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ABSTRACT 17b-Estradiol (E2) is a potent
stimulator of certain forms of breast cancer. The
final step of E2 biosynthesis is catalyzed by the
estrogenic 17b-hydroxysteroid dehydrogenase
(17b-HSD1), which is an important target for anti-
cancer drugs. X-ray crystallography indicated that
the binding site for the steroids has a tunnel-like
shape. We have used a Monte Carlo–Minimization
(MCM) protocol to explore possibilities of interac-
tions of E2 with the binding site tunnel of 17b-
HSD1. The enzyme was represented by flexible
residues having at least one atom within 6 Å from
either E2 or NADP (as seen in a crystal ternary
complex) and by rigid residues having at least one
atom within 10 Å from E2 or NADP. Special con-
straints were used to pull the substrate 10 Å along
the tunnel with 1 Å step; the complex was MCM-
optimized at each position of the steroid. The
optimal binding mode of E2 in 17b-HSD agrees
with the crystallographic data; however, wide and
flat minima of the MCM profile suggest alternative
modes of the steroid binding. The advance of the
steroid along the tunnel is accompanied by essen-
tial conformational rearrangements of the enzyme
side chains, noticeable rotation of the substrate
along its longitudinal axis, and certain conforma-
tional deformations of the substrate. The contribu-
tions of the enzyme residues and of the steroid
atoms to the intermolecular energy were esti-
mated. Proteins 2000;38:414–427.
© 2000 Wiley-Liss, Inc.
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INTRODUCTION

Steroid hormones are involved in the control of many
physiological functions. Various steroid hormones and
their analogues are used for the treatment of functional
disorders and diseases. The principal human estrogen,
17b-estradiol (E2), enhances breast cell proliferation. Be-
cause of this activity, E2 is a potent stimulator of certain
forms of breast cancer.1–3 In gonadal and peripheral
tissues, the final step of E2 biosynthesis from a less potent
estrogen estrone (E1) is catalyzed by the estrogenic 17b-

hydroxysteroid dehydrogenases (type 1 17b-HSD). The
reaction proceeds via a bisubstrate mechanism that in-
volves the steroid substrate and cofactor NAD(P)(H).3

Cloning and expression of cDNA indicate that several
human 17b-HSD forms exist.4 Type 1 17b-HSD (17b-
HSD1) is a soluble isozyme originally purified from human
placenta, and studied since the 1950s. 17b-HSD1 is an
important target for the design of inhibitors of estrogen
production.5,6

Recently, three-dimensional structures of 17b-HSD1,7

binary complexes 17b-HSD1:E2,8,9 and a ternary complex
17b-HSD1:E2:NADP9 were resolved by the X-ray crystal-
lography. These X-ray data confirmed the mechanism of
E2 biosynthesis suggested earlier from biochemical experi-
ments and revealed the topography of the enzyme binding
site. E2 binds in a narrow hydrophobic tunnel flanked at
one end by Glu282 and His221 (the potential H-bonding
counterparts for C3-OH group of E2), and at the other end
by Ser142 and Tyr155 (the counterparts for C17-OH group of
E2). The latter group is involved in the interaction with the
nicotinamide moiety of NADP cofactor.

Several questions on the dynamics of the enzyme–
steroid interactions arise in view of the static crystallo-
graphic structures. How flexible are the side chains and
main chains in the enzyme in both the free and substrate-
bound states? To what extent may the steroid ligands
translate and rotate within the binding tunnel without a
significant increase of the binding energy? Do the enzyme’s
hydrophilic residues follow their H-bonded counterparts
as the substrate moves along the tunnel? What are the
energy barriers on the way of the ligands to and from the
binding tunnel via the Glu282 and Ser142 entry points?
What are the energy contributions of individual residues of
the enzyme and individual groups of the ligands to the
binding energy? What is the nature of interactions that
underline the binding specificity of the steroids? Are
essentially different binding modes possible for the same
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substrate? Molecular modeling of the enzyme–substrate
complex may provide quantitative data to answer these
questions. Computational docking experiments are neces-
sary to better understand the mechanisms of the recogni-
tion of the steroids and catalysis at the atomic level. The
results of the modeling may help in the design of novel
variants of the enzyme using site-directed mutagenesis
and may provide useful information for the rational design
of new potent and selective inhibitors of 17b-HSD1.

Steroids may form only a few hydrogen bonds with a
protein and do not incorporate ionizable groups that may
be involved in strong electrostatic interactions. They ex-
hibit a high affinity (micromolar) to 17b-HSD1.10 How-
ever, it is difficult to predict a priori which residues of the
enzyme and which atoms of the ligands provide most
significant contributions to the binding energy. Estimat-
ing these contributions by partitioning enzyme–substrate
energy would be important for rational drug design.

Ideally, the computer-aided drug design requires an
accurate prediction of the free energy of binding of candi-
date ligands in the target macromolecule. Various ap-
proaches have been elaborated to calculate the free energy
of binding.11 Regrettably, the implementation of these
approaches to the real enzyme–substrate complexes usu-
ally requires special software development and large com-
putational resources. Therefore, a stereochemical intu-
ition combined with sophisticated but approximate
computations of ligand–receptor binding energy is now a
dominating approach in rational drug design. Although
this approach is not expected to predict an ideal ligand, it
helps reduce the number of chemical syntheses in the
search for new drugs. For example, recently this approach
predicted new highly effective inhibitors for acetylcholines-
terase,12,13 a well-characterized enzyme that for almost a
century was a target for the empirical search for new
inhibitors.

X-ray crystallography provides static structures of ligand
–enzyme complexes, whereas the mobility of the ligand at
the binding site remains unknown. Such mobility may be
estimated in the computational docking experiments in
which both enzyme and substrate should be flexible.
However, because this requirement is difficult to realize,
many docking programs consider receptors as rigid struc-
tures.14–17 Efficient sampling of the conformational hy-
perspace is another important requirement for the realis-
tic docking experiments. The model flexibility and the
sampling efficiency are related problems. Many docking
algorithms use rigid ligands and rigid receptors because
traditional methods of the conformational search such as
conventional Monte Carlo (MC) or molecular dynamics
(MD) are not powerful enough to sample thoroughly the
huge conformational hyperspace of a flexible ligand–
receptor complex. MD is the dominating method of the
conformational search. An alternative and probably more
efficient approach is a Monte Carlo–minimization (MCM)
protocol18 that was used for the conformational searches of
various systems from oligopeptides to ligand–receptor
complexes.19–24 In conventional MD and MC protocols run
in Cartesian space with nonbiased methods of sampling

the geometry, only small perturbations of the geometry are
allowed. Because of these small changes, a system is often
trapped in a basin of a local minimum close to the starting
structure.

