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Binding of the Estrogen Receptor to DNA. The Role of Waters

Dorina Kosztin, Thomas C. Bishop, and Klaus Schulten
Beckman Institute, Departments of Chemistry and Physics, University of Illinois at Urbana-Champaign, 405 North Matthews,
Urbana, Illinois 61801 USA

ABSTRACT Molecular dynamics simulations are carried out to investigate the binding of the estrogen receptor, a member
of the nuclear hormone receptor family, to specific and non-specific DNA. Two systems have been simulated, each based on
the crystallographic structure of a complex of a dimer of the estrogen receptor DNA binding domain with DNA. One structure
includes the dimer and a consensus segment of DNA, ds(CCAGGTCACAGTGACCTGG); the other structure includes the
dimer and a nonconsensus segment of DNA, ds(CCAGAACACAGTGACCTGG). The simulations involve an atomic model of
the protein-DNA complex, counterions, and a sphere of explicit water with a radius of 45 A. The molecular dynamics package
NAMD was used to obtain 100 ps of dynamics for each system with complete long-range electrostatic interactions. Analysis
of the simulations revealed differences in the protein-DNA interactions for consensus and nonconsensus sequences, a
bending and unwinding of the DNA, a slight rearrangement of several amino acid side chains, and inclusion of water
molecules at the protein-DNA interface region. Our results indicate that binding specificity and stability is conferred by a

network of direct and water mediated protein-DNA hydrogen bonds. For the consensus sequence, the network involves three
water molecules, residues Glu-25, Lys-28, Lys-32, Arg-33, and bases of the DNA. The binding differs for the nonconsensus
DNA sequence in which case the fluctuating network of hydrogen bonds allows water molecules to enter the protein-DNA
interface. We conclude that water plays a role in furnishing DNA binding specificity to nuclear hormone receptors.

INTRODUCTION

A central problem in gene regulation is how DNA binding
specificity is achieved by regulatory proteins. To under-
stand and explain the molecular basis of DNA binding
specificity most studies investigated the nature of the inter-
face of various protein-DNA complexes through both struc-
tural and biochemical analysis (Luisi et al., 1991; Schwabe
et al., 1993a,b; Rodgers and Harrison, 1993; Rastinejad et
al., 1995; Gewirth and Sigler, 1995; Lundback et al., 1993,
1994; Ha et al., 1992; Eriksson and Nilsson, 1995).

In the present study we investigate the binding of one
member of the nuclear hormone receptor family, the estro-
gen receptor (ER), to specific and nonspecific sequences of
DNA, by means of molecular dynamics simulations. We
analyze direct and water-mediated hydrogen bonds at the
protein-DNA and protein-protein interface in order to in-
vestigate the possible role of water in the mechanism and
the energetics of specific site recognition. The role of dis-
tortions induced by the protein on the DNA has been stud-
ied, on the basis of the same molecular dynamics simula-
tions, in Bishop et al. (1997).

Nuclear hormone receptors are ligand-activated transcrip-
tion factors that regulate gene expression by binding to
specific sequences of DNA, termed response elements (RE),
upstream of their target genes (Laudet et al., 1992; Evans,
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1988; Parker, 1991). This family of receptor proteins in-
cludes the receptors for steroid hormones, like the ER or the
glucocorticoid receptor (GR), as well as receptors for thy-
roid hormones, vitamin D3 and retinoic acids. The receptor
proteins exhibit a high degree of sequence conservation,
being composed of several domains which are differentially
conserved between the various receptors and have different
roles: the N-terminal domain is involved in transcriptional
activation, the central domain is involved in DNA binding,
and the C-terminal domain serves to bind the hormone
(Krust et al., 1986; Kumar et al., 1987; Freedman and Luisi,
1993). The recognition of the specific RE by receptor pro-
teins is mediated through the small, highly conserved, DNA
binding domain (DBD) that contains -65-70 residues. A
schematic representation of the tertiary structure of the
DNA binding domain of the estrogen receptor is presented
in Fig. 1. Domain swap experiments indicate that this do-
main is necessary and sufficient to impart target specificity
(Green and Chambon, 1987; Green et al., 1988).
The isolated DBD of the ER was proven to be monomeric

in solution; however, two DBDs bind highly cooperatively
as homodimers to the response element (Kumar and Cham-
bon, 1988; Schwabe et al., 1990, 1993a). The ER recognizes
its response element by interaction of a "reading helix" with
the major groove of the DNA. The cooperative binding
between monomers is due to protein-protein contacts in the
region, called the D-box, between residues 44 and 58
(Schwabe et al., 1993a).
The consensus estrogen response element (ERE) contains

two hexameric half-sites (ERE112 with the AGGTCA se-
quence), arranged as a palindrome with a three-basepair
spacer (see Fig. 1). It differs from the glucocorticoid re-
sponse element (GRE) only in the central two basepairs of
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FIGURE 1 Top left, representation of the DNA binding domain of the estrogen receptor. The DNA binding domain has two subdomains, each containing
a zinc ion coordinated by four cysteine residues, followed by an a-helix. The two a-helices are almost perpendicular to each other and hide the hydrophobic
core of the protein. The third, short a-helix is not always present in the structure (Schwabe et al., 1993). This image was created using Molscript (Kraulis,
1991); right, the numbering for the ERDBD amino acid sequence shown in the classical "zinc-finger" representation. Helical regions are emphasized by
boldface italic letters (C24-135, N54-S58, C59-V70). Bottom, the numbering and sequence for the consensus ERE and nonconsensus G/ERE DNA
response elements employed in the ER-ERE and ER-GIERE simulations. Basepairs in the GRE1,2 half-site that differ from those in the ERE1,2 half-site are

shown in boldface.

