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ABSTRACT. The crystal structure of the DNA-binding domain of the glucocorticoid
receptor complexed with DNA has been made available to us by Sigler er al [1]. The
glucocorticoid receptor binds as a dimer to DNA, and the receptor dimer recognizes a
specific sequence of DNA through nucleotide interactions in the major groove. The target
DNA consists of a palindrome or near palindrome of hexameric half-sites separated by a
three base pair sequence of DNA. To increase the stability of the system for the following
molecular dynamics study, the protein and DNA have been encapsulated in an ellipsoid of
water consisting of approximatively 3,000 water molecules. Energy minimization,
equilibration and dynamics have been conducted and the following properties of the
system have been evaluated : DNA parameters (including major and minor groove width,
twist and bending of the helical axis); interactions between the receptors and DNA, and the
correlation to bending; and orientation of the alpha helix axes of the receptor in comparison
to DNA helical axis.

Introduction

Nuclear receptors form a class of ligand-inducible transcription activators effecting
such diverse tissues as skin, bone, and behaviaral centers in the brain, in addition
to regulating reproductive and secondary sex tissues. This class of proteins includes
the steroid hormone receptors that respond to estrogens, progestins, androgens, glu-
cocorticoids, mineralcorticoids, ecdysteroids, and vitamin D [2-5].

‘The steroid hormone receptors have been characterized according to six func-
tional domains which are schematically presented for three receptors in Fig. 1. The
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DNA-binding(DBD) domain is a localized subdomain of the receptor which alone
is responsible for sequence specificity and exhibits a high degree of structural and
sequence homology between the various receptors in this family. The DBD, whether
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Figure 1: Functional regions of three steroid hormone receptor proteins. A/B, F are the
modulating regions; C is the DNA-binding domain (DBD); D is the hinge region; E is the
ligand binding region.

included as a subdomain of the whole receptor or expressed as the only domain of a
truncated receptor, enables recognition and binding to a specific sequence of DNA,
termed the response element [6]. The structure of the DBD is somewhat similar to
the zinc finger motif in which four cysteine residues are tetrahedrally coordinated
to a zinc ion and serve to orient two alpha-helices nearly perpendicular to one an-
other [1,7,8].

The response element for the steroid hormone receptors is a palindromic or nearly
palindromic DNA strand of hexameric half-sites separated by three base pairs (GRE,
figure 2). The three centrally located base pairs are non-specific allowing, for ex-
ample, a perfectly palindromic DNA strand to serve as a response element. The
latter, labelled GRE3, is shown together with a consensus glucocorticoid response
element,GRE. Once bound to DNA, one of the above mentioned alpha-helical seg-
ments of the DBD, the recognition helix, fits into the major groove of the DNA and
makes specific contacts with nucleotides, while the other alpha-helix is oriented paral-
lel to the DNA axis and makes contacts with the DNA backbone. The corresponding
helical arrangement is presented in figure 3.

It has been demonstrated that the complete receptor, as well as proteins consisting
of just the DBD subdomain of the steroid and thyroid hormone receptors, exist as
monomers in solution but dimerize upon binding to DNA [9,10]. The method of gel-
assay analysis which determines the degree of bending based upon mobility [11, 12},
indicates that the DBD of the estrogen receptor will induce a bend in the DNA of
34deg (deg will denote an angle measured in degrees.) and an even greater bend for
the complete receptor [13,14].

The crystal structure of the DNA binding domain of the glucocorticoid receptor
bound to a segment of DNA has been determined by Sigler et. al. [1]. This structure
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Figure 2: Response element sequences. GRE4 is the non-consensus response element used
for the crystallographic analysis, with axis of symmetry passing inbetween base pairs. GRE3
is a perfect palendrome response element for the glucocorticoid receptor which was created
from the crystal structure. The consensus sequence,GRE, contains several variable base
pairs labeled N and displays the numbering scheme used for this paper.

displays only minor deviations from linearity; however, in order to obtain crystals
with an axis of symmetry passing between base pairs, the three base pair spacing
at the center of the glucocorticoid response element had been replaced in [1] by four
base pairs. The resulting DNA base pair sequence, labelled GRE4, is also shown
in figure 2. The GRE4-protein-dimer complex exhibits for one protein monomer
specific contacts with the consensus sequence and for the other monomer only contacts
with a non-consensus sequence, i.e., in the observed crystal structure one monomer
appears to bind ‘tightly to the DNA strand, whereas the second monomer appears to
exhibit weaker interactions with the DNA strand. The strong dimer interactions are
presumed to outweigh the tendency of the second monomer to make contacts with
the DNA as evidenced by the crystal structure.

