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ABSTRACT  Molecular dynamics simula-
tions have been conducted to investigate the
binding of the glucocorticoid receptor (GR)
dimer to DNA. For this purpose simulations of
the complex formed by a DNA segment and a
dimer of GR-DNA binding domains (GR-DBD)
have been carried out, employing an available
X.ray structure. A second set of simulations
was based on this structure as well, except that
the DNA segment was altered to the consensus
glucocorticoid response element (GRE). Simu-
lations of a single GR-DBD and of the uncom-
plexed GRE served as controls. For the simula-
tions, each system was encapsulated in an
ellipsoid of water. Protein~-DNA interactions,
dimer interactions, and DNA structural param-
eters were analyzed for each system and com-
pared. The consensus GRE is found to yield
more favorable and symmetric interactions be-
tween the GR-DBDs and the GRE, explaining
the ability of the GR dimer to recognize this
DNA segment. Further analysis focused on de-
formations of the DNA that are induced by the
binding of GR. The deformations observed in-
volve a 35° bend of the DNA, an unwinding, and
a displacement of the helical axis. These defor-
mations are consistent with a mechanism for
transcriptional regulation that involves a
change of nucleosome packing upon GR bind-
ing. Significant protein-protein and protein-
DNA interactions, both direct and water medi-
ated, develop due to the deformations of the
GRE and are indicative of an increased recog-
nition achieved through DNA deformation. The
interactions include direct interactions be-
tween the GRE and glycine-458 and serine-459,
side groups which differentiate GR from other
members of the nuclear hormone receptor
family. © 1996 Wiley-Liss, Inc.
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INTRODUCTION

The glucocorticoid receptor (GR) is a member of
the family of nuclear hormone receptors that are

© 1996 WILEY-LISS, INC.

ligand-inducible transcription activators.!”® Nu-
clear hormone receptors consist of six functional do-
mains, A-F, which are schematically represented
for three receptors in Figure 1. The DNA-binding
domain (DBD) is a localized domain of the receptor
which enables the receptor to bind to a specific DNA
sequence as proven by so-called finger swap experi-
ments.* This particular domain exhibits a high de-
gree of structure and sequence homology between
the various members of the family.® The amino
acid sequence for the rat GR-DBD, a class II zinc-
binding motif,® is also presented in Figure 1, and is
the sequence employed for our study. Twenty-four
amino acids appearing in bold letters in Figure 1 are
conserved throughout the nuclear hormone receptor
family.® Upon binding DNA, the reading helix,
amino acids 457 through 469, fits into the major
groove of the DNA, and the third «-helix, formed by
amino acids 492 through 503, is oriented nearly par-
allel to the DNA axis.

The family of nuclear hormone receptors can be
divided into two subfamilies, the estrogen receptor
(ER) subfamily and the GR subfamily, according to
the DNA sequence that the protein binds and the
identity of three key amino acids.” The GR subfam-
ily, which also includes the progesterone, androgen,
and mineralcorticoid receptors, are identified by the
key amino acids Gly-458, Ser-459, and Val-462 as
labeled in Figure 1. This subfamily of receptors tar-
get the DNA sequence AGAACA, called a half-site.
The ER subfamily, which also includes the ecdys-
teroid, vitamin D;, thyroid hormone, and retinoic
acid receptors, is identified by the key amino acids
glutamic acid in place of Gly-458, glycine in place of
Ser-459, and alanine or glycine in place of Val-462.
The ER subfamily of receptors targets the half-site
AGGTCA Thus, these three amino acids and two
base pairs are critical in the recognition between the
protein and the DNA 8-1°

Abbreviations: XR, X receptor, where X denotes the receptor
name; DBD, DNA binding domain; XRE, X response element,
where X denotes the corresponding receptor; rmsd, root mean
square deviation; rms, root mean square.
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Fig. 1. (Top) A schematic representation of the six functional
domains of the estrogen receptor (ER), progesterone receptor
(PR), théroid hormone receptor (TR) and the glucocorticoid re-

ceptor (GR). The A/B domains affect transcriptional activity; C is
the DNA binding domain, D is the hinge region, and E is the ligand
binding domain. (Bottom) The amino acid sequence of the rat
GR-DBD used in this study. Circles indicate amino acids which
alter transcriptional activity upon site mutagenesis;®® bold letters
indicate conserved amino acids in the nuclear receptor family.®
Dots denote dimer interactions, solid boxes denote phosphate
interactions, and open boxes denote base interactions with the
DNA, identified in the crystaliographic structure.?* The amino ac-
ids constituting a-helical structures are outlined.

The sequence of DNA that a receptor targets in
vivo is called the response element and will be de-
noted by GRE (XRE) for the response element of GR.
Response elements for three nuclear hormone recep-
tors are shown in Figure 2. A single receptor binds
to a half-site, as discussed above; however, the re-
ceptors in the nuclear receptor family function pri-
marily as dimers, so that the complete response
element consists of two half-sites separated by so-
called spacer base pairs. The spacer base pairs are
nonspecific, denoted by N in Figure 2, and serve to
align the half-sites so that, upon complex formation,
the receptors which compose the dimer are oriented
for optimal dimer contacts, as well as optimal con-
tacts with the half-sites. A palindromic response el-
ement, termed GRE3, constructed from the crystal-
lographic data, is shown along with a consensus
GRE in Figure 2. Wild-type ER and GR exist as
dimers in solution, and the protein—protein contacts
lead to cooperative DNA binding.!~** The isolated
DBDs of these proteins (see Fig. 1) exist as mono-
mers in solution,'®!® indicating that not all of the
dimer contacts are located in the DBD. The isolated
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Fig. 2. Consensus sequences for the glucocorticoid response
element (GRE), estrogen response element (ERE), and thyroid
hormone response element (TRE). N is a variable nucleotide
and——is used in this figure for alignment, i.e., for a lack of a nu-
cleotide. Boxes indicate the ditferences between response ele-
ment half-sites and arrows indicate the symmetry axes. GRES3 and
GRE4 are the specific sequences for the systems pgre3 and
pgre4. Numbers indicate the scheme used in this paper for the
base pairs.

DBDs are, however, capable of recognizing the re-
sponse element.?

Proposed mechanisms for the regulation of tran-
scription by nuclear hormone receptors, although
not fully understood, rely on the ability of the pro-
tein to affect nucleosome packing. Bending of DNA
has been observed for at least 20 different transcrip-
tion factors; the magnitude of bending varies from
20° to 130°.}7 For ER, the method of gel assay anal-
ysis, which determines bending by mobility
shifts,'®!? indicates that the ER-DBD will induce a
bend of 34° while the complete receptor, i.e., includ-
ing domains A-F of Figure 1, produces a bend of
56°.202! These observations of DNA bending for the
nuclear hormone receptors along with the observa-
tion of response element phasing in nucleosomes??
suggest that the nuclear hormone receptors weaken
the interaction of DNA with histones by altering the
conformation of the DNA. However, bending is not
observed in the available crystallographic struc-
tures of nuclear hormone receptor proteins com-
plexed with DNA. Only minor deviations from B
form DNA are observed in the crystallographic
structure of the ER-DBD/DNA complex®® and in the
crystallographic structure of the GR-DBD/DNA
complex.?* These negative results might be due to
crystal packing, since its effect on the protein~-DNA
structure is not understood.*”

Understanding the mechanism of nuclear hor-
mone receptors from the crystal structure of the GR-
DBD/DNA complex is further complicated by the
fact that the DNA sequence employed is not a nat-
ural response element;Z* rather, the central three
base pair spacer NNN, as shown in Figure 2, had
been replaced by four base pairs NNNN, since the
latter yielded crystals that diffracted with higher



MD OF GR-DBD/DNA BINDING 117

resolution. The resulting DNA base pair sequence,
labeled GREY, is also shown in Figure 2.