the half-site, the GRE112 having the sequence AGAACA,
and from many other response elements, such as consensus

thyroid and retinoic acid response elements, only in the
relative spacing and orientation of these sequences. Mu-
tagenesis experiments showed that changing only three
amino acids (termed the P-box) Glu-25, Gly-26, and Ala-29
within the first zinc-binding motif of the ER is sufficient to
switch the specificity of recognition from ERE to GRE (cf.
Fig. 1) (Mader et al., 1989; Umesono and Evans, 1989;
Danielsen et al., 1989). The change in binding specificity
due to P-box mutations is partly due to changes in the
cooperativity of dimerization (Zilliacus et al., 1995).
The question of how the receptors interact with DNA and

how they discriminate between different response elements
has been addressed experimentally by determining the
structures of protein-DNA complexes. However, in the
majority of the resolved structures, the protein was bound to
its consensus palindromic binding site. In only three cases

were structures determined for nonconsensus DNA se-

quences that lead to insights in the mechanism of recogni-
tion (Rodgers and Harrison, 1993; Schwabe et al., 1995;
Gewirth and Sigler, 1995). The crystal structure of the
phage 434 repressor DNA-binding domain in complex with
different DNA targets (Rodgers and Harrison, 1993) have

revealed extensive differences in the protein-DNA interface
at consensus and nonconsensus sequences, showing a shift
in the DNA backbone, a small global movement of the
entire protein, a rearrangement of several amino acid side
chains, as well as a shift in the stacking of some of the
bases. The crystal structure of an estrogen receptorlike DBD
bound to a glucocorticoid response element (Gewirth and
Sigler, 1995) reveals that the basis for receptor target dis-
crimination lies in the slight difference in the helical geom-

etry of the two types of response element half-sites that
leads to the inclusion of water molecules in the interface
region. The crystal structure of the complex between a

dimer of the ER-DBD and a nonconsensus DNA target site
(Schwabe et al., 1995), in which there is a single base
substitution in one-half of the palindromic binding site,
revealed that recognition of the nonconsensus sequence is
achieved by the rearrangement of a lysine side chain. Thus,
it is now apparent that recognition of different sequences of
DNA is a process accompanied by conformational changes,
positive or negative interactions which are either direct or

mediated by water.
A detailed understanding of the mechanism involved in

DNA sequence discrimination for the estrogen receptor
requires knowledge of all the components that influence its
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specificity. The crystal structure of the DBD dimer of the
estrogen receptor complexed with DNA (Schwabe et al.,
1993a) is used as a reference structure for the two simula-
tions: in one simulation the protein is bound to a consensus
ERE; in the second simulation the protein is bound to a
nonconsensus sequence of DNA. The latter nonconsensus
sequence was obtained by mutating the central two basepa-
irs in one half-site to correspond to the half-site sequence
recognized by GR. The resulting nonconsensus sequence is
still biologically active, but the affinity of the protein for the
sequence is reduced (Schwabe et al., 1995). The loss of
binding affinity for proteins is usually correlated with the
failure to expel water molecules from the protein-DNA
interface. In case of the ER protein, the crystallographic
study of (Schwabe et al., 1995) for single-basepair muta-
tions revealed only a rearrangement of a lysine side chain.
The number of water molecules seen at the protein-DNA
interface was the same, although the affinity of the protein
for the nonspecific DNA sequence is 10-fold lower in this
case. Hence, other effects are required in order to explain
the loss of binding affinity. By replacing two basepairs
involved in contacts with the protein, we significantly alter
the protein-DNA interaction as well as the complementarity
of shape at the protein-DNA interface. We expect that our
comparison of the differences between the recognition of
the estrogen receptor to its specific and nonspecific DNA
sequence will convey the key determinants of the specificity
of binding.

METHODS

All simulations were performed using the molecular dynamics program
NAMD (Nelson et al., 1996) and version 22 (MacKerell, Jr., et al., 1995;
MacKerell, Jr., and Karplus, 1996) of the CHARMM force field (Brooks et
al., 1983). Parameters for the tetrahedral coordination of the zinc ions to
cysteine residues were the same as those used by Eriksson et al. (1995).
NAMD provides the option of calculating full electrostatic interactions
through the use of a multipole expansion algorithm, namely the program
DPMTA (Rankin and Board, 1995). This option was used throughout to
calculate electrostatic interactions between atoms beyond a cutoff distance
of 10.5 A to an accuracy of 10-6. The computational effort in the calcu-
lation of the long-range interactions has been reduced by means of a Verlet
I multiple time step option of NAMD (Biesiadecki and Skeel, 1993). Test
simulations of the ER-DBD dimer-ERE complex demonstrated that a 1-fs
short time step and a 4-fs long time step conserved energy, but a step size
above 4 fs did not conserve energy.

The simulations carried out as described below were based on the 2.4-A
resolution X-ray crystallographic structure of the ER-DBD bound to DNA
(Schwabe et al., 1993a). In this respect, it must be noted, however, that the
crystals of the ER-DBD-ERE contain two DNA duplexes with four copies
of the protein. The dimers, referred to as dimer A and dimer B, have the
same position relative to the DNA and to its partner protein in the dimer,
but a difference exists between the structures of dimer A and dimer B: a
short a-helix that forms part of the dimer interface and makes contacts to
the phosphate backbone of the DNA is present in both proteins of dimer A
and absent in both proteins of dimer B. Only dimer A bound to its cognate
DNA was used in our simulations. All the water molecules reported in the
crystal structure were included in the simulations. The DNA duplex in the
crystal structure was 17 bp long with a single cytosine base overhanging at
the 5' end of each strand. The two unpaired C bases were paired with G
bases, i.e., the final DNA duplex was 19 bp long with no base overhang as
represented in Fig. 1.

Molecular dynamics simulations protocol

Two systems were created starting with the structure described above. The
first system, labeled ER-ERE, contains the ER-DBD dimer and the DNA
duplex, ds(CCAGGTCACAGTGACCTGG). The second system, labeled
ER-GIERE, was created using the same crystallographic data, but a differ-
ent DNA sequence. The two basepairs, ds(GT), at positions 105 and 106 on
the 5' strand, were mutated to ds(AA) corresponding to the half-site
sequence that GR recognizes. This sequence of DNA is referred to as
G/ERE since half of it resembles the GRE half-site (GRE1,2) and the other
half the ERE half-site (ERE1/2). The monomer facing the nonspecific
half-site (GRE1/2) is monomer 1. The protein and DNA sequences and
numbering used in both simulations are presented in Fig. 1.