In the present molecular dynamics study we have altered the DNA strand of the
crystal structure back to the GRE3 form and adapted the atomic coordinates of the
protein monomer subunits accordingly. Water, was added to the resulting structure
and we carried out molecular dynamics simulations to investigate the protein—-DNA
interactions for the natural response element GRE3. The simulations revealed, as
shown below, that the two monomer subunits develop energetically comparable in-
teractions with the response element and that the DNA strand assumes a bend of a
magnitude which is in excellent agreement with bending angles observed for dimers
of the DBD of the estrogen receptor [13,14].
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Methods

In this section we will describe three structures which defined initial states for three
molecular dynamics simulations: the complex of the GRE3 strand with a dimer of
glucocortcoid receptor DBD’s encapsulated in water (referred to as DNA-GR-DBD
dimer), the GRE3 strand alone encapsulated in water (referred to as DNA), and a
single glucocortcoid receptor DBD encapsulated in water(referred to as GR DBD).
We will also briefly characterize the molecular dynamics simulations conducted.

CONSTRUCTION OF INITIAL STRUCTURES

Our simulations were based on the crystal structure of the DNA-binding domain(DBD)
of the glucocorticoid receptor dimer complex with a non-consensus segment of DNA
(GREA(, see figure 2) [1]. The GR-DNA complex with consensus spacing of three base
pairs corresponding to the strand GRES in figure 2 was created from the original crys-
tal structure by separating the DNA from the rest of the structure and deleting one
of the four base pairs that served as spacing, thus dividing the strand of DNA into
two segments.

One of the resulting segments of DNA was a consensus half-site already aligned
in the crystal structure to make specific contacts with a monomer, while the other
segment was a consensus half-site displaced one base pair along the helical axis. Since
the DNA was observed to be in the B—form, rotating the second segment by 36deg
and translating it by 3.4A (A will denote a length measured in angstrom.) along the
helical axis properly connected the two segments of DNA. This was accomplished
using the coordinate transformation routines available in the structure refinement
package X-PLOR [15].

In order to relax any local defects in the combined structure 500 steps of energy
minimization were conducted on the DNA segment using X-PLOR. During the min-
imization only the base pairs adjacent to the deletion were allowed to relax. At the
end of the minimization helical parameters for the patched region were found to be
in agreement with B-form DNA.

The DNA was then recombined with the dimer such that the relationship, as ob-
served in the crystal structure, to the monomer making contacts with the consensus
DNA half-site was preserved. This procedure brought the second monomer in align-
ment with a consensus DNA half-site. Energetic analysis revealed that the alignment
was favorable, so no further manipulation of the system in order to induce specific
contacts between the second monomer and the consensus sequence was attempted.

The monomer that realized specific contacts with the consensus half-site in the
crystal structure, henceforth, will be referred to as monomer 1, while the the other
monomer that was aligned with a consensus half-site after altering the crystal struc-
ture will be referred to as monomer 2. The resulting complex of the DNA strand,
monomer 1, and monomer 2 is presented in figure 3.
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Figure 3: GR DBD dimer complex with DNA. In order to create this structure an extra
nucleotide pair, has been removed from the crystallographic structure. The protein on the
right is monomer 1 and the one on the left is monomer 2.

Previous molecular dynamics simulations of DNA have demonstrated that mea-
sures must be taken to stabilize the helical conformation of DNA. Early simulations
modified the charges on the phosphate groups [16,17], later simulations obtained
stability by including counter ions, explicit water, and/or base pair constraint func-
tions [18-22]. The protein dimer as described above containes four zinc ions and sev-
eral positively charged residues which partially compensate the charge of the DNA;
the resulting net charge of the system, however, still being rather large, -22e .

