Is a good geometry of the protein and DNA main-
tained in the model?

To estimate the stability of the complexes, we used
two-dimensional r.m.s.d. maps (Fig. 3). Each dot of
the map corresponds to an r.m.s.d. between two MD
snapshots. In the case where a structure stabilizes in
a particular conformational substate during any
stage of the dynamics, the map exhibits a triangular
pattern of low r.m.s.d. protruding from the main
diagonal of the map. In contrast, uniform strips
parallel to the diagonal imply the absence of stability
and continuous structural drift. The maps for the
‘‘CL-2’’ and ‘‘TATA’’ models display the triangular
stability patterns; the map for the ‘‘CL-1’’ displays
instability. The ‘‘CL-1’’ model evolved to a lower
r.m.s.d. from the initial structure (approximately 2.5

Fig. 4. Dynamics of the parameters describing Met13 partial
intercalation in the three trial protein-DNA complexes. (a,b) Aver-
age distance of the carbon of the penetrating methyl group to the
geometric centers of the disturbed nucleotide bases. (c,d ) Roll

angle between the planes of the disturbed (6th and 7th) base
pairs. The data demonstrate that the intercalation of Met13
survived only in the ‘‘TATA’’ model.
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Fig. 5. Evolution of the DNA geometry parameters in the three
trial protein-DNA complex structures. (a) DNA bend computed as
the angle between vectors normal to the plane of the lateral base
pairs. (b) The degree of DNA unwinding computed as the differ-
ence between the twist per base pair for B-form DNA (34.6°) and

the average twist per base pair in the trial structures. (c) The width
of the DNA minor groove (averaged over all base pairs). The lines
correspond to the best linear fit of the data and are presented
solely to emphasize the trends of the parameters exhibited in the
‘‘CL-1’’ and ‘‘CL-2’’ models.
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Å) than the other two complexes (approximately 3
Å), but the ‘‘CL-2’’ and the ‘‘TATA’’ models stabilized
by the end of the simulation. Although the latter two
trial complexes drifted further from the initial struc-
tures, they finally reached relatively stable conforma-
tions, whereas the ‘‘CL-1’’ complex continued to
experience structural changes. This is an argument
in favor of the ‘‘TATA’’ and ‘‘CL-2’’ models as better
candidates for the actual HMG-D-DNA complex.

The partial intercalation of Met13 was engineered
at the beginning of the simulation and the conserva-
tion of this intercalation during the 160 ps simula-
tion was considered to be a measure of the quality of
the models. The intercalation survived the first MD
round in only one of the three models, the ‘‘TATA’’
model. During the last 80 ps of dynamics, the
average distance from the putative intercalating
methyl groups to DNA bases was 5.9 6 0.5 Å for the
‘‘TATA’’ model, 7.2 6 0.5 Å for the ‘‘CL-1’’ model, and
6.5 6 0.4 Å for the ‘‘CL-2’’ model (Figs. 4a,b). A
substantial value of base pair roll at the putative
intercalation site was observed only in the ‘‘TATA’’
model (Figs. 4c,d). In the ‘‘CL-2’’ model, an intercala-
tion site developed during the first 20–30 ps of the
simulation, but then disappeared, and only at the
end of the MD run did a significant non-zero roll
angle emerge (Fig. 4d). The average value of the roll
angles for the last 80 ps of dynamics was 7.6° 6 4.9°
for the ‘‘CL-1,’’ 10.4° 6 5.8° for the ‘‘CL-2,’’ and
33.8° 6 6.9° for the ‘‘TATA’’ model. These data clearly
distinguish the ‘‘TATA’’ model from the other two.

The dynamics of the geometry of the DNA also
provided a useful tool to assess the quality of the
models. In all the three models, the DNA is strongly
bent and unwound and has a widened minor groove.
The dynamics of the corresponding parameters is
shown in Figure 5. In the ‘‘TATA’’ model, the bend
angle of the DNA stabilized at 75° 6 5° after an
initial spike (Fig. 5a). The average width of the
minor groove did not significantly change, oscillating
near the value of 10.4 6 0.2 Å. The DNA unwinding
angle increased at the beginning of the simulation
from 10° per base pair to 12° per base pair but then
decreased and finally stabilized during the last 40 ps
at 7.4° 6 0.7° per base pair. In the ‘‘CL-1’’ and ‘‘CL-2’’
models, the DNA bend and unwinding angles in-
creased toward the values achieved by the ‘‘TATA’’
model (Fig. 5). The DNA minor groove width in the
‘‘CL-2’’ model also converged toward that of the
‘‘TATA’’ model, having increased by 2 Å during the
simulation. In the ‘‘CL-1’’ complex, the groove width
was stable (7.9 6 0.3 Å).

Thus, the trial ‘‘TATA’’ complex of the HMG-box
with DNA stabilized by the end of the simulation
better than ‘‘CL-1’’ and as well as ‘‘CL-2.’’ The ‘‘TATA’’
model achieved better partial intercalation of Met13
than the other two models and developed a DNA
geometry toward which the DNA in the ‘‘CL-2’’ model
was converging. However, it would have required

considerable additional dynamics to reach the conver-
gence. These observations suggested that the ‘‘TATA’’
model is the best of the three trial complexes, and the
model was selected for further structural analysis.

‘‘TATA’’ Model of the HMG-box-DNA Complex

In order to collect data for the structural analysis
and to assess the stability of the ‘‘TATA’’ model, the
MD simulations with this complex were continued
for an additional 60 ps. The structure remained in a
stable conformational subfamily within a 1.5 Å
r.m.s.d. of all heavy atoms (Fig. 3). The average
r.m.s.d. of the subfamily from the initial docked
structure of the ‘‘TATA’’ model is 3.0 6 0.1 Å. A set of
the snapshots of the structure taken from the MD
trajectory every picosecond constitutes our predic-
tion of the HMG-box-DNA complex structure. A
representative snapshot is shown in Figure 6a.