The protocols used for solvating and simulating the two systems are
identical. Hydrogen bonds were added using X-PLOR (Bruinger, 1992).
One thousand steps of minimization in the presence of strong harmonic
constraints on all heavy atoms were performed on the complex to remove
bad contacts and constraints due to crystal packing. The integrity of the
DNA structure depends sensitively on the local environment; accordingly,
a water bath together with counterions is required to stabilize the DNA
conformation during the simulations (Seibel et al., 1985; Forester and
McDonald, 1991; York et al., 1992; Prevost et al., 1993; Miaskiewicz et al.,
1993; Schneider et al., 1993; Beveridge and Ravishanker, 1994; Jayaram et
al., 1994; Sharp and Honig, 1995). Previous simulations of a GR-DBD
dimer-DNA complex (Harris et al., 1994; Eriksson et al., 1995; Bishop and
Schulten, 1996) indicated that members of this family of proteins will bend
DNA; accordingly, the solvation shells were chosen large enough to permit
DNA bending. The complex was immersed in the center of a sphere of
radius 45 A filled with TIP3P-water (Jorgensen et al., 1983). The 45-A
radius sphere of water was constructed by covering the spherical domain
with a three-dimensional cubic grid. The grid spacing was 3.1 A so that one
water per cube resulted in a density of 1.0 g H20/cc. An oxygen atom and
two hydrogen atoms were located within each cube. In order to obtain the
proper geometry for each water molecule, the oxygens were held fixed, and
500 steps of energy minimization of the bond and angle energies were
performed. All atoms were then released, and the entire system equilibrated
at 300 K for 20 ps. At the end of the equilibration procedure, a proper radial
distribution function for the oxygen-oxygen and oxygen-hydrogen dis-
tances and a stable temperature of 300 K had been achieved. All water
molecules having one of the atoms closer than 1.8 A from the nearest
protein, DNA, or crystal water atoms were removed. Each resulting solute-
solvent system was then subjected to 5 ps of equilibration during which
only water molecules were allowed to move. To achieve electroneutrality
for the system, sodium ions were added by replacing 30 water molecules
with the highest electrostatic energies of the oxygen atom and located more
than 9 A apart from each other, and 5 A apart from the protein or DNA
atoms. The systems were further equilibrated for 5 ps without any con-
straints. The total number of atoms in the two resulting systems was 36,284
for the ER-ERE system and 36,573 for the ER-GIERE system. A view of
the simulated protein-DNA complex, surrounded by water and counteri-
ons, is presented in Fig. 2.

The oscillations around constant values of the total potential energy and
of the RMS deviations between simulated and crystal structures during the
last 5 ps of equilibration indicated that the system had been sufficiently
equilibrated and the molecular dynamics simulations were continued for
100 ps. The resulting trajectories were analyzed by several methods de-
scribed below. A summary of relevant data for each simulated system is
presented in Table 1.

Analysis

The atom selection commands and energy routines available in X-PLOR
(Brunger, 1992) were used to calculate nonbonded protein-protein and
protein-DNA interaction energies every 1 ps for each trajectory. The total
interaction energies are given by the sum of electrostatic and van der Waals
energies.

The structural deviations of protein and DNA from the initial X-ray
crystal structure were assessed on the basis of root-mean-square deviations
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FIGURE 2 Simulated complex of an estrogen receptor (ER) dimer com-
plexed to the estrogen response element (ERE). The structure is oriented
such that the viewer is looking along the recognition helices lying in
adjacent major grooves. The dimer interface is located between the mono-
mers, above the minor groove of the DNA. The two mutated basepairs in
one half-site are emphasized. Shown are also the sodium ions (as van der
Waals spheres) and the sphere of water molecules included in the simula-
tions. For a better view of the protein and the DNA, half of the sphere of
water was cut. Figure created using VMD (Humphrey et al., 1996).

(RMSD). In computing the rms deviations the overall translational and
rotational motions have been removed by superimposing the backbone of
the protein or DNA of each configuration in the 100-ps trajectory onto the
backbone of the protein or DNA in the crystal structure using a least-square
fitting algorithm (Kabsch, 1976). The Debye-Waller factors, or B-factors,
provide another important basis for comparing molecular dynamics trajec-
tories with experimental results of X-ray crystallography. The theoretical
temperature factors were computed according to:

B= 3 (Ar) (1)

where (Ar2) is the mean square atomic displacement averaged over the
trajectories after rigid body alignment against the coordinates of the start-
ing structure. The average was taken over all atoms in a given amino-acid
or nucleotide residue. Solvent accessible surface areas for the proteins and
the DNA were calculated using the routine available in X-PLOR (Brunger,
1992).

Direct and water-mediated hydrogen bond interactions between mono-

mers and between protein and DNA were analyzed using the following
conventions. Two atoms were considered to form a hydrogen bond (A ...

H-D) if the acceptor donor distance was less than 3.5 A and if the A-H-D
angle was between 1200 and 180°. A water bridge was defined as an

interaction between any residues that hydrogen bond to a common water
molecule. In the Results section are presented and discussed only those
hydrogen bonds and those water molecules that occupy the same bridging
positions for >30% of the simulation time.

RESULTS AND DISCUSSION

In this section we focus our analysis on the hydrogen bond
network at the protein-DNA and protein-protein interface,

on water molecules that place themselves at the interface
and mediate protein-DNA interactions, and on the role
played by each subunit of the DNA (phosphodiester back-
bone and bases) in establishing binding specificity.

Energy analysis

In order to study the role of the bases and phosphate
backbone of the DNA in furnishing the binding specificity,
the interactions between each monomer and DNA were
divided into two contributions: interactions of the mono-
mers with the bases of the DNA and interactions of the
monomers with the phosphate backbone of the DNA. The
interactions between the DNA phosphodiester backbone
and the protein align the protein for further interactions with
the bases. During the binding of the protein to the DNA the
interaction with the bases serves to further stabilize binding
and furnish binding specificity. The interaction energies for
each contribution are presented as a function of time in Fig.
3 for both simulated systems.

