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ABSTRACT. Crystallographic studies of ligantprotein complexes reveal most preferable ligand binding
modes, but do not show less populated modes that may contribute to measurable biochemical and
biophysical characteristics of the complexes. In some cases, a ligand may bind a protein in essentially
different modes. An example is g+hydroxysteroid dehydrogenase type 14IHSD1), a steroidogenic
enzyme that catalyzes reduction of estrone to estradiol in gonadal and peripheral tissues. The enzyme
exhibits a high specificity for estrogens which bind with their C17 atom in the proximity of the NADP-

(H) cofactor. 1B-HSD1 can also bind androgens, but in a reverse binding mode, in which the steroid C3
atom is the closest carbon atom to the cofactor. Here we map the interaction energy of estradiol and
dihydrotestosterone binding to A-HSD1. Positions and orientations of the steroids in the ligand-binding
tunnel were sampled systematically, and at each combination of these generalized coordinates, the energy
was Monte Carlo minimized. The computed maps show energy minima corresponding to the X-ray
structures and predict alternative binding modes, in particular, an upside-down orientation in which steroidal
facea is exposed to protein residues that normally interact with facehe methodology can be used for
mapping ligane-receptor interactions in various systems, for example, in ion channels and G-protein-
coupled receptors that bind elongated ligands in confined space between transmembrane helices.

Systematic computational analysis of ligafatotein dimensionality of the search can be reduced. Thus, when an
interactions with the goal of predicting possible ligand elongated ligand binds in a ligand-binding tunnel, energeti-
receptor complexes requires mapping the ligapbtein cally preferable liganetreceptor complexes can be searched
energy against positions and orientations of the ligand. In in the space of two essential generalized coordinates, which
some cases, the low-energy positions and orientations mayspecify translation of the ligand in the tunnel and rotation
be essentially different, representing different ligand-binding of the ligand around its long axis. Nonessential generalized
modes. The search for various ligand-binding modes can coordinates, which include four remaining rigid-body degrees
provide valuable information about ligandeceptor interac-  of freedom of the ligand and internal degrees of freedom of
tions, which may help design ligands with increased activity the ligand and receptor, can be energy-optimized for each
and specificity. The data for various ligand-binding models combination of the essential generalized coordinates. The
can also be useful for planning mutational experiments that elongated ligands and tunnel-like receptor sites are seen in
would help in understanding the role of individual residues some water-soluble proteins. They are also typical for
in ligand binding. transmembrane proteins such as ion channels and G-protein-

Generally, three translational and three orientational Coupled receptors, which are targets for many important
degrees of freedom specify the position and orientation of a drugs. In this study, we introduce a computational protocol
ligand at a protein. The internal degrees of freedom, including for mapping the liganereceptor energy against the two
torsional and bond angles, also define the geometry of ssential generalized coordinates and apply this protocol for
ligand—protein complexes. However, the prediction of the Mapping interactions of Bzhydroxysteroid dehydrogenase
ligand conformation at the given binding site is usually a tyPe 1 (13-HSD1) with estradiol and dihydrotestosterone.
simpler problem than the prediction of the binding site and ~ 175-HSD1 was chosen for evaluating the predictive power
binding mode of the ligand. A systematic search of ligand ~ Of the approach for two reasons. First, essentially different
receptor complexes in the space of all the six degrees ofPinding modes of steroids in £HSD1 are known from

freedom is computationally expensive. In many cases, the biochemical and crystallographic experiments. Secongh 17
HSD1 is a well-studied enzyme that catalyzes reduction of
- » oo . J estrone to estradiol (E2), the most potent estrogen. The
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Chart 1: Sequence of gHSD1?

1 ARTVVLITGC SSGIGLHLAV RLASDPSQSF KVYATLRDLK TQGRLWEARAR
51 ALACPPGSLE TLQLDVRDSK SVAAARERVT EGEVDVLVCN AGLGLLGPLE
101 ALGEDAVASV LDVNVVGTVR MLOAFLPDMK RRGSGRVLVTI GSVGGLMGLP
151 FNDVYCASKF ALEGLCESLA VLLLPFGVHL SLIECGPVHT AFMEKVLGSP
201 EEVLDRTDIH TFHRFYQYLA HSKQOVFREAA ONPEEVAEVF LTALRAPKPT
251 LRYFTTERFL PLLRMRLDDP SGSNYVTAMH REVFG

a Residues of the double-shell model are shaded, and flexible residues are in bold. Residues providing the largest contributions of van der Waals
energy to the ligandreceptor interactions are underlined. Residues capable of forming H-bonds with the steroids are double underlined.

