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Human type 5 17�-hydroxysteroid dehydrogenase plays a
crucial role in local androgen formation in prostate tissue. Sev-
eral chemicals were synthesized and tested for their ability to
inhibit this enzyme, and a series of estradiol derivatives bearing
a lactone on the D-ring were found to inhibit its activity effi-
ciently. The crystal structure of the type 5 enzyme in complex
with NADP and such a novel inhibitor, EM1404, was deter-
mined to a resolution of 1.30 Å. Significantly more hydrogen
bonding and hydrophobic interactions were defined between
EM1404 and the enzyme than in the substrate ternary complex.
The lactone ring of EM1404 accounts for important interactions
with the enzyme,whereas the amide group at the opposite endof
the inhibitor contributes to the stability of three protein loops
involved in the construction of the substrate binding site.
EM1404 has a strong competitive inhibition, with a Ki of 6.9 �

1.4 nM, demonstrating 40 times higher affinity than that of the
best inhibitor previously reported. This is observed despite the
fact that the inhibitor occupies only part of the binding cavity.
Attempts to soak the inhibitor into crystals of the binary com-
plex with NADP were unsuccessful, yielding a structure with a
polyethylene glycol fragment occupying the substrate binding
site. The relative crystal packing is discussed. Combined studies
of small molecule inhibitor synthesis, x-ray crystallography,
enzyme inhibition, and molecular modeling make it possible to
analyze the plasticity of the substrate binding site of the enzyme,
which is essential for developingmore potent and specific inhib-
itors for hormone-dependent cancer therapy.

According to the American Cancer Society, prostate cancer
is the most common malignant tumor, excluding skin cancers,

in American men. It is estimated that �232,090 new cases of
prostate cancer will be diagnosed in the US during 2005 with
30,350 deaths (www.cancer.org). The growth and function of
the prostate is dependent on androgens, which play important
roles in the pathogenesis of prostate cancer (1). Androgenwith-
drawal triggers the programmed cell apoptosis in both normal
prostate glandular epithelia and androgen-dependent prostate
cancer cells. Androgen-independent prostate cancer cells do
not initiate the programmed cell death pathway upon androgen
withdrawal; however, they do retain the cellular machinery
necessary to activate the apoptotic cascade when sufficiently
damaged by exogenous agents (2).
In prostate cancer, the balance between cell proliferation and

programmed cell death is lost, thus more cell proliferation
results in net cell growth. An important finding in prostate can-
cer research is that �50% of dihydrotestosterone, the most
potent natural androgen, remains in the prostatic tissue of
patients who have undergone surgical or chemical castration
(3). In fact, prostatic tissue is able to efficiently transform the
inactive adrenal steroid precursor dehydroepiandrosterone,
into the active androgen dihydrotestosterone, in a new andro-
gen biosynthetic pathway in which human type 5 17�-hydrox-
ysteroid dehydrogenase (17�-HSD5)4 is involved (4–7). In
practice, hormonal therapy with combined androgen blockade
could lead to even longer term control of localized prostate
cancer (8, 9).
17�-HSD5 has also been known as type 2 3�-HSD (10), pros-

taglandin 11-ketoreductase (prostaglandin F synthetase) (11),
and dihydrodiol dehydrogenase (12). It is amember of the aldo-
keto reductase (AKR) family with a designated name of
AKR1C3 (13, 14) andwas first cloned fromhuman prostate and
placenta cDNA libraries (10, 15). It has been proven that this
enzyme has a relatively high 17�-HSD activity that transforms
�4-androstene-3,17-dione (4-dione, a weak androgen) to tes-
tosterone (a potent androgen). This enzyme has been immuno-
cytochemically localized in human prostate tissues, and it has
been proposed to contribute to local androgen formation in
prostate (4–6, 16, 17). The enzyme conformational change
during 4-dione to testosterone conversion was demonstrated
by the first crystal structures of 17�-HSD5 in complex with
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either 4-dione or testosterone (18, 19). The 11-ketoreductase
activity of this enzyme has also been studied in association with
prostaglandin D2 and some inhibitors (20, 21). Blockade of this
enzyme could lead to the activation of a nuclear receptor (per-
oxisome proliferator-activated receptor-�), which induces cell
differentiation, and results in apoptosis in many cell types and
cancers (22, 23).
The gene that encodes 17�-HSD5 was assigned to human

chromosome bands 10p15 and p14 (24). 17�-HSD5mRNAwas
also reported to be expressed in prostate cancer tissues (25). In
a recent study, 17�-HSD5 immunoreactivity was detected in
77% of carcinoma cells from prostate cancer tissues and was
positively associated with the clinical stage of the disease (17).
This provides some evidence that 17�-HSD5 may possibly be
involved in the increase of the local concentration of testoster-
one. Both reductive and oxidative 17�-HSD activities are pres-
ent in prostate tissue (26, 27), assumed by different members of
the 17�-HSD family members. Using the androgen-sensitive
LNCaP prostate cancer cell line as a cell model to study the
progression of prostate cancer, it has been reported that sub-
stantial changes in androgen and estrogenmetabolism occur in
the cells during this process. A remarkable decrease in the oxi-
dative 17�-hydroxysteroid dehydrogenase activity was seen,
whereas the reductive activity (including 17�-HSD5 and 17�-
HSD7) seemed to increase (28).
It has also been reported that 17�-HSD5 mRNA expression