In case of the ER-ERE system the total interaction of the
two monomers with the bases and backbone of the DNA
cannot be distinguished according to either of the two
contributions to protein-DNA interactions (see Fig. 3). This is
expected since each monomer faces the same DNA sequence.

In case of the ER-GIERE system the mutations introduced
into the first half-site yield an imperfect binding site, caus-
ing the interactions between DNA bases and monomer 1 to
become less favorable than the interactions with the con-
sensus half-site. Interestingly, the interaction with the DNA
backbone is stronger for monomer 1 than for monomer 2.
This result indicates clearly that the interaction between the
protein and the phosphate backbone of the DNA does not
impart specificity, but contributes to specificity by position-
ing the reading helix correctly in the major groove; speci-
ficity is ultimately conferred by the interaction of the pro-
tein with the bases of the DNA.
The time dependence of the RMSD of the protein heavy

atoms and DNA revealed that, in both simulations, the
RMSD rises during the first 30 ps of simulation time and
then fluctuates around stable values. In the ER-ERE system
the RMSD value for the DNA stabilizes at - 1.4 A and the
RMSD for the protein stabilized at -2.0 A for monomer 1,
and 1.8 A for monomer 2. In case of the ER-G/ERE system
the RMSD values for the DNA and protein are larger. The
DNA stabilized at - 1.9 A, monomer 1 at -2.3 A, while the
RMSD reaches a value of 2 A for monomer 2. It is inter-
esting to note that the rise of the RMSD value for monomer
1 triggers a rise in the RMSD value for monomer 2, obviously
due to interactions between monomers. The RMSD values are
presented and ftuther discussed in Bishop et al. (1997).

Solvent-accessible surfaces and
temperature factors

Thermodynamics studies indicate that sequence-specific
DNA binding is usually accompanied by a large and nega-
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Table I Simulation summary

Simulation ER-ERE ER-GIERE

DNA sequence CCIAGGTAICAGITGACCTIGG CCIAGAACAICAGITGACCTIGG
Protein ER DBD dimer
Initial Coordinates Crystal Modified
Total no. atoms 36,284 36,573
Total no. waters 10,944 11,040
Total no. Na+ 30 30
Simulation program NAMD
Processor (no. nodes@mem.) HP735-125MHz (8@128 Mb)
Energy function All atom, CHARMm22, TIP3P
Integration method Verlet I multiple time step with switching function
Timestep (short, long) 1 fs/4 fs
Coulomb evaluation DPMTA
Total simulation time 100 ps
Avg. time/step (s) 18.5 18.7

tive change in heat capacity. This change has been attributed
to the release of water molecules from the surface of the
complex (or removal of solvent accessible surface from
bulk water on complexation) accompanied by a stiffening of
molecular vibrations at the interface (Ha et al., 1989; Liv-
ingstone et al., 1988; Spolar and Record, 1994).
The evolution of buried accessible surface for monomer 1

in both simulated systems was calculated, and the dynamic
behavior of this parameter is shown in Fig. 4. As seen in the
graph, the accessible surface, buried by the monomer facing
the nonconsensus DNA sequence in the ER-GIERE system,
decreases during the simulation time, which correlates well
with the fact that there are two more water molecules that
intrude into the protein-DNA interface as well as with the
slight movement of the monomer facing the nonspecific
DNA sequence, out of the major groove. However, the
number of water molecules and the change in the buried

ERRDA-DV

accessible surface cannot completely account for the large
decrease in binding affinity of the protein for this particular
DNA sequence.

By computing the Debye-Waller factors (B factors or

temperature factors) for all the residues of the protein and
bases of the DNA, we try to correlate our results with the
experimental results of X-ray crystallography. The crystal-
lographically determined Debye-Waller factors were taken
from the latest refinement of the ER DBD-DNA structure
(pdb entry lhcq). The values for the experimentally deter-
mined and theoretically calculated B factors of the individ-
ual residues of monomer 1 in both simulated systems are

presented in Fig. 5. A reduction in the value of the B factor
for a residue is indicative of a tightening of the structure.
The region of most interest is the "reading helix" (helix 1 in
Fig. 5), residues 24 to 34. It is apparent that in the specific
ER-ERE system there are net reductions in the B factors of
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T60
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FIGURE 4 Accessible surface area buried by the monomer facing the
consensus DNA sequence in the ER-ERE system (continuous line) and the
nonconsensus DNA sequence in the ER-GIERE system (broken line). The
difference between the values for the buried surface area reported in this
paper and the ones reported by Gewirth and Sigler (1995) arises from the
different ways of calculating solvent-accessible surfaces as well as from
the fact that the protein used by Gewirth and Sigler (1995) is a mutant
protein (described in text).

residues involved in the interaction with DNA bases: Glu-
25, Lys-28, Lys-32, and Arg-33. The restriction of the
motion of side chains at the interface will also extend to the
water molecules mediating the interaction of these residues
with the bases of the DNA. In the nonspecific ER-GIERE
system, the four residues mentioned above have higher
temperature factors than both in the crystal and the specific
ER-ERE system. Of these four residues, Lys-28 and Arg-33
have B factors very close to the experimental ones, but
Glu-25 and Lys-32 have higher B factor values, which
indicate their ability to fluctuate between different contact
sites on the DNA. Also, these two residues form a fluctu-
ating network of bonding interactions with DNA and water
molecules described in detail below.