A short simulation of the GR-DBD complex, as described above without any
water molecules, revealed that the DNA structure was not stable and that the DNA
rapidly lost B-form helical parameters. Therefore, water was added to the system
using the algorithm WATER [23]. WATER employs a search and replace algorithm
in which a box of equilibrated water, consisting of 125 waters and measuring 15.55A
X 15.55A X 15.55A is replicated on a grid in order to fill the simulated volume. A
search of the space 1.6A from each water’s oxygen atom is conducted; if van der Walls
contacts with the solvated DNA-protein complex are favorable, the respective water
molecule is included, otherwise it is not included.

The procedure outlined placed several waters inbetween monomer 2 and the DNA.
These waters were removed from the system in order to obtain an overall arrangement
of water similar to the water conformation observed in the cystal structure between
monomer 1 and DNA. No waters were added through the procedure described to the
region between the DNA and monomer 1, only the waters which were observed in the
crystal structure remained included. Thus the placement of waters inbetween protein
and DNA was similiar for monomer 1 and monomer 2. Obviously, attention to the
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Figure 4: Vertical slice through the DNA-GR~DBD dimer system that was simulated. In
order to increase stability 3,359 water molecules were added to the protein-DNA complex.
The system measured approximately 60 A X 60 A X 80 A.

placement of waters inbetween the protein and DNA is required since the time scale
of this molecular dynamics simulation is too brief to account for diffusion effecting
water in the interior of the system.

"The simulated volume for the complete GR-DNA system was chosen as an ellipsoid
enclosing the complex with major axes measuring approximately 60 A X 60 A X 80 A.
WATER added 3359 waters to the system which subsequent dynamics proved is
sufficient to stabilize the B-form of DNA while keeping the total number of additional
atoms to a minimum. Therefore, no additional steps were taken to reduce the -22e
charge. A slice through the resulting water-DNA-GR system which was used for the
molecular dynamics simulation is presented in figure 4.

Two other systems were also constructed using the same procedures. A second
system, referred to as the GR DBD system, consisted of only one GR DBD monomer
and 1052 water molecules. The computational domain for this system was defined as
an ellipsoid enclosing the monomer with major axes measuring 60 A X 40 A X 35A.
This system served to demonstrate how binding to DNA and dimerization affects the
properties of the GR DBD.

A third system, referred to as the DNA system, consisted of the sequence of DNA
used for the GR-DNA system enclosed in an ellipsoid of 2112 water molecules and
measured 86 A X 43 A X 43 A. The DNA strand was offset 4.00A from the center
along the minor axis of the ellipse such that the location of the DNA in the water
environment was similar to the location of the DNA in the GR-DNA system. Sim-
ulations of this system were used as a control to demonstrate that the boundary
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conditions and local water environment did not induce bending of the DNA.
MOLECULAR DYNAMICS SIMULATIONS

Parameters for the all atom representation of protein and DNA were taken from re-
lease 3.1 of X-PLOR [15]. All atom types for the DNA were renamed in order to avoid
overlap with the protein parameterization, and specific protein-DNA interaction pa-
rameters from X-PLOR were employed. For water the TIP3P parameterization was
used [24].

All simulations, except for the initial minimization of the constructed DNA se-
quence, were conducted on a Parsytec GCel-64, a 64 processor transputer system,
using the molecular dynamics program EGO [25,26]. EGO has been developed specif-
ically for message passing parallel computers. The program is completely compatible
with the CHARMm energy routines [27], and uses standard molecular dynamics in-
put/output formats. EGO does not incorporate cut-off approximations for the non—
bonded interactions, instead all interactions are calculated by means of a distance
class algorithm combined with a generalized Verlet algorithm [28].

"To avoid waters escaping from the system, a harmonic well was implemented with
boundaries slightly larger than the measurements used in constructing the system.
For this implementation atoms were not constrained to a specific location in space,
rather any atom crossing the elliptical boundary experienced a restoring force directed
normal to the surface of the ellipse circumscribing the volume of interest.