tissues and is implicated in breast cancer proliferatibn (  and new ligand-binding modes. The predictions are consistent
3). The X-ray structures are available for the apoenzyihe (  with the available experimental data and help us understand
the complexes of the enzyme with various sterofis?), atomic-level mechanisms of the stereiehzyme interactions.
and ternary complexes of the enzyme with steroids and

NAD(P)(H) cofactors8—11). In 178-HSD1, the catalytically =~ METHODS

active residues are Serl42, Tyrl55, and Lys159. These cg|culations were performed using ZMM

residues belong to the Ser-(XJyr-(X)s-Lys motif, which  yww.zmmsoft.com) as described previoush,(20). The
is conserved in the family of short-chain dehydrogenases/ ApMBER force field @1) was used with a cutoff distance of
reductases4( 12, 13). 8 A and a shifting function22). The conformational search
The substrate-binding site of #4HSD1 has a form of a  was performed using the MCM protocoR3). Ligand
tunnel formed by predominantly hydrophobic and aromatic positions and orientations as well as torsional angles of the
residues that provide a major contribution to the binding protein were sampled randomly in the MCM protocol. After
energy b). Serl42, Tyrl55, His221, and Glu282 can form each sampling, all variable degrees of freedom, including
H-bonds with the pOlar groups of the substrate. The blndlng bond ang|es of the |igands7 were relaxed by energy mini-
site is covered by a flexible loop (residues ¥&00) whose  mjzation. The protein bond angles were kept rigid. Atomic
geometry is poorly defined in the three-dimensional struc- coordinates were taken from the crystallographic structure
tures. The enzyme can bind NAD(H) and NADP(H) cofac- of 178-HSD1 complexes with E2 and NADHPDB entry
tors. NADPH binds more strongly, enabling substrate 1A27 (9)]. This structure has been chosen because of its
reduction in vivo @, 14). In vitro, the enzyme can catalyze relatively high resolution and defined geometry of the flexible
the reduction and oxidation of estrogens, depending on thejoop. WHAT CHECK @4) was used to optimize the network
cofactor that is usedlf). Kinetic studies have shown that of H-bonds in the crystal structure and to assign tautomeric
the reaction is random and that both binary (enzywsteroid  forms for histidines. To reduce the computational time, a
and enzyme cofactor) and ternary (enzymsteroid-co- double-shell model of the enzyme was built (Chart119)(
factor) complexes can be formedl§f. The reaction is not  The first shell included flexible residues, which have at least
rate-limited as substrate inhibition was observed Only with one atom withm 6 A of thesteroid or cofactor in the Crysta]
high concentrations of estron&7). structure. The backbone and side-chain torsion angles of the
Estrogens bind to J#HSD1 with the C17 atom ap- flexible residues were varied during energy minimizations.
proaching the cofactob(8). 173-HSD1 was also crystallized  The second shell included rigid residues, which do not belong
with equilin, dihydrotestosterone (DHT), dehydroepiandro- to the first shell and have at least one atom within 10 A of
sterone (DHEA), testosterone, and androstandiéng (0, the steroid or cofactor. Residues that are far from E2 in the
11). Testosterone and androstandione bind-HED1 in a crystal structure but can interact with E2 on its way along
reverse mode with the C3 atom approaching the cofactorthe ligand-binding tunnel to the position seen in the crystal
(7, 11). Kinetic studies show that, depending on the cofactor were also included in the double-shell model. The cofactor
that is used, the enzyme can catalyze eithgt @Xidation has not been included in the model due to reasons discussed
of DHT to androstandione or/3reduction to #,175- in a later section.
androstanediol 7). Estrogens form more stable complexes  The hydration energy was estimated using an implicit-
with the enzyme than androgens, but the latter can bind in solvent methodZ5). Titratable residues were considered in
both normal and reverse modes ¢, 11). their ionized state except for histidines that were treated as
Computations of the Monte Carlo-minimized (MCM) neutral. Partial atomic charges in the substrates were
energy profiles of steroids pulled via the ligand-binding calculated using the AM1 method in MOPAQSE). Elec-
tunnel of 1B-HSD1 predicted energetically optimal com- trostatic interactions were calculated using the distance-
plexes in agreement with the X-ray structurés)( These dependent dielectric.
computations demonstrated that the side-chain conformations Steroids have a flattened-ellipsoid shape, which is comple-
of the enzyme and orientations of the substrates vary mentary to the elongated ligand-binding tunnel gf-H¥SD1.
substantially. However, the intensive search for various As stated in the introductory section, for such a system
possible orientations of the steroids has not yet beenligand—protein interactions can be mapped in the space of
performed. In this work, we map the MC-minimized energy two essential generalized coordinates: the translation of the
against the translation and orientation of E2 and DHT in steroid in the tunnel and its rotation around the long axis.
175-HSD1 (PDB entry 1A27). The maps were computed for To impose a specific position and orientation of the ligand
both normal and reverse binding modes, which were bound to the protein, the local system of coordinates of the
observed experimentally’( 11). The maps predict a sub- ligand was introduced with the origin at atom C3, #haxis
stantial mobility of the steroids in the ligand-binding tunnel (the long axis of the ligand) drawn from C3 to C17, and
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A restrained in plane f£and atom C17 between planeg.P
H  PH and R7- (Figure 1C). The planes are normal to the-€3
C17 axis in the X-ray structure. Translation of the steroid
was achieved by simultaneous displacement of the three
planes along the axis with a fixed step and MC-minimizing
HO o] energy at each step. Displacemeitof O corresponds to
the crystal structure. Negative and positive valuesdof
impose the ligand shift toward Glu282 and the cofactor
binding site, respectively. The ligand was translated by
varying ds from —3 to 3 A with a step of 1 A.
Rotation of the ligand around theaxis was achieved by
varying the generalized coordinatérom —180 to 180 with
a step of 18 and MC-minimizing the energy at each step.
The steps for translation and rotation were chosen to achieve
an acceptable map resolution for a reasonable computational
cost. Test calculations of several local areas irdthe) space
with smaller steps did not reveal additional meaningful
minima (data not shown). & value of 0 corresponds to
C Directien of translation the ligand orientation in the crystal. Positive increments of
0 correspond to the clockwise rotation of the ligand viewed
along thez axis. For each combination df andé, the energy
was MC-minimized until one of the following criteria of
convergence was achieved: 500 consecutive energy mini-
mizations without the energy decrease or 4000 minimiza-
tions. Test calculations with more stringent criteria of
convergence resulted in an energy decreaseldktcal/mol,
whereas shorter trajectories usually resulted in higher-energy
structures. For the given substrate in the given binding mode,
a total of 168 MCM trajectories were computed to map the
energy against 7 translational and 24 rotational coordinates.
The substrateenzyme energy and its components were
mapped by using a stand-alone module that extracted the
P, Pre. P energy characteristics from the stack of the 168 MC-
minimized structures. A total of 672 MCM trajectories were
computed for two ligands in two binding modes. Among
these, 121 trajectories (18%) were terminated due to reaching
Ol the limit of 4000 minimizations; most of these trajectories
= occur in the high-energy zones of two-dimensional maps.
The remaining 72% of trajectories were terminated due to