For the rest of the protein, the correspondence between
the experimental and theoretical values of the B factors
suggests that the molecular dynamics trajectories captured
some of the qualitative features of the dynamic behavior of
the real molecule, of most importance being the correspon-
dence between the high and low mobility regions. The
region with the highest B factors in both simulated systems,

100
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as well as in the crystal, is the loop between the reading
helix (helix 1) and the D-box of the dimer interface, as well
as the short a-helix (helix 2). It was proposed that this short
a-helix forms upon binding to DNA (Schwabe et al.,
1993a). In the ER-ERE system, the B factors for this short
a-helix have low values and the helix is quite stable during
the simulation time as opposed to the high values of the
short a-helix in the ER-GIERE system. The high fluctua-
tions, as well as the beginning of an unwinding of this short
a-helix in the nonspecific system, support and give cre-
dence to the idea that this region folds upon binding to
specific sequences of DNA. Overall, the values for the
average B factors correlate well with the secondary struc-
ture of the protein. For a detailed discussion on theoretical
and experimental B-factors, see Ichiye and Karplus (1988);
Post et al. (1989); Brooks et al. (1989); Kuriyan and Weis
(1991); Philippopoulos and Lim (1995); and Hunenberger et
al. (1995).

Direct and water-mediated hydrogen bonds

The major role in the DNA binding specificity of a protein
is played by direct and water-mediated hydrogen bonds that
form at the protein-DNA interface. To better understand
how ER recognizes different sequences of DNA, we ana-
lyzed the pattern of hydrogen bonds at the protein-DNA
interface as well as at the dimer interface. Only the hydro-
gen bonding network for monomer 1 and its DNA half-site
are presented for each simulation, since monomer 2, in both
systems, faces the same consensus DNA half-site as mono-
mer 1 in the ER-ERE system.

Direct contacts

The central elements in the recognition of a consensus DNA
sequence by a protein are the hydrogen bond donors and

% %:b ./v. K5~

..............*V.'.Yw,..'-. ......

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 5456586062646668 707274

FIGURE 5 Comparison of calculated B factors (in A2) for individual residues (broken line for ER-ERE system, dotted line for ER-GIERE system) with
experimental values (continuous line) taken from PDB entry 1 hcq. The high temperature factors for the residues 36 to 40 are due to the fact that some
of the atoms in the side chains of residues 36, 38, and 40 were missing in the crystal structure and they were modeled. For the rest of the residues the B
factor values are discussed in the text. For a discussion on how to interpret the temperature factors see Ichiye and Karplus (1988), Post et al., (1989), Brooks
et al. (1989), Kuriyan and Weis (1991); Philippopoulos and Lim (1995), and Hunenberger et al. (1995).
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acceptors of the basepairs. Readout of these hydrogen bond
recognition interactions could be direct, as well as indirect
(involving specific water molecules) and could be facili-
tated by an induced fit of the DNA or protein that improve
the complementarity of the interacting protein and nucleic
acid surfaces. It should also be noted that to discriminate
between basepairs, a protein does not need to contact both
bases in the pair; binding to just one base automatically
establishes the other base in conformity with the base-
pairing rules.
The direct hydrogen bonds between monomer 1 and the

DNA half-site that it binds to are schematically presented in
Fig. 6 for both systems. The four residues that play a major
role in the binding specificity and stability of the ER are:
Glu-25, Lys-28, Lys-32, and Arg-33 (see Figs. 6 and 9).
Only one of the three amino acids that form the P-box,
Glu-25, makes a direct contact to the DNA. Ala-29, which
has only the methyl group in its side chain, can interact
strongly only with the T base because it is the only base that
has a strongly hydrophobic group. Since the crystallo-
graphic study and our simulations indicate that this residue
is too distant to make a van der Waals contact with the
methyl group of the T bases, another role may be attributed
to this residue. Residue Ala-29 may be contributing to
specificity not by increasing affinity to specific bases, but
by providing effective repulsion to a nonspecific target site

ER-ERE

or by sterically permitting another residue, Glu-25 for ex-
ample, to make a direct side-chain contact with DNA (Zil-
liacus et al., 1995). The role of the rest of the residues is
discussed separately for each of the simulated systems.

In case of the ER-ERE system, the direct contacts be-
tween the protein and DNA are stable, and the same as in
the crystallographic structure (Schwabe et al., 1993a). Res-
idue Glu-25 has a high affinity for the C4 of C-233, and
molecular modeling suggests that this residue has an inhib-
itory property when the protein binds to a nonconsensus
response element (Alroy and Freedman, 1992; Zilliacus et
al., 1995). Residue Lys-28, in addition to making a salt
bridge to Glu-25, donates a hydrogen bond to 06 of G-104,
Lys-32, which is a residue conserved between different
receptors, interacts with the two central bases that are spe-
cific to the ERE half-site. In the crystal structure, as well as
in our simulation, Lys-32 forms a direct bifurcated hydro-
gen bond to N7 of G-105 and to 04 of T-106. Residue
Arg-33 contacts both a base (N7 of G-23 1) and a phosphate
group through direct hydrogen bonds. All these residues
have very low values for the calculated temperature factors,
which reflects their stability and tightening during the bind-
ing of the protein to the specific DNA sequence.

In the case of the ER-GIERE system the mutation of the
two basepairs in the half-site leads predominantly to three
changes in the hydrogen bonding pattern at the protein-

ER-GIERE

FIGURE 6 Schematic representation of the direct hydrogen bonds in the consensus (left) ER-ERE and nonconsensus (right) ER-GIERE systems. The
major groove of the DNA is represented as an opened-out helix. The residues that are part of the reading helix are represented by shaded ovals. Bases and
sugar rings are represented as boxes and the phosphate backbone by a circle and a solid line.
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DNA interface (see Figs. 6 and 9). First, the direct, "spe-
cific," hydrogen bond between residue Glu-25 and C4 of
C-233 is abolished. Residue Glu-25 and the bulky methyl
groups of the two central T bases close the gap (waters
cannot enter or escape at the interface) at the amino-termi-
nal end of the reading helix. By losing a direct hydrogen
bond, residue Glu-25 becomes more flexible, which is re-

flected in the high value of the temperature factor for this
residue. Also, the interaction energy of this residue with the
DNA half-site is much reduced. Second, residue Lys-28 is
able to make new hydrogen bonds due to the mutated bases;
the basepair mutations alter the conformation of DNA,
bending the ds(AA) step through rolling and tilting of the
two basepairs. The position of the axis deformation is cor-

related with the TIP (orientation of the basepairs with re-

spect to the helical axis), ATP (axis tip angle), ROL (roll),
and TWS (twist) parameters [for a detailed definition of
these parameters see Lavery and Sklenar (1988)]. The time
evolution of these parameters in the two simulations is
presented in Fig. 7 a. It is easy to follow the deviation of
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FIGURE 7 (a) Time evolution of the position and orientation of the
central four basepairs in one half-site relative to the helical axis of the