was significantly higher in breast tumor specimens than in nor-
mal tissue after analysis of 794 breast carcinoma specimens by
tissuemicroarray and normal histologic sections (29). This sug-
gests that the ability of 17�-HSD5 to regulate estrogen metab-
olismmay play an important role in breast cancer development.
It is also interesting to point out that 17�-HSD5plays an impor-
tant site-specific role in androgen generation in adipose tissue
in women with simple obesity (30).
Due to the importance of this enzyme, not only in prostate

cancer research but also in other hormone-related diseases, the
design of an inhibitor targeting this key enzyme has beenwidely
pursued (31–35). The crystal structure of 17�-HSD5 is a nec-
essary prerequisite for structure-based drug design. The
enzyme was first crystallized in our laboratory (36), and struc-
tures in complex with testosterone or 4-dione were determined
(18, 19). To date, eight crystal structures ofAKR1C3 in different
complexes have been published (18, 20, 21). The plasticity of its
substrate binding site in accommodating different ligands and
its importance in hormone-related diseases led us to investigate
further the structure-function relationships of this enzyme.
The functional plasticity of the AKR1C3 as well as 1C1 and 1C2
enzymes has been discussed by Penning and colleagues previ-
ously (37).
Being aware that any subtle difference at the active site could

be important for structure-based inhibitor design, we have
studied the active site of the enzyme in detail by comparing the
different docking properties of various inhibitors and ligands in
the crystallographic structures. In this study, we report the
crystal structure of 17�-HSD5 in complex with a potent inhib-
itor EM1404 and another structure with a segment of polyeth-
ylene glycol (PEG) made from 6 ethylene glycol units
(C12H25O6) bound in the active site. Enzyme inhibition by

EM1404was also studied, and the comparisonwith other inhib-
itors has been discussed. Furthermore, we intended to explore
the interactions between this potent inhibitor and its target
enzyme, 17�-HSD5, and to provide suggestions for the
improvement of inhibitor design based on the crystal structure.

MATERIALS AND METHODS

Purification and Crystallization—Human 17�-HSD5-gluta-
thione S-transferase was overexpressed in Escherichia coli and
purified by glutathione S-transferase affinity column and a Blue
Sepharose column as described previously (36). After purifica-
tion the protein was kept in potassium phosphate stock buffer
of pH7.5, in the presence of 10mMK2HPO4, 1mMEDTA, 1mM
dithiothreitol, 0.05% decylmaltoside, 1.2mMNADP. The gluta-
thione S-transferase tag was cleaved by overnight incubation at
4 °Cwith Thrombin protease. EM1404was co-crystallized with
17�-HSD5 and NADP. Due to the low solubility of EM1404, it
was first dissolved in 100%Me2SO to a concentration of 25 mM
and then diluted in 100% ethanol to a final concentration of 2.5
mM as a stock solution. It was added to protein-NADP complex
solution (�2 �l of this stock solution into 2 ml of total mixture
volume) to reach a final concentration of 2.5 �M. The mixture
was then concentrated 10–20 times before being diluted to �2
ml by adding the same stock buffer mentioned above. Addi-
tional EM1404 was added once more, which could be then dis-
solved (see “Discussion”). The same concentration-dilution
procedure was repeated to saturate the enzyme substrate bind-
ing site by the inhibitor. The proteinwas finally concentrated to
�10–15 mg/ml. The co-crystallization condition of the
EM1404 ternary complex has been refined from the former
conditions crystallizing testosterone and 4-dione complexes
(36). The reservoir solution contained 100 mM sodium citrate,
pH 5.6, 0.24 M ammonium acetate, and 30% PEG 4000.

Human 17�-HSD5�NADP crystals were obtained at room
temperature using the hanging-drop vapor diffusionmethod by
mixing equal volumes of protein and a reservoir solution of 30%
PEG 4000, 0.1 M sodium citrate, pH 5.6, 0.24 M ammonium
acetate. During our first attempts, 17�-HSD5�NADP (final
enzyme concentration 330 �M in the crystallization drop after
equilibrium) binary complex crystals were soaked with repeated
additions of EM1404 (final inhibitor concentration 560 �M), and
similar crystal space groups were obtained (Table 1)
Data Collection and Processing—Both datasets of 17�-

HSD5�EM1404�NADP and 17�-HSD5�PEG fragment�NADP
were collected at the X-8C beamline in National Synchrotron
Light Source, Brookhaven National Laboratory. Datasets were
processed using the Mosflm (39) and HKL packages (40). The
processing statistics data are given in Table 1.
Structure Solution and Refinement—The initial phases of

17�-HSD5�EM1404�NADP was obtained from a molecular
replacement method using the EPMR program (41). A data set
from 15 to 4 Å resolution was used in molecular replacement.
The coordinates of the protein structure from the 17�-HSD5-
testosterone-NADP complex in the P21 space group were used
as the starting model. A correlation coefficient factor of 0.568
and an R-factor of 41.9% were obtained before any refinement.
The initial phases of 17�-HSD5�PEG�NADP were obtained
using a similar method.
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Starting from the molecular replacement model, the pro-
grams Resolve (42) and Refmac from the CCP4 package (43)
were used to improve phases using a statistical density modifi-
cationmethod. Rigid body refinement was done with data from
29 to 3.0 Å resolution. Automatic model rebuilding was carried
out based on a prime-and-switch composite omit map to
reduce any model bias due to refinement. Multiple refinement
cycles were carried out using the program Refmac, and model
building was done by the Coot program (44) based on sigma-A
weighted 2Fo � Fc electron density maps. The last refinement
steps were done with data from 29 to 1.30 Å resolution. The
inhibitor position was very clear in the substrate binding site
from the electron density maps. An acetate molecule was also
identified near the substrate and cofactor binding sites and was
induced during the co-crystallization (see above). The program
Coot was also used to add water into the model. In the final
model, 356 watermolecules were included with good hydrogen
bonding geometry. Both structures have been deposited in the
PDB, the ID for 17�-HSD5�EM1404�NADP structure is 1ZQ5,
while that for 17�-HSD5�PEG fragment�NADP is 2FGB.
Inhibition Study—A radioactive assay was used for the