In contrast, the MCM protocol dictates essential confor-
mational perturbations at each step of a trajectory. The
perturbed structures are relaxed in the following energy
minimizations. The Metropolis criterion to accept a confor-
mation in the trajectory25 is applied to the energy-
minimized (EM) structures only. To some extent, the MCM
method is analogous to the simulated annealing method.26

The essential advantage of the MCM method is a possibil-
ity of the conformational search in the space of internal
coordinates. In this approach, a sampling technique may
be easily adjusted for the system under consideration. For
example, a probability of the conformational changes of
the residues contributing to the ligand-binding site may be
increased. Algorithms of energy minimization in the space
of the internal coordinates27–30 allow freezing any resi-
dues and fragments that are not expected to undergo
significant conformational rearrangements (e.g., aromatic
rings). The MCM protocol was applied for the global
optimization of the pentapeptide metenkephalin, a bench-
mark for the global optimization algorithms. After 10
years of revisions of the “apparent global minimum” found
by various methods including MD simulating annealing,
the MCM protocol yielded the best minimum18 that was
not revised in the following studies. Other groups repro-
duced the global minimization of metenkephalin19,31 using
the ECEPP/2 force field, similar MCM protocols but differ-
ent software. This is the first well-documented example of
solving the multiminima problem for oligopeptides.

In this work, we have used the MCM protocol for the
docking of E2 in 17b-HSD1. X-ray crystallography showed
that the E2 binding site has the shape of a long narrow
tunnel.7–9 To explore thoroughly the possibilities of en-
zyme–substrate interaction at the binding site and its
vicinities, we have elaborated an automated procedure of
pulling a ligand along the tunnel with a small step. At each
position of the substrate, the MCM search is carried out to
yield the optimal conformation of the enzyme, as well as
the conformation and orientation of the steroid. The
results are presented as the profiles (plots) of the MC-
minimized energy against the steroid position in the
tunnel. This approach represents an attempt to simulate
the enzyme–substrate association and dissociation and
estimate the energy barriers for these processes. The
pulling of the steroid along the tunnel is accompanied by
essential conformational rearrangements of the enzyme
side chains, noticeable rotations of the steroid around its
long axis, and certain conformational deformations of the
steroid. The calculations predict optimal binding mode of
E2 in 17b-HSD1 in a good agreement with X-ray experi-
ments, suggesting that the method may be used in the
design of new drugs for breast cancer treatment.

MATERIALS AND METHODS

All calculations have been carried out using the ZMM
program package described elsewhere.22,28,29 The ZMM
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allows conformational searches in the space of arbitrarily
specified internal coordinates such as torsional and bond
angles, positions of free molecules (Cartesian coordinates
of their root atoms), and the orientation of the molecules
(Euler angles of the local systems of coordinates centered
at the root atoms). 17b-HSD1 consists of ;4,400 atoms
whose positions are specified by ;13,200 Cartesian coordi-
nates. In the space of internal coordinates, the geometry of
the enzyme may be specified by ;1,700 variable torsional
angles with the fixed bond lengths, bond angles, and
torsions within aromatic rings. In the ZMM program, the
geometrical parameters are fixed without imposing special
constraints; these parameters are used to calculate the
Cartesian coordinates of atoms but do not appear in the
list of variable geometrical parameters.

An all-residue model of 17b-HSD1 is too large to perform
multiple energy minimizations in a reasonable time, even
in the space of internal coordinates. To reduce further the
dimensionality of the system, we created a double-shell
model of 17b-HSD1 (Table I and Fig. 1). The enzyme model
consists of two shells around E2 and NADP: a flexible shell
and a rigid shell. The flexible shell incorporates residues
that have at least one atom within 6 Å from the bound E2

and NADP in the crystallographic structure of the ternary
complex recently resolved in our laboratory (A. Azzi et al.,

unpublished data). The rigid shell comprises residues that
do not belong to the flexible shell and have at least one
atom within 10 Å from E2 and NADP. The shell around
NADP comprises many residues that may interact with E2

approaching the binding tunnel from the Ser142 entry
point. Cartesian coordinates of the rigid shell and the
initial geometry of the flexible shell correspond to the
crystallographic structure of the binary complex 17b-HSD1:
E2,8 (entry 1iol in the Protein Data Bank). Water mol-
ecules found within 5 Å from E2 in the crystallographic
structure of the binary complex were not added to the
model because X-ray crystallography shows only ordered
waters. The flexible shell and the substrate comprise all
atoms (heavy atoms and hydrogens). The rigid shell com-
prises heavy atoms only (united atoms in the AMBER force
field). In the flexible shell, bond lengths, bond angles
involving heavy atoms, and the torsional angles within
aromatic rings were fixed at their crystallographic values.8

Bond lengths and bond angles involving hydrogen atoms
were fixed at the standard values.32

To establish smooth connections between the flexible
and the rigid shells, the N-end of a flexible segment was
linked to the C9 atom of the preceding rigid segment, and
rotation was allowed around the N-Ca bond of the first
residue in the flexible segment. The C9 and O atoms of the

TABLE I. Double Shell Model 17b-HSD1†

†Residues of the flexible and the rigid shells are shown in the underlined and plain character styles, respectively. The X-ray model of the ternary
complex E2: 17b-HSD1:NADP comprising heavy atoms and hydrogens bonded to heteroatoms (A. Azzi et al., in press) have been used to calculate
the ligand-enzyme distances which were the major criteria to include residues in the flexible or rigid shell (see Materials and Methods and
footnotes a–c).
c: Residues having at least one atom within 5 Å from the cofactor.
s: Residues having at least one atom within 6 Å from E2.
#: Residues having at least one atom within 6 Å from E2 and at least one atom within 5 Å from the cofactor.
*: Residues whose torsions were randomized in the calculations of the MC-minimized energy profiles. All the torsions in the flexible shell were
varied in the subsequent energy minimizations.
dThere are several deviations from the protocol of the model building described in Materials and Methods: Asn114, Gly148, Ser158, and Leu162 are in
the flexible shell, although they are farther than 5 Å from the substrate and cofactor. Thr8, Gly15, Leu64, Gly94, and Phe226 are in the rigid shell,
although they are closer than 5 Å to the cofactor. Torsions in Met147, Asn152, Leu262, Met279, and Val283 were not randomized in the MCM
trajectories, although they are closer than 5 Å to E2.
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last residue in a flexible segment were constrained to their
crystallographic positions using a parabolic penalty func-
tion. In the substrate, all torsion angles, all bond angles
(except those in CH3 groups), Cartesian coordinates speci-
fying the position of the root atom, and Euler angles
specifying the orientation of the root atom with its two
neighbors29 were varied during energy minimizations. The
system comprises ;1,500 atoms and its geometry is speci-
fied by ;300 internal coordinates. One energy minimiza-
tion of this system usually converges in less than 200
iterations and takes 1–2 minutes using an RISC 4400
processor.