DNA, displayed in "windows" (Lavery and Sklenar, 1988; Ravishanker et

al., 1989). The time axis is on the vertical, increasing from bottom to top
in these figures. The line through the windows represents the parameters
for the starting structure. The numbers under the windows represent the

average values of the parameters during the simulations. The windows at

the bottom of the figure show the parameters for ideal B-form DNA. (b)
Snapshot of the DNA half-site in the ER-GIERE system emphasizing the

distortions of the two mutated central basepairs A105-T233, A106-T232,
and of the DNA axis. Figure created using VMD (Humphrey et al., 1996).

these parameters from the starting structure in the two
systems and see that they remain more or less the same in
the specific ER-ERE system. There is a large increase in the
axis tip angle (ATP) for the A106-T232 step to -15°
toward the major groove and a big TIP angle of -8° for the
A105-T233 step in the ER-GIERE system. A positive value
for the roll (ROL) parameter indicates an opening of the
angle between basepairs toward the minor groove. In the
ER-GIERE system, the roll opens the basepairs step A106-
T232 toward the minor groove, and the previous step,
A105-T233, toward the major groove. The change in the
ROL results in a bend in the DNA helical axis, shown in
Fig. 7 b. The values for the TWS parameter indicate an
unwinding (for values <360) and an overwinding (for val-
ues >36°) at the roll points.
The bending at the ds(AA) site brings the DNA closer to

Lys-28 providing additional hydrogen bonds between
Lys-28 and the N7 atoms of G-104 and A-103. As seen in
Fig. 6, the mutations do not affect the direct hydrogen bonds
between Lys-28 and DNA bases that are observed in the
crystal structure and are also stable in the ER-ERE system.
However, the mutations allow the residue to reach and
contact the first A base in the DNA half-site. In the non-
consensus complex of Schwabe et al. (1995), the Lys-28
residue adopts another conformation due to a steric clash
with the mutated basepair which does not arise for the
ER-GIERE system. A third change in the nonconsensus
ER-GIERE system is the disappearance of the bifurcated
hydrogen bond between residue Lys-32 and N7 of G-105
and 04 of T-106. Lysine residues are known to bind to A,
T, and G bases; nevertheless, in the present case they bind
almost exclusively to G bases, probably due to the electro-
static interaction between the positively charged side-chain
of lysines and the negatively charged G bases (Suzuki,
1994). The high temperature factor for Lys-32 residue also
reflects the flexibility of this residue that allows it to fluc-
tuate between different positions. The interaction energy of
this residue with DNA is lower in the specific ER-ERE
system than in the nonspecific ER-GIERE system. The
position and direct hydrogen bonds for Arg-33, a conserved
residue among the receptors, is not perturbed by the muta-
tions induced in the DNA half-site. It should also be noted
that the two central A bases that substituted the G-105 and
T-106 bases make no direct contacts to any of the protein
side chains.
The phosphate backbone of the DNA, on either side of

the major groove, is contacted in both systems either
through direct hydrogen bonds (see Figs. 6 and 8 a) or

through water-mediated bridges (see Fig. 9). On one side of
the major groove the phosphate backbone is contacted by
residues Tyr-17, His-18, and Tyr-19. These residues make
direct hydrogen bonds to the phosphate group of A-102,
A-103, and G-104 in the crystal structure; hydrogen bonds
that are stable during the course of the simulation in both
simulated systems. The contacts to phosphates on the other
side of the major groove are made by more residues located
in the three a-helices of the protein. Residues Arg-56 and
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a)

FIGURE 8 (a) Stereo view of the
interaction between the protein resi-
dues and the phosphodiester back-
bone of the DNA. Residues Tyr-17,
His-18, and Tyr-19 contact the DNA
backbone on the left side and resi-
dues Arg-56, Lys-57, Gln-60, and
Arg-63 contact the DNA backbone
on the right side. The DNA backbone
is represented as a tube with the
phosphorus atoms represented as van
der Waals spheres. (b) Top view of
the interaction between the DNA
half-site and the reading helix in the
major groove. The reading helix is
drawn as a tube with specific depic-
tion, from left to right, of residues
Arg-33, Lys-32, Lys-28, and Glu-25.
Water molecules are represented as
van der Waals spheres. Only direct
and water-mediated hydrogen bonds
to the bases of the DNA are pre-
sented. Figures created using VMD
(Humphrey et al., 1996).

b)

Arg-63 on one side, and Lys-57 and Gln-60 on the other
side saddle the DNA backbone, holding it in a strong grip.
Direct hydrogen bonds between the protein side chains and
the phosphodiester backbone of the DNA are illustrated in
Fig. 8 a.
Due to this bonding pattern of the phosphate backbone on

both sides of the major groove, the protein can measure the
width of the major groove. Any change in the groove width
should be detected and should influence the binding of the
protein.

Water-mediated contacts

The water-mediated hydrogen bonds between monomer 1
and the DNA half-site are schematically presented in Fig. 9
for both simulated systems. The number of water molecules
that bridge between DNA bases and protein residue side
chains is different in the two systems. Two more water
molecules make their way into the major groove of the
nonconsensus system ER-GIERE, and it is tempting to spec-
ulate that a longer simulation time may allow more water
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FIGURE 9 Schematic representation of water-mediated hydrogen bonds in the consensus (left) ER-ERE and nonconsensus (right) ER-GIERE systems.
Ordered water molecules at the protein-DNA interface are shown as dark circles. The bridging waters between protein side chains and DNA bases are
numbered wl to w5. The direction of the hydrogen bonds made with the bases of the DNA is indicated by arrows going from the donor to the acceptor
atoms. All the interactions indicated in this figure do not occur simultaneously, but they form a network that fluctuates with time.

molecules to enter the major groove at the protein-DNA
interface.