enzyme kinetics in the presence of EM1404 at different concen-
trations for its Ki determination. Purified 17�-HSD5, freshly
frozen at �80 °C in small aliquots until use, has demonstrated
very good reproduction of steady-state kinetics. The reactions
were carried out in the presence of an excess of NADP (200�M)
at pH 7.5 and 37 � 0.5 °C. The Km for testosterone oxidation in
the absence of EM-1404, and four apparent Km values in the
presence of 1, 3, 10, and 25 nM EM-1404, were determined.

Reactions were initiated by the addition of enzyme sample to
a final concentration of 200 nM in the reactionmixture, aliquots
of the reaction mixture were taken, and the reaction was
stopped at different time intervals by extracting the steroids
with 2.5� vol. of diethyl ether. The steroids were extracted,
separated by TLC migration in 80% toluene and 20% acetone
for a 10-cm distance, and analyzed by phosphorimaging. Initial
velocities were measured with �5% substrate consumption.
The experiments were repeated with different concentrations
of testosterone ranging from 0.8 to 10�M. To obtain an optimal
signal, larger reaction mixture volumes were used for low sub-
strate concentrations (i.e. 3-ml reaction mixtures for 0.8 �M
testosterone, 2 ml for 1.8 �M, 1 ml for 4 �M, and 0.5 ml for 10
�M). All experiments were performed in duplicate. IC50 values
indicated the inhibitor concentration leading to 50% inhibition
of the enzyme activity under the experimental conditions
described in Ref. 34.
The values were calculate using Equation 1,

1/v � Km/Vmax � �1 � 	I
/Ki� � 1/	S
 � 1/Vmax (Eq. 1)

where v is the initial velocity in the presence of different sub-
strate concentrations, Vmax is the maximum velocity, and [S]
and [I] are the substrate and inhibitor concentrations (48).
The respective apparent Km values in the presence of differ-

ent inhibitor concentrations were then plotted versus these
concentrations as shownby the insetof Fig. 5, the slope ofwhich
definesKm/Ki (48), based on the linear regression of Equation 2.

Kmapp � Km�1 � 	I
/Ki� (Eq. 2)

TABLE 1
Data collection and refinement statistics of crystal structures of 17�-HSD5�EM1404�NADP and 17�-HSD5�PEG�NADP

17�-HSD5�EM1404�NADP 17�-HSD5�PEG�NADP
Data processing statistics
PDB code 1ZQ5 2FGB
Space group P212121 P212121
Unit cell (Å) a � 55.35, b � 62.78, c � 95.97 a � 55.52, b � 61.65, c � 95.12
Resolution range (Å) 29.8-1.30 47.6-1.35
Highest shell range (Å) 1.37-1.30 1.38-1.35
Total reflections 251,431 (23,897)a 220,439 (7,354)a
Unique reflections 79,292 (10,401) 68,648 (3,474)
Mosaicity (°) 0.32 0.38
Multiplicity 3.2 (2.3) 3.2 (2.1)
Completeness (%) 95.9 (87.0) 94.4 (65.2)
Rmerge (%)b 5.4 (42.4) 6.5 (47.5)
Mean(I)/�(I) 11.9 (2.1) 9.6 (2.0)

Refinement statistics
Reflections 75,293 68,644
Resolution range (Å) 29.8-1.30 47.6-1.35
Highest shell range (Å) 1.33-1.30 1.38-1.35
Rcryst (%)c 18.1 (30.0) 17.2 (25.9)
Rfree (%) 19.7 (35.4) 19.0 (29.7)
Average B-value (A2)
Protein 11.51 15.5
Ligand 8.44 12.5
Water 24.77 26.9

Root mean square deviation from ideality
Bonds (Å) 0.008 0.007
Angle (°) 1.332 1.255

Ramachandran plot (% residue in CORE) 91.8 93.2
Model content 321 residues, 315 H2O, 1 EM1404, 1NADP,

and 1 acetate
323 residues, 402 H2O, 1 PEG, 1 NADP,

and 1 acetate
a Statistics of the highest resolution shell are shown in parentheses.
b Rmerge � 
hkl
j�Ij(hkl) � �I(hkl)��
hkl
j�Ij(hkl)�, where Ij(hkl) and �I(hkl)� are the intensity of measurement j and the mean intensity for the reflection with indices hkl,
respectively.

c Rcryst and Rfree � 
hkl�Fcalc(hkl)� � �Fobs(hkl)�/
hkl�Fobs�, where the crystallographic and free R-factors are calculated, including and excluding refined reflections, respectively.
The Rfree reflections set constituted 5% of the total number of reflections.
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Molecular Dynamics Simulation—
The simulations were based on the
crystal structure for the complex
EM1404 and the docked structure for
the complexwith the newly proposed
inhibitor (Fig. 8C). MD simulations
were performed with the program
GROMACS (www.gromacs.org) ver-
sion 3.3.1 (details are in the supple-
mental material). The GROMACS
forcefield parameters were employed
for the simulations.