The structural integrity of the protein is conserved
throughout the simulation without significant devia-
tions from normal geometry and stereochemistry or
large structural distortions. The average Ramachan-
dran map (Fig. 7b) reveals that only one residue has
f–c values in a disallowed region of the map. This
residue, Ser50, is located in a short loop between
helices II and III that appears to be extended in the
model. Other residues in this loop, Ala45, Met46,
Lys47, also occupy energetically slightly unfavorable
positions in the map. To ensure that destructive
unfolding was avoided, the integrity of the two
hydrophobic cores (D, E in Fig. 1a) was monitored by
assessing changes in their radii of gyration. The
dynamics of the radii show that the cores swell at
first but then stabilize. The primary hydrophobic
core (D) swells less than the secondary (E), exhibit-
ing only a 10% increment of the radius of gyration
(from 6.8 to 7.5 Å) compared to a 14% increment
(from 6.4 to 7.3 Å) for the secondary core. The larger
change of the secondary core correlates with struc-
tural changes seen in the C-terminus of the protein.

Fig. 6. Illustration of the predicted HMG-box-DNA complex. (a)
Stereo picture of a snapshot from the trajectory of the MD
simulation of the ‘‘TATA’’ model taken after 19 ps of MD in the final
round of simulations (i.e., at 179 ps after the beginning of the
simulation). The Ca trace of the protein backbone is shown as a
blue tube and side chains of all the residues are represented as
lines, connecting the heavy atoms. The positively charged, nega-
tively charged, polar, and nonpolar residues are colored blue, red,
green, and grey, respectively. The DNA is represented as a
transparent surface over the lines connecting the heavy atoms.
Two ribbons trace the phosphate groups of the DNA backbone.
For clarity, several protein side chains and DNA atoms have been
omitted. (b) Hydrophobic ridge of residues in the minor groove.
The side-chain atoms of the hydrophobic ridge residues are shown
as gray spheres of 1.4 van der Waals radii. For clarity, protein
residues, not forming the ridge, and terminal sections of DNA have
been omitted. (c) Site of Leu9 and Met13 partial intercalations. (d)
Site of Val32 partial intercalation. In (c) and (d), parts of the DNA
and some protein residues were removed from the diagram for
clarity. The figure has been produced using the program VMD.57
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Several adjustments in the protein resulted in a
structure well adapted to the DNA binding site. The
r.m.s.d. profile (Fig. 7a) reveals that the largest
structural changes occurred in: 1) the N-terminal

region, residues 2–21; 2) the C-terminus of helix III,
residues 59–74; 3) the loop between helices II and
III, residues 45–51. The overall r.m.s.d. from the
initial NMR structure is 2.2 6 0.1 Å for the backbone

Fig. 7. Structural parameters of the HMG-box in the complex
with DNA. (a) Per residue graph of the r.m.s.d. of the protein
backbone from the initial fold averaged over the last 60 ps of
dynamics for each residue. (b) Ramachandran plot of the average

f,c torsion angles. (c) Dynamics of the angle between two
a-helical segments of helix III. (d) Dynamics of the distance
between the centers of mass of a-helices I and II of the HMG-box.
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atoms and 2.6 6 0.1 Å for all heavy atoms of the
HMG-box.

In the N-terminal region, a bend of approximately
60° is observed in helix I. During the simulation, this
bend evolves into a sharp kink, although the angle
between two halves of the helix does not change
(63.8° 6 5.4°). The N-terminal half of helix I lies
across the DNA minor groove, and the residues
facing the DNA, Met13 and Asn17, protrude into the
minor groove and establish direct contacts with DNA
bases. The C-terminal half of the helix lies along the
DNA backbone and the three residues facing the
DNA, Ser18, Arg20, and Lys24, establish contacts
with the phosphodiester backbone. Arg20 also con-
tacts the DNA bases.

Helix III bends during the simulation, allowing
closer interactions between the C-terminal residues
and the DNA. The helix is already bent by 43° at
residue 62 in the HMG-D NMR structure.32 During
the first 80 ps of the dynamics, the angle between the
two parts of the helix increases, stabilizing at 65° 6 3°
(Fig. 7c).

Helices I and II move apart from each other, with a
corresponding increase in the distance between their
centers of mass of 1.5 Å (Fig. 7d). This movement
correlates with the swelling of the main hydrophobic
core mentioned above. The distal termini of a-helices
I and II swivel and extend the connecting loop,
permitting the protein to approach the DNA back-
bone more closely. The backbone appears to be
attracted to the protein by a cluster of three posi-
tively charged amino acids, Arg20, Lys24, and Lys31.
The N-terminus of helix III is drawn to the DNA
backbone by Arg44 and Lys49, whereas the C-ter-
minus of helix II moves outwards from the DNA.
These interactions result in an extension of the loop
formed by residues 45–51, connecting helices II and
III, which explains the unfavorable f–c angles ob-
served in this loop.

The r.m.s.d. of the DNA in the ‘‘TATA’’ model from
its initial structure is 2.2 6 0.1 Å for all heavy atoms.
The severe DNA bend in the direction of the major
groove decreases during the simulation from 80° to
71.6° 6 4.6° (Fig. 5). The stretch of DNA that
contacts the protein between the 3rd and the 10th
base pairs has the largest bend of 92.0° 6 3.7°.
Compared to classical B-form DNA, the DNA in the
final ‘‘TATA’’ model is unwound by 8.2° 6 0.7° per
base pair, which is less than the unwinding angle of
9.8° per base pair measured in the initial docked
model. The value of the bend is consistent with a
recent estimate of 72° from DNA circularization
assays (Churchill, unpublished data). The DNA mi-
nor groove is widened to accommodate the protein,
with an average groove width of 10.4 6 0.1 Å (Fig.
5c). The profiles of the minor groove width and sugar
pucker angles along the DNA are plotted in Figure 8.
The sugar pucker, defined by the torsion angle d,
decreases within the protein binding site, and alter-
nates from lower to higher values between the 9th

and 10th base pairs. The overall features of the
sugar pucker and minor groove width indicate that
the DNA adopts an A-form-like structure in the
protein-binding site, and a B-form-like structure in
the regions outside of the protein binding site.