In the present study we extend our earlier report
of GR-induced bending of the GRE.2®> We have em-
ployed molecular dynamics simulations to alter the
crystal form of the GR-DBD/DNA complex to obtain
a GR-DBD dimer complexed with a consensus GRE,
i.e., we altered the spacer group NNNN back to the
naturally occurring spacer NNN. We studied the re-
sulting system, as well as the NNNN spacer system,
under solvent conditions, i.e., without the con-
straints of a crystal, and have found that without
these constraints the GR-DBD significantly alters
the conformation of the DNA. In particular, the GR-
DBD induces a 35° bend, in agreement with experi-
ments for the ER-DBD,?°2! and an unwinding of the
DNA. The interactions that we report here are pri-
marily due to the deformations of the DNA and are,
therefore, not observed in the crystallographic struc-
ture which contained near linear B form DNA 3¢

Other simulations based on the same crystallo-
graphic structure?®?” and on a model system?®® have
recently been reported. These simulations do not
yield the DNA conformational changes that we re-
port here. The simulations by Eriksson et al.26-%7
used the NNNN spacer DNA and, therefore, could
not reproduce wild-type protein-DNA interactions.
The simulations by Harris et al.?® employed a 29
base pair sequence of DNA corresponding to the
mouse mammory tumor virus GRE, and focused on
protein-DNA interactions corresponding to cognate
codon/anticodon sequences. Bending and unwinding
of the DNA were reported in this study, but were not
analyzed quantitatively. A

METHODS
Structures

Four systems were investigated by means of mo-
lecular dynamics simulations. The system labeled
pgre4 contains a near consensus response element
(NNNN spacing, GRE4 in Fig. 2) and the GR-DBD
dimer; a second system, pgre3, contains a consensus
DNA response element (NNN spacing, GRE3 in Fig.
2) and the GR-DBD dimer; a third system, gre, con-
tains only the consensus response element (GRE3);
and a forth system, dbd, contains a single DBD of
GR. All systems are embedded in an ellipsoidal bath
of water as described below. Each of these systems is
derived from the crystal structure of the GR-DBD/
DNA complex.?* As stated above, the DNA em-
ployed in the crystallographic analysis contained a
spacer region, NNNN, of 4 base pairs between half-
sites, rather than the naturally occurring NNN. In
the crystallographic structure,?* one monomer,
monomer 1, makes contact with a consensus half-
site; the other monomer, monomer 2, is displaced by

1 base pair from a consensus half-site, retaining the
dimer interactions and forfeiting optimal interac-
tion-with DNA.

Fig. 3. Ribbons representation of the GR-DBD dimer bound to
a consensus GRE. The two reading helices, separated by one
helical repeat along the DNA axis, bind in the major groove of
each half-site. This configuration requires the minor groove to
pass directly beneath the dimer interface. The reading helices are
perpendicular to the page and antiparalle! to one another. The four
zinc ions are represented as van der Waals spheres in the struc-
ture.

We employed for the starting structure of the
pgre4 system the protein and DNA coordinates re-
ported by Luisi et al.2* The protein and DNA coor-
dinates for the pgre3 system were obtained from the
crystal structure®* by separating the DNA from the
dimer and deleting the +0 base pair in GRE4 (see
Fig. 2). Since the DNA is B form, rotating the second
segment by 36° and translating it by 3.4 A 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.?? Local defects in the
constructed DNA segment were annealed through
500 steps of energy minimization using X-PLOR?®
and allowing only the base pairs adjacent to the site
of deletion to relax. The resulting helical parame-
ters of the new DNA strand were those of B form
DNA. The DNA was then realigned with the GR-
DBD dimer such that the relationship to monomer 1
remained identical to that observed in the crystal
structure.?* This procedure brought monomer 2 into
alignment with a consensus DNA half-site while re-
taining its contact with monomer 1. The resulting
complex of the consensus response element, mono-
mer 1, and monomer 2 is presented in Figure 3.

Previous molecular dynamics simulations of DNA
have demonstrated that measures must be taken to
stabilize the B form helical conformation of DNA.
Various methods have been employed including
modified charges on the phosphate groups, counter-
ions, water, and/or base pair constraints. Several re-
cent reviews describe the modeling of DNA.3°-33 For
our particular protein-DNA system the protein
dimer has a positive charge, +12e¢, which partially
compensates for the charge of the DNA; however,
the resulting net charge of each system is still
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Fig. 4. Cut-away view of the system pgre3 showing the ellip-

soid of water surrounding the protein dimer (top of image) and the
gga '(pgrogt?m of image). The image was generated using MOL-
IPT.

rather large, namely, —22¢ for pgre3 and —24e for
pgred.

A short simulation of the GRE3-DBD dimer com-
plex without any water molecules or counterions re-
vealed that the DNA structure was not stable in
vacuo and that the DNA rapidly deviated from B
form helical parameters unless water was added to
the system. Using the algorithm WATER?* a box of
125 waters, equilibrated to 300 K, was replicated on
a grid to encapsulate each system with an ellipsoid of
water. The ellipsoidal geometry optimized solvation
while minimizing the total number of waters needed
to surround the protein-DNA complex. WATER3*
centered the solvent on the system being solvated
and searched the space 1.6 A from each water’s ox-
ygen atom; if van der Waals contacts with the pro-
tein~-DNA system were acceptable, the respective
water molecule was included; otherwise, it was not
included. No waters were added between the DNA
and monomer 1 for either pgre3 or pgre4, except for
waters observed in the crystal structure. Waters be-
tween monomer 2 and DNA were placed for both the
pgre3 and pgre4 systems at positions equivalent to
those between DNA and monomer 1. The resulting
system, pgre3, is presented in Figure 4.

The system gre was constructed such that the
DNA was offset 4 A along the minor axis from the
center of the water capsule; thus, the location of
the DNA within the ellipsoid was similar to that of
the DNA in pgre3.

Simulations

Information on the molecular dynamics simula-
tions is provided in Table I. Parameters for the all-
atom representation of the protein, as well as the
DNA segment, were taken from release 3.1 of
X-PLOR?® and were based on CHARMm19 param-
eters, which included protein-DNA interaction pa-

rameters and fully charged phosphates for the nu-
cleic acids. TIP3P parameterization was used for
water.®®

Essentially all simulations were conducted on
transputer-based parallel computers using the mo-
lecular dynamics program EGO,3%-%8 which is com-
patible with the CHARMm energy routines.>® EGO
does not incorporate cut-off approximations for the
nonbonded interactions; instead, full range electro-
static interactions are calculated by means of a dis-
tance class algorithm combined with a generalized
Verlet integration scheme.*® The generalized Verlet
algorithm satisfies Verlet equivalence and corre-
sponds to an interpolation of forces in a multiple
time scale scheme.*:42

To avoid the escape of waters during the simula-
tions, a harmonic boundary potential was employed.
For this purpose any atom crossing a defined bound-
ary experienced a restoring force linearly pro-
portional to the distance from the boundary and
directed normal to the boundary surface. The bound-
aries were defined as ellipsoids slightly larger than
the surfaces of the water baths described above.

The simulations of the systems pgre4, pgre3, gre,
and dbd were conducted in three phases using a
0.75 fs time step, SHAKE distance constraints*® for
the hydrogen atoms, and the harmonic well re-
straints for all atoms approaching the surface of the
simulated volume. In phase one of the simulations 2
ps of energy minimization were conducted. EGO em-
ploys a steepest descent minimization technique
that removes energy from the system at every time
step by rescaling the atomic velocities by a factor of
0.7. The maximum move of any atom for a single
integration step was, also, limited to 8 x 1073 A.

In the second phase of the simulations 2 ps of
equilibration dynamics were run and velocities, v,
were gradually rescaled according to

T At
Unew = Uold X \/1 + (—‘w"‘ 1) X — (1)
T T

in order to achieve a stable target temperature,
T'arger of 300 K. Here, T denotes the instantaneous
temperature of the system, A¢ denotes the integra-
tion time step, and  a coupling constant, chosen as
75 ps.

In the third phase of the simulations, molecular
dynamics calculations were conducted with Lan-
gevin dynamics applied to the waters (y = 1/ps).
This phase of the simulation covered approximately
90 ps for the simulations of pgre4 and pgre3. The
systems gre and dbd were each simulated for 45 ps.

Energy Calculations

Protein-DNA and protein-protein nonbonded in-
teraction energies were calculated from the trajec-
tories, at 0.96 ps intervals, using X-PLOR.?° The
atom selections for these calculations included only
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TABLE 1. Summary of the Methods Used to Conduct Simulations of the Systems pgre3, pgr4,

gre, and dbd*

_pgre3 pgre4 gre dbd
Program EGOQ?6:37
Processor (nodes) GCel, T805 (64) T800 (60)
Energy function All atom, modified CHARMM19, TIP3P
Coulomb evaluation Full; 8 distance classes*°
Integration method multiple timestop Verlet-I1*°
Stochastic forces Applied to all waters
No. atoms 13,566 13,560 7,475 4,331
No. waters 3,359 3,336 2,112 1,052
Initial coordinates modified crystal modified crystal
Timestep 0.75 fs 0.75 fs 0.75 s 0.75 fs
Harmonic well (33%) 60 x 60 x 80 60 X 60 x 80 . 43 x 43 x 86 35 x 40 x 60
Total simulation time 90 ps 90 ps 45 ps 45 ps
% efficiency/nodes 65 65 72 69
Avg. time/step (s) 24 24 7.8 5.0

*pgred consists of water, GR-DBD dimer, and consensus DNA; pgre4 consists of water, GR-DBD dimer, and near-

consensus DNA; gre consists of water and consensus D

atoms of the protein or the DNA; thus, the effects
of solvation were not included. The energy func-
tions and parameters used for the analysis with
X-PLOR?® were the same as those employed by
EGO, except that a cut-off of 7.5 A was used in cal-
culations with X-PLOR.??