RESULTS

Overall Structure—The inhibitor
EM1404 (3-carboxamido-1,3,5-
(10)-estratrien-17(R)-spiro-2�-(5�,
5�-dimethyl-6�-oxo)tetrahydropyran,
C25H30O3N, Fig. 1A) was first
obtained from a chemical screen (34)
where it was shown to have an IC50
(see definition inmethod) of 3.2�1.5
nM, the best among the inhibitors
designed for 17�-HSD5. The strong
affinity of EM1404 is further proven
in the inhibition mechanism study
below.The ternary complex structure
of 17�-HSD5�EM1404�NADP was
determined by molecular replace-
ment using a searching model ob-
tained from the 17�-HSD5�
testosterone�NADP complex (18).
Its overall structure is similar to
the other crystal forms (19–21),
with an (�/�)8 triose-phosphate
isomerase barrel motif, a typical
structure of the aldoketo reduc-
tase family. Four large loops,
namely loop-A (24–33), loop-B
(117–143), loop-C (217–238), and
loop-D (301–323), contribute to
form the substrate/inhibitor and
cofactor binding sites (Figs. 1 and
2B). The final Rcryst and Rfree val-
ues for this ternary complex were
18.2% and 19.8%, respectively,
with 91.8% of the residues located
in the most favored region of the
Ramachandran plot (refer to PDB
ID 1ZQ5). The final model
includes residues 5–321 with clear
electron density allowing the
interpretation of most amino
acids, the NADP cofactor, the
EM1404 inhibitor, one acetate
molecule, and 356 water mole-
cules. However, it should be noted
that residues 131–133 have no

FIGURE 1. A, schematic representation of 17�-HSD5�EM1404�NADP (in blue, ID: 1ZQ5) and 17�-HSD5�
PEG�NADP (orange, ID: 2FGB) structures. Four large loops, namely loop-A (24 –33, red), loop-B (117–143, blue),
loop-C (217–238, cyan), and loop-D (301–323, magenta), form the substrate and cofactor binding sites with
modest movements. B, surface representation of four large loops form the substrate binding sites of EM1404.
The color scheme is kept the same as in panel A for these loops; C, chemical structure of inhibitor EM1404: it is
composed of an estradiol core, a lactone ring near the D-ring and an amide group at the A-ring; D, docking of
EM1404 in its binding site. The wall around the middle portion of the binding pocket is lined with hydrophobic
residues Leu-54, Trp-86, Trp-227, Phe-306, and Phe-311. The figures for the chemical structure of EM1404 here
as well as other inhibitors shown in Figs. 5 and 8 were generated using ChemDraw (www.cambridgesoft.com).
Other figures in this report were created using PyMOL (www.pymol.org) except for those indicated.
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electron density and are thus presumed to be disordered.
After the initial refinement, the Fo � Fc electron density map
showed unambiguous density for the inhibitor EM1404 at
the substrate binding site. The atomic position of EM1404
was further refined with an average B-factor of 10.5 Å2,
whereas the average B-factor for the protein is 11.5 Å2. The
B-factor is significantly higher in the loop regions as com-
pared with the overall protein. The maximum B-factor is
observed in most structures for loop-B followed by loop-A
(see supplemental materials).
Structure of the Inhibitor Binding Pocket—As shown in Fig.

1C, the inhibitor EM1404 consists of a steroid core (estradiol), a
lactone ring, and an amide group. In the substrate binding site,
the lactone ring of EM1404 is located at the base of the substrate
binding site, whereas the amide group is oriented toward the
surface of the enzyme. The EM1404 binding pocket is �17 Å
deep and has an elliptical shape with a short axis of 8 Å. The
volume of the binding pocket is 949 Å3, and the volume of
EM1404 is 404 Å3 in this complex. Despite the fact that the
inhibitor occupies only part of the binding cavity, the inhibitor
demonstrates high affinity at nanomolar levels (see “17�-HSD5
inhibition by EM1404”), which is likely contributed by the

increased hydrogen bonding and
hydrophobic interactions described
below. The wall around the middle
portion of the binding pocket is
lined with some hydrophobic resi-
dues, which form a cavity comple-
mentary to the shape of EM1404. In
particular, the steroid core of
EM1404 is almost parallel to the
side chain of Trp-227 with an inter-
planar distance of 3.4 Å.
Trp-227, Phe-306, and Phe-311 are
the three key residues that accom-
modate the docking of different
ligands (see “Discussion”). It should
be mentioned that Trp-227 and
Phe-311 are highly conserved resi-
dues among AKR family members
(see Fig. 6).
Potential hydrogen bonding part-

ners from the enzyme are located
either at the base or at the entrance
of the binding pocket and include
Tyr-24, Ser-118, Ser-129, Asn-167,
and Arg-226. More number of
hydrogen bonds and hydrophobic
interactions were identified be-
tween the inhibitor EM1404 and
17�-HSD5 than those found in the
enzyme-testosterone and enzyme-
(4-dione) complexes. The 2�-car-
bonyl oxygen in the lactone ring
forms a strong hydrogen bond with
Ser-118 hydroxyl (2.8 Å) and
another weak interaction is seen
with Asn-167 side-chain amine

group (3.6 Å, Fig. 2A). The 1�-oxygen in the lactone ring also
forms a weak interaction with Asn-167 side chain amine group
(3.6 Å). The two-methyl groups at the 3-carbon position in the
lactone ring also show strong Van der Waals interactions with
enzyme residues nearby and stabilize the conformation of the
inhibitor. The lactone ring of EM1404 forms a strong network
of hydrophobic interactions with the side chains of Met-120,
Asn-167, Phe-306, Phe-311, Tyr-317, Pro-318, and Tyr-319.
These residues, as well as Ser-118 and Tyr-216, form a compact
binding pocket at the bottom of the substrate binding site that
adapts well to the lactone ring of EM1404. The above-men-
tioned hydrogen bonds anchor the inhibitor firmly onto the
bottom of the active site.
At the amide group of the A-ring end of EM1404, threemore

hydrogen bonds were located: the first is between the nitrogen
atom of the amide group of EM1404 to the Ser-129 hydroxyl
(3.1 Å), which helps to stabilize loop-B; the second is between
the oxygen atomof the amide group to awatermolecule (2.5Å),
which also forms a second hydrogen bond to the Tyr-24
hydroxyl (2.6 Å) (from loop-A), thus bridging the inhibitor and
the enzyme; the third is between the oxygen atom of the amide
group and Arg-226 NH2 (3.4 Å) stabilizing loop-C. It is inter-