reaching the limit of 500 consecutive minimizations without
FIGURE 1. (A) Chemical formulas of E2 and DHT. Methyl groups  an energy decrease.

protrude from faceg3, and the opposite face is designated(B)

Definition of the ligand local system of coordinates. Thaxis is RESULTS AND DISCUSSION

drawn via C3 and C17. The—z plane is defined by atoms C3, ]

C17, and C18. Euler angtespecifies rotation of the ligand around Figure 2 shows the maps of the substradazyme energy
the z axis. E2 is shown in two orientations? = 0° (bold) and6 and its components. Each map has two low-energy zones.
= 30°. (C) Constraining planes, which are used to translate steroids The first one covers the ligand positions fron® to 2 A

in the ligand-binding tunnel. Atom C3 is constrained to plage P . . o .
and atom C17 between planes.Pand Rz.. Several orientations and orientations from-45° to 60%, with the center corre-

of E2, which are possible at a single translational position, are sponding to the X-ray structure of #4HSD1 with E2 §,
shown in the top panel. The bottom panel shows one of these 9). The second low-energy zone covers the ligand positions
orientations in the orthogonal projection. Straight and curved arrows from —2 to 2 A and orientations from 120t0 —165.
indicate translations and rotations, respectively, of the steroid Orientations from 80 to 12C¢ and from —8C° to —12C°