Structure Calculations

The Molecular Dynamics Analysis Toolchest*+4%
was employed for geometric analysis of the trajecto-
ries at 1.8 ps intervals. Selected snapshots of the
protein and DNA axes produced by this package are
presented. The resulting data were also used to cal-
culate the helical repeat,

N x 360°
H= —
P4

for each trajectory point in order to characterize the
overall degree of winding and unwinding of the
DNA. 27 in (2) denotes the total inter-base pair twist
from position —7 to position +7 of a DNA segment,
i.e, only the half-sites and the spacer elements are
considered. N is equal to the number of base pairs
minus one; thus, N is equal to 16 for GRE4, which
includes 4 base pairs as the spacer element, and N is
equal to 15 for GRE3, which includes 3 base pairs as
the spacer element.

The roll, p, and tilt, 8, values produced by the Mo-
lecular Dynamics Analysis Toolchest***5 are mea-
sures of inter-base pair angles;*® nonzero values re-
sult in a localized bend, B, of the DNA axis
determined by

2

&3]

We evaluated B as a function of sequence position by
averaging over the trajectories of pgre3 and pgred.
The root mean square (rms) fluctuations and root

cos(B) = cos(8) x cos(p)

NA; dbd consists of water and a GR-DBD monomer.

mean square deviations (rmsd) were calculated from
the trajectories, at 0.96 ps intervals, using X-
PLOR.?® The rms fluctuations of the protein and
DNA backbones were calculated with the average
structure as the reference, and the rmsd values of all
heavy atoms were calculated with the initial struc-
ture as the reference.

Contact Frequency Calculations

In order to characterize the protein—protein and
protein-DNA interactions we have calculated so-
called contact frequency matrices. To construct
these matrices, the trajectories were analyzed with
the distance functions in X-PLOR?® using a 0.96 ps
interval between analysis points. For each analysis
point an amino acid or base pair was selected, and a
search of all atoms located within a radius of 2.5 A
was conducted; the parent amino acids or base pairs
were defined as making a contact. The total number
of intermolecular contacts between pairs of residues
was then determined and presented in the form of
contact matrices. Qur use of the term “contact,”
therefore, identifies hydrogen bonds, salt bridges, or
van der Waals contacts.

Hydrogen Bond and Water
Bridge Calculations

To differentiate the nature of the contacts evalu-
ated above, we have analyzed the intermolecular hy-
drogen bonds. We have also determined which wa-
ters form intermolecular bridges through hydrogen
bonding interactions. The hydrogen bonds were
evaluated with X-PLOR?® at 96 fs intervals. A hy-
drogen bond is defined by an acceptor-hydrogen—
donor angle of less than 60° from linear and an ac-
ceptor donor distance of less than 3.5 A. A percent
occupancy for each hydrogen bond was determined
as the number of occurrences of a particular hydro-
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gen bond divided by the number of analysis points.
A similar analysis was carried out to investigate the
waters which form bridges between the protein and
the DNA and between the protein monomers. For
our analysis, a water bridge occurs between any
molecules that hydrogen bond to a common water
molecule; bridges which involve multiple waters are
counted only once per trajectory point.

Notation

Protein elements of the simulated structures will
be identified below using a notation introduced best
by way of an example. We denote by P3-2-Lys-486-
NH; an element of the protein P3-2, namely the
NH; moiety of its Lys-486 residue. P3-2 designates
monomer 2 of pgre3; other notations used in this
place are P4-1, P4-2, and P3-1 for monomer 1 of
pgred, etc. The protein and residue, e.g., P3-2 and
Lys-486, are used individually or combined; thus,
Asn-491 refers to asparagines at position 491 in any
of the systems, and P3-1,2 refers to monomer 1 or 2
of pgre3. DNA components of the structures are
identified as GRE3-T~2, where GRE3 designates
the DNA segment in pgre3 and T-2 denotes the
deoxythymidylate residue at position —2. The DNA
segments in pgre4 and gre are denoted GRE4 and
GRE, respectively. C+3 refers to deoxycytidylates at
position three and minus three in any of the sys-
tems. A positive position for nucleotides, e.g., C+3,
will indicate a nucleotide of the half-site in contact
with monomer 2 and a negative position, e.g., C~3,
will indicate a nucleotide of the half-site in contact
with monomer 1, i.e., the monomer that initially ex-
hibits more favorable interactions with the DNA.

ENERGETIC ANALYSIS

Protein~DNA and protein-protein interaction en-
ergies are used as an indication of the degree of rec-
ognition and dimerization between the protein and
DNA and between the protein monomers over the
course of our simulations.

Protein-DNA Interactions

The protein~DNA interaction energies, shown in

Figure 5, demonstrate that the proteins in pgre3 as-
sociate more strongly with the DNA than the pro-
teins in pgre4, reflecting the fact that pgre3 contains
the proper DNA target for GR and that it is “recog-
nized” by the protein. The protein-DNA interaction
stabilizes over a time course of 40 ps for pgre3; after
this, the interaction energy remains approximately
constant for the remainder of the simulation. For
pgre4, the protein~-DNA interaction stabilizes
within 7 ps, the faster equilibration time being due
to the fact that pgre4 represents the crystal struc-
ture, which, presumably, is equilibrated. After the
systems have stabilized in the respective simula-
tions, an energy difference of more than 200 keal/
mol between the protein-DNA complex of pgre3 and

that of pgre4 indicates the dimers ability to discrim-
inate between the two DNA sequences. For both,
pgre3 and pgre4, the protein~-DNA interaction en-
ergy is nearly evenly divided among the two mono-
mers. Comparing the monomers to one another
within each simulation, one observes that P4-1, i.e.,
the monomer optimally associated with DNA in the
initial structure, maintains a consistently stronger
interaction with the DNA than P4-2. The same is
true when P3-1 and P3-2 are compared. This result
suggests that the simulations, most likely, have not
yet achieved a completely equilibrated state which
would be characterized by a symmetric association
of the two monomers. ’

Protein~Protein Interactions

The protein-protein interaction energies, pre-
sented in Figure 6, differ for pgre3 and pgre4. The
interaction energies between P4-2 and P4-1 reflect a
gradual destabilization of the dimer, arriving at a
constant value of —150 kcal/mol after 25 ps. The
altered DNA sequence in pgre3 allows a better fit of
the two protein surfaces involved in the dimer con-
tact as reflected in a decrease of the P3-2 to P3-1
interaction energy during the first 40 ps, the energy
reaching a value of —230 kcal/mol. The interaction
energy increases to —175 kcal/mol at 50 ps, but still
remains more favorable than in the case of pgre4.
These interaction energies do not include the ef-
fects of solvation, so that water bridges partially
compensate for this loss of interaction in pgre3. The
synchronous stabilization of protein-—protein and
protein-DNA interactions implies a cooperative
character of the binding of the GR-DBD dimer to
DNA. In this respect, it should be noted that the
decrease of the total protein~-DNA interaction en-
ergy for pgre3 measures over 300 kcal/mol, a value
which is significantly larger than the sum of the
separate protein—-protein interaction energies for
P3-1 and P3-2, indicating that the protein~-DNA in-
teractions are dominant. Figure 6 demonstrates that
the primary contribution to the protein—protein in-
teraction stems from electrostatics; the salt bridges
between Arg-479 and Asp-481 are the main contrib-
utors for each simulation, as discussed below.