Protein-DNA Interactions in the ‘‘TATA’’ Model

The contacts between the HMG-box and the DNA
in the ‘‘TATA’’ model can be categorized as follows:
first, positively charged and polar residues anchor
the protein to the DNA by establishing hydrogen
bonds and salt-bridges with the sugar-phosphate
backbone; second, polar and charged residues estab-
lish hydrogen bonds to the atoms of the nucleotide
bases; third, extensive hydrophobic interactions oc-
cur between the surface of the HMG-box and the
edges of the bases and sugar-phosphate backbone in
the DNA minor groove.

A summary of the hydrogen bonds and salt bridges
between HMG-D and DNA is presented in Table I
and Figures 9b,d. Seven positively charged residues
anchor the protein to the oxygen atoms of the DNA
phosphates. Four of these residues, Lys6, Arg7,
Arg20, and Lys37, are highly conserved within the
HMG family,13 whereas Lys24 is conserved only
among the chromosomal HMG-box proteins, and
residue 31 (Lys in HMG-D) is not conserved. Lys4
strongly interacts with the DNA by bridging the
phosphodiester groups of base pairs 4 and 5. Arg7
forms a salt bridge to the sugar-phosphate group
connecting Thy4 andAde5. The plane of the guanidin-
ium group of this arginine is parallel to the ribose
ring of Thy4. This salt bridge contributes an appre-
ciable energy to the overall HMG-box-DNA interac-
tion (Table I).

Several interactions pin the N-terminal of helix I
to the DNA. Ser10 and Tyr12 form direct hydrogen
bonds with the DNA backbone, and Ser18 forms a
water-mediated hydrogen bond with the DNA back-
bone. At the C-terminus, several residues initiate
water bridges toward the DNA backbone (Lys60,
Glu71) or nucleotide bases (Lys68). These bridges
involve one or two water molecules.

Three amino acid residues of HMG-D establish
direct hydrogen bonds to the DNA bases. The guani-
dinium group of Arg20 not only contacts the DNA
backbone through hydrogen bonds between theArg20
Ne, Nh1 atoms and Ade8 O84, but the Nh1 atom also
forms hydrogen bonds with the N3 atoms of Ade7 and
Ade8. The hydrogen bond between Asn17 Nd1 and
Thy6 O2 is buttressed by additional hydrogen bonds
which Arg20 Nh1 forms with Asn17 Od1 and Leu16 O,
adjacent to the asparagine. Thus, Arg20 and Asn17
form a DNA-binding ‘‘fork,’’ stabilizing their indi-
vidual contacts. At the C-terminus, Tyr63 emerges
from the kinked region of helix III and extends
toward the DNA; the phenolic hydroxyl alternately
participates in a direct or water-mediated hydrogen
bond to an acceptor atom provided by either Ade98 N3

or Thy108 O2.

125PREDICTION OF A COMPLEX BETWEEN HMG-D AND DNA



A common feature of various HMG-box domains is
an extensive ridge of hydrophobic amino acids that
fits into the minor groove of the DNA upon protein
binding.38 In HMG-D, this ridge is formed by Pro8,
Leu9, Tyr12, Met13, Val32, Val35, Ala36 (see Figs.
6b and 9e). The total surface area of HMG-D, which
is buried by the DNA in the ‘‘TATA’’ model, is
1210 6 24 Å2. During the dynamics, this buried
surface area decreases by approximately 4%. Figure
10a shows the contribution of individual residues to
the buried surface. In addition to the hydrophobic
residues just mentioned, several hydrocarbon chains
of positively charged amino acids also contribute to
this ridge (Lys4, Lys6, Arg7, Arg20, Lys31, Lys37,
and Lys60). Most of these residues are situated in
the N-terminal part of the protein, near the DNA
(Fig. 10a). However, there is also a contribution from
Lys60 and Tyr63 of a-helix III, which extend toward
the DNA minor groove and are protected by the DNA
in the final ‘‘TATA’’ model.

The hydrophobic interactions of HMG-boxes with
DNA also include partial side-chain intercalation
between the DNA bases. In the ‘‘TATA’’ model, three
events of partial intercalation are detected (Figs.
6c,d, 9b,e). The partial insertion of side chain Met13
between the 6th and 7th base pairs of the DNA was

set up while building the trial complexes. During the
simulation, another clear intercalation site devel-
oped for Leu9 between the 5th and 6th base pairs,
although at the opposite DNA strand. The intercala-
tion distance is 5.7 6 0.4 Å for Met13 Ce, 6.1 6 0.6 Å
for Leu9 Cd1, and 5.2 6 0.4 Å for Leu9 Cd2. The
average roll angle for the disturbed base pairs is
28.1° 6 5.3° for the 6th helical step (Met13) and
36.5° 6 7.8° for the 5th helical step (Leu9). The
values of the roll anticorrelate (Fig. 10b): the covari-
ance between them is equal to -0.35 for the last 60 ps
of MD, and -0.55 for the last 120 ps of MD, when
intercalation of Leu9 was established. It seems that
the DNA does not tolerate two well-established
partial intercalations at the same time and the
amino acids compete for the space to intercalate.
From visual inspection, Leu9 intercalation domi-
nates, whereas Met13 contributes to the roll angle at
the 6th base step by steric interaction between the
methyl group and the edge of Thy6, causing a
propeller twist in the 7th base pair.

A third partial intercalation site developed be-
tween the 100th to 150th picosecond of the simula-
tion for Val32 and persisted throughout the second
MD round. Val32, located at the N-terminus of helix
II, disturbs the stacking of the 8th and the 9th DNA
base pairs and has the largest buried surface area
among all the HMG-D residues (122 6 7 Å2). The
distance from Val32 Cg to the base pairs is 4.5 6 0.3
Å and the roll angle at the 8th helical step is 24.4° 6
5.0°.