FIGURE 2. 17�-HSD5-EM1404 interactions. Lactone ring accounts for the strong interaction between the
EM1404 and 17�-HSD5. A, the carbonyl oxygen in the lactone ring forms a strong hydrogen bond with Ser-118
hydroxyl (2.8 Å). The side chain of Asn-167 has good Van der Waals contact with the lactone ring. The two
methyl groups at the 3-carbon position in the lactone ring also show strong Van der Waals interactions with
enzyme residues nearby and stabilize the conformation of the inhibitor. B, the nitrogen atom of the amide
group of EM1404 forms a hydrogen bond to the Ser-129 hydroxyl (3.1 Å), which helps to stabilize loop-B; the
oxygen atom of the amide group forms another water-mediated hydrogen bond with Tyr-24. It is of interest to
note that the side chain of Arg-226 has two conformations: in one conformation, it forms two salt bridges with
Glu-28, in another form, it forms a hydrogen bond with Tyr-24 (2.8 Å) and good Van der Waals contact with
amide group of EM1404. Salt bridges have been marked in red, weak interactions in blue, and hydrogen
bonding in yellow.

Multispecific 17�-HSD5 Interactions with Various Ligands

8372 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 11 • MARCH 16, 2007

 by guest on July 25, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


esting to point out that Arg-226 has two conformations at the
end of its side chain, as shown in Fig. 2B. Both conformations
have similar occupancies based on the refinement. In one con-
formation, the twoArg-226 amine groups form a pair of hydro-
gen bonds with Tyr-24 hydroxyl and the EM1404 amide group
oxygen. In the other conformation, these two amine groups
form a pair of hydrogen bonds with the Glu-28 carboxyl group
(from loop-A).
Comparison of the Enzyme-binding Site in Complex with Dif-

ferent Ligands—The structures were superimposed based on
the eight beta strands in the center, which are the most struc-
turally conserved element among all the structures. After
superimposing all the available crystal structures for 17�-HSD/
AKR1C3we discovered that the overall structures are very sim-
ilar despite the fact that they bind to ligands of different sizes,
ranging from one as small as 2-methyl-2,4-pentanediol
(C6H14O2) to one as large as 2-(3,4-dihydroxyphenyl)-5,7-dihy-
droxy-4-oxo-4h-chromen-3-yl-6-o-(6-deoxy-�-mannopyra-
nosyl)-�-D-glucopyranoside (rutin, C27H30O16). The major
deviations are located in the loops that form the substrate bind-
ing site (Fig. 3) and are mainly related to the side-chain confor-
mational changes within three residues, namely Trp-227, Phe-
306, and Phe-311. When we superimposed the structures of
17�-HSD5�EM1404�NADP and 17�-HSD5�PEG-fragment�-
NADP (see description below), residue Phe-311 C� on loop-D
moves by 1.90Å, residueArg-226 on loop-C is displaced by 0.62
Å, and residue Pro-27 on loop-A moves by 1.12 Å. In the
superimposed structures of 17�-HSD5�EM1404�NADP and
17�-HSD5�testosterone�NADP, the overall root mean sq-
uare deviation value is 0.23 Å, but some local changes at the
active site were significantly higher, as for the residue Pro-
230 alone the C� displacement is 2.9 Å. The side-chain
conformation is also playing a role in the significant modifi-
cation of the substrate binding pocket.
In various steroid hormones, including estrogens, andro-

gens, and their precursors with the cyclopentenophenan-
threne ring as the core, their modest structural alterations
result in critical effects on their biological function (53, 54).
The change in the binding site of 17�-HSD5 is very signifi-
cant when compared with the binding site of 17�-HSD1. In
the case of the latter it is a narrow hydrophobic tunnel, and
its overall structure in the complex with estradiol is essen-
tially the same as the native enzyme structure (root mean
square deviation of 0.5 for all main-chain atoms) (45). The
type 5 enzyme (17�-HSD5�AKR1C3) differs significantly
from the type 1 enzyme by possessing a spacious and flexible
steroid binding site. This is estimated to be �960 Å3 or 470
Å3 in 17�-HSD5 ternary complex with testosterone or
4-dione, respectively, whereas being only 340 Å3 in 17�-
HSD1�E2 complex (46). This volume in 17�-HSD1�

FIGURE 3. The different orientations of ligand docking in the substrate
binding site. A, 17�-HSD5�4-dione�NADP structure, 4-dione is colored in
magenta; B, 17�-HSD5�EM1404�NADP, EM1404 is colored in cyan;