allowed without violating the atom-plane constraints. The distance .
of 1.8 A between planes:P. and R allows the ligand’s long correspond to high-energy zones that separate the low-energy

axis to tilt up to 40 to the tunnel axis. This flexibility enables the ~ zones. In the energetically unfavorable orientations, the
steroid to follow the tunnel’s curvature but prevents deviations of maximum-profile plane of the flattened ligand is ap-
the ligand’s long axis by more than 9fiom the tunnel long axis.  proximately perpendicular to the maximum-profile plane of
The latter is defined as the steroid long axis in the X-ray structure. the flattened tunnel. This causes steric clashes between the
planex—z defined by atoms C18, C3, and C17 (Figure 1B). steroid and the enzyme.

The coordinates of the origin specify the position of the  To discriminate between sterei@nzyme complexes, we
ligand in the global system of coordinates. Euler angles named the ligand orientations in which atoms C17 and C3
andy specify the orientation of theaxis, and Euler angle  approach the cofactor as the normal and reverse binding
0 specifies the rotation of the steroid around ghexis. To modes, respectively (Figure 3). The normal binding mode
impose a target position of the steroid, atom C3 was has been observed in many cryst&lsg, 8, 10). The reverse

E2 DHT

Y




Mapping Ligand-Protein Energy Biochemistry, Vol. 44, No. 19, 2005221

A, Total substrate-enzyme energy B, van der Waals energy
B30 -sP-0o05 Ho W5 Bo 06 -2B-3 B4+ Wo B4
Normal E2 Normal E2

-180 -90 0 90 180 -180 -90 0 90 180
Reverse E2 Reverse E2
£ £ v
g 2
2 2
< <
£ -180 90 0 90 180 £ -180 90 0 90 180
z Normal DHT 'z Normal DHT
£ - g2
E 0 EO0
=) 22 .
B :
-180 -90 0 90 180 -180 -90 0 90 180
Reverse DHT Reverse DHT
2 2 ® 'y
01 0 -
2 -2
-180 -90 0 90 180 -180 -90 0 90 180
Rotation angle (degree) Rotation angle (degree)
C, Electrostatic energy D, Hydration energy
B-20o9o 6 B3 Bo B3 Ws B2o 35 5.0 Bes Bs.o los B
Normal E2 Normal E2

-180 =90 0 90 180
Reverse E2 Reverse E2

£ £
g2 g
%0 %
5 = -
<2 <29 A :
£ -180 90 0 90 180 5 -180 90 0 90 180
2 Normal DHT 2 Normal DHT
o o
g2 k)
30 k
[7] w
§ 2 g
- =

-180 -90 0 90 180

Reverse DHT

5 _

0 .

-2 -

-180 -90 0 90 180 -180 -90 0 90 180

Rotation angle (degree) Rotation angle (degree)

Ficure 2: Maps of the steroitenzyme energy (kilocalories per mole) and its components obtained from MC-minimized complexes of
175-HSD1 with E2 and DHT. Each panel shows the energy in the normal and reverse binding modes. (A) Totatstengite energy.

The lowest minima correspond to E2 in the normal binding mode. The reverse binding mode of DHT is more preferable than the normal
one. All the maps have two low-energy zones whgre 0° andf ~ 180, which correspond to the regular and upside-down orientations,
respectively. (B) van der Waals energy. The lowest energies for the normal modedare@itand ~ 150° for most of the translational

positions. The lowest energies for the reverse mode afe~at50° and § ~ —15C°. In the reverse mode, E2 and DHT have optimal
orientations from 30 to 50at which the C18klgroup fits between Leu149 and Val225 18). (C) Electrostatic energy. Preferable interactions

take place with E2 in the normal mode and DHT in the reverse mode. E2 binding in the reverse mode is electrostatically unfavorable. (D)
Hydration energy. The energy increases as the steroids move deeper in the binding tunnel because of unfavorable dehydration of hydrophilic
groups in both the enzyme and steroid. Both steroids are better hydrated in the reverse binding mode.