Evaluation of the Model Structure in Light of
HMG-box-DNA NMR Studies

No structure of a chromosomal protein–DNA com-
plex is available for comparison to the modeled
HMG-D-DNA complex structure. However, there
have been two NMR studies focusing on chromo-
somal protein–DNAinteractions of HMG1 and HMG-
D6,7 and two NMR structures of sequence-specific
HMG-boxes bound to DNA, SRY and LEF-1.34,35

The region of HMG1 box A that interacts with
DNA has been defined using NMR spectroscopy.7 The
HMG1-box A-DNA complex is in fast exchange on the
NMR time scale; however, the chemical shifts of
many protein amide atoms change with addition of
DNA. The residues with the largest chemical shift
differences were mapped and provide a picture of
regions that may undergo the largest perturbations
on DNA binding. These are residues† 4, 5, 8, 9, 10,
17, 18, 23, 26, 32, 33, 38, 41, 44, 45, and 68. Of these
residues, the equivalent ones in the HMG-D-DNA
complex model, 4, 10, 17, 18, 44, and 68, are involved
in electrostatic interactions with the DNA, whereas

†The residue numbering of all HMG proteins discussed in
this paper has been changed to be consistent with that of
HMG-D. Sequences were aligned according to ref. 13.

Fig. 8. Structural parameters of the DNA in the complex. (a)
Minor groove width. (b) Sugar pucker (d angle) profile. Solid line
represents the noncoding, and dashed line, the coding DNA
strand. The parameters indicate that the DNA at the protein
binding site adopts a conformation close to that of A-form DNA.
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8, 9, and 32 are involved in hydrophobic interactions
with the DNA (Fig. 9c).

The contact residues for HMG1 nearly mimic the
residues for which there is an increased buried
surface area in the HMG-D-DNA model (Fig. 10a)
with three exceptions: 1) residues 38, 41, and 45 of
helix II do not make DNA contacts in the HMG-D-
DNA model; 2) vice versa, residues 35, 36, and 37 of
HMG1 do not exhibit a significant change in the
chemical shift; and 3) Ala13 does not exhibit a
significant chemical shift change, but would be ex-
pected to intercalate between DNA bases by analogy
with SRY and LEF-1.34,35 In HMG-D, modification of
the equivalent residue, Met13, decreases the DNA
binding affinity, providing further evidence for the
role of residue 13 in DNA binding, possibly by
intercalation.60 Interestingly, a large chemical shift
change occurs on DNAbinding for Met9 of HMG1,30,31

which is consistent with direct interaction with
DNA, possibly through intercalation; in our model of
the HMG-D-DNA complex, Leu9 and Met13 interca-
late in the DNA alternately.

Structural comparison of the ‘‘TATA’’ model to the
NMR structures of SRY-DNA35 and LEF-1-DNA34

complexes reveals closer similarity to the LEF-1-
DNA structure (Table II). The r.m.s.d. between the
TATA model and the NMR structures is 5.7 Å for the
SRY-DNA complex and 4.6 Å for the LEF-1-DNA

complex for all of the protein and DNA backbone
atoms, compared to the r.m.s.d. of 4.0 Å between the
LEF-1 and SRY complexes. The region of greatest
similarity is the short wing of the protein, for which
the protein backbone r.m.s.d. are 3.0 Å for SRY and
2.2 Å for LEF-1, and the r.m.s.d. between LEF-1 and
SRY is 2.9 Å. These and other r.m.s.d. values (Table
II) demonstrate that the ‘‘TATA’’ model differs from
the NMR structures to almost the same extent as the
NMR structures differ from each other.

A reorientation of the protein position on the DNA
occurs during the MD simulation. When the protein
backbones are superimposed, the r.m.s.d. between
the DNA backbones of the starting ‘‘TATA’’ model and
the NMR structures is 7.0 Å for the LEF-1 and 8.4 Å
for SRY. After the simulation, the values decrease to
5.6 and 7.3 Å, correspondingly (Table II). The orien-
tation of the protein binding site alone approaches
only that of the LEF-1 structure: the initial r.m.s.d.
of 5.6 Å decreases to 4.3 Å, vs. 6.9 to 6.7 Å for SRY.

The main difference between the TATA model and
SRY and LEF-1 is in helix III. The C-terminal part of
helix III bends toward the DNA in all of the struc-
tures but in both SRY and LEF-1 a-helix III ends
abruptly at Pro67 and interacts with the DNA minor
groove with residues 68 through 74 in an extended
conformation. In contrast, helix III of HMG-D bends
at residue 62, but a-helical structure is conserved up

TABLE I. Summary of Hydrogen Bond and Salt Bridge Interactions Between HMG-D and DNA

HMG-D residue
(Donor atom)

DNA nucleotide
(Acceptor atom)