MOLECULAR CONFORMATION

Snapshots of the protein and DNA backbone axes,
shown in Figure 7, illustrate the conformational
changes observed over the course of the simulations
of pgre4 and pgre3. A bending of the DNA axis over
the course of the simulations can clearly be dis-
cerned. In Figure 7A, which shows the conformation
at the end of phase 2 of our simulations, the DNA is
nearly linear as in the original crystallographic
structure. In Figure 7B, showing the structures af-
ter approximately 22 ps of simulation in phase 3, the
DNA segments of both pgre4 and pgre3 have been
distorted to form a localized bend near the spacer
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groups NNNN and NNN, respectively. The ends of
the DNA segment have developed further deviations
from linear B form DNA at 44 ps, most obvious for
the case of GRE4, as shown in Figure 7C. These
distortions are due to hydrogen bonds involving Cys-
450, His-451, and Lys-511 and the phosphate groups
of GRE4 + 7,8. The interactions exist for each mono-
mer in both pgre3 and pgre4. The DNA segments in
pgre3 and pgred4 remain bent throughout the latter
parts of phase 3 of our simulations. .

During the simulations, P3-2, appearing on the
left side of each frame, establishes closer contact to
the DNA than P4-2. This is discernible as a down-
ward translation of P3-2 relative to P4-2 in Figure
7C and D. P4-1 or P3-1 do not show such a transla-
tion, as evidenced by the overlap of the respective
protein folds in Figure 7. This behavior indicates
that the interaction of monomer 1 with the DNA is
optimal in the initial structure, i.e., the crystal
structure. The translation of P3-2 is further sup-
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Fig. 7. Molecular axes determined using the Molecular Dy-
namics Analysis Toolchest***¢ and displayed as stereo images
with the visualization package vmd.>* A, B, C, and D correspond
to snapshots taken at t = 2, 22, 44, and 66 ps. pgre3 (black);
pgred (gray). Monomer 2 appears on the left and monomer 1
appears on the right side of each frame,

ported by P3-2’s rmsd from the initial structure.
P3-2 develops a larger rmsd than any of the protein
elements, P3-1, P4-1, P4-2, or dbd. The motion of
P3-2 toward the DNA affects the protein-DNA in-
teractions, as well as the relative orientation of P3-1
to P3-2, and, hence, the dimer interactions. The in-
teraction energies presented in Figures 5 and 6, and
discussed above, are indicative of the respective be-
havior.

Protein Fluctuations

Root mean square fluctuation values for the back-
bone atoms of each monomer are presented in Fig-
ure 8. Elevated rms fluctuation values peak at Gly-
470 and are elevated throughout the reading helix,
amino acids 457 through 469. The rms fluctuation
values decrease with increasing distance from Gly-
470, but the ® and ¥ angles in this region demon-
strate relatively small fluctuations about ideal
a-helical values. Since rms fluctuation values re-
flect motions in a fixed reference frame, while the &
and ¥ angles describe motions in a relative refer-
ence frame, our simulations indicate that the read-
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Fig. 8. Protein rms fluctuations based on the last 45 ps of the
simulations (labeled pgre3 and pgre4) averaged over the peptide
backbone of each amino acid. Data for monomer 1 on the left,
data for monomer 2 on the right. Data determined from the crys-
tallographic temperature factors are denoted “Experimental.”

ing helix fluctuates as an integrated structural ele-
ment. This is not true for the protein segments
immediately following the reading helices, namely
amino acids Gln-471 through Tyr-474, which are lo-
cated on the carboxy side of Gly-470. These amino
acids show significant rms fluctuation values, as
well as significant differences in ® and ¥ angles
between proteins P3-1, P3-2, P4-1, and P4-2. For
P3-1 and P4-1, amino acids His-472, Asn-473, and
Tyr-474 are making strong contacts to the DNA and
exhibit lower rms fluctuation values compared to
the values observed for P3-2 and P4-2. For P3-2 and
P4-2, the side chains are oriented away from the
DNA and, therefore, contact the solvent. The result
is a difference in profiles of the rms fluctuation val-
ues for monomer 1 and monomer 2 in this region of
the protein.

" We conclude that the reading helix, amino acids
457-469, fluctuates as a single structural element
and that the dynamics and conformation of amino
acids GIn-471 to Asn-474 depend on local interac-
tions and conformation. The implication is that
dimerization and DNA contacts of amino acids not
located in the reading helix can influence the dy-
namics of the reading helix. Our conclusion is sup-
ported by observations of binding cooperativ-
ity,!**47 gnd by a simulation of the GR-DBD/
GRE4 complex based on the same crytallographic
structure.?’

DNA Twist

The helical repeat, H, is a measure of the winding
and unwinding of the DNA, and has an initial value
of 10 bp/turn for pgre4, as in the crystal structure.?*
pgre3 and gre, which were constructed from pgre4,
also have initial values of 10 bp/turn. H increases, at
different rates, over the course of each simulation,
as demonstrated in Figure 9, indicating an unwind-
ing of the DNA segments. We suggest that the un-
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time (ps)

Fig. 9. Helical repeat for each response element calculated
from the twist values: simulation gre (line ending at 45 ps), pgre3
(solid line), pgre4 (dotted line). The lines, least-square-fit to the
data, have positive slope which indicates unwinding of the DNA,
pgred has the greatest slope, therefore undergoing the greatest
degree of unwinding.

winding of GRE4 and GRE represents a relaxation
of DNA from 10.0 bp/turn in the crystal environ-
ment toward 10.3-10.6 bp/turn expected for a solu-
tion environment,*é-484? while the larger slope of H
for GRE3 indicates that unwinding of the proper tar-
get site is further driven by interactions with the
protein. Figure 9 indicates an average value of 10.2
bp/turn near 40 ps for GRE, an average value of 10.5
bp/turn near 80 ps for GRE4, and an average value
of 11.2 bp/turn near 80 ps for GRE3. The total twist
has not achieved a stationary value over the course
of our simulations; therefore, we emphasize the dif-
ference in the slopes of H rather than the specific
values of the twist.

DNA Bending

All inter-base pair positions exhibit some degree
of bend as indicated by Figure 10, thus contributing
to a writhed conformation of the helical axis. In both
systems, pgre3 and pgre4, the writhe is manifest as
a bend away from the protein (Fig. 11, bottom) and
as a displacement of the helical axis in a plane per-
pendicular to this bend (Fig. 11, top).

The bend away from the protein is located in the
spacer region NNN or NNNN and results from
larger values of roll observed for NNN and NNNN.
In the case of pgre4, the major contribution to this
bend arises between GRE4—0 and GRE4 + 0, while
in the case of pgre3 the bend arises mainly from
positions GRE3~1 to GRE3-0 and GRE3-0 to
GRE3+1. To characterize the overall bend of the
DNA, the angle between the axis of each DNA half-
site has been measured. A bend of 35° can be dis-
cerned in Figure 11.

The displacement of the helical axis results from
two other bends that lie in a plane perpendicular to
the plane of the first bend and are directed so as to
cancel each other. This is a property dictated by the
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Fig. 10. Local bend angles, averaged over the simulations
pgre3 (triangles) and pgre4 (squares). Solid boxes indicate base
pairs that distinquish an ERE from a GRE (see Fig. 2), dotted
boxes indicate haif-sites. There is no measure of the bend angle
for the central C-G base pair step for the simulation of pgre3; this
corresponds to the site of deletion of a base pair from pgre4 in

order to construct pgre3.
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Fig. 11. Stereo representations of the pgre3 complex after 70
ps of molecular dynamics simulation. View with the DNA located
in front of the protein (top), and with the DNA below the protein
(bottom). Angles indicate deviation from linearity, and arrows in-
dicate the direction of the half-site sequences. Altering the pro-
tein—haif-site symmetry affects conformation in the plane corre-
sponding to the top view (middle), but will not affect conformation
in the plane corresponding to the bottom view.

symmetry of the DNA half-sites and the correspond-
ing symmetry of the monomers, as demonstrated in
Figure 11. If the half-sites and monomers where ar-
ranged as direct repeats, i.e., head-to-tail rather
than head-to-head, these bends would be additive. In
other words, if the protein bends the DNA “to the
left” then direct repeats of the half-sites will have
two left bends, while an inverted repeat of the half-
sites will have a “left” bend coupled with a “right”
bend. These arguments apply, for the present sys-
tem, only to bends that lie in a plane which is par-
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allel to the plane that intersects the two reading
helices. The displacement results from local bends
which are located between positions +3 to +4, —4
to ~3, +6 to +7, and ~7 to —6, as is discernible in
Figure 10. Average roll values for pgre3 are 27° for
+3 to +4, 16° for —3 to —4, 20° for +6 to +7, and
17° for —6 to —7. The reader may note that positions
+3 and *4 also differ in base pair composition for
GRE and ERE (see Fig. 2) such that GRE and ERE
may exhibit different bends when associated with
the respective receptors.