7222 Biochemistry, Vol. 44, No. 19, 2005 Blanchet et al.

A B
Leul4o /\’@,149
Glu282
))\ Serl42 Glu282

Ser142
Tyrl55
g <« Tyr1ss

His221
His221
Val225 : G Val225 O\
Prol87 NADP+ Pro187

NADP+

C
Leul49 D Leul49
Glu282
Glu282 S 14 rk
er
Tyrl55 Tyrl55 Scrl42
His221 ?
His221
Val225 Val225 : o
PI’O] 87 NADP+ Prol87 NADP+

Ficure 3: E2 in 1B-HSD1 in the normal (A and C) and reverse (B and D) binding modes with the regular (A and B) and upside-down
(C and D) orientations. The cofactor nicotinamide moiety (orange sticks), which is not a part of the model, is drawn by using crystallographic
coordinates. In the normal binding mode with the regular orientation (A), the O17 atom is well positioned to form H-bonds with Ser142
and Tyr155 and is close enough to the cofactor for hydride transfer. In the normal binding mode with the upside-down orientation (C), the
position of the O17 atom is unfavorable for catalysis. In this orientation, O17 can form only a weak H-bond with Tyr155, while C17 is too
far from the cofactor to allow hydride transfer. In the reverse binding mode (B and D), E2 would not participate in the catalytic reaction
because O3 is not optimally disposed to form H-bonds and the phenyl ring is unsuitable for the reaction.

binding mode has been observed in the crystals with is least reliable in energy calculations because of variable
androgensq, 11). For the given binding mode, two low- dielectrics, unknown protonation states of ionizable residues,
energy orientations are possible. One orientation, named theand unknown locations of counterions. The rather high
regular one, corresponds to the X-ray structure of E2, in electrostatic energy of the crystallographic structure may also
which steroidal facex is exposed to Val225 (Figure 3A,B). reflect a possibility that the complex is in a near-transition
In another orientation, named the upside-down one, steroidalstate 80).
facef is exposed to Val225 (Figure 3C,D). The upside-down In the normal binding mode of E2, regular and upside-
orientation was observed for androsterone and DHEA in down orientations have minima almost equal in depth.
DHEA-sulfotransferase2(, 28, as well as for estradiol and  However, the regular orientations occupy a much larger low-
C19 androgen metabolites in the sex hormone binding energy area (Figure 2A), suggesting that this orientation is
globulin (29). However, this orientation has not yet been more preferable entropically. In the regular orientation, the
observed experimentally in f/HSD1. cofactor’s hydride would attack atom C17 and Tyr155 would
The lowest substrateenzyme energy was observed for transfer its proton to the steroid’s keto group 8, 31). In
the normal binding mode and regular orientation of E2 the upside-down orientation, the carbonyl oxygen and C17
(Figure 2A). The computed structure with = 0 A and6 are far from their catalytically optimal positions (Figure 3).
= 0° coordinates is remarkably similar to the X-ray structure The reverse binding mode of E2 is unfavorable, having an
(Figure 4A). This fact is not trivial, since only essential energy~10 kcal/mol higher than that of the normal mode.
generalized coordinated; and 6 were imposed by con-  The upside-down orientation for the reverse binding mode
straints, while all other generalized coordinates were found is more preferable than the regular orientation.
by MC-minimizing the energy. The crystallographic structure  In contrast to E2, the reverse binding mode of DHT is
has the lowest van der Waals energy (Figure 2B), but doesmore favorable than the normal one. Regular and upside-
not correspond to the lowest minimum of the total enzyme  down orientations of DHT are almost equal in energy (Figure
substrate energy (Figure 2A). The crystallographic structure 2A), which agrees with the pseudosymmetry of androgens
is entropically stabilized, since it is located in the middle of (7). The major structural difference between these two
the largest low-energy zone. The latter also includes the steroids is that E2 has a flat aromatic A-ring with the
second-best minimum at = 0 A and® = 30° coordinates. hydroxyl group at C3, while the A-ring in DHT is saturated
The electrostatic energy is the major destabilizing factor of with a carbonyl group at C3 and a bulky C19 protruding at
the crystallographic structure (Figure 2C). This energy term facef (Figure 1). The aromatic ring of E2 fits perfectly in
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A Val225. In the normal mode, the C18Hyroup fits the
Vall43 binding site (not shown). E2 has better van der Waals
Met279 7 Leul49 interactions with the enzyme than DHT because the aromatic
"\ Serld2 A-ring of E2 fits better in the ligand-binding pocket than

the saturated ring of DHT does.