The simulations for each system (DNA-GR-DBD dimer complex, GR DBD, and
DNA ) were carried out in three phases. All phases of the study used a time per
integration step of 0.75fs, SHAKE distance constraints [29] for only the hydrogen
atoms, and harmonic well constraints for all atoms attempting to cross the elliptic
boundary. Previous test simulations with the program EGO and the above param-
eters demonstrated that 0.75fs per integration step yields the most stable energy
conservation. In phase one of our simulations, zero velocities were assigned to the
system and 3072 integration steps of minimization dynamics were conducted. The
minimization technique that EGO employs removes energy from the system at every
time step by a friction coefficient, chosen as 0.7, which rescales the velocities that
result from the molecular dynamics conversion of unfavorable potential energies into
kinetic energy. In addition, the maximum move of any atom for a single integration
step was limited to 8.0 X 10E—-3 A.

In the second phase of the simulations, 3072 steps of equilibration dynamics were
run in which the velocities were gradually rescaled, according to the following scheme
in order to achieve a stable target temperature of 300 K.

Tare At
‘/new= oldx‘/1+(—t_crg_t'—1)x? (].)

T-target is the target temperature; T is the instantaneous temperature of the system;
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Delta t is the time per integration step, and tau is the coupling constant. The time
constant,tau, was 0.75 X 10E—13.

In the third phase of the simulations, molecular dynamics calculations were con-
ducted with stochastic forces applied only to the added waters and the Verlet inte-
gration scheme was employed for all other particles. This phase of the simulation

covered 85120 integration steps for the DNA-GR-DBD dimer complex, or approxi-
mately 64 ps.

Results

In this section a preliminary analysis of the structural properties of the system and
most of the significant interactions between protein and DNA are discussed; the
interactions between the monomer units 1 and 2,although significant, will not be
considered in this paper. For the purpose of the analysis, snapshots of the molecular
dynamics trajectory have been taken approximately every 1.0ps. Particular attention
is focused on the overall structure of the DNA and protein subunits.

STRUCTURAL ANALYSIS

The structural details of the control of transcription by nuclear receptors, or other
regulatory proteins, is at present still unclear, though it is apparent that the inter-
action of regulatory proteins with DNA often induces a bend in the DNA [11,30-
38,44,45],but this is not a necessity for transcriptional control since there also exist
DNA binding proteins controlling transcription that do not induce a bend [39,30,31].
For the present molecular dynamics study a relatively short segment of DNA is being
simulated so that only local effects can be observed. However, there are sufficient
interactions in this segment to confer sequence specificity and to observe a bend in
the DNA. Rms deviations from the crystal structure have been calculated in order
to assess the overall stability of the complex and individual structural elements. For
the rms calculations each particular subset of atoms was first least square fit to the
crystal structure in order to remove any rotation or translation of the whole system.

Each monomer has been further broken down into three segments: the back-bone
of the recognition helix (residues 457 to 469), the back-bone of the parallel helix
(residues 492 to 503), and the dimer region (residues 470 to 491). These segments
are represented schematically in figure 5. The back-bone of the individual monomers
has been fit independently, and the backbone of the whole dimer has also been fit as
a single unit to the original configuration. The phosphate back-bone of the DNA has
also been independently fit to the original configuration. The rms deviations resulting
from the simulations of all three systems,DNA-GR-DBD dimer complex, GR DBD,
and DNA, are presented in Table 1 and in figure 6.

The rms deviations of the complete back-bone of the individual monomers in water
and of the monomers engaged in a complex with DNA are similar, indicating that
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Figure 5: One letter protein sequence of each monomer. The boxes indicate sequence spe-
cific and non-sequence specific contacts, and dots indicate dimer interface contacts observed

in the crystal structure. Outlined regions are the alpha helical units. The first alpha helix
is the recognition helix.

each monomer is stable in the initial configuration. Graphics animation indicates
little change in the spatial relationship between monomer units, and the fact that the
rms deviation of the complete dimer back-bone is not significantly higher than the
observed deviation for either of the individual monomers indicates that the spatial
relationship of the monomers is stable in the initial conformation.