There are three water molecules that facilitate interac-
tions between protein residues and DNA bases in the crystal
structure (Schwabe et al., 1993a). Water molecule wl,
which is fully coordinated by its contact with Lys-28, Arg-
33, and 06 of G-23 1, continues to occupy the same bridging
position as in the crystal structure during the entire simula-
tion time in both systems. Water molecule w2, which ex-
tended the reach of Glu-25 residue to the N6 of A-232 and
N4 of C-233 in the crystal and the ER-ERE system is
displaced by the basepair substitution in the ER-GIERE
system, being pushed over the C-233 base toward the C-234
base (see Fig. 9). The orientation of this water molecule is
fixed by its interaction with another water molecule, w3,
that bridges between Lys-32 and the G-104, A-105 bases. In
both systems this water, which allows Lys-32 to contact the
central two basepairs in the crystal structure (Schwabe et al.,
1993a), moves over the 105 base toward the G-104 base,
extending the reach of Lys-32 to N7 of G-104 (see Fig. 9).
By doing so, the direction of the hydrogen bond between the
two waters changes such that the hydrogen bond balance for
the water molecule is still maintained (w3 becomes the
donor and w2 becomes the acceptor).
As mentioned above, there are two more water molecules

that make their way into the major groove of the DNA and

contact the bases. One water molecule, w5, bridges between
Lys-28 and N6 of A-103, thus increasing the recognition of
the first basepair in the half-site. The other water molecule,
w4, fills the void left by the mutation of the two central
basepairs in the ER-GIERE system and the rearrangement of
residue Lys-32. This water molecule maintains a stable
bond between N7 and N6 of A-106. Experimental studies of
the spatial distribution of waters around the DNA support
the existence of such a water molecule belonging to the
DNA spine of hydration (Kim et al., 1993; Feng et al., 1994;
Shaked et al., 1994). This water molecule makes it impos-
sible for the Lys-32 residue to contact the A bases. All the
water molecules and protein side chains making hydrogen
bonds to the bases of the DNA in the two simulated systems
are presented in Fig. 8 b.
Water molecules are also seen to cluster around the

phosphate backbone of the DNA in both simulated systems.
On both sides of the major groove, the number of water
molecules bridging between protein residues and DNA
phosphates is greater in the nonconsensus ER-GIERE sys-
tem than in the consensus one. The positioning of these
water molecules may be facilitated by the intrusion of the
two water molecules into the binding interface between the
protein and DNA bases that leads to a looser contact.
A slight movement of the monomer, facing the noncon-

sensus half-site, out of the major groove is revealed in Fig.

ER-ERE
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10. The slight movement may account for new water me-
diated hydrogen bonds that develop between some residues
and the corresponding phosphate groups, as well as for the
decrease in the buried accessible surface area.
The crystal structure of an estrogen receptorlike DNA

binding domain bound to the GRE (Gewirth and Sigler,
1995) revealed an internal cavity at the protein-DNA inter-
face filled with seven water molecules. Five of these water
molecules bridge between the protein residues and the two
central DNA bases in the half-site recognized by the mono-
mer. The estrogen receptorlike DNA binding domain that
Gewirth and Sigler (1995) used in their crystallographic
study is a mutationally altered GR DNA binding domain
with the P-box of an estrogen receptor and the dimer inter-
face, D-box, of a thyroid receptor. They found that the
internal cavity is created by a lack of conformational ad-
justments by the DNA to close the gap. In our study we also
find five water molecules that bridge between the DNA
bases and the protein in the altered half-site. However, these
water molecules exhibit different placements than those in
the crystal structure of Gewirth and Sigler (1995). Also, in
the ER-GIERE simulated system the two central basepairs
are not directly contacted by the protein but they may,
nonetheless, affect the stability of the complex through their
effect on the DNA structure. These two basepairs are con-
tacted by five water molecules in Gewirth and Sigler's
(1995) structure. The difference in the number and location
of the water molecules, as well as in the DNA conformation,
between the crystallographic study and our theoretical study
may be due to the short simulation time or to the use of a
hybrid protein in the crystallographic study. It should also
be noted that the amino acids within the P-box of the ER are
not in the same relative spatial location as the P-box resi-
dues in the GR (Schwabe et al., 1993a).

Dimer contacts

The dimer interface between the two monomers in the
protein-DNA complex is formed by the region within the
DBD that was found to be distorted in solution (Schwabe et
al., 1990). The contacts in the dimer interface are the ones

.Lx

FIGURE 10 String representation of the simulated protein-DNA sys-
tems (left: ER-ERE system; right: ER-GIERE system). The molecular axis
for protein and DNA were determined using "Molecular Dynamics Anal-
ysis Toolchest" (Sklenar et al., 1989; Ravishanker et al., 1989) and dis-
played using the visualization program VMD (Humphrey et al., 1996). The
initial structure is colored gray and the final structure (after 100 ps) is
colored black. In each structure monomer 1 (that faces the nonspecific

that impose a requirement of a spacer of three basepairs
between the half-sites for the protein to bind DNA. These
contacts also assist the protein in binding to nonconsensus

sequences of DNA. The strength and stability of these
contacts are demonstrated in the crystal structure of the
glucocorticoid receptor DBD bound to a response element
with four basepairs between the two half-sites. The dimer
interaction is so strong that even when it is bound to a DNA
sequence with four basepairs between the two consensus

half-sites, the dimer is not pulled apart by specific DNA
interactions of the monomers (Luisi et al., 1991).
The first part of the dimer interface, Met-42 to Cys-49, is

the region with the most contacts between the two mono-
mers. Pro-44 and Ala-45 residues make van der Waals
contacts with the same residues in the other monomer. The
water molecule that bridges between the Thr-46 residues in
the crystal structure relocates during the simulation time, in
both simulated systems, to form a bridge between the Ser-58
residues. This leads to a high fluctuation of the Thr-46
residue, reflected in the high values for the B factor of this
residue. The two water molecules that bridge residue
Met-42 of monomer 1 and residue Ser-58 of monomer 2
(and conversely) remain at the same bridging position dur-
ing the entire course of the simulation of both systems.
The second part of the dimer interface, Thr-50 to Ser-58,

comprises the short a-helix present only in dimer A of the
crystal structure (see Methods). This short a-helix has very

high temperature factors (see Fig. 5) as a consequence of an
unwinding event that can be observed in the nonspecific
ER-GIERE system. A direct, symmetrical hydrogen bond
between Ser-58 residues, located at the carboxy terminus of
the short a-helix, develops during the course of the simu-
lation in both simulated systems. The symmetrical hydrogen
bonds between Pro-44 residue in monomer 1 and Thr-50
residue in monomer 2 (and conversely) remain strong dur-
ing almost the entire simulation time. Also, new symmetric
hydrogen bonds develop between residues Cys-43 and
Arg-55 of each monomer.