Glu282 Hydrophobic and van der Waals interactions were pro-
Tyrlss posed to play a major role in the binding of estrogens by
176-HSD1 ). The computed maps reveal the correlation

between the total substratenzyme energy and its electro-
@\’ static component, suggesting that the latter plays an important
His221 Ijams role in subst_rate binding. Inte_rmolecular H-bonds are gener-
Pro187 ally formed in structures, which correspond to the minima

of electrostatic energy. In the AMBER force field, most of
the H-bonding energy appears under electrostatic interactions.

B The maps of electrostatic energy have deep and wide minima
for E2 in the normal but not the reverse binding mode. In
contrast, the reverse binding mode of DHT is stabilized by

/ the preferable electrostatic interactions (Figure 2C), in
Met279  Leul49 Vall43 Serl42 agreement with the proposals that this mode is the most

preferable for androgeng,(11). The electrostatic energy of
DHT in the normal binding mode is poor. Glu282 plays an
important role in the electrostatic discrimination of the
binding modes. For E2 in the normal mode and DHT in the
reverse mode, Glu282 usually contributes much more to the
ligand—enzyme energy than other residues do. In contrast,
Glu282 provides small or no contribution for the interaction
energy of the steroids in the opposite modes (not shown).
Indeed, hydroxyl O3-H of E2 in the reverse binding mode
Ficure 4: Modeled complexes of BFHSD1 with E2 and DHT does not interact with Glu282, and the=€3 group of DHT

(blue carbons) superimposed with the respective crystal structuresin the normal mode is repulsed from the negatively charged
(green carbons). In the modeled structuds= 0 A and@ = 0°. Glu2s2.

(A) Modeled complex of 13-HSD1 E2 vs the crystal structure . .
[PDB entry 1A27 9)]. In the model, the side chain of Glu282 moves | e hydration energy of E2 and DHT in both normal and

toward the steroid hydroxyl O3-H, while displaced 017 does not reverse binding modes increases wath(Figure 2D) since
form an H-bond with Ser142. (B) Modeled complex offtASD1 the hydrophilic groups in the steroid and enzyme are
with DHT vs the crystal structure [PDB entry 1DHE)[. The O3 increasingly dehydrated as the ligand moves deeper into the

atom approaches Glu282 in the crystal, but His221 in the model. : . : :
Side cﬁgins in the model and |)rl1 the crystal are in similar protein. For both steroids, the hydration energy increases

conformations except for Glu282. Val143 has the same conforma- faster in the normal binding mode than in the reverse one.
tion in the model and in the crystal 1DHT (B), in spite of the The highest hydration energy is seen at orientations from
different starting conformation of this residue used for modeling 40 to 100, which correspond to the high-energy zones in
(A). maps of van der Waals energy. At these orientations, the
the flattened pocket between Leul49 and Val225, while plane of the steroid is normal to the plane of the binding
C19H; of DHT does not fit there @, 7, 32). In addition, pocket and some hydrophobic groups of both ligand and
hydroxyl O3-H of E2 can form an H-bond with Glu282, enzyme become available for an unfavorable hydration. The
while carbonyl group O3 of DHT would repel from the hydration of hydrophilic groups weakly depends on ligand
negative charge at Glu282. In the normal binding mode, the orientationd. Thus, van der Waals and electrostatic energy
crystallographic §) and modeled structures of DHT have concertedly stabilize the experimentally observed positions
close coordinates of most atoms, except O3 (Figure 4B). Asand orientations of the steroid, while the hydration energy
in the case of E2, the crystallographic orientation of DHT has both stabilizing and destabilizing components. The
corresponds to a low-energy zone, but not to the apparentstabilizing component is preferable dehydration of hydro-
global minimum. phobic groups in the steroid and the enzyme. The destabiliz-
The van der Waals energy maps computed for the normaling component is nonpreferable dehydration of hydrophilic
and reverse binding modes of both steroids are essentiallygroups in the steroid and enzyme. Our calculations predict
different (Figure 2B). The lowest-energy zones aré at that the stabilizing component of the hydration energy is
—30 to 60 in the normal mode anfl= 0—90° in the reverse ~ smaller than the destabilizing component. Without this
mode. Large low-energy zones are also seen for the upsidecompensation effect, steroids would bind too tightly with
down orientations ab ~ 18C. In the X-ray structure of  the enzyme.
176-HSD1 with testosterone bound in the reverse magle ( Large dimensions of the low-energy zone that corresponds
the steroid’s orientation approximately corresponds to the to the energetically preferable orientations of steroids jf+ 17
energy minima at) ~ 60°, which are seen for the reverse HSD1 (Figure 2A) indicate that the ligand-binding tunnel
modes of both E2 and DHT (Figure 2A). The minima are may be not as narrow as previously believed. When the
shifted from thed ~ 0° orientation because in the reverse ligand orientation deviates from that observed in the crystal,
mode the steroid C18Hmethyl group repulses Leul49 and side chains move to retain stabilizing interactions with the