C, 17�-HSD5�testosterone�NADP, testosterone is colored in brown; and D,
superimposition of 17�-HSD5�EM1404�NADP and 17�-HSD5�PEG�NADP
complexes near the substrate entrance. The blue dashed line represents
the C� residues (131–133) in loop-C of 17�-HSD5�EM1404�NADP complex
with weak electron density and thus not included in the final refined PDB
coordinates. The green dashed line represents those un-modeled residues
(127–137) in 17�-HSD5�PEG�NADP complex. Details are discussed in the
text.
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testosterone complex is �2% different from that in 17�-
HSD1�E2 complex.5 This characteristic of the 17�-HSD5
binding site permits the docking of various steroids in differ-
ent orientations, which in turn encompasses a wider range of
activities from 20�-, 17�-, and 3�-HSD�KSR to prostag-
landin 11-ketoreductase. In the ternary complex with testos-
terone the steroid C3–C17 position is quasi-reversed as
compared with the complex with 4-dione. This multispeci-
ficity contributes significantly to steroid metabolism in
peripheral tissues, due to the high levels of 17�-HSD5
mRNA in both breast and prostate tissues.
Using the 17�-HSD5�EM1404�NADP structure as a refer-

ence, eight other AKR1C3 complex structures were superim-
posed on the �-barrel motif. We observe how the conforma-
tions of four large loopsmovemodestly to accommodate ligand
binding in the substrate binding site (Fig. 3, A–C). Hydrogen
bonding interaction is believed to be the key factor that selects
the conformation of these substrates and inhibitors. For exam-
ple, in the 17�-HSD5�4-dione�NADP complex (Fig. 3A), the O3
of 4-dione forms a hydrogen bond with Ser-129 hydroxyl (3.06
Å) that anchors loop-B (117–143) close to the substrate binding
site. In this conformation the side chain of Phe-311 is pushed
close to loop-B consequently leaving more space for the side
chains of Trp-227 and Phe-306 to the position at the �-face of
the steroid. As a result, the substrate binding pocket looks
more compact (18). In the case of the 17�-HSD5�
testosterone�NADP complex (Fig. 3B), hydrogen bonds at
the two ends of the steroid determine testosterone orienta-
tions at the binding site (18). A similar interaction is
observed in the AKR1C3�prostaglandin D2�NADP complex,
because the carbonyl O11 of prostaglandin D2 participates in
hydrogen bondingwithTyr-55 hydroxyl andHis-117N�2 atom
(20). The latter is involved in a hydrogen bond with a water
molecule in a water channel, whereas the Tyr-55 hydroxyl par-

ticipates in a hydrogen bonding
chain. It has also been reported that
prostaglandin D2 and rutin are
involved in a similar hydrogen
bonding network with AKR1C3,
even though they have significantly
different chemical structures (20).
The Binding of a Polyethylene

Glycol Fragment in the Substrate-
binding Site—While studying the
enzyme-EM1404 interaction, we
accidentally obtained a complex of
PEG fragments in the substrate
binding site in one of our crystal
forms. This occurred early in our
study while attempting to soak the
inhibitor into the 17�-HSD5�NADP
binary complex crystals with
repeated additions of EM1404 but
without success (see “Materials and
Methods” and Figs. 1 and 3D). On
the contrary, five ethylene glycol

units can be identified with clear electron density at the bot-
tom of the substrate binding site, whereas the sixth glycol
unit near the entrance to the substrate binding site has less
clear electronic density (the possible crystallization process
can be found under “Discussion”). Compared with the 17�-
HSD5�EM1404�NADP complex, the residues surrounding
the substrate binding site have more free space to extend
their side chains toward the center of the channel. The inter-
actions between the enzyme and PEG are mostly hydropho-
bic; no hydrogen bonding interactions can be identified. In
the final refined model we observed only the PEG fragment
in the substrate binding site. Using the co-crystallization
method (38), we obtained the ternary complex of 17�-
HSD5�EM1404�NADP, and the main results have been
described above. These two types of crystals have the same
space group and very similar unit cells. We looked further
into the crystal packing near the substrate entrance and
found that the packing of loop-C indeed differs in both crys-
tal forms (Fig. 3D). The electron density for loop-C is weak in
both complexes but could be seen near the substrate entry
path. A symmetry-related molecule is located near loop-C
and may influence the location of loop-C at the entrance of
the substrate binding site in both ternary complexes. The
mechanism of these two crystallizationmethods is addressed
in more detail under “Discussion.”
17�-HSD Type 5 Inhibition by EM1404—As shown in Fig. 4,

the Lineweaver-Burk plots for testosterone oxidation to 4-di-
one in the absence and the presence of different EM1404 con-
centrations intersect at the same point on the 1/v axis. For the
reciprocal plots corresponding to different inhibitor concentra-
tions, the curves in the presence of increasing inhibitor concen-
tration result in a higher slope, pivoting around the intersection
point on the control curve. This demonstrates a typical revers-
ible and competitive inhibition, in agreement with Equation 1.
The results also coincide with the inhibitor binding position in
the substrate site shown by the crystallographic structure. A Ki

5 W. Qiu and S.-X. Lin, unpublished results.

FIGURE 4. Inhibition study on the conversion of testosterone to 4-dione by 17�-HSD5. 1/v versus 1/[tes-
tosterone] in the absence or presence of various fixed concentrations of EM 1404. The experiment was carried
out with EM1404 � 0 (�), EM1404 � 1 nM (f), EM1404 � 3 nM (Œ), EM1404 � 10 nM (�), and EM1404 � 25 nM