Hydrogen bond
length,* Å

A-H-D angle,*†

degrees

Interaction
energy,*‡

kcal/mol
Type of

interaction§

Lys4 (Nz) A5 (OP2) 2.7 6 0.1 152 6 14 283.9 6 4.0 Charge-charge
Lys4 (Nz) T6 (OP1) 2.8 6 0.3 153 6 22 284.3 6 7.3 Charge-charge
Arg7 A5 (phosphate) Not a hydrogen bond 227.5 6 4.8 Charge-charge
Lys24 (Nz) A9 (OP1) 2.7 6 0.2 163 6 9 286.7 6 4.4 Charge-charge
Lys31 (Nz) A10 (OP2) 2.7 6 0.1 165 6 7 282.1 6 2.6 Charge-charge
Lys37 (Nz) T85 (O83) 3.1 6 0.2 124 6 18 276.8 6 2.8 Charge-charge
Lys37 (Nz) T86 (O85) 3.2 6 0.2 124 6 13 276.8 6 2.8 Charge-charge
Lys37 (Nz) T86 (O84) 3.1 6 0.2 143 6 17 29.3 6 1.8 Charge-multipole
Ser10 (Og) T88 (OP2) 3.6 6 0.5 129 6 31 210.2 6 5.5 Dipole-charge
Ser10 (Of) T88 (O85) 3.3 6 0.4 131 6 30 210.2 6 5.5 Dipole-charge
Tyr12 (Oh) A87 (O83) 3.0 6 0.2 149 6 20 212.5 6 1.7 Dipole-charge
Tyr12 (Oh) T88 (OP2) 3.7 6 0.6 145 6 16 212.5 6 1.7 Dipole-charge
Asn17 (Nd2) T6 (O2) 3.0 6 0.2 114 6 14 21.2 6 0.7 Dipole-multipole
Arg20 (Nh1) A7 (N3) 3.0 6 0.1 155 6 12 213.6 6 1.4 Charge-multipole
Arg20 (Nh1) A8 (N3) 3.1 6 0.2 121 6 13 27.6 6 1.8 Charge-multipole
Arg20 (Nh1) A8 (O84) 3.3 6 0.2 137 6 11 210.7 6 1.3 Charge-multipole
Arg20 (Ne) A8 (O84) 3.0 6 0.1 161 6 11 210.7 6 1.3 Charge-multipole

DNA-binding ‘‘fork’’ buttressing interactions

Arg20 (Nh2) Leu16 (O) 2.8 6 0.1 156 6 10 213.3 6 1.5 Charge-dipole
Arg20 (Nh2) Asn17 (Od1) 2.8 6 0.1 148 6 11 215.3 6 2.1 Charge-dipole

*All the data were averaged over the last 60 ps round of MD.
†The acceptor-hydrogen-donor angle.
‡The fifth column shows the enthalpy of interaction between the chemical groups of the donor and the acceptor atoms, as defined by the
force field used. Therefore, the interaction energy is the same when different donor and/or acceptor atoms belong to the same chemical
group.
§Type of interaction is indicated in each case to provide a brief explanation of the energy value observed.
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Fig. 9. Protein-DNA interactions in the predicted structure of
the HMG-box-DNA complex (‘‘TATA’’ model) compared to the
experimentally determined structures of LEF-1-DNA34 and human
SRY-DNA35 complexes. (a) Alignment of the HMG-box sequences
for HMG-D, SRY, and LEF-113 used in our modeling study
(HMG-D) and NMR experiments.34,35 (b) The ‘‘signatures’’ of the
protein–DNA contacts. The contacts are labeled as ‘‘P’’—a polar
a.a. interaction with the DNA backbone, ‘‘S’’—a direct interaction
of a polar a.a. with one of the DNA bases, ‘‘H’’—a hydrophobic
contact with the DNA, ‘‘W’’—contact through a water bridge (in the
‘‘TATA’’ model), ‘‘L’’—a ‘‘loose’’ contact observed in fewer than
20% of the LEF-1 or SRY NMR structures or of a distance 4–5 Å,
‘‘X’’—a large, and ‘‘o’’—an appreciable change in the NMR
chemical shift of an HMG1 residue upon binding to DNA. (c)

Stereo diagram of our model of the HMG-D-DNA complex showing
only the residues equivalent to those of HMG1 having a large NMR
chemical shift change. (d) Hydrogen bond and salt bridge contacts
and (e) hydrophobic contacts in the three complexes. Contacts to
the DNA bases are shown as solid lines, contacts to the sugar-
phosphate backbone as dashed lines. Dashed lines to circles
represent contacts to the phosphates, dashed lines to cells
represent contacts to the ribose rings. Residues establishing
hydrophobic interactions with the DNA are colored black; the
hydrogen bond or salt-bridge formers are shown in white. Ticks
(‘‘.’’) indicate water-mediated contacts in the model structure,
with the number of ticks showing the number of participating water
molecules.
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Figure 9. (Continued.)
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to the C-terminus of the HMG-box, at residue 74;
there is no proline at position 67 in HMG-D. This
structural difference between HMG-D and the se-
quence-specific proteins LEF-1 and SRY is consis-
tent with comparative sequence analysis of the
sequence-specific vs. nonsequence-specific HMG-box
proteins in the region of helix III.13 Furthermore, a
slight bend at residue 62 is present in the free
HMG-D structure,32 and the NHi–NHi11 NOE cross-
peaks observed in the C-terminus of the HMG-box
persist on formation of the HMG-D-DNA complex
(Dow, Wolfe, Verdine, Jones, and Churchill; unpub-
lished results). There is another difference among
the three HMG-box structures in the C-ter-
minal region: residues 74–86 in the LEF-1-DNA
complex form a protein ‘‘tail’’ that crosses over the
DNA backbone and interacts with the DNA major
groove. This interaction is not observed for SRY and
HMG-D because the proteins are truncated at resi-
dues 73 and 74, respectively. However, a similar
interaction is possible for HMG-D because HMG-D
has a long (<30 a.a.) C-terminal ‘‘tail’’ with many
positively charged amino acids adjacent to the HMG-
box.