Atom–atom interactions were calculated using the AM-
BER force field33 with a cutoff distance of 8 Å and a shifting
function.34 Because E2 does not have ionizable groups (Fig.
2), its electrostatic interactions with the enzyme may have
low sensitivity to the protonation state of ionizable residues
in the enzyme. The charges at the ionizable residues should
be compensated by counterions whose exact location is

difficult to determine experimentally. Therefore, we consid-
ered all the ionized residues in their neutral form.32 The
standard partial charges at the atoms of the enzyme32 and a
distance-dependent dielectric parameter33 were used to cal-

Fig. 2. Structural formulae of estradiol (E2).

Fig. 1. Double-shell model of 17b-HSD1 with E2. Flexible shell, rigid
shell, and the remaining part of 17b-HSD1 are shown, respectively, as thick
gray, thick black, and thin gray sticks representing Ca-tracing. E2 is shown

space-filled with oxygen atoms colored black. A: View at the A-face of E2. B:
View at the O3 end of E2 shows a tunnel-like pattern of the flexible and the
rigid shells.
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culate electrostatic energy. The partial charges at the sub-
strate atoms were calculated with the MOPAC module of the
Biosym 95.0 software (Biosym Inc., USA) using energy-
minimized coordinates of E2.

The MCM protocol35 was used for the search of optimal
conformations as described elsewhere.22 Most of trajecto-
ries were calculated at T 5 600 K. A subsequent starting
point in a trajectory was obtained by changing a randomly
selected internal coordinate of the preceding point by a
random increment. The selection was made from the list of
internal coordinates that included positions and orienta-
tion of substrate and torsions in the flexible shell (exclud-
ing torsions of the peptide bonds and the bonds involving
CH3 groups). From a given starting point, energy was
minimized until the norm of the energy gradient became
less than 1 kcal z mol21 z rad21 or the limit of 300 calls of
the gradient calculation procedure was exceeded. The
resulting minimum-energy conformation (MEC) was ac-
cepted in the trajectory if its energy E was less than that of
the preceding point of the trajectory Ep or if a random
number n [ (0, 1) was less than exp[2(E 2 Ep)/RT]. The
obtained MEC was added to a stack of MECs accumulated
during the search if its energy did not exceed 7 kcal/mol
above the energy of the energetically best structure in the
stack and if it was geometrically distinct from any MEC
accumulated in the stack.36 Two MECs were considered
distinct if they had different backbone codes37 or had at
least one side-chain bond with torsion angles differing by
10°. An MCM trajectory was terminated when the last Nue

consecutive minimizations did not lower the energy of the
best MEC found and the last Nun consecutive minimiza-
tions did not add a new MEC to the stack. In most
experiments, the parameters Nue and Nun were equal to
2,000 (Table II). If the given criteria of convergence were

not satisfied after 30,000 energy minimizations, a trajec-
tory was terminated.

A special procedure was developed to pull the steroid
along the binding tunnel. The position of E2 in the tunnel
may be characterized by the parameter ds specifying a
displacement of E2 from its crystallographic location. The
positive and negative values of ds correspond to E2 displace-
ment toward, respectively, the cofactor site and the Glu282

entry point to the tunnel. The absolute value of ds is the
distance between atom O3_E2 in the computational model
and the plane P normal the axis O3_E29 …O17 E29 and
passing via point O3_E29 (O3_E29 and O17_E29 denote fixed
points whose coordinates correspond to the crystallo-
graphic structure). A given position of E2 was imposed by
adding a penalty function E 5 k * x2 to the energy and
subsequent MCM optimization. In the latter equation, x is
the distance between O3_E2 and the plane P9 parallel to P
and shifted from P by the given distance in the given
direction; k is a force constant assigned a value of 100
kcal/mol in this work. The penalty function constraints
atom O3_E2 at the given level of the tunnel but allows the
substrate to rotate in the tunnel and displace in any
direction normal to the longitudinal axis of the tunnel.
This allows an optimal fit of the substrate to the enzyme at
each level of the tunnel. Preliminary MCM calculations
targeting E2 to a given position of the tunnel from different
starting positions of E2 yielded structures in which E2 was
close to the targeted position. However, these structures
had different energy and different enzyme side-chain
geometry. Although the differences in energy were small
(few kcal/mol), they indicate that results of even long MCM
trajectories depend to some extent on the starting geom-
etry. To eliminate possible influence of the enzyme geom-
etry optimized for a given position of E2 along the binding

TABLE II. Characteristics of the MCM Trajectories†

Parameter

System

17b-HSD1 17b-HSD1:E2 17b-HSD1:E2
a

Sampled variables All All b

Temperature, K 400 600 600
Energy, kcal/mol

Starting (minimized) 2493.2 2551.9 2576.3c

Final (MC-minimized) 2575.5 2606.9 2589.0d

Substrate–enzyme — 222.7 223.7e

Constrained position of E2, Å — — 21
Length of the trajectory 17,270 30,000 Variable
Number of MECsf 71 48 Variable
†All the trajectories were calculated using the convergence criteria (Nue 5 Nun 5 2000) and
the starting point corresponding to the crystallographic structure of E2:17b-HSD1.8
aSerial MCM trajectories calculated to obtain MC-minimized energy profile of E2 in
17b-HSD1.
bThe torsions in the enzyme residues marked by # in Table I as well as E2 position,
orientation, and torsions.
cMCM trajectory with the constrained E2 position ds 5 0 Å. The constraint caused the
energy difference as compared with the previous column.
dThe lowest-energy structure found in all MCM trajectories. A difference from the energy in
the previous column is because of the different sets of the sampled variables.
eThe lowest substrate–enzyme energy found in the serial trajectories.
fWith the energy up to 7 kcal/mol from the apparent global minimum found in the
trajectory.
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tunnel on the MCM process in the subsequent point, we
have used the crystallographic structure of E2:17b-HSD1
as the starting geometry for all MCM trajectories. The
penalty function forced E2 to move from the starting point
to a target position in the tunnel at the initial steps of a
MCM trajectory.