Such deviations from linear B form DNA have not
been observed to this degree in other simula-
tions2”28 or in crystallographic structures of related
systems.?>2* The greater deviations from linearity
that we observe result in additional protein—-DNA
and protein—protein interactions, as discussed be-
low.

PROTEIN-DNA INTERACTIONS

Protein~-DNA . contacts, presented in Figure 12,
and water bridges, presented in Tables II and III,
indicate significant interactions during our simula-
tions that were not reported in the crystallographic
analysis.?* These interactions include direct inter-
actions with DNA involving Gly-458, Ser-459, Phe-
463, Lys-465, Lys-486, Lys-490, and Pro-493 and
water bridges involving Ser-459, Phe-463, and Glu-
469. Some of the direct interactions are within the
limits of the resolution and fluctuations obtained for
monomer 1 in the crystallographic structure. The
direct interactions are indicative of the greater de-
gree of recognition achieved in our simulations as
the DNA deviates from a linear B form conformation
and are the primary focus of our analysis of protein-
DNA interactions. His-472, Asp-473, and Tyr-474
will also be discussed since these amino acids violate
the symmetric nature of the system. We observe in-
teractions between the reading helix and DNA in-
volving Lys-461, Val-462, and Arg-466. Although
these interactions are significant, they will not be
discussed in detail since these interactions were
similar to those reported in the crystallographic
analysis.?* .

Alignment and Distribution

The protein~DNA contact matrices for pgre4 and
pgre3, presented in Figure 12, show that the con-
tacts between DNA and P3-2 are shifted by 1 base
pair relative to those of P4-2. This result, combined
with the protein~DNA interaction energies, proves
that removal of the additional spacer base pair from
pgre4 was effective in realigning P3-2 with its rec-
ognition half-site. The majority of the protein-DNA
contacts observed in the simulations occur with
amino acids that belong to the a-helical segments of
the monomers, indicated by the shaded regions in
Figure 12.

The reading helices, amino acids 457-469, are

able to make DNA contacts that span each half-site.
In pgre3, neither reading helix makes contact with
the spacer region NNN while the added spacer base
pair in pgre4 offsets alignment of the reading helix
such that the reading helix of P4-2 contacts NNNN.
The contact data indicate that the reading helices of
pgre3 have approximately 33% more contact with
the DNA than the corresponding reading helices in
pgre4. The distribution of these contacts is relatively
similar for pgre4 and pgre3, with the exception of
the shift noted above.

Glycine-458 and Serine-459

Gly-458 obtains an average interaction energy
with DNA of approximately —5 kcal/mol for P3-2,
P3-1, and P4-2 and —10 kcal/mol for P4-1. For pgre3
the interactions are van der Waals contacts between
the a-hydrogen of each Gly-458 and GRE3-T+5-
CH;. P4-1 exhibits a similar interaction, but P4-2,
as previously noted, is out of register by 1 base pair.

The Ser-459s of P3-1, P3-2, and P4-1 each
achieves average interactions with DNA of approx-
imately —35 kcal/mol, while P4-2-Ser-459 achieves
only an interaction with DNA of —20 kcal/mol. In
pgre3, these interactions are van der Waals contacts
between the backbone atoms of the Ser-459s and the
respective GRE3-T+4.CHy groups, while the Ser-
459-OHs hydrogen bond to the respective GRE3-
T=+4-OP, groups, as listed in Table IV. The interac-
tions are similar for P4-1, but the corresponding
hydrogen bond is replaced by a water bridge for P4-
2-Ser-459-OH, as listed in Tables III and V. Water
bridges provide further stability for the interactions
involving Ser-459 as shown in Tables Il and IIL

The direct contacts that Gly-458 and Ser-459
achieve with the DNA indicate that the reading he-
lix has descended further into the major groove, cor-
responding to its greater recognition. Concomitant
van der Waals contacts develop between P3-1,2-Val-
462-CH,; and GRE3-T+56-CH,. Our results help ex-
plain the role of these three amino acids in differen-
tiating an ER-type from a GR-type receptor, which
was not established unambiguously in the crystal-
lographic structure.?* The interactions discussed
above are illustrated in Figure 13a.

Phenylalanine-463 and Proline-493

The side chains of Phe-463, a conserved amino
acid in the nuclear receptor family, and of Pro-493
form a hydrophobic region of each monomer which
contacts elements of the phosphodiester linkage,
namely GRE-T+2-H3’, H5’, and H5". This fixes the
amino acids between the phosphates GRE-T*2 and
GRE-G=3. A water bridge exists between P3-1-Phe-
463-O and GRE3-T-2-OP,, i.e,, the adjacent phos-
phate, as listed in Table II. The Phe-463-Pro-493
region of each monomer borders the dimer interface,
and achieves van der Waals contact only after the
DNA bends into the dimer region, achieving approx-
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Fig. 12. Contact matrices for each monomer of pgre4 (left
side; P4-1, P4-2), pgre3 (right side; P3-1, P3-2). Gray scale indi-
cates frequency of contact between the amino acids (rows) and

imately —15 kcal/mol of interaction energy for each
hydrophobic region. These contacts are a direct re-
sult of DNA bending and are further evidence of the
tighter association of the protein with the DNA de-
scribed above. The contacts are displayed in Figure
13b and have not been previously reported.

Lysine-465

The contacts between Lys-465, which is located in
the reading helix, and G+6 or A%7 involve salt
bridges and a hydrogen bond, listed in Tables IV and
V. A water bridge between P4-2-1ys465 and GRE4-
G +6-03’ is also observed (Table III). Qur simula-
tions indicate that each Lys-465 achieves an inter-
action energy with DNA of approximately —90 kcal/
mol, while P3-2-Lys-465 undergoes a transition in
less than 20 ps to achieve a total interaction of
approximately —120 kcal/mol. P3-2-Lys-465-NH,
bridges the phosphates of GRE3 + G6 and GRE3 +
A7, while P4-1,2-Lys-465 and P3-1-Lys-465 form
salt bridges only with the respective G+6-OP,. Fig-
ure 13c displays the contacts for P3-2-Lys-465. The
interactions between charged amino acids and phos-
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nucleotide pairs (columns). Circles indicate phosphate contacts;
triangles indicate DNA base contacts as reported in the crystallo-
graphic analysis.?* a-Helical segments are shaded.

phate groups of the nucleic acid may be overem-
phasized in our simulations due to a lack of counte-
rions.

Histidine-472, Asparagine-473,
and Tyrosine-474

Amino acids His-472, Asn-473, and Tyr-474 vio-
late the relative symmetry of the protein~DNA con-
tacts, as is evidenced by Figure 12. This asymmetry
was reported in the crystallographic analysis.?*
P4,3-1-Asn-473 and P4,3-1-Tyr-474 hydrogen bond
with the phosphate groups at A~1 and T-2, as
listed in Tables V and IV, while neither of these
contacts are observed for P4-2 or P3-2. We also ob-
serve asymmetric water bridges between P3-1-Tyr-
474 and GRE3-T—~2-OP, as listed in Table II, and
between P4-1-Asn-473 and GRE4-G—-0-03’ and be-
tween P4-1-Asn-473 and GRE4-A—1-04', as shown
in Table III. For P4-2 and P3-2 the side chains of
His-472, Asp-473, and Tyr-474 are directed away
from the complex and contact only solvent mole-
cules. These interactions are not sequence specific
and may serve to increase the nonspecific affinity of
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TABLE I1. Water Bridges Contributing to -
Protein~-DNA Interactions for pgred