A few interstitial water molecules are found at the dimer
interface. There are many water molecules that hydrogen-
bond to residues in the dimer interface, since on the surface
of the protein water molecules are more easily exchanged
with the surrounding bulk water than at the more buried
dimer interface. However, only two (in the ER-GIERE sys-

tem) and one (in the ER-GIERE system) new water mole-
cules were found to make stable bridges during the simu-
lation. In the ER-ERE system one water bridges between
Ala-45 of monomer 1 and Thr-50 of monomer 2 and the
other water molecule bridges between Asn-54 of monomer
1 and Met-42 of monomer 2. The new water found in the
ER-GIERE system bridges between Ala-45 residue of
monomer 1 and Arg-55 residue of monomer 2. A represen-

tation of all the residues and water molecules that interact at
the dimer interface is provided in Fig. 11.

It should also be mentioned that there are several residues
in the second part of the dimer interface contacting the

half-site) appears on the left and monomer 2 appears on the right side.
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FIGURE 11 Structure of the dimer interface in the crystal structure (left),
ER-ERE system (center) and ER-GIERE system (right) viewed from the
top as defined in Fig. 3. The symmetry of the interactions between
monomers is broken in the ER-GIERE system (right). Figure created using
VMD (Humphrey et al., 1996).

ated hydrogen bonds. Contacts made by these residues,
Lys-53, Arg-56, and Lys-57, are presented in Figs. 6 and 9.
Thus, it may be stated that binding to the DNA not only
correctly aligns the dimer interface, but it also helps to
stabilize it.

CONCLUSIONS

Recognition of DNA sequences requires the formation of
specific contacts between the protein and the DNA. Multi-
ple specific protein-DNA base contacts, both direct or water
mediated, should establish a DNA sequence specificity for
the steroid hormone receptors. These proteins exhibit, how-
ever, a flexibility in recognizing DNA sequences and also
accept a variety of amino acid substitutions in their reading
helix without abolishing binding (Zilliacus et al., 1995).
How can this flexibility in DNA sequence recognition be
correlated with the specific base contacts seen in the crystal
structures?
The results of our study indicate that the binding speci-

ficity of the ER-DBD to different sequences of DNA is
mostly determined by three factors:

1) The surface distribution ofdonor and acceptor groups
for the hydrogen bonds at the protein-DNA interface. When
the donor and acceptor groups are altered, the side chains of
the residues reaching into the major groove of the DNA
rearrange themselves. There are approximately the same

number of hydrogen bonds at the protein-DNA interface in
the two simulated systems, but a significant difference in the
interaction energy of protein-DNA base contacts estab-
lishes itself between the consensus and nonconsensus com-

plexes that may arise from the less favorable geometry of
the hydrogen bonds in the mutated structure. Glu-25 and
Lys-32 side chains rearrange as a result of the mutation;
both make new contacts with the bases or the phosphodi-
ester backbone of the DNA. Also, the two residues form a

fluctuating network of hydrogen bonds that may lead to a

lower stability of the protein-DNA system.
2) The number and position of the water moleculesfound

at the protein-DNA interface. The small size of the water

molecule and its ability to form up to four hydrogen bonds
allows it to fit in some of the gaps at the protein-DNA
interface as well as to satisfy some of the hydrogen donor or
acceptor groups of the protein or DNA. The relocation of
the water molecules that extend the reach of Lys-32 and
Glu-25, and also bond together, illustrates best how easily
the protein adapts its hydrogen bonding network to the
changes in DNA sequence. The direction of the hydrogen
bond between the two water molecules changes in the two
systems in such a way that the hydrogen balance for the
water molecules is maintained. The gap left by the move-
ment of the Lys-32 side chain, as it rearranges itself as a
result of the mutations, is filled by a water molecule that is
well positioned, bridging between the N7 and N6 groups of
the A106 base.

3) The altered conformation of the nonspecific half-site
imposed by the protein. The mutated basepairs ds(AA) in
the ER-G/ERE system alter the conformation of the DNA
through their roll and tilt angles. These deformations allow
residue Lys-28 to make new contacts with the first adenine
and second guanine base in the half-site, thus forcing the
DNA to maintain this conformation. The axis of the mutated
DNA half-site in the ER-GIERE system is bent as a con-
sequence of new roll and tilt angles of the two central
basepairs.
We conclude that the marked weakening (or instability)

of the hydrogen bonding network at the protein-DNA in-
terface, as well as the inadequacy of the protein to expel the
fixed water molecules from the interface, may reduce the
affinity of the estrogen receptor protein for the nonspecific
DNA sequences. Together with previous data (Zilliacus et
al., 1995; Schwabe et al., 1995; Gewirth and Sigler, 1995)
our results contribute to a better understanding of the role
played by the residue side chains and water molecules in the
DNA binding specificity of the estrogen receptor protein.
Specificity is achieved through a delicate balance of ener-
getic contributions, where a small difference in the energy
required to rearrange some of the residues or to bend DNA
leads to significant differences in the binding specificity of
ER. The surface of the DNA is defined by sequence-specific
variations in the functional groups of the bases as well as by
the local deformability of the DNA. The binding protein has
to complement this surface and water molecules are proven
to be the suitable intermediary agents that help the protein to
match its surface to the surface of the DNA.
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