The rms values presented in figure 7 indicate that the major alpha helical units
(residues 457 to 469 and residues 492 to 503) remain quite stable and contribute
little to the overall deviation, while the dimer region (residues 470 to 491) accounts
for most of the deviation from the crystal structure. Comparison of the rms values
for monomer 1 and monomer 2 from the DNA-GR-DBD dimer complex to the values
from the simulation of the GR DBD system indicate a similar stability. A much
greater stability was observed for the DNA in the simulation of the DNA-GR-DBD
dimer complex, average rms deviation for the phosphate backbone being 1.9A , than
the for the DNA in the simulation of the DNA system, average rms deviation for the
phosphate backbone being 2.7A.

The instabilities of the DNA in the simulation of the DNA system can be partially
attributed to a widening of the major groove and loss of helical parameters that other
simulations of such system have also observed [20,19].

The simulation of the DNA system was conducted as a control to demonstrate
that the bending of the DNA strand engaged in the complex with GR is not an
artifact of the simulation. In fact, the uncomplexed DNA strand does not exhibit
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Figure 6: Rus deviation from crystal structure. These values are taken from the simulation
of the complete DNA-GR-DBD system. The alpha carbon atoms were used for the protein
segments and the phosphate back-bone atoms were used for the DNA segments. Separate
lines indicate the rms values calculated using the following: only monomer 1 back-bone

atoms, only monomer 2 back-bon atoms, the complete dimer back-bone, and the DNA
back-bone.

any bending in our simulation of the DNA system.

Major and minor groove widths, which measure interstrand phosphate-phosphate
distances, and twists which measure the turn from one base pair to the next along the
helical axis are indicators of the stability of the DNA strand and are used as indicators
of the specific form of DNA (A,B,Z,etc). Values of these quantities resulting from
our simulation of the DNA system indicate large standard deviations, with the minor
groove remaining more stable in the simulation. The relevant quantities are listed in
Tables 2 and 3.

The average groove width values obtained from the simulation of the complete
protein-DNA system indicate that the complexed DNA remains in the B-form with
slightly wider than average, but very stable, major and minor grooves. The slight
widening of the major and minor groove in the simulation of the complex may be
due to the nature of molecular dynamics simulations but a wider than average major
groove, resulting from the intrustion of the recognition helix, was also observed in
the crystal structure.

'The major groove distance vectors A-7 to T-2, G-6 to A-1, T+2 to A+7, and
A+1 to G+6 pass through the N-terminal and beneath the C-terminal regions of the
back-bone of the recognition helices of monomer 1 and monomer 2, respectively. The
two sets of measurements show the same trend of being tighter at the N-terminal re-
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Figure 7: Graph of average rms values in angstrom versus residue number for the last
30 ps of simulation. Left monomer 1, right monomer 2. These values compare experimental
rms deviations obtained from the crystal structure, labeled crystal, to theoretical values
obtained by the simulations of the molecular assembly in water, labeled simulation. The

values from the simulation of only monomer 1 in water have also been included in the
diagram on the left.

gion, where the alpha helix makes specific base pair contacts, than at the C-terminal
region where the alpha helix is farther away from the bases. Animation of the molec-
ular dynamics trajectory reveals that the sets of lines joining these particular phos-
phate atoms initially have different intersections with the back-bone of the recognition
helices but very quickly develop similar spatial relations. This is a geometrical indi-
cation of the molecular recognition which takes place and is described in the following
section.

‘The most obvious structural change developing in our simulation of the complexed
DNA strand is a bend which is initiated during the minimization and equilibration

complex (A)
monoemer 1 1.2 0.2
monmer 2 1.3 0.1
DNA 1.9 0.3
water
monmer 1 1.1 0.2
DNA 27 1.0

Table 1: Table of average and standard deviation of rms values. These values compare
rms deviations from the crystal structure for the simulation of the DNA-GR-DBD dimer

complex labeled complex, to the simulations of the DNA and GR DBD systems, labeled
water.
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2100V avg sud avg sd
C-8 10 G-3 19.1 0.3 232 3.8
A-Tt10T-2 18.5 09 250 56
G610 A-1 210 0.2 26.5 5.7
A-5t10CO 20.7 1.3 249 5.5
A-4 10 T+1 200 06 25.5 49
C310A+2 182 0.5 23.5 4.8
A-210 C43 19.9 0.8 24 3.3
T-110 A+4 20.8 1.4 ' 22.8 3.3
COLA 45 16.3 0.7 209 4.0
A+l 10 G+6 20.5 00 204 0.0
T+2 10 A+7 18.0 0.5 18.5 1.0
G+3 10 C+8 15.7 06 18.5 2.1