(▫). The plot of apparent Km versus [EM1404] inserted at left top shows the Ki value of EM1404: (�Ki) is the
intersection point on the [EM1404] axis, and a Ki � 6.9 � 1.4 nM was obtained.
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value of 6.9� 1.4 nMwas calculated from the plot (Fig. 5) by the
intersection of the above line on the left of the [I] axis, which
was thus determined to bemore than 40 times smaller than any
other available inhibitor in the literature, demonstrating a
strong enzyme inhibition by EM1404. TheKm of 17�-HSD5 for
testosterone oxidation was determined as 2.9 � 0.5 �M, sug-
gesting EM1404 affinity is significantly higher than testoster-
one. Such an inhibition coincides well with the extensive inter-
action of EM1404 with the 17�-HSD5 binding pocket.
Comparison of Various Enzyme Inhibitors—Results from

enzyme inhibition and molecular docking coincide with the
fact that the lactone ring of EM1404 accounts for the strong
interaction between the inhibitor and the enzyme. Those inhib-
itors with a lactone ring (e.g. EM1404, EM1424, and EM1396)
have a higher affinity than testosterone (34). Our inhibition
study is in coincidence with the structure-activity relationship
of EM1404 carriedout in thechemical screen (34),with thesmall-
est IC50 among all the available inhibitors for 17�-HSD�AKR1C3
(31–35). We docked these inhibitors into the crystal structure of

17�-HSD5-EM1404 complex using
the Autodock program (49). It is
interesting to point out that these
inhibitors adopted a similar dock-
ing position with the lactone ring
at the base of the binding pocket
as observed for the 17�-
HSD5�EM1404�NADPcrystal struc-
ture (results not shown). By com-
paring the IC50 for EM1404,
EM1424, and EM1396 (Fig. 5), it
appears that an amide group at the
A-ring position contributes signifi-
cantly to the higher affinity of
EM1404 to 17�-HSD5 than the
other inhibitors.
Structural Features of 17�-HSD

Type 5Pertinent to InhibitorDesign—
A structure-based sequence align-
ment of several AKR family mem-
bers revealed that only human
17�-HSD5 has a serine at position
118, whereas in other AKR mem-
bers this position is occupied by a
phenylalanine (Fig. 6A). In addition,
the Ser-118 hydroxyl is engaged in a
strong hydrogen bond (2.8 Å) with
the 2�-carbonyl oxygen in the lac-
tone ring of EM1404 (Figs. 2A and
6B). Superimposition of human 3�-
HSD3with human 17�-HSD5 in the
inhibitor binding site shows that the
bulkier side chain of Phe-118 in
3�-HSD3 will prevent the docking
of the lactone ring of EM1404 to the
bottom of the substrate binding
site(Fig. 6C). We predict that this
phenylalanine will obstruct any
17�-HSD5 inhibitor with a lactone

FIGURE 5. Inhibition of 17�-HSD5 by different inhibitors with lactone
ring. EM1396 (A) and EM1424 (B) each have a lactone ring (marked in pink)
next to the D-ring of steroid core, similar to EM1404. C, inhibition of 17�-
HSD5 by these inhibitors (table adapted from Ref. 34) showing that the
IC50 for EM1404 is the smallest among these inhibitors. HEK cells were
used as the enzyme source, using 0.1 �M [14C]4-dione as the substrate in
the essay. IC50 values indicated the inhibitor concentration leading to 50%
inhibition of the enzyme activity under the experimental conditions
described in Ref. 34.

FIGURE 6. Interaction of the lactone ring with Ser-118 in AKR1C enzymes. A, the sequence alignment of
several AKR1C family members. B, Ser-118 interaction with EM1404 in 17�-HSD5. Ser-118 hydroxyl forms a
strong hydrogen bond (2.8 Å) with the 2�-carbonyl oxygen in the lactone ring. C, superimposition of human
3�-HSD3 with human 17�-HSD5 in the inhibitor binding site shows the steric hindrance from Phe-118 of
3�-HSD3 prevents the binding of the EM1404.
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ring. Thus the lactone ring will ensure an additional specificity of
inhibitors to the 17�-HSD5 enzyme.
Predictive Molecular Modeling and Dynamics—The above

results did lead us to do inhibitor prediction theoretical studies
using molecular modeling and dynamics as an extension of the
present work (for more details, see supplemental materials).

Firstly from the superimposition of nine liganded structures
of the 17�-HSD5 binding site, we can identify two sub-sites in
the binding site, namely sub-site a (for the binding of the lac-
tone ring) and sub-site b (for the binding of the acetate), as
having an elevated occupancy among the ligands (Fig. 7).
Among those nine ligands only the flufenamic acid struct-

ure (Fig. 8B) occupies both sites.
The structure of the 17�-
HSD5�EM1404�NADP complex was
superimposed with the 17�-
HSD5�flufenamic acid�NADP com-
plex, to examine the similarities
between the bindings of the two
ligands (Fig. 7A). We found that the
carboxylate group of flufenamic
acid occupies a similar position to
the acetate ion in the HSD5�
EM1404�NADP complex (site b, as
described in Fig. 8), whereas the tri-
fluoromethyl-benzene ring is situ-
ated near the position of the
EM1404 lactone ring (site a, as
described in Fig. 8). Based on this
structural information, a new inhib-
itor is proposed by replacing the
flufenamic acid trifluoromethyl-
benzene ring by a lactone (Fig. 8B).
The newly designedmolecules were
docked into the active site using the
Autodock program. The predicted
docking position is close to a posi-
tion where all interactions with a
residue are maximal (Fig. 8C).
The fluctuation of the loop as

observed by the molecular dynam-
ics studies and principal component
analysis (see supplemental material
for more details) is much higher for
the EM1404 complex than the new
inhibitor complex, whereas the core
protein movement remained the
same. This suggests that the newly
proposed inhibitor (Fig. 8C) has a
potentially higher affinity compared
with the EM1404.