Glu2s2

His221
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the steroids, e.g., Cys156 and Tyr275, also are highly flexible
in the crystal structures and in the models (not shown). For
Tyrlss some residues, the models predict side-chain conformations
which have not yet been observed in crystals.

Translational positions of steroids in A-HSD1, which
have been observed in different crystads-6, 8—10), are
similar, suggesting that these positions are optimal for the
Prol87 catalytic process. The energy maps predict binding modes,
positions, and orientations of E2 and DHT in agreement with
Phe226 the X-ray structures. They also predict new orientations that
have not yet been observed experimentally. The maps
demonstrate the plasticity of protettigand complexes and
predict more than one binding mode, in agreement with
B observations that similar ligands can bind in different
orientations in the same binding sitg3( 34). The analysis
His221 of different ligand-binding modes may be important for the

design of inhibitors §5).
5 Figure 7 shows maps of E2 in g#AHSD1 built with a
Met279 ) Phe226 single energy minimization at each combinationdgfand
\2 6. The maps show a much higher energy for crystallographic
complexes and smaller dimensions of the low-energy zones
than corresponding maps computed by the MCM protocol
(Figure 2A). The reason is that when the steroid is moved
in the enzyme, the stabilizing stereigénzyme contacts are
Prol87 destroyed and steric clashes appear. A subsequent single-
energy minimization is unable to overcome energy barriers
Phe259 and find another energy minimum in which nonessential
generalized coordinates, including side-chain torsion angles,
would be more suitable for the new coordinates of the steroid.
The comparison of maps in Figures 2A and 7 demonstrates
Leuld9 the power of the MCM search versus the single-energy
minimizations. It should be noted that the mapping of MC-
minimized ligand-protein energy requires large computa-
Glu282  ger142 tional resources. Therefore, the approach is currently not
applicable for high-throughput studies aimed at identifying
new leads of drugs. However, when the lead is known, the
approach may provide valuable information for designing
the lead analogues and planning mutational studies.

In this study, most computations were performed without
the cofactor. The two-dimensional maps indicate that the
substrate-enzyme interactions alone are sufficient to stabilize
the experimentally observed substrate positions. Inclusion
FiGURE5: Superposition of different orientations of E2 at position Of the cofactor would limit the substrate translation to
ds = 0 A viewed normally to the C3C17 rotational axis (A) and  positions with positiveds values where the substrate would
along the axis at the O3 atom (B) and the O17 atom (C). Side- collide with the cofactor. In the real system, such collisions
chain conformations of the enzyme adapt to different orientations ragyit in REDOX reactions, the simulation of which requires

of the steroid. The catalytic reaction is hardly possible for most . . .
orientations because O17 cannot form H-bonds with catalytically quantum-chemical calculations. The comparison of the

active residues. However, some orientations may be interesting for@P0€nzyme, enzymesubstrate complexes, and ternary com-
the design of inhibitors. plexes shows that the structures are rather similar. A few

side chains are differently oriented in the ternary and binary
ligand and/or to avoid destabilizing interactions (Figures 5 complexes, but the conformational flexibility of these
and 6). Side-chain torsion angles in residues that form directresidues is usually reproduced in the models. The major
contacts with the steroids may differ significantly between changes are observed in the flexible loop, which has an open
crystals. Remarkably, many of these torsion angles areand poorly defined conformation in the absence of the
observed in the models (Table 1). Glu282 is one of the most cofactor. In the presence of the cofactor, the loop adopts a
flexible residues, which adopts different conformations in closed conformation and forms additional contacts with the
the models (Figures 5 and 6). In crystal structures, this substrate. The contacts hamper the substrate translation and
residue usually adopts two conformations, with the side chain rotation and thus are more suitable for evaluating the freedom
pointing either toward the binding sit&,(6) or toward the of the substrate in the ternary complex. To predict the impact
solvent 8, 9). The crystallographic studies show the high of the cofactor on substrate binding, we have built and MC-
B-factor of Glu282, indicating its high level of flexibility.  minimized models of the ternary complex with NADBENd