E2 and many other steroid substrates of 17b-HSD
have a hydrophobic character, rather conserved tetracy-
clic skeleton, and do not incorporate ionizable groups.
Van der Waals interactions, hydrogen bonds, and electro-
static interactions are the intermolecular energy compo-
nents that are most sensitive to the steroid chemical
structure, its conformation, and position in the tunnel.
Taking into account the electroneutral character of E2

as well as the lack of information on the protonation
state of ionizable residues and positions of counterions,
we treated ionizable residues of the enzyme as neutral.
Coulombic interactions were used for the calculations of

the electrostatic energy. Solvating effects were not
considered in this work.

To characterize mobility of residues in a given set of
MECs, we calculated standard deviations of torsions from
their average values over the set of MECs. Usually, torsion
angles are defined in two intervals: 0° $ t# 180° and 0° #
t$ 2180°. However, if a torsional angle is scattered
around a value of 6180°, its average and standard devia-
tion are indefinite. To tackle this problem, we have calcu-
lated an occupancy hexadecimal code whose ith bit is set to
l if a torsional angle visited ith quadrant (the rightmost bit
in the code corresponds to quadrant 1). If torsion t visited
the second (90° # t# 180°) or in the third (2180° $ t $
290°) quadrant, it was redefined in the interval 0° —360°.
However, this interval is not appropriate to calculate the
average of torsion scattered over 0°. Torsion visited four
quadrants has the occupancy code F, implying that its
average and standard deviation are indefinite.

TABLE III. Geometric Characteristics of 17b-HSD1 and E2:17b-HSD1
From X-ray Experiments and MCM Calculations

Parameter

Ligand

X-ray experiment

E2 1 NADPd

Calculation

Noa E2
b E2

c E2
d E2

e Nof

Torsion (°)
Chi1_Ser142 162 167 167 163 157 2178 2175
Chi1_Leu149 249 252 245 257 246 262 248
Chi2_Leu149 166 161 162 166 170 180 175
Chi1_Tyr155 175 171 175 175 173 179 179
Chi2_Tyr155 66 69 69 71 73 75 72
Chi1_Lys159 255 268 270 267 269 266 253
Chi2_Lys159 245 258 267 269 252 262 254
Chi1_Met193 178 2175 2169 n.a. 270 180 2171
Chi2_Met193 246 178 267 n.a. 2170 180 56
Chi1_Tyr218 167 169 169 167 164 175 159
Chi2_Tyr218 80 72 71 76 80 50 86
Chi1_His221 175 166 165 167 165 170 179
Chi2_His221 290 70 295 80 73 68 94
Chi1_Ser222 47 2175 50 61 50 175 71
Chi1_Phe259 259 262 260 251 253 70 69
Chi2_Phe259 105 270 270 282 282 290 89
Chi1_Glu282 2131 177 268 2176 167 273 274
Chi2_Glu282 272 2173 254 59 72 171 171
Chi1_Val143 257 259 172 58 167 254 257

Distance, Å g

O3_E2 O9E_Glu28 4.6 6.3 6.2 5.0 6.6
O3_E2 O0E_Glu282 2.7 7.6 5.2 3.4 6.7
O3_E2 ND1_His221 5.1 5.0 5.0 4.8 5.1
O3_E2 NE2_His221 3.1 4.1 3.0 3.0 3.0
O17_E2 OG_Ser142 3.1 3.6 3.1 2.4 3.8
O17_E2 OH_Tyr155 3.5 2.9 3.0 2.6 3.4

E2 orientation (°)h 0.8 226 28.3 220 223
aGhosh et al.7
bAzzi et al.8
cA. Azzi et al. (in press).
dBreton et al.9
eThe best MEC found in the MCM trajectory of 17b-HSD1:E2, see text.
fThe best MEC found in the MCM trajectory of 17b-HSD1, see text.
gProtein atoms in Tables III, IV, V, and VIII are designated as in Protein Data Bank files.
hAngle between vectors A and B that are normal to and begin at the line O3_E2 . . . C17_E2 and pointed to atoms O17_E2 and
Ca_Ser142, respectively.
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RESULTS AND DISCUSSION
MCM of 17b-HSD1 and E2:17b-HSD1 Starting From
a Crystallographic Structure

First, we have calculated long MCM trajectories of 17b-
HSD1 and E2:17b-HSD1 starting from the crystallographic
structure by Azzi et al.8 Because the presence of E2 was
anticipated to decrease the conformational flexibility of the
system, the MCM trajectory for 17b-HSD1:E2 was calculated
at a higher temperature (T 5 600 K) than the trajectory for
the enzyme alone (T 5 400 K). Usually, the number of MECs
accumulated in the stack increases with temperature. How-
ever, the MCM trajectory for 17b-HSD1 yielded a stack of 71
MECs, whereas only 48 MECs were accumulated in the
MCM trajectory of E2:17b-HSD1, suggesting that the com-
plex is more rigid than the enzyme alone.

In the lowest MEC of E2:17b-HSD1, several torsions at
the E2 binding site deviated from the starting structure
(Table III). Various crystallographic structures show differ-
ent conformations of certain residues at the E2 binding site
and nonidentical positions of E2 relative to these residues

(Table III). Although the experimental binary complex
structure E2:17b-HSD18 was used as the starting point,
the MC-minimized position of E2 turned out to be the
closest to the crystallographic model of a nonreactive
ternary complex 17a-methyl-E2:17b-HSD1:NADP (A. Azzi
et al., unpublished data). The agreement between the
experimental and computed structures proves the reliabil-
ity of the computational model.

The side-chain conformations are the least reliable
characteristic of crystallographic structures. The exact-
ness of the calculated side-chain conformations is also
questionable because of imperfect force fields and insuffi-
cient conformational search. It is difficult to conclude
whether the experimental or predicted conformations of
the flexible residues are more adequate to the reality.