B-form 17.5 17.5

MAJOR GROOVE

Table 2: Major groove widths as measured by interstrand phosphate-phosphate distances.
The table displays measurements from the simulation of the DNA-GR-DBD dimer system

(left column) and DNA system (right column) The labeling for the groove column refers to
figure(2)

phases and develops fully within 20ps. The bend remains stable in this configuration
for the final 40ps of the simulation as evidenced by the curves algorithm of the MD-
toolchest [40-42] which fits an axis to the DNA. The stabilization of the bend is also
exhibited by a decreased slope in the rms deviation of the DNA back-bone in figure 6.
‘The bend, presented in figure 8, is approximately 35deg from the linear strand. This
angle agrees well with results from gel-assay studies. The DNA strand exhibits only
a minor cork screw deviation from planarity, and the base pairs producing the bend
are localized to the three central base pairs of the DNA strand, while the remaining
segments of the strand remain relatively linear as can readily be seen in figure 8.
The bend is driven by several favorable non-bonded interactions between residues
located in the dimer region, which is rich in side chains capable of making phosphate
contacts, and the DNA back-bone. In order to attain these favorable interactions the
DNA back-bone is pulled into a hollow region beneath the dimer interface.

DNA-PROTEIN INTERACTIONS

Interaction energies were determined from snapshots of the dynamics trajectory by
reading the coordinates into X-PLOR and using the constraints interaction state-
ments to isolate specific interactions. Results from these calculations are presented
in figure 9. In this preliminary paper we consider only DNA-protein interactions.
The DNA interaction energy values for monomer 1 and for monomer 2, which was
not aligned with a consensus sequence in the crystal structure, become nearly iden-
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Qroovs avg s avg s
A-4 t0 T-7 11.1 0.4 12.7 12
C3nCé 12.8 0.8 14.3 Q.7
A-2t0T-5 13.1 0.1 134 0.2
T-110T-4 12.5 02 114 1.3
COw G-3 12.7 0.1 11.5 12
A+l T-2 122 04 116 1.0
T+2 0 A-1 13.6 0.8 134 1.0
G+31 CO 13.5 22 156 0.1
T4+ ©© T+1 13.9 0.3 15.0 0.8

T+S5 0 A42 162 1.0 14.3 09

C46 to C+3 14.9 0.2 13.9 0.8

T+7 0 AH 14.5 0.3 13.7 1.1
B-form 11.5 11.5
MINOR GROOVE

Table 3: Minor groove widths as measure by interstrand phosphate-phosphate distances.
The table displays measurements from the simulation of the DNA-GR-DBD dimer system

(left column) and DNA system (right column) The labeling for the groove column refers to
figure(2)

tical within 20ps indicating comparable levels of recognition. The major component
of this total energy results from the electrostatic energy function.

The time scale for the drop in interaction energy and subsequent stabilization
correlates very well with the bending motion observed for the DNA, which suggests
that the bent conformation is necessary for molecular recognition. The favorable
contacts cannot be attributed to any one region, rather it is distributed over several
domains with key residues in each domain being responsible for the major contribu-
tions: residues 451 and 452 of the N-terminal region; residues 459, 461, 465 and 466
of the recognition helix; residues 486, 489 and 490 in the dimer region; and residue
496 of the parallel helix.