The DNA bending angle in the ‘‘TATA’’ model is 72°
for the entire DNA fragment and 92° for only the
protein-binding region of the DNA. The values are

closer to the DNA bend in the SRY-DNA complex
(70–80°)35 than to that in the LEF-1-DNA complex
(117°610°).34 The interactions of the the DNA major
groove with the positively charged C-terminal region
of LEF-1, which SRY and the current HMG-D model
lack, appear to contribute to this difference.34 The
average DNA unwinding angles per base pair rela-
tive to canonical B-form DNA are 7.4° for the SRY-
DNA complex, 2.9° for the LEF-1-DNA complex, and
8.2° for the ‘‘TATA’’ model. For the DNA in the
protein binding site alone, the unwinding angles per
base pair are 6.6° for the LEF-1-DNA complex and
12.1° for the ‘‘TATA’’ model. A comparison of the
contacts established with DNA by LEF-1, SRY, and
HMG-D reveals a similar ‘‘signature’’: DNA is con-
tacted by almost the same residues in all three
structures (Fig. 9b). HMG-D amino acids interacting
with DNA almost always have counterparts in at
least one of the other two structures. Two hydropho-
bic contacts are missed because the corresponding
HMG-D residues are buried in the main hydrophobic
core (Leu16, Trp43). When SRY and LEF-1 make
base-specific contacts that contribute to sequence-
specificity, the equivalent residues in the HMG-D-
DNA complex interact with the DNA backbone or
establish sequence-neutral hydrophobic interactions
with the DNA bases. In the absence of base-specific
contacts, two additional sequence-neutral interac-
tions, partial intercalations between the DNA bases
by HMG-D residues 9 and 32, could be important for
stability of the nonsequence-specific complex. These
additional intercalation sites are not observed in the
NMR structures of the SRY- and LEF-1-DNA com-
plexes.

DISCUSSION
Implications for the Sequence-Tolerance of
Chromosomal HMG-Domain Proteins

Proteins can achieve site-specificity by forming a
complementary interface and specific hydrogen bond-
ing interactions with the DNA binding site in either
the major or minor grooves (reviewed in refs. 1–3,
38). Such interactions have been visualized in detail
in recent structural studies of the sequence-specific
HMG-box protein–DNA complexes; the SRY and
LEF-1 NMR studies show that shape complementar-
ity and particular hydrogen bonding interactions
may be important for sequence-specificity,34,35 as
illustrated in Figures 6 and 9. Inspection of the
protein–DNA contacts shows that in the LEF-1-DNA
complex Asn10, Ser32, and Asn36 directly contact
nucleotide bases in the binding site DNA sequence
CCTTTGAA.21 These residues form contacts that
bridge base pairs at the TG, AG (CT), and the central
TT base steps, respectively (Fig. 9d). In SRY, specific
base contacts are mediated by Asn10, Ser33, and
Ser36. Asn10 contacts three out of the four bases of a
TG base step and the serines establish hydrogen
bonds with the bases at the GT step (Fig. 9d),

Fig. 10. Protein-DNA interactions in the predicted structure of
the HMG-D-DNA complex (‘‘TATA’’ model). (a) Distribution of the
buried surface area of side chains among HMG-D residues
(averaged over the last 60 ps of MD). (b) Comparison of DNA roll
angles at the Leu9 (dotted line) and Met13 (solid line) intercalation
sites.

130 A. BALAEFF ET AL.



contributing to the specificity for the GCACAAAC
site recognized by SRY in the MIS promoter.20,37

Incidentally, SRY residues 31 and 32 establish no
contact to the DNA bases, because the DNA frag-
ment employed was only 8 bp long35 and lacked a
base step that might have been contacted by analogy
with the LEF-1-DNA complex.

The protein regions contributing to the specificity
of the HMG-box transcription factors have been
examined by domain swap studies with the chromo-
somal protein HMG1 and human T-cell enhancer.61

Crane-Robinson and co-workers61 showed that many,
if not all, of the amino acids required for the sequence-
specificity of TCF1a reside in the HMG-domain long

wing (residues 1–10 and 55–74). Of the residues that
make base-specific DNA contacts in the NMR struc-
tures, only Asn10 lies in this region and residues 32
and 36 do not. However, the domain swap shows that
the chimeric protein, consisting of the HMG1 short
wing and TCF1a long wing, binds to a specific DNA
fragment nearly as well as the wild-type TCF1a in
the absence of specific or nonspecific competitor
DNA. From these experiments alone it is difficult to
distinguish between the possible contributions of the
short wing residues 32 and 36, which in TCF1a may
confer slightly higher affinity and/or higher specific-
ity for the binding site DNA than in the chimeric
protein.

TABLE II. Root-mean-square Deviations† (Å) Between the Protein/DNA Backbone Atoms of the ‘‘TATA’’
Model and the NMR Structures of LEF-1-DNA and SRY-DNA Complexes