Side-Chain Flexibility of 17b-HSD1 in Substrate-
Free and Substrate-Bound Forms

Conformational flexibility deteriorates the quality of the
electron density maps, being a negative factor in X-ray

TABLE IV. Torsion Angles Deviated by More Than 0.1 Radian (5.73°) Over
Corresponding Averages Calculated for the MECs Accumulated During

MCM-Simulationa of 17b-HSD1

Torsion b

Angle (degree)
dMinimal Maximal Average SDc

Chi2_Cys10 40 336 190 116 F
Chi1_Ser11 264 60 231 52 9
Chi2_Ser11 81 301 228 53 F
Chi2_Ser12 45 163 122 36 3
Chi2_Asp38 284 130 229 77 B
Chi2_Thr41 266 87 225 24 9
Chi2_Asp65 27 209 184 33 7
Psi_Arg67 218 22 21 8 9
Chi2_Thr140 161 217 189 10 6
Chi2_Ser142 161 228 197 14 6
Psi_Asn152 8 45 25 9 1
Chi2_Tyr155 U 2115 73 216 90 5
Chi3_Tyr155 M 2173 17 26 50 5
Chi5_Lys159 50 304 250 74 F
Chi1_Cys185 266 56 232 46 9
Chi2_Cys185 26 335 127 105 F
Chi2_Thr190 221 71 38 28 9
Chi2_Phe192 2124 78 237 89 5
Chi2_Met193 U 289 173 84 56 B
Chi3_Met193 U 59 177 70 18 3
Chi3_Tyr218 U 0 359 159 82 F
Chi1_His221 U 178 277 183 20 E
Chi2_Ser222 M 265 173 229 42 A
Chi2_Phe259 U 291 89 79 41 5
Psi_Leu262 M 240 216 224 6 8
Chi1_Leu262 M 173 286 219 51 E
Chi3_Glu282 U 82 105 100 6 3
Chi4_Glu282 U 0 359 132 167 F
aThe parameters are calculated for 71 MECs accumulated in the stack during the
simulations and having energies ,7 kcal/mol from the apparent global minimum.
bSymbols M and U mark torsions that belong to the residues contributing essential energy
to the substrate binding (Table VII). M and U indicate, respectively, whether the torsion is
movable (M) or not movable (U) in the E2:17b-HSD1 complex (Table V).
cStandard deviation.
dQuadrants visited (hexadecimal code, see Methods).
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experiments. On the other hand, the flexibility may be an
intrinsic feature of 17b-HSD1 important for effective
substrate–enzyme interactions. Estimating the flexibility
of the residues involved in the substrate binding is impor-
tant for drug design. To explore the effect of E2 binding on
the flexibility of 17b-HSD1, we have analyzed MECs
accumulated in the MCM trajectories of 17b-HSD1 and
E2:17b-HSD1. In these MECs, 28 and 26 torsions, respec-
tively, deviate by more than 0.1 radian (5.73°) from their
averages (Tables IV and V). According to the crystallo-
graphic model,8 the E2:17b-HSD1 complex is stabilized by
the H-bonds involving side chains of Glu282, His221, Ser142,
and Tyr155. All four residues are movable in 17b-HSD1
(Table IV), but only one of them, Ser142, is movable in
E2:17b-HSD1 (Table V). Various crystallographic struc-
tures7–9 have different side-chain torsions in the following
residues at the steroid binding site: Met193, Ser222, Phe259,
Glu282, and Val143 (Table III). Notably, these residues
moved during the MCM simulation of 17b-HSD1 (Table
IV), and E2:17b-HSD1 (Table V).

In the two MCM trajectories, all the torsions in the
flexible shell were sampled with equal probabilities.
Twenty-three residues of the flexible shell contribute
exclusively to the cofactor-binding site (Table I). Ten of

these residues (Cys10, Ser11, Ser12, Arg37, Asp38, Thr41,
Asp65, Thr140, Phe190, and Phe192) showed mobility in
17b-HSD1 and/or E2:17b-HSD1 (Tables III and IV). This
mobility may play a role in the recognition of the cofactor, a
problem that was not addressed in this study.

Pulling E2 Along the Tunnel: Energy Minimized
and MCM Profiles

The MC-minimized structure E2:17b-HSD1 is close to
the experimental geometry of the complex. To estimate a
mobility of E2 in the binding tunnel, we have pulled the
substrate via the tunnel using special constraints and
calculated the energy profiles as the function of E2 position
ds (see Materials and Methods). Figure 3 shows three EM
profiles of E2:17b-HSD1 computed with various rigidities
of the system and the MCM profile computed with the
minimal rigidity of the system. To obtain each profile, the
system was energy minimized or MC minimized in 11
positions of E2 as the parameter ds was changed from 25
to 15 Å with 1-Å increments. One energy minimization
was done to obtain one point in an EM profile, but
thousands of energy minimizations were done to find a
lowest-energy conformation in each point of the MCM
profile. It should be noted that the systems with different

TABLE V. Torsional Angles Whose Standard Deviation (SD) in the MECs
Accumulated During the MCM Trajectorya of 17b-HSD1:E2 Exceeds 0.1

Radian (5.73°)

Torsion b

Angle (degree)
cMinimal Maximal Average SD

Chi2_Cys10 259 72 241 41 9
Chi1_Ser11 270 71 246 42 9
Chi2_Ser11 279 159 242 75 A
Chi2_Ser12 60 205 154 42 7
Chi6_Arg37 2177 6 23 25 D
Chi2_Asp65 2166 2101 2116 19 4
Chi3_Asp65 5 175 28 56 3
Psi_Arg67 224 13 21 8 9
Chi2_Ser142 2158 65 2125 72 5
Psi_Asn152 10 32 16 6 1
Chi3_Tyr155 M 217 40 2 20 9
Chi2_Ser158 283 232 260 17 8
Psi_Lys159 244 210 232 10 8
Chi5_Lys159 30 297 197 91 F
Chi1_Cys185 2166 60 44 49 D
Chi2_Cys185 34 354 250 107 F
Psi_Phe192 233 0 221 9 9
Chi1_Phe192 255 59 238 37 9
Chi2_Phe192 92 272 143 75 E
Phi_Met193 U 291 254 273 8 C
Chi2_Ser222 M 29 359 145 68 F
Psi_Leu262 M 247 218 228 8 8
Chi1_Leu262 M 175 289 212 49 E
Chi2_Met279 U 2156 56 213 97 5
O-C17_E2 261 150 9 41 B
aThe parameters are calculated over 41 MECs accumulated in the stack during the MCM
trajectory and having energies ,7 kcal/mol from the apparent global minimum.
bSymbols M and U mark torsions belonging to the residues contributing essential energy to
the substrate binding (Table VII). M and U indicate, respectively, whether the torsion is
movable or not movable in the apoenzyme (Table IV).
cQuadrants visited (hexadecimal code, see Methods).
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levels of flexibility were computed using the same set of
atom–atom interactions. The system rigidity was specified
by blocking changes of the “frozen” generalized coordi-
nates during energy minimizations. This allows compar-
ing the energy profiles of the systems having the same set
of atoms but different levels of the flexibility. The MC-
minimized structures found at 11 positions of E2 in the
tunnel are shown in Figure 4. As was described in Materi-
als and Methods, all the structures corresponding to the
energy-minimized and MC-minimized profiles were calcu-
lated from the same starting geometry of the protein and
the same starting conformation of the ligand. Therefore, a
given point in a profile does not depend on previous points.
A smooth character of the MC-minimized energy profile
suggests reliable convergence of the MCM trajectories.