N-Terminal Region, Residues 437 to 456. Residues His451 and Tyr452 in this re-
gion are responsible for non-sequence specific contacts and are the primary source
of interaction for this region. His451 of monomer 1 makes a stable contribution of
approximately -80kcal through contacts with the phosphate group of Cyt+8. His451
of monomer 2, while making the corresponding contact with DNA is only able to
achieve a stable interaction of -30kcal. The tyrosine residues 452 of each monomer
make phosphate interactions with Ade=+7 of -30 and -40kcal for monomers 1 and 2,
respectively. The preference for this configuration is evidenced by monomer 1 which
initially has this contact, loses it, then regains it as the terminal hydrogen, which
makes the contact, rotates about the proximate oxygen atom.
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Figure 8: Bending of the DNA axis. An axis drawn down the DNA helix indicates how
the bend develops.

Recognition Heliz, Residues 457 to 469. Residues Lys461, Val462, and Argd66 have
been identified as making specific contacts with base pairs through mutational and
methylation protection experiments. In addition, residues Gly458, Ser459 and Lys461
are responsible for discrimination between the estrogen and glucocorticoid response
sequences [2]. Residues Lys461 and Arg466 of each monomer, in fact, are making
significant contributions to the total interaction energy; however, Val462 of each
monomer never achieves a total interaction energy lower than -7 kcal. The limited
interaction energy for Val462 is the result of interactions with the methyl groups of
thymines at positions four and five (Thy+4, Thy+5). :

Ser459 of each monomer makes important contributions to the total energy through
identical contacts with phosphate groups of the thymines at postition four(Thy+4);
neither residue was reported as making such contact in [1]. As noted above Ser459 is
one of the three residues which is required to differentiate the glucocorticoid response
element from the estrogen response element.

Lys461 of each monomer makes strong contacts with N7 of the adenines at position
seven (Adex7), but Lys461 of monomer 1 is coordinated between the N7 of Gua-6
and the phosphate of Ade-7 while Lys461 of monomer 2 is coordinated with only the
phosphate of Cyt+8. The structural difference can be traced to rotations about the
X3 angle of Lys461. Both achieve about the same interaction energies.

Lys465 of each monomer makes phosphate back-bone contacts; however, monomer
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Figure 9: Protein-DNA interaction energies. Monomer 2 achieves nearly the same molec-
ular recognition as monomer 1 within 20ps.

2 is able to achieve a lower energy for this residue by nearly a factor of two, through
contacts with the phosphates of Ade+7 and Gua+6 while monomer 1 only contacts
the phosphate of Gua-6. These phosphate contacts were not reported in [1] either.
The interaction energies of Arg466 for each monomer show markedly different
energies because they are making different contacts with the DNA. The terminal hy-
drogens on the side chain of Arg466 of monomer 2 make contact with the phosphate
group of Gua+3 while the the corresponding hydrogens of monomer 1 make contacts
with Gua-3 and Cyt-3. The interaction of monomer 1 is the one observed in the

crystal structure and corresponds well to the role which Arg466 plays in determining
sequence specificity.

Extended Region, Residues 470 to 474. Tyr474 has previously been recognized as
making a phosphate back-bone contact. Our simulations showed that monomer 1
achieves stable contacts through this residue with a corresponding interaction energy
of -25kcal/mol. Additional interactions measuring -40kcal/mol and -15kcalmol are
due to His472 and Asn473, respectively. Monomer 2 never developed such contacts
as the side chains had an orientation which directed them away from the DNA and
placed the phosphate groups out of reach.

Dimer Region, Residues 475 to 491. The contacts between Lys486 and the DNA
back-bone were not present for either monomer in the crystal structure. However,
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each of the monomers was able to achieve stable interactions of -60kcal through phos-
phate contacts with Thy+4. These contacts developed quickly and remained stable.

Arg489 of each monomer have initially very similar energies and phosphate con-
tacts, but the side chain of the arginine on monomer 2 flips into a conformation,
that separates it from the corresponding phosphate group thus destabilizing the in-
teraction energy by some 60kcal. The residues of monomer 1 and 2 maintain similar
spatial relationships to DNA so that the lower interaction energy of -110kcal could
also be achieved by monomer 2 flipping back into the original conformation. It should
be noted that both residues maintain favorable contacts that were not identified in
the crystal structure. Lysine residues 490 have been identified as making phosphate

contacts and each monomer is able to achieve these contacts, but with varing degress
of stability.