Region‡ Overlap§
HMG-D

vs. LEF-1
HMG-D
vs. SRY

LEF-1
vs. SRY

Overall structure Overall structure 4.6 6 0.1 5.7 6 0.1 4.0 6 0.2
Protein Overall structure 4.7 6 0.1 6.0 6 0.1 4.1 6 0.2
Protein Protein 4.3 6 0.1 5.6 6 0.1 3.9 6 0.2
Protein short wing¶ Protein 2.7 6 0.1 4.5 6 0.2 3.6 6 0.2
Protein short wing Protein short wing 2.2 6 0.1 3.0 6 0.2 2.9 6 0.1
Protein short wing Protein long wing 10.3 6 1.0 10.2 6 0.9 14.1 6 1.2
Protein long wing¶ Protein 5.7 6 0.2 6.7 6 0.2 4.2 6 0.2
Protein long wing Protein long wing 6.6 6 0.2 5.1 6 0.1 2.3 6 0.2
Protein long wing Protein short wing 5.0 6 0.2 10.1 6 0.6 7.3 6 0.6
N-terminal stretch¶ N-terminal stretch 1.2 6 0.2 1.8 6 0.3 1.6 6 0.3
N-terminal stretch Protein short wing 7.5 6 0.7 9.4 6 0.6 6.7 6 0.8
N-terminal stretch Protein long wing 5.3 6 0.3 6.2 6 0.3 2.4 6 0.5
N-terminal stretch Protein 6.1 6 0.4 8.2 6 0.3 4.5 6 0.1
a-helix I¶ a-helix I 2.2 6 0.1 2.3 6 0.1 0.8 6 0.1
a-helix I Protein short wing 2.4 6 0.1 2.8 6 0.2 1.4 6 0.1
a-helix I Protein 2.8 6 0.1 4.0 6 0.2 2.1 6 0.2
a-helix II¶ a-helix II 1.3 6 0.1 1.7 6 0.1 1.8 6 0.1
a-helix II Protein short wing 1.5 6 0.1 2.7 6 0.2 3.1 6 0.2
a-helix II Protein 2.1 6 0.2 4.9 6 0.2 4.4 6 0.2
a-helix III¶ a-helix III 4.2 6 0.2 3.8 6 0.2 2.2 6 0.2
a-helix III Protein long wing 5.0 6 0.2 5.0 6 0.2 2.2 6 0.2
a-helix III Protein 5.6 6 0.2 6.0 6 0.2 4.1 6 0.3
DBI¶ DBI 3.0 6 0.2 4.1 6 0.2 3.0 6 0.2
DBI Protein short wing 3.6 6 0.2 4.4 6 0.2 3.3 6 0.2
DBI Protein 3.5 6 0.2 5.1 6 0.2 3.4 6 0.2
DNA Overall structure 4.6 6 0.2 5.1 6 0.2 3.8 6 0.2
DNA DNA 4.0 6 0.2 3.4 6 0.2 3.3 6 0.2
DNA Protein 5.6 6 0.3 7.3 6 0.4 5.3 6 0.4
DNA DBI 5.8 6 0.2 6.6 6 0.4 4.5 6 0.3
PBS¶ Overall structure 3.2 6 0.1 4.0 6 0.2 3.5 6 0.2
PBS DNA 3.1 6 0.1 3.4 6 0.3 3.5 6 0.2
PBS PBS 2.6 6 0.1 1.4 6 0.1 2.3 6 0.1
PBS Protein 4.3 6 0.2 6.7 6 0.4 5.0 6 0.4
PBS DBI 4.2 6 0.1 3.2 6 0.3 3.6 6 0.4
DBI 1 PBS Overall structure 3.5 6 0.1 4.5 6 0.1 3.4 6 0.2
DBI 1 PBS Protein 3.9 6 0.2 5.7 6 0.2 4.1 6 0.2
DBI 1 PBS DNA 4.5 6 0.1 6.6 6 0.2 3.8 6 0.2
DBI 1 PBS DBI 1 PBS 3.3 6 0.1 3.6 6 0.1 3.0 6 0.2
†The data are averaged over the last 60 ps of MD.
‡Region refers to the residues/DNA bases that are compared between the ‘‘TATA’’ model, LEF-1-DNA, and SRY-DNA complexes.
§Overlap refers to the parts of the complexes that were aligned prior to r.m.s.d. calculation.
¶Protein regions are defined in Methods. DBI 5 DNA binding interface, and PBS 5 protein binding site.
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Comparison of the patterns of protein–DNA con-
tacts between the transcription factor HMG proteins
and the ‘‘TATA’’ model reveals how the nonsequence-
specific HMG proteins can use a similar DNA bind-
ing mode but still retain the ability to bind to many
different DNA sequences. Our analysis indicates
that the amino acids occupying positions 10, 32, and
36 of the HMG-box are important for binding specific-
ity. In HMG-D, the equivalent residues are Ser10,
Val32, and Ala36. Ser10 forms a hydrogen bond with
the DNA backbone. Val32 and Ala36 contribute to
the hydrophobic ridge buried in the DNA minor
groove. In contrast to the sequence-specific proteins,
no polar contact to the DNA bases is formed at any of
these positions.

The only direct polar interaction between HMG-D
and the DNA bases in the ‘‘TATA’’ model structure
may be relatively sequence-neutral. The DNA-
binding ‘‘fork’’ Asn17-Arg20 contacts the bases of
58-TAA-38, whereas the equivalent residues of SRY
and LEF-1, Arg/Lys17 and Arg20, interact with the
DNA phosphodiester backbone,34,35 although Arg20
contacts the DNA bases in 20% of the SRY NMR
structures. However, the first thymine base of the
‘‘TAA’’ segment in the HMG-D-DNA model could be
replaced with a cytosine; this would also expose an
oxygen to the minor groove. Both adenines could be
replaced with guanines because the purine N3 atoms
are nearly equivalent and there is space in the model
to accommodate the 2-amino groups. Finally, a py-
rimidine could replace the last adenine. The pyrimi-
dine O2 oxygen would also be a good donor for the
hydrogen bond and the flexible side chain of Arg20
could allow space for the oxygen to protrude into the
minor groove. Thus, theoretically, any 58-YR(Y/R)-38
sequence could replace the TAA, lifting most restric-
tions on the sequence-specificity of this particular
protein–DNA interaction. In fact, a slight preference
for the YR base step is consistent with the preference
of HMG-D for DNA containing the dinucleotide
sequence ‘‘TG’’ known from DNA binding site selec-
tion experiments.6

In contrast to the sequence-specific contact made
by residue 32 in the LEF-1, the equivalent residue of
HMG-D, Val32, forms a sequence-neutral intercala-
tion at the 8th base step of the DNA. This valine has
the most intensive hydrophobic interactions of all
residues of the HMG-D HMG-box. Remarkably, in
the other nonsequence-specific HMG proteins posi-
tion 32 is always (with the exception of the UBF
proteins) occupied by a hydrophobic (Val, Ile) or an
aromatic (Phe) residue, which are known intercalat-
ing residues.38,51,59,62 In the sequence-specific pro-
teins, this amino acid is always polar (Asn, Gln, Ser,
His).13 Thus, the contacts with DNA established by
residue 32 may also be important for determining
the specificity of DNA recognition; there is a ‘‘se-
quence-neutral’’ intercalation interaction with DNA
in the nonsequence-specific proteins, whereas a po-

lar residue forms direct hydrogen bonds to the DNA
bases in the sequence-specific proteins.34,35