Not surprisingly, the depth of the minima at the three
energy-minimized profiles increases with the flexibility of
the system. However, none of the three energy-minimized
profiles approaches closely the MC-minimized profile, sug-
gesting that single energy minimizations are terminated
because of trapping of the system in the high-energy local
minima. Consecutive energy minimizations in the MCM
protocol overcome this problem. In all of the profiles, the

minima occur close to the position of E2 seen in various
crystallographic structures. The profiles differ dramati-
cally as E2 is displaced from the crystallographic position.
In the EM profile with the rigid substrate and rigid
enzyme, a small displacement of E2 in either direction
increases energy dramatically, showing that, in spite of
retaining two translational and three rotational degrees of
freedom, the rigid E2 is not adjustable to the rigid enzyme
anywhere beyond the crystallographic position. The EM
profile with the rigid substrate and flexible enzyme goes
essentially below the first EM profile, indicating certain
mobility of the substrate in the direction of the cofactor.
The substrate relaxation lowered most points in the EM
profile. However, at E2 positions between 21 and 23 Å, the
EM profile calculated with the flexible substrate and
flexible enzyme goes above the EM profile calculated with
the flexible enzyme and rigid substrate. This indicates
that the system is trapped in the energy surface highlands
and cannot escape the traps in single energy minimiza-
tions.

The MCM optimization dramatically decreased the en-
ergy in all positions of E2 along the tunnel. According to
the MCM profile, E2 may reach its binding site from either
the Glu282 or Ser142 entrance. This agrees with the fact
that the ternary complex steroid:NADP(H):17b-HSD1 may
be formed in a random manner, with no fixation in the
order of substrate and cofactor binding3 (A. Azzi et al.,
unpublished data). If the Glu282 entrance was blocked, E2

would not reach its binding site in NADP(H):17b-HSD1.
The MCM profile around the X-ray position of E2 has a
form of a wide well with energy barriers not exceeding 10
kcal/mol, suggesting that E2 may oscillate along the
tunnel. According to calculations, E2 may also bind at the
position ds 5 2 Å, closer to the cofactor site. Mutagenesis
experiments may be designed to test whether or not the
shifted position is stable in the real system. An engineered
variant should expose a residue in the tunnel between its
center and the Glu282 entry point, thus precluding binding
of E2 at ds 5 0 Å but allowing binding at ds 5 2 Å. If the
shifted position is stable, such a mutant should display a
reasonable affinity to E2.

Enzyme Side Chains Follow E2 Pulled Along
the Tunnel

The MECs corresponding to the 11 MC-minimized posi-
tions of E2 in the tunnel were used to calculate various
geometric parameters as functions of E2 position in the
binding tunnel. Figure 5 shows distances between atoms
expected to form enzyme–substrate H-bonds. The dis-
tances O17_E2…OH_Tyr155 and O3_E2…Ne2_His221 have
minima at the crystallographic position of E2 (ds 5 0 Å).
The distance O3_E2…Oe*_Glu282 (Oe* denotes Oe1 or Oe2,
whatever is closer to O3_E2) has a minimum shifted by 3–4
Å to the Glu282 entry in the tunnel, whereas the minimum
of the distance O17_E2…Og_Ser142 is shifted by 2 Å in the
opposite direction. The plots show that the enzyme resi-
dues follow, although by different extents, their H-bonding
targets as E2 is pulled via the tunnel. Glu282 is the most
flexible H-bonding residue that follows O3_E2 from ds 5

Fig. 3. Energy profiles of 17b-HSD1:E2 shows the total energy of the
system (the sum of intramolecular and intermolecular components) as
functions of E2 position (ds) in the substrate-binding tunnel of the enzyme.
The positive and negative values of ds correspond to the displacement of
E2 from its crystallographic location, respectively, toward the cofactor and
Glu282 entry, respectively (see Materials and Methods). Each profile was
calculated at 11 positions of E2 with ds varying from 25 Å to 15 Å with 1-Å
increment. At each position of E2, the flexible geometrical parameters
were optimized via a single energy minimization or via the MCM protocol.
Solid line: The MC-minimized profile calculated with all the degrees of
freedom varied. Energy at each position of E2 corresponds to an apparent
global minimum found in the corresponding MCM trajectory. Thousands
energy minimizations were done to find the optimal energy at each point
of this profile. Broken line: The energy-minimized (EM) profile with all
degrees of freedom allowed varying at each position of E2. Dashed line:
The EM profile with all the torsions and bond angles in the substrate kept
fixed, and the enzyme torsions, position, and orientation of E2 allowed
varying. Semidashed line: The EM profile calculated with position and
orientation of E2 allowed varying and other generalized coordinates fixed.
The energy at positions 23 to 25 Å is too high to fit the plot.
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25 to ds 5 1 Å turning off only at ds 5 0 Å. His221 follows
O3_E2 from ds 5 22 to ds 5 1 Å. Tyr155 and Ser142 follow
O17_E2 at ds 5 0–3 Å and ds 5 0–2 Å, respectively. These
results suggest different functions of the H-bonding resi-
dues: Glu282 and His221 may facilitate E2 entering and
leaving the tunnel, whereas Tyr155 and Ser142 may stabi-
lize shifted positions of E2 to advance the substrate closer
to the cofactor. In addition to the H-bonding residues that
were suggested to stabilize the enzyme–substrate com-
plex,8 other residues, e.g., Thr140, Leu149, Ser159, Lys159,
Cys185, Val188, and Met193 also undergo significant confor-
mational changes on pulling E2 via the tunnel (Table VI).