A Lo “262) e wadllf] Ser142 Residues that weakly contribute to the interaction energy with

Glu282

His221

Ser142

c Tyrl55

His221

Vall43
Phe259
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A V Serl42
Met279 y
Tyrl55
- T .
A —

Glu282

Val225

Prol187 K
\ Glu282 His221 \

D
Met279 Leul49
6 Ser142  Tyrl55
A

His221 Val225

Val225 O> —-M Val225 Q N\ g
: Prol87 Met193 : Prol87  —
His221
Glu2g2 His221 \ Glu282 1 Met193

FiGUurRE 6: Superposition of several translational positions of DHT in the normal (A and C) and reverse (B and D) binding modes with the
regular (A and B) and upside-down (C and D) orientations. Note that side chains of most residues move with the ligand.

Table 1: Crystallographic Conformatichis Side Chains of Bo-15 <1085 o W5 Bo
Residues that Form Direct Contacts with the Stefoids

residue P »2 P Normal E2

Ser142 T E 2

Val143 GGT =)

Leu149 G T %

Tyris5 T G g7

Met193 TGA TGG A TAA-CG- =

Tyr218 T G .5 -180 -90 0 90 180

His221 T GA = Reverse E2

Ser222 TGAC g 5

Val225 TA £

Phe226 TAG G £ 0

Phe259 G G A = -2

Leu262 TAG GT 8

Met279 T G GTA = -180 -90 0 90 180

Glu2s2 TA TGAG™

Rotation angle (degree)

2The analyzed structures are described in 8f40. T, C, G, G, . . . . .
A, and A- denote torsion angles (conformation) of 18®BC* (trans), Ficure 7: Two-dimensional maps of the interaction energy of E2

0+ 30° (cis), 60 + 30° (gauchg, —60 -+ 30° (—gauchg, 120+ 30° with 178-HSD1 obtained after performing only a single-energy
(anticlinal), and—120+ 30° (—anticlinal), respectively. Most of the minimization at each combination df andé, which were sampled

experimental conformations have a match in at least one MC-minimized With the same step as in MC-minimized maps (Figure 2). Having

srtucture. Bold letters represent experimental conformations, which were Nigh energy e}nddsmall dimensions. (I')1f thhe Ioc\év-engrgy zdones, the
not observed in the modelsPro187 also forms direct contacts with ~ €Nergy-minimized maps contrast with the MC-minimized maps.

the steroids. This residue is not included in the table since its five-

membered ring has similar conformations in different crystals. tributions between the models is less than 0.1 kcal/mol per
residue. The cofactor contributed0.74 kcal/mol to E2
E2 in the upside-down and reverse modes at posiion binding in the normal mode, which is-3 times less than

0 A (not shown). In the ternary complexes, E2 occupies the the contributions of Phe259 and Leu149.

same position as in the cofactor-free models, although the In this work, we used the MCM method, which has been
side chains of some residues adopt different conformations.applied to find the global energy minimum of met-enkepha-
In the models with and without the cofactor, the same lin, while molecular dynamics (MD) methods predicted
residues provide the largest contributions to the substratehigher-energy structure23). Numerous applications of the
binding energy. The difference in partitioned energy con- MCM method have been reported, e.g., for ligand docking
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(36, 37) and simulation of large-scale conformational transi-

tions in proteins $8). MD methods are realized in popular

programs for molecular modeling and therefore are more
often used in simulations of biomolecules. MD calculations
were found to be more expensive computationally than

Monte Carlo 89), but we are not aware of systematic
comparisons of MD and MCM calculations for ligand

protein complexes. In the future, such a comparison would

11.

12.

help us better understand advantages and disadvantages of

both approaches.

In conclusion, mapping the MC-minimized energy in the

space of position and orientation of steroids is4¥SD1

reveals the plasticity of the complexes. The maps correctly

identify experimentally known steroitenzyme complexes

and predict alternative ligand-binding modes. The calcula-
tions show that electrostatic interactions are significant in

determining the steroidenzyme recognition. The compu-

tational protocol proposed in this work can be used for
studies of complexes where elongated ligands bind in 16.
confined receptor sites. lon channels and G-protein-coupled

receptors exemplify such systems.
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