TABLE III. Water Bridges Contributing to

Protein-DNA Interactions for pgred

Occupancy i Occupancy
DNA (%) DNA (%)
Monomer 1 Monomer 1
His-451 NE2-HE2 C-8 O2P 57.6 Lys-461 NZ-HZ1 T-5 04 47.6
Ser-459 N-HN T-4 05’ 334 Arg-466 NH1-HH12 A-1 05’ 39.5
Phe-463 O T-2 O2P 471 Arg-466 NH1-HH12 T-2 O2P 38.9
Arg-466 NE-HE A-103% 45.7 Asn-473 ND2-HD22 G-0 03’ 50.6
Arg-466 NH2-HH22 T-2 04’ 48.1 Asn-473 ND2-HD22 A-10¢’ 40.6
Arg-466 NH2-HH22 T-2 0§’ 61.6 Arg-489 NH1-HH12 G-301P 77.2
‘Tyr-474 OH T-2 O2P 34.2 Lys-490 O A-103' 37.3
Lys-486 O G-3 01P 63.3 Leu-507 O G-6 01P 55.0
Ile-487 O A+102P 46.2 Ala-509 N-HN G-6 O1P 52.7
Lys-490 NZ-HZ3 T-~2 03’ 39.4 Lys-511 NZ-HZ3 A-703 45.6
Lys-490 NZ-HZ3 G-3 04’ 61.6 Monomer 2
Leu-507 O G-6 O2P 36.0 Ser-459 0G-HG1 G+3 02P 4.7
Arg-510 0 A-T01P 80.4 Ser-459 N-HN G+3 02P 71.8
Lys-511 NZ-HZ3 G-6 O1P 52.8 Lys-461 NZ-HZ2 G+6 N7 63.1
Thr-512 OT1 c-9 03 44.1 Lys-461 NZ-HZ2 G+606 38.0
Thr-512 OT1 C-8 01P 473 Lys-461 NZ-HZ2 A+5N6 —-H61 45.3
Monomer 2 Lys-465 NZ-HZ2 G+6 03 42.2
Tyr-452 OH G+6 N7 40.1 Glu-469 OE1 A+501P 40.0
Ser-459 N-HN T+4 O2P 54.0 Lys-486 O T+201P 70.2
Ser-459 N-HN T+56 O2P 39.3 Arg-489 N-HN T+2 O1P 69.6
Ser-459 OG T+4 O2P 50.1 Lys-490 NZ-HZ1 A+103 333
Arg-466 NH2-HH22 T+2 O2P 73.3 Lys-490 NZ-HZ1 A+104' 38.5
Arg-466 NH2-HH22 T+2 05’ 65.6 Arg-496 NH2-HH22 A+102P 34.7
Glu-469 OE2 G+6 01P 33.3 Arg-496 NH2-HH22 A+1 O5’ 35.8
Glu-469 OE2 G+6 O2P 574 Leu-507 O G+601P 374
Glu-469 OE2 G+6 04’ 49.5 Ala-509 O C+8 03’ 67.9
Glu-469 OE2 G+6 05’ 59.1 Arg-510 NE-HE C+9 03’ 35.5
Arg-489 O T+2 O01P 43.3 Arg-510 NE-.HE C+8 01P 49.1
Lys-490 NZ-HZ1 A+104' 49.1 ’
Lys-490 NZ-HZ1 T+2 04’ 48.8
Lys-490 NZ-HZ3 G-0 N3 58.1
Lys-490 NZ-HZ3 A-10¢ 56.2 oriented so as to form an extension along this helical
Lys-490 NZ-HZ3 G-0 N2 ~H21 36.9 axis. At the carboxy end of this «-helix is Asn-491,
Asn-491 N-HN T+2O1P 37.2 and the symmetry of the dimer allows P3-1-Asn-491
Arg-510 NH1-HH12 C+8O1P 53.2 to make a stable contact to P3-2-Asn-491. This ar-
Arg-511 NZ-HZ1 C+8 02 35.6

the protein for DNA as the protein diffuses along the
DNA in search of its response element. As demon-
strated above, these amino acids influence the ori-
entation and dynamics of the reading helix.

Lysine-486

Tables IV and V indicate that the P3-1,2-Lys-486-
NH; and P4-2-Lys-486-NH; groups form salt
bridges with the corresponding T+4-OP, groups,
achieving an interaction energy of approximately
—60 kcal/mol each. For P3-1-Lys-486, the salt bridge
is formed around 38 ps; the corresponding bond does
not form for P4-1. Water bridges augment these in-
teractions for P3-1 (see Table II) and P4-2 (see Table
IID.

Lys-486 is at the amino end of the second a-helix,
which is formed by amino acids 486 through 491; the
side chains of P3-2-Lys-486 and P3-1-Lys-486 are

rangement connects the two a-helical segments into
one unit, while the side chains of the Lys-486s ex-
tend in opposite directions and draw the DNA into
closer contact with the protein. These protein-pro-
tein and protein~-DNA interactions, which are lo-
cated at both ends of the second a-helix and exist
only upon complex formation, certainly affect the
stability of this region.

Lysine-490

The length of the side chain of Lys-490 allows it to
make contacts that span up to 5 base pairs, as can
be seen in Figure 12. Lys-490 is the only amino acid
which makes contacts in the minor groove of the
spacer region. In the case of P3-1-Lys-490, the side
chain is almost fully extended into the minor groove
of GRE3, making contacts with both strands of DNA
in the spacer region, NNN, hydrogen bonding to
GRE3-G0-04' (Table IV) and achieving an interac-
tion energy of approximately —80 kcal/mol. Water
bridges to GRE3-T—2 and GRE3-G-3 extend the
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TABLE IV. Hydrogen Bonds Contributing to
Protein—-DNA Interactions for pgre3

TABLE V. Hydrogen Bonds Contributing to
Protein-DNA Interactions for pgre4

Occupancy Occupancy
DNA (%) DNA (%)
Monomer 1 \ Monomer 1
Cys-450 N-HN C-8 O1P 100 Cys-450 N-HN C-801P 100
His-451 ND1-HD1 C-8 03’ 90 His-451 ND1-HD1 A-7 02P ~ 100
Tyr-452 N-HN A-701P 100 Tyr-452 N-HN A-701P 100
Tyr-452 OH-HH A-7 05 83 Tyr-452 OH-HH G-6 02P 100
Ser-459 0G-HG1 T-4 02P 100 Ser-459 N-HN T-4 O2P 88
Lys-461 NZ-HZ2 A-7T N7 56 Ser-459 OG-HG1 T-4 O2P 67
Lys-461 NZ-HZ2 G-6 N7 68 Lys-461 NZ-HZ2 G-6 N7 37
Lys-461 NZ-HZ3 A-702P 100 Lys-465 NZ-HZ1 G-6 O2P 94
Lys-465 NZ-HZ3 G-6 O2P 100 Lys-465 NZ-HZ3 G-6 05’ 89
Arg-466 NH1-HH12 G~3 06 71 Asn-473 N-HN A-101P 97
Arg-466 NH2-HH21 G-3 N7 56 Tyr-474 OH-HH T-2 O2P 100
Arg-466 NH2-HH21 G—-3 06 56 Arg-489 NE-HE G-3 0O1P 100
Asn-473 N-HN A-101P 100 Lys-490 NZ.HZ1 G+001P 94
Tyr-474 OH-HH T-2 02P 100 Arg-496 NH1-HH11 G-3 02P 80
Lys-486 NZ-HZ2 T-4 O1P 60 Arg-496 NH2-HH21 G-3 02P 96
Arg-489 NE-HE G-3 O1P 100 Arg-496 NH2-HH22 T-2 O1P 96
Arg-489 NH1-HH11 G-3 O1P 51 Lys-511 NZ-HZ2 A-7 04’ 100
Arg-489 NH1.HH11 G-3 05’ 93 Monomer 2
Arg-489 NH1-HH12 T-4 O2P 100 Cys-450 N-HN C+801P 100
Lys-490 NZ-HZ2 C-0 04’ 95 Tyr-452 N-HN A+701P 100
Arg-496 NH1-HH11 G-3 02P 36 Tyr-452 OH-HH G+6 O2P 98
Arg-496 NH2-HH22 G~3 02P 29 Lys-465 NZ-HZ3 G+6 O1P 97
Lys-511 NZ-HZ2 A-703 81 Arg-466 NH2-HH22 A+101P 98
Tyr-512 N-HN C-8 04’ 97 Lys-486 NZ-HZ2 G+301P 97
Monomer 2 Arg-489 NE-HE T+2 O1P 46
Tyr-452 N-HN C+801P 100 Arg-489 NE-HE T+2 O02P 47
Tyr-452 OH-HH A+702P 100 Arg-489 NH1-HH11 G+3 02P 97
Ser-459 OG-HG1 T+4 O2P 100 Arg-489 NH1-HH12 T+2 05’ 97
Lys-461 NZ-HZ3 C+8 Q2P 96 Lys-490 NZ-HZ2 G-0 N3 87
Lys-465 NZ-HZ2 G+6 02P 88 Lys-490 NZ-HZ3 G-0 04’ 88
Lys-465 NZ-HZ3 A+701P 100 Arg-496 NH1-HH11 T+2 0O2P 55
Arg-466 NH1-HH12 G+302pP 82 Arg-496 NH2-HH21 T+2 02P 100
Arg-466 NH2-HH21 G+3 02P 96 Lys-511 NZ-HZ1 A+704' 93
Lys-486 NZ-HZ3 T+4 O1P 96
Arg-489 NE-HE G+301P 100
Arg-496 NH1-HH11 G+301P 100
Arg-496 NH2-HH21 T+2O1P 99 We conclude that the extension of Lys-490 and the
Arg-496 NH2-HH22 ~ T+203' 100 associated water bridges into the minor groove of
Tyr-511 NZ-HZ2 C+8 03 100 the spacer region serves as a wedge that facilitates