Parallel Heliz, Residues 492 to 503. There is only one residue in this region which
accounts for virtually all of its interactions with DNA, namely, Arg496, which makes
a phosphate contact. Monomer 2 is able to achieve a stable interaction which is about
40kcal lower than that of monomer 1 which measures -80kcal.

Discussion

In this preliminary report several significant results have been achieved, which are in
agreement with experimental results. The results in this study agree very favorably
with published results for the estrogen receptor DBD binding to DNA [13], a very
similiar system in structure,sequence and function [3,7,43}, and since the conclusion of
the conference it has been brought to our attention that more recent results from gel
assay studies of a GR-DBD dimer bound to the same consensus response element as
used in this molecular dynamics study will bend DNA to a degree which agrees with
our results (personal communication with Dr. David Shapiro, University of Illinois
Urbana-Champaign, Oct. 1993). This beautiful agreement between vastly different
experimental and theoretical results provides mutal support to the validity of the
results. The gel-assay studies being a macroscopic measurement of properties however
do not provide the details of the interaction that we have acheived. In fact protein—
DNA interactions which were not previously described in the structural analysis have
been identified: namely interactions between the Ser459, Lys465, Lys486 and Arg489
residues of each monomer and DNA. From our results it is also clear that the DNA
bends away from the dimer, in other words, the protein is on the outside of the
curve. The author does not know of any studies to date for the GR-DBD dimer that
have predicted the direction of the bend although unpublished results from phasing
studies of the intact ER dimer bound to DNA indicate a bending direction,toward the
major groove (personal communication with Dr. Ann Nardulli, University of Illinois
Urbana-Champaign, Oct. 1993) which is in agreement with our results for the GR-
DBD dimer bound to DNA. The direction of bending is again a significant result since
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there is evidence that for other protein systems such as the the Phage 434 CRO-OR1
complex [44] and the catabolic gene activator protein complexed with DNA [45] that
the protein is on the inside of the DNA curve. Even more interesting, is the fact
that the hetero dimer fos—jun and homodimer Jun—jun will actually bend DNA in
different orientations [37). This molecular dynamics simulation clearly demonstrates
that as the DNA bends away from the protein a more favorable interaction is acheived.
Further analysis of the data will attempt to identify the specific structural elements
and structural changes that facilitate the bending. For this preliminary report the
interactions between the protein monomers have not been analysized but it is clear,
as evidenced in the crystal structure which favors the dimer contacts over specific
DNA interactions, that the strength of the dimer interactions plays a significant role
in determining the relative orientation of the individual molecules in the complex.

The failure of the test simulation of DNA-GR-DBD dimer without explicit wa-
ter molecules demonstrates the profound effect that the local environment has on
molecular dynamics simulations, and the need for molecular dynamics simulations
to account for such effects. Further comparisons of the simulation of the DNA sys-
tem to the DNA-GR-DBD dimer system demonstrates the structural effects that
molecular systems can induce upon one another. The fact that within 20ps of sim-
ulation time monomer 2 developed the same level of interaction energy with DNA
as did monomer 1, which was presumed to be making specific contacts with DNA in
the crystal structure, is a very strong indicator of the ability of molecular dynamics
simulations to accurately represent interactions for supramolecular systems. Addi-
tionally this simulation demonstrates the ability of molecular dynamics to predict
macroscopic observables that bridge the gap between the limitations of crystallo-
graphic techniques which can obtain detailed atomic structure but not necessarily
for the desired structure or under the desired physiologic conditions and the limita-
tions of macroscopic techniques, such as gel-assay studies, which can specify overall
conformational properties but not reveal detailed atomic information.

Finally, it should be noted that in complementary studies of the GR-DBD-DNA
system with the four base pair spacing element, conducted by Lennart Nilsson and
also presented in these conference proceedings, similar protein stabilities were iden-
tified; however, a bent DNA conformation was not observed in their simulation. We
presume that the dimer was not able to develop specific interactions with a non-—
consensus DNA sequence and therefore unable to induce a bend. Currently, we are
conducting a molecular dynamics study of the DNA-GR-DBD with the four base pair
spacing as in the Nilsson study in order to further verify our results and to further
understand the nature of the bending conformation.
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