In the structures of LEF-134 and SRY,35 residue 13
of the HMG box inserts its side chain between the
DNA bases, in agreement with earlier observa-
tions.37,59 In our model structure, the intercalation of
Met13 was pre-engineered and was conserved dur-
ing the simulations. Leu9 was also found to partially
intercalate at the adjacent step of the DNA helix.
The two residues intercalate interchangeably, com-
peting for the space between the 5th and 7th DNA
base pairs, with Leu9 dominating. Interestingly,
many chromosomal HMG proteins (especially those
from the HMG1.1 subgroup)13 have a small (Ala) or a
polar (Gln, Glu) amino acid at the 13th position; such
residues are unlikely to intercalate. However, at
position 9 these proteins have an aliphatic residue
(Met, Leu), which are capable of intercalating
DNA.34,35,38,62 Thus, it is possible that the character-
istic partial intercalation of HMG proteins occurs at
residue 9 rather than 13 in chromosomal HMG
proteins. The dominance of the Leu9 intercalation
found in our model is suggestive of such a possibility.

Relevance of the Methods Used and the Model
Predicted

A model of the chromosomal protein HMG-D-DNA
complex has been built by docking experimentally
determined structures of the protein and DNA fol-
lowed by MD simulations. An alternative, recently
published method for structure prediction63 imple-
mented an extensive search in conformational space
of the DNA bound to the protein combined with an
energy minimization procedure. However, the method
requires a dyad symmetry of the protein and hence is
not applicable in our case because HMG-D binds
DNA as a monomer.6 Another strategy, a variant of
homology modeling (reviewed in ref. 64), consists of
the reconfiguration of a previously determined struc-
ture by altering either the protein or DNA sequence,
followed by minimization or molecular dynamics
simulation. This method has been applied primarily
to the prediction of protein structures (refs. 49, 65,
and many others); there is only a single instance of
its use for study of protein–DNA complexes.45,46 We
could not use this approach because no structure of
an HMG-box-DNA complex was known at the begin-
ning of the study. Later, when the structure of the
SRY-DNA complex was determined,35 the coordi-
nates were kindly provided to us by the authors prior
to the release in the PDB. Preliminary results from
our attempts to model the HMG-D-DNA complex on
the basis of the SRY-DNA complex coordinates
showed an instability of the modeled complex. Appar-
ently, HMG-D is less similar to SRY (r.m.s.d. of 5.1 Å
for the protein Ca atoms) than would be necessary for
the success of the method. The coordinates of the
LEF-1-DNA complex were released in the PDB only
after this study had been completed.
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Our approach was to prepare several reasonable
docked model structures and then subject them to
molecular dynamics simulations. The requirements
of stability and conservation of the pre-engineered
Met13 partial intercalation were used to evaluate
the quality of the trial structures. Continued MD
simulation proved the stability of the selected model
(the ‘‘TATA’’ model) and provided data for structural
analysis. The 1.5 Å r.m.s.d. of the resulting family of
structures is within the range expected of a moder-
ate to high resolution family of structures deter-
mined by NMR.

The methods used here are expected to work well
when the structures of the protein and DNA chosen
for docking are close to those in the complex, and
only adjustments of the contacts at the protein–DNA
interface are necessary to stabilize the structure
after docking. Indeed, the relatively short MD runs
employed (several hundred picoseconds) are unlikely
to produce large conformational changes. On the
other hand, the actual scale of the required changes
is unknown a priori, and longer MD simulations did
not appear to be necessary because the chosen model
reached a stable structure in less than 160 picosec-
onds of simulation. The accuracy of the method may
be improved by using more experimental constraints
in the docking and MD procedures.

One region of our model that may be improved by
adjustments in the modeling procedure is the inter-
face between the C-terminal region of the protein
and the DNA. This region differs between the SRY-
DNA and LEF-1-DNA NMR structures and our
model.34,35 Some of these differences may be real; for
example, the a-helical structure of the C-terminus of
HMG-D.7,32 However, the bend in a-helix III and
slight differences in contacts between HMG1 and
HMG-D may stem from the unbiased approach taken
in positioning the water molecules and ions in this
region of the model. The N-terminus and the short
wing of the HMG-box were located close to the DNA,
fitting well after the initial docking in the minor
groove; the resulting position of the C-terminal part
of helix III left a space between the protein and the
DNA. Consequently, water molecules entered the
space during the solvation process. In addition, one
of the sodium ions, placed into a position of low
electrostatic potential, was located between the C-ter-
minal part of the protein and DNA base pairs 1 and
2, at a distance of about 5 Å from each base pair. The
short simulation time did not allow the water and
the ion to move enough for close protein–DNA con-
tacts to be established and the protein structure
rearrangement required to establish such contacts
did not occur during the simulation. Future model-
ing efforts may apply the desired changes in the
docked complex prior to solvation by manually adjust-
ing the structure or by applying additional molecular
dynamics or minimization procedures to only the
regions of interest.

The main features of our HMG-D-DNA model are
supported by considerable experimental evidence.
First, the model is similar to the experimentally
determined structures of other HMG-box-DNA pro-
teins34,66 in the protein/DNA geometry and the ‘‘sig-
nature’’ of DNA-contacting residues (Fig. 9). In fact,
the overall model is within the limit of observed
differences between the SRY and LEF-1 structures,
which are more closely related to each other in
sequence and function than to HMG-D. Further-
more, the DNA geometry is consistent with a recent
experimental estimate of the HMG-D-DNA bending
angle. Second, the protein-DNA contacts observed in
the model are consistent with the regions of HMG1
that undergo the largest changes in NMR chemical
shift upon binding to DNA, with few exceptions.7

Finally, any differences between the number and
interactions of intercalating residues in the HMG-D
model are also reflected by sequence conservation of
those residues in other nonsequence-specific HMG-
box proteins.13 However, ultimate verification of the
predicted features will be achieved only through
forthcoming structures of the HMG-D-DNA complex
determined by X-ray crystallography or NMR.
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