Fig. 5. Distances between polar atoms in E2:17b-HSD1 as function of
E2 position ds (see Materials and Methods) in the substrate-binding
tunnel. The distances correspond to the optimal structures of the MCM-
optimized profile (Fig. 3, solid line). The distances O3_E2 …Ne2 _His221

and O3_E2 …Oe*_Glu282 are below 4 Å in a wide interval of E2 positions,
indicating that these residues follow E2 pulled via the tunnel.

TABLE VI. Torsional Angles Whose Standard Deviation
(SD) in 11 MC-Minimized Positions of E2 in the Tunnel

Exceeds 0.2 Radian (11.46°)

Torsion

Angle (degree)
aMinimal Maximal Average SD

Chi2_Ser142 138 214 184 21 6
Phi_Leu149 2137 291 2116 12 4
Chi1_Leu149 2179 54 260 50 D
Chi2_Leu149 269 178 128 72 B
Chi2_Tyr155 2121 67 280 69 5
Chi3_Tyr155 5 355 195 132 F
Chi2_Ser158 2155 249 275 34 C
Chi4_Lys159 73 183 170 30 7
Chi5_Lys159 167 314 278 39 E
Chi1_Cys185 264 58 226 50 9
Chi2_Cys185 50 311 200 102 F
Psi_Gly186 2155 2107 2145 12 4
Chi1_Val188 61 191 130 60 7
Chi2_Thr190 22 100 55 26 B
Psi_Phe192 231 50 27 35 9
Chi1_Phe192 168 308 234 64 E
Chi2_Phe192 39 296 179 103 F
Phi_Met193 2165 268 2101 38 C
Chi2_Met193 56 275 181 68 F
Chi3_Met193 63 291 169 75 F
Chi2_Tyr218 2116 85 235 88 5
Chi3_Tyr218 9 352 166 87 F
Chi1_His221 171 279 214 48 E
Chi1_Ser222 57 183 124 56 7
Chi2_Ser222 24 352 225 104 F
Chi1_Phe259 266 72 24 61 9
Chi2_Phe259 90 291 226 79 E
Chi1_Glu282 2179 265 282 30 F
Chi2_Glu282 268 179 148 68 A
Chi3_Glu282 92 274 148 63 E
Chi4_Glu282 0 355 146 124 F
Chi1_Val283 242 177 155 62 A
O-C17_E2 2146 49 264 59 D
O-C3_E2 4 358 141 99 F
aQuadrants visited (hexadecimal code).

Fig. 4. Stereo views of the superposed optimal conformations of 17b-HSD1:E2 found in 11 MCM
trajectories calculated as E2 was pulled via the tunnel. Shown are only those residues of the enzyme
whose conformations vary significantly.
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Rotational and Conformational Changes in E2

Pulled Via the Tunnel

E2 has a shape of a flattened ellipsoid, suggesting that it
may swing in the tunnel around its long axis. The swing
may be characterized as the angle ss between the vectors
Vs and Ve drawn from the axis C3_E2…C17_E2 to the
atoms O17_E2 and Ca_Ser142, respectively. The plot of ss

versus ds (Fig. 6) shows significant rigid-body rotation of
E2 around its long axis as the substrate is pulled via the
tunnel, but it is unclear how far E2 may swing around its
long axis at each position in the tunnel. To represent the
energy as a function of two rigid-body degrees of freedom,
both ds and ss should be constrained during MCM optimi-
zations, with other rigid-body and conformational degrees
of freedom allowed varying. Such calculations require
large computational resources, but they may characterize
the two-dimensional mobility of E2 in the tunnel. Cur-
rently, a procedure within the ZMM package is being
developed to perform such calculations.

Steroids are generally thought to be rather rigid mol-
ecules, although computations38 predict multiple conforma-
tions of steroidal estrogens. In our calculations, torsions
and bond angles of E2 were allowed to vary as the
substrate was pulled via the tunnel. Not surprisingly,
steroidal hydroxyls swung significantly as E2 was pulled
via the tunnel (data not shown), but torsions in the
tetracyclic skeleton also display noticeable variations
(Fig.7).

Enzyme–Substrate Binding Energy

Figure 8 shows intermolecular energy and its compo-
nents in the MCM optimized structures against E2 posi-
tion in the tunnel. Nonbonded intermolecular attraction
occurs all along the tunnel, with a clear minimum at the
crystallographic position of E2 (ds 5 0 Å). Electrostatic

interactions and H-bonds contribute up to 27 kcal/mol to
the intermolecular interactions with the maximal contribu-
tion at ds 5 24 Å. The total energy of 17b-HSD1:E2

(intermolecular and intramolecular components) has en-
ergy barriers at ds 5 22 Å and ds 5 3 Å. Unfavorable
intermolecular interactions contribute to the barrier at
ds 5 3 Å, whereas intramolecular strains contribute to the
barrier at ds 5 22 Å. However, we cannot exclude the
possibility that the last barrier arose from an incomplete
relaxation during the MCM optimization.

To analyze further the intermolecular interactions, we
have partitioned the energy of E2:17b-HSD1 at three
positions of E2 along the tunnel: at Glu282 entry (ds 5 25
Å), at the crystallographic position (ds 5 0 Å), and the

Fig. 6. Orientation (ss) of E2 as a function of E2 position in the tunnel.
ss is the angle between the vectors Vs and Ve drawn from the axis
C3_E2…C17_E2 to the atoms O17_E2 and Ca_Ser142, respectively.

Fig. 7. Torsion angle t(C7-C8-C9-C10) of E2 as function of E2 position
in the tunnel.

Fig. 8. Intermolecular energy of 17b-HSD1: E2, its components, and
the energy of the complex (normalized to be zero at its minimum) as
functions of E2 position in the tunnel.
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position shifted to the cofactor site (ds 5 15 Å). Table VII
shows contributions of the enzyme amino acids to the
energy of enzyme–steroid interactions. Several residues
that essentially contribute to the substrate–enzyme bind-
ing energy are movable in 17b-HSD1 (Table IV), E2:17b-
HSD1 (Table V) or undergo conformational changes as E2

is pulled through the tunnel (Table VI). The mobility of the
residues at the E2 binding site may help optimize van der
Waals contacts, thus promoting the substrate recognition.
Although solvating energy may contribute essentially to
the binding energy, it was not considered in this work,
which focuses on the shape complementarity between E2

and its binding site in 17b-HSD1 (see Materials and
Methods). The revealed shape complementarity along with
the predominantly hydrophobic character of the E2 surface
and its binding site in 17b-HSD1 suggest that hydrophobic
interactions would further stabilize the steroid–enzyme
complex. The lost of entropy of E2 and movable residues in
17b-HSD1 on the substrate binding would compensate for
large enthalpy of enzyme–substrate interactions.