indirect contacts of P3-1-Lys-490 to also include the
half-site, as listed in Table II. As shown in Figure
12, P3-2-Lys-490 does not form as extensive a set of
contacts with the DNA as P3-1-Lys-490 does, result-
ing in a difference in interaction energy of approxi-
mately 50 kcal/mol. However, P3-2-Lys-490 compen-
sates for this with a more extensive water bridging
network in the minor groove that spans the length of
the spacer region, NNN, as indicated in Table II.
Both of the Lys-490s in pgre4 are extended into the
minor groove of the spacer region, NNNN, and each
crosses the axis of symmetry of GRE4 to contact
GRE4-G+0 as listed in Table V. Each of P4-1,2-Lys-
490 achieves an interaction with the DNA of approx-
imately —80 kcal/mol, indicating their similarity in
conformation to P3-1-Lys-490 (see Fig. 12).

the bending of the DNA as it is drawn into closer
contact with the protein. The violation of symmetry
for pgre3 may be due to residual effects from the
construction of pgre3 that have locked P3-2-Lys-490
into a particular conformation.

Protein-DNA Water Bridges

In addition to water bridges, which, as described,
augment the direct protein~DNA contacts, several
other water bridges, listed in Tables II and III, link
the protein to the DNA with indirect contacts. The
most significant water bridge involves P4,3-2-Glu-
469, the carboxy terminus. of the reading helix, and
GRE-G + 6. This water bridge may be of assistance
in aligning the reading helix in the major groove as
recognition develops. The lack of P4,3-1-Glu-469 to
GRE water bridges is most likely due to the asymme-
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Fig. 13. Snapshots of three protein-DNA contacts observed
during the simulations: (a) Gly-458 and Ser-459 contact methyls
of T—4 and T—5 through van der Waals (vdW) interaction (brack-
ets); Ser459-OH hydrogen bonds with phosphate of T—4 (dotted
line, 1.6 A); (b) Pro-493 and Phe-463 contact DNA backbone

try of this region of the protein, as noted already for
His-472, Asp-473, and Tyr-474.

PROTEIN-PROTEIN CONTACTS

Protein—protein contacts serve in the recognition
of the response element as shown by cooperativity
experiments.!!'1447 These contacts can be discerned
from the contact matrices in Figure 14. The symme-
try about the diagonal of each matrix indicates the
symmetric nature of the interactions between P4-2
and P4-1 and between P3-2 and P3-1. Four symmet-
ric dimer contacts, indicated by circles in Figure 14,
have been identified in the crystallographic analy-
sis: Asn-491 to Asn-491, Ile-487 to Leu-475, Ile-483
to Ala-477, and Asp-481 to Arg-479. The simula-
tions of pgre3 and pgre4 preserve only the contacts
between 1-Asn-491 and 2-Asn-491; this is surprising
since the interactions between Arg-479 and Asp-481
are energetically most favorable according to our
simulations.

Water bridges, which contribute to the dimer in-
teractions, are listed in Table V1. The simulations of
pgre4 and pgre3 exhibit significant differences
among these water bridges, which are most likely
due to differences in protein~DNA interactions for
the two systems.

Arginine-479 to Asparagine-481

Salt bridges between Arg-479-NH, and Asp-481-
OD, as described in the crystallographic analysis,?*
are conserved to varying degrees in pgre3, as listed
in Table VII. These salt bridges constitute the over-
whelming majority of the total protein—protein in-
teraction energy contributing as much as —80 kcal/
mol for a single amino acid. For P4-1-Asp-481 and

between phosphates G + 3, T+ 2 through vdW interaction (brack-
ets); (¢) Lys-465 hydrogen bonds with phosphates at A+7, G +6
(dotted lines, 1.2 A, 1.6 A); vdW contact between Lys-465-He and
A+7-H5', H5", H8' (brackets).

P4-2-Arg-479, the salt bridge has shifted, relative to
the crystallographic structure,2* to an interaction
between P4-1-Asp-481-O and P4-2-Arg-479-NH as
listed in Table VII. The shift is due to the influence
of water bridges between P4-1-Asp-481 and P4-2-
Arg-479. Water bridges between P4-1-Arg-479 and
P4-2-Asp-481 replace the salt bridge of the crystal-
lographic structure.?* Disruption of these extremely
favorable interactions in pgre4 is characteristic of a
lack of dimerization and recognition.

Isoleucine-483 to Alanine-477

The hydrogen bond between P4-2-Ile-483-NH and
P4-1-Ala-477-0, as described in the crystallographic
analysis,?* is the only such hydrogen bond to remain
intact throughout our simulations (table VII). The
hydrogen bond between P4-1-Ile-483 and P4-2-Ala-
477 is broken and the corresponding hydrogen bonds
in pgre3 are substantially less frequent, yet van der
Waals contacts between these residues are main-
tained, as evidenced by the contact matrix in Figure
14. Water bridges between P3-1-Gly-478 and P3-2-
Ile-483, between P3-1-Arg-481 and P3-2-Ala-477,
and between P3-1-Asn-491 and P3-2-Ala-477 have
replaced the corresponding interactions between Ile-
483 and Ala-477 in pgre3, as listed in Table VI. The
decreased stability of these interactions in pgre3 im-
plies that this hydrogen bond may not be favored as
part of complete recognition.

Isoleucine-487 to Leucine-475

The dimer contacts, present in the crystallo-
graphic structure,?! between the methyl groups of
Ile-487 and Leu-475, are broken between P4-1-Leu-
475 and P4-2-1le-487 and between P3-1-Ile-487 and
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Fig. 14. Contact matrices for interprotein interactions (mono-
mer 1, columns; monomer 2, rows) observed in pgre4 (top) and
pgre3 (bottom); gray scale indicates frequency of contact; circles
indicate contacts reported in the crystallographic anlaysis.?4

P3-2-Leu-475 during the respective simulations;
however, the contacts between P4-1-11e-487 and P4-
2-Leu-475 and between P3-1-Leu-475 and P3-2-Ile-
487 remain intact to various degrees. The latter two
contacts appear as one leg of an “L” in the contact
matrices of Figure 14, while P4-2-Arg-488 forms a
“line” of contacts, described below.

Arginine-488 to Leucine-4753,
Cysteine-476, Alanine-477

The “line” of dimer contacts, as observed for P4-
2-Arg-488 is between Arg-488 from one monomer
and Leu-475, Cys-476, and Ala-477 of the other
monomer. This “line” of contacts is dominated by
one amine of Arg-488 forming a strong hydrogen
bond with the carbonyl of Cys-476. Weaker van der
Waals contacts between Arg-488-HpB and Ala-477-
CH; and between Arg-488-H3 and Leu-475-HB
flank this hydrogen bond as indicated by the contact

matrices in Figure 14. The most favorable conforma-
tion of Arg-488 achieves an interaction energy with
the cognate monomer of approximately —20 kcal/
mol. This conformation, as shown in Figure 15, is
present to various degrees at all possible sites. For
P3-2-Arg-488 a set of dimer contacts resembling an
“L” in Figure 14 is formed due to the presence of a
water bridge between P3-1-Cys-476-O and P3-2-
Arg-488, listed in Table VI. The water bridge pre-
vents the “line” from forming while allowing van
der Waals contacts between P3-1-Leu-475 and P3-2-
Ile-487, as described above, to remain.

Either the “line” or the “L” configuration connects
an element of the second a-helix, amino acids 486~
491, to an amino acid on the other monomer near the
N-terminus of the dimer interface, thus, preserving
the distribution of contacts among secondary struc-
tures. As stated above, the conformation and dy-
namics of the dimer loop have implications for the
dynamics of the reading helix and, therefore, influ-
ences recognition of the DNA sequence.