According to the crystallographic model by Azzi et al.,8

Ser142, Tyr155, Glu282, and His221 stabilize the substrate in
the binding site via H-bonds with the hydroxyl groups at

O3-H and O17-H. Our calculations predict that His221

provides the most significant contribution of 22.83 kcal/
mol to the binding energy of E2 at its crystallographic
position (Table VII). This prediction has been recently
confirmed by the variant in which His221 is replaced by
Leu.39 Glu282 strongly attracts E2 at the position ds 5 25
Å, whereas Tyr155 and Ser142 interact with E2 noticeably
at the position ds 5 5 Å. Van der Waals interactions of E2

with the hydrophobic residues Phe259, Val225, Pro187,
Leu149, Met279 contribute more significantly to the binding
energy than electrostatic interactions and H-bonds. A
large contribution of 20.86 kcal/mol comes from Gly144

whose lack of side chain provides room for the methyl
group C18H3_E2. This suggests that mutation of Gly144 to
Ala may prevent E2 binding. Gly186 also contributes
essential energy of binding, but this comes from the main
chain atoms with the Ca hydrogens pointing away from the
steroid. In the crystallographic position of E2, only Gly145

provides a positive contribution to the binding energy, but
the repulsion is small. The fact that the negative energy
contributions dominate in the enzyme–substrate interac-
tions reflects the earlier described complementarity of the
optimal substrate–enzyme complex.8,9 When E2 is shifted
toward Glu282 entry of the tunnel, several residues (Pro150,
Met147, Val225, Pro261) contribute positive energies to the
energy barrier on the way of the substrate to its binding
site.

Contribution of E2 Atoms to Intermolecular Energy

Table VIII shows atoms of E2 that provide the largest
contributions to the interaction energy with 17b-HSD1 as
well as their contacts (the enzyme atoms contributing the
largest absolute energy of interaction with the given E2

atom). Not surprisingly, hydroxyl groups of E2 provide the
largest energy of interaction with the enzyme at the
crystallographic position of E2. However, in the case of the
shifted positions of the steroid, these atoms also contribute
the largest energy. The next largest contributors are C3

and C17, the atoms bearing large partial positive charges
because of the electron-withdrawing effect of their oxygen
neighbors. This shows that various electrostatic interac-
tions collectively contribute to the stabilization of the
crystallographic position of E2. Carbon atoms in the aro-
matic ring of the substrate also noticeably contribute to
the enzyme–substrate interactions. Not shown in Table
VIII are atoms that contribute the absolute energy of less
than 0.2 kcal/mol per atom. However, the total contribu-
tion of these atoms to the binding energy is compatible
with that of the atoms shown in Table VIII.

CONCLUSION

In the computational experiments described above, we
did not bias conformations of the enzyme side chains,
conformation of the substrate, its position and orientation.
Notably, the calculations predicted the binding site of E2

and its orientation in the enzyme in a good agreement with
the crystallographic data. The essential difference in the
EM and MCM profiles of E2 (Fig. 3) demonstrates that the
docking of steroids in the crystallographic models of en-

TABLE VII. Energy Contributions (kcal/mol) of 17b-HSD1
Residues in the Interaction With E2 at Various Positions of
E2 in the Substrate Binding Tunnel Partitioned From the

Lowest-Energy MECs Found
in the Corresponding MCM Trajectories†

Position of E2, Å (ds)

25 0 5

Residue Energy Residue Energy Residue Energy

Glu282 22.47 His221 22.83 Gly186 22.75
Leu262 21.63 Phe259 22.35 Val188 22.36
Phe259 21.55 Val225 22.16 Pro187 22.02
Tyr218 21.49 Pro187 22.14 Val143 21.52
Met279 21.47 Leu149 22.13 Cys185 21.38
Val283 21.37 Met279 21.18 Met193 21.29
Leu149 21.24 Gly186 20.99 Tyr155 21.28
Ser222 20.79 Cys185 20.98 Ser142 21.24
Glu228 20.75 Val283 20.93 Leu149 21.13
Gly186 20.71 Tyr218 20.93 Val225 20.94
His221 20.58 Tyr155 20.88 Ile14 20.86
Val143 20.54 Ser142 20.86 Phe226 20.78
Arg258 20.52 Gly144 20.86 Thr190 20.76
Pro150 0.50 Glu184 20.58 Gly13 20.66
Met147 0.49 Val143 20.56 Tyr18 20.60
Phe226 20.39 Phe226 20.49 Gly141 20.49
Val225 0.36 Met147 20.45 His89 20.40
Ala278 20.34 Ser222 20.45 Ser222 20.29
Pro261 0.27 Val188 20.38 Gly15 0.28

Met193 20.34 Lys23 20.26
Arg258 20.27 Lys59 20.24
Glu282 20.27 His21 0.20
Leu262 20.23
Phe284 20.22
Gly145 0.21

†For each position, residues are ordered by decreasing their absolute
contribution. Contributions of the absolute energy ,0.2 kcal/mol are
not shown.
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zymes and receptors requires MC minimization with the
maximal flexibility of the ligands and proteins.

Our calculations show that the steroids may reach their
binding site from either entry to the tunnel. This agrees
with the experimental data that the ternary complex
17b-HSD1:NADP:E2 may be formed by a random manner,
i.e., with no fixed order of substrate and cofactor binding.40

The cofactor-binding site incorporates several hydrophilic
groups that may serve as additional targets for H-bonding
groups in the inhibitors. In our model, binding of E2 is
driven by electrostatic, hydrogen, and nonbonded interac-
tions. More sophisticated treatment of the electrostatic
effects and taking into account solvating effect may be
important for the docking of molecules interacting with
the NADP(H) binding site. An example of the treatment of
these effects in the MCM docking was recently described
by Caflisch et al.23 The entropy of the enzyme side chains
and translational and rotational entropy of the substrate
may be taken into account in future calculations.

Thus, our molecular modeling study predicts the opti-
mal binding mode of E2 in 17b-HSD1 in agreement with
the crystallographic data and suggests a possibility of
alternative binding modes that may be tested experimen-
tally. The estimated contributions of the enzyme residues
and the steroid atoms in the intermolecular energy may be
used for the design of new experiments and new drugs for
breast cancer therapy.
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