Asparagine-491 to Asparagine-491

The hydrogen bond between P4-2-Asn-491-NH
and P4-1-Asn-491-0 is as described in the crystallo-
graphic analysis,?* but the symmetric interaction
between P4-2-Asn-491-O and P4-1-Asn-491-NH did
not remain intact in our simulations. Each Asn-491
achieves a total interaction with the other monomer
of approximately —20 kcal/mol in pgre4. In pgre3
the corresponding contacts represent the most fre-
quent set of dimer contacts, but no hydrogen bonds
are formed. P3-1-Asn-491 achieves an interaction
with monomer 2 of approximately ~5 kcal/mol and
P3-2-Asn-491 achieves an interaction with mono-
mer 1 of approximately —10 kcal/mol. Symmetric
water bridges, listed in Table VI, between Asn-491-
OD1 and Asn-491-0, have replaced the correspond-
ing hydrogen bond in pgre3 and competition for a
water bridge from P3-1-Asn-491 to P3-1-Ala-477 ex-
plains the lower protein—protein energy for P3-1-
Asn-491.

The structural role of contacts between P3-1-Asn-
491 and P3-2-Asn-491 is to connect the carboxy end
of the second o-helix of P3-1, amino acids 486-491,
to the carboxy end of the second a-helix of P3-2 form-
ing, thus, an interprotein helix-helix interaction.
The stability of this extended helix is also influ-
enced by water bridges involving 1-Asp-473 and by
salt bridges between each Lys-486 and DNA, de-
scribed above.

DISCUSSION

‘Analysis of our simulations demonstrates that a
modification of the crystallographic structure by
means of molecular modeling, namely, restoration to
the consensus DNA sequence and removal of crystal
packing contraints improves recognition. We have
demonstrated that the glucocorticoid receptor, upon
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TABLE VI. Water Bridges Contributing to Protein-Protein Interactions

for-pgred and pgre3

Monomer 1 Monomer 2 Occupancy (%)

Water bridges for pgre3
Asp-473 ND2-HD22 Lys-490 NZ-HZ2 4.1
Cys-476 O Arg-488 NH1-HH12 47.0
Gly-478 N-HN Ile-483 O 34.8
Arg-481 N-HN Ala-477 0 34.9
Lys-490 O Lys-490 NZ-HZ2 42.7
Lys-490 O Lys-490 O 46.8
Asn-491 OD1 Ala-477 N-HN 35.6
Asn-491 O Asn-491 OD1 - 40.2
Asn-491 OD1 Asn-491 O 48.3

Water bridges for pgred
Asp-473 OD1 Ile-487 O 46.5
Asp-473 O Asn-491 ND2-HD21 62.1
Arg-479 NH1-HH11 Arg-481 OD2 33.0
Arg-479 NH1-HH12 Arg-481 OD2 46.2
Asp-481 OD1 Arg-479 NH2-HH21 69.5
Asp-481 OD1 Arg-479 NH1.HH11 81.6

TABLE VII. Hydrogen Bonds Contributing to Protein-Protein

Interactions for pgre4 and pgre3

Monomer 1 Monomer 2 Occupancy (%)
Hydrogen bonds for pgre3
Asn-473 ND2-HD21 1le-487 O 44
Arg-479 NH1-HH11 Asp-481 OD2 97
Arg-479 NH2-HH22 Asp-481 O 62
Arg-479 NH2-HH22 Asp-481 OD2 68
Hle-483 N-HN Ala-477 O 47
Arg-488 NH2-HH21 Cys-476 O 100
Asp-481 OD1 Arg-479 NH1-HH11 45
Asp-481 OD2 Arg-479 NH1-HH11 i
Asp-481 OD2 Arg-479 NH2-HH21 45
Hydrogen bonds for pgred
Asn-473 ND2-HD21 Nle-487 O 87
Arg-488 NH2-HH21 Cys-476 O 100
Asp-481 0 Arg-479 NH2-HH21 76
Ala-477 0 Ile-483 N-HN 99
Cys-476 O Arg-488 NH2-HH22 97
Asn-491 O Asn-491 ND2-HD22 68

association with its cognate DNA, alters the confor-
mation of the DNA strand. The simulations also ex-
plain the observed significance of several amino ac-
ids of the GR DNA binding domain.

The analysis of protein-DNA and protein—protein
interaction energies and contacts demonstrates that
our manipulations of the crystallographic structure
were successful in achieving a more favorable pro-
tein-DNA complex, i.e., better recognition, and
more favorable protein-protein dimer interactions.
The removal of crystallographic packing constraints
and Hoogsteen-like interactions,® which in the
crystal form join the ends of the DNA strands across
the boundaries of crystal units,>* allowed the sys-
tems to relax toward an energetically more favor-

able conformation. The resulting protein-DNA in-
teractions appear to be symmetric for P3-2 and P3-1,
with the exception of the contacts to DNA made by
His-472, Asp-473, and Tyr-474, residues affected by
these amino acids and Lys-490. The protein—protein
interactions are relatively symmetric with the ex-
ception of interactions involving Ala-477 and, to a
lesser extent, Arg-488. Water bridges have been
identified that are related to these asymmetries.
Sufficient sampling of conformational space was not
achieved during the time scale of the present molec-
ular dynamics simulations to determine if the re-
maining asymmetric interactions are due to insuf-
ficient relaxation or if asymmetry is inherent.
Greater symmetry was achieved for these interac-
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1-Alad77

Fig. 15. Dimer contacts between Arg-488 and Leu-475, Cys-
476, and Ala-477. Arg-488-NH, hydrogen bonds stongly with Cys-
476-0. Weaker van der Waals contacts between Arg-488-Hg and
Ala-477-CH, and between Leu-475-HB and Arg-488-H3 are also
shown.

tions in simulations by Harris et al.?® based on a
model] structure.

Our simulations identified protein~-DNA interac-
tions, particularly, the interactions involving Gly-
458, Ser-459, Phe-463, and Lys-465, which corre-
spond to elements that have proven to be significant
in the ability of nuclear hormone receptors to recog-
nize specific response elements.3-°%! These con-
tacts were possible only due to a closer contact be-
tween the protein and the DNA, ie., were not
observed for the crystallographic structure®* nor in
other simulations.?”2® The latter discrepancy is con-
sistent with the fact that the closer contact between
the protein and the DNA that we observe is the re-
sult of greater deformations of the DNA than were
reported by Harris et al.?® or Eriksson et al.?’

Comparison of our simulation of gre to our simu-
lations of pgre4 and pgre3 demonstrates that the
glucocorticoid receptor induces significant confor-
mational changes in the target DNA. GR-DBD
dimers induce writhe in the DNA, which is manifest
as a local bend away from the protein and as a dis-
placement of the axis of the GRE, This is not ob-
served for the simulation of gre, which contained
only a DNA segment. Our measure of the degree of
bending is in agreement with observations for ho-
mologous systems?®?! and is qualitatively the same
for GRE3 and GRE4. The displacement of the DNA

axis, as it passes through the region of contact with
the protein, has not been previously reported for this
class of proteins, and, to date, no experimental stud-
ies of DNA bending induced by the GR-DBD dimer
have been reported. The DNA is also found to un-
wind as a result of the protein~DNA interactions.
Our simulations demonstrate that the rate and de-
gree of unwinding is sequence-dependent, indicating
that DNA unwinding is part of the recognition
mechanism.

The simulations by Harris et al.?2 and by Eriks-
son et al.2” employed counterions for charge neutral-
ization and cut-off of electrostatic forces. Counteri-
ons and cut-off reduce the influence of the protein on
the DNA, in particular, underestimating the influ-
ence of highly energetic salt bridges between the
protein and the DNA phosphate groups, for exam-
ple, the interactions we report between Lys-486 and
the DNA. Thus, the protein~DNA interactions in
the respective simulations may not have sufficient
strength to deform the DNA to the extent observed
experimentally.2%-2!

The writhed conformation and unwinding of the
DNA induced by the GR-DBD have implications for
the regulatory function of the receptor. Viewed in
the context of DNA topology, the linking number,
writhe, and twist form a conserved quantity.52 Thus,
local changes of these quantities influence the over-
all topology of circular DNA and the topological
equivalent of circles. The latter includes segments of
DNA constrained at two points, such as linker DNA
between histones, so the protein may achieve its reg-
ulatory function by altering the nucleosomal pack-
ing.5® Viewed in the context of transcription ma-
chinery, the writhe, which introduces a bend and a
displacement of the DNA helical axis in this case,
can directly affect the binding of the DNA to the
histone octomer, so the protein may achieve its reg-
ulatory function by directly altering the nucleosome
complex.
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