DISCUSSION

EM1404, a potent inhibitor for
17�-HSD5was first obtained from a
chemical screen (34). Its high speci-
ficity toward the enzyme has been
demonstrated by extensive interac-
tion with 17�-HSD5 as shown by
the 17�-HSD5�EM1404�NADP crys-
tal structure. The new structural
knowledge has in turn permitted
further improvement of the inhibi-
tor using molecular modeling. Thus

FIGURE 7. Location of the sub-sites a and b in the binding site in 17�-HSD5�AKR1C3. A, superimposition of
different ligands in nine 17�-HSD5�AKR1C3 crystal structures (PDB code: 1S1R, 1S2A, 1S2C, 1RY0, 1RY8, 2FGB, 1Xf0,
and 1AFS) using 17�-HSD5�EM1404�NADP (PDB code: 1ZQ5) as a reference on the triose-phosphate isomerase
barrel motif. Using EM1404 as reference (colored in cyan), the top view of EM1404 showed two sites (a and b) as
having high ligand occupancies (shaded areas), where site a corresponds to the lactone ring in EM1404 and site b is
at the location of the acetate ion; B, view of the two sites perpendicular to A. C, location of the binding sites a and b
relative to EM1404 in the 17�-HSD5�EM1404�NADP structure. NADP molecule is also shown near EM1404.
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the present work demonstrates the advantage of a combined
study of smallmolecule structure-activity relationship and pro-
tein structure-based drug design, both in the understanding of
structure inhibition and the improvement of new inhibitors.
The structural explanation for the high affinity of EM1404

includes: (a) the contribution of a lactone ring at the D-ring to
lower the binding energy; (b) the amide group at the A-ring end
of EM1404 interacting with loop-A, loop-B, and loop-C; (c) the
aromatic side chains of Trp-227, Phe-306, and Phe-311 form
strong hydrophobic interactions between the enzyme and
inhibitor, which stabilize loop-C and loop-D; (d) the plastic
property of the binding pocket accommodates the shape of
EM1404 (Fig. 1C). EM1404 and the acetate molecule occupy a
very large volume of the binding pocket in this complex. Addi-
tional structural evidence for the stable binding of EM1404 is that,
in the finalmodel of the 17�-HSD5�EM1404�NADP structure, the
averageB factor of EM1404model (10.5Å2) is similar to that of its
surrounding residues. In contrast, in the other complexes we
described above, the B factor of the ligands/inhibitors is higher
than the value of the surrounding residues, indicating that the

binding of those ligands/inhibitors
are not stable or may have different
conformations.
With the co-crystallization and

soaking methods described under
“Materials and Methods,” two dif-
ferent structures, namely 17�-
HSD5�EM1404�NADP and 17�-
HSD5�PEG fragment�NADP were
obtained (see “Results”). Using
the established co-crystallization
method for steroid enzymes with
hydrophobic substrates or ana-
logues, diluted enzyme-ligand solu-
tions were gradually concentrated
in the absence of PEG, permitting
the full binding of the ligands into
the hydrophobic sites, thus decreas-
ing the free ligand concentration
followed by the solubilization of
additional steroid molecules into
the solution in several cases. In fact,
17�-HSD1�estradiol complex solu-
tion at 300�M(enzymedimer) or 600
�M (steroid) was achieved (the stoi-
chiometry was quantified using a
radioisotope) leading to the high
electronic density of estradiol in the
binary complex (38). Another estab-
lished method to obtain steroid
complexes is the soaking method,
making use of the high solubility of
steroids or their analogues in a
solution of PEG (a PEG solution
with 0.5 or 0.8 mM steroids was
able to be prepared and used for
complex formation; refer to Refs.
47, 50, 51, and 52).

In the crystals obtained by soaking pre-formed 17�-
HSD5�NADP crystals, PEG molecules may be introduced from
the crystallization buffer while we prepared the binary complex
crystals. We then attempted to soak the inhibitor EM1404 into
this binary complex to form a ternary complex but did not suc-
ceed. For the 17�-HSD5�PEG fragment�NADP complex, this
raises the question why PEG molecules cannot be replaced by
EM1404, which is highly saturating the enzyme protein. The
final concentration of EM1404 in the PEG solutionwas 560�M,
whereas themonomeric enzyme concentration is 330�M in the
crystallization solution for soaking as indicated under “Materi-
als and Methods.” In the crystal a symmetrically related mole-
cule is located near loop-C and thus may force this loop to move
closer to the entrance of the substrate binding site in the ternary
complex of 17�-HSD5�PEG fragment�NADP (the green dashed
line in Fig. 3D). It is likely that this blocks the exchange of PEG for
EM1404 (Fig. 3D). In the 17�-HSD5�EM1404�NADP complex
crystal obtained from co-crystallization, most residues in loop-C
can be identified by its electron density (except for 131–133; see
blue dashed line in Fig. 3D), and they are situated away from sub-

FIGURE 8. Rational design of a new non-steroid inhibitor based on flufenamic acid. A, superimposition of
17�-HSD5�EM1404�NADP complex with 17�-HSD5�flufenamic acid�NADP complex. B, chemical structure of
flufenamic acid; C, chemical structure of a new inhibitor, obtained by the replacing the trifluoromethyl-ben-
zene ring on the flufenamic acid with a lactone ring; D, the docking of the new inhibitor at the substrate binding
site. The white ball-and-stick model represents the location of the new inhibitor derived from both 17�-
HSD5�EM1404�NADP and 17�-HSD5�flufenamic acid�NADP complex structures, whereas the red ball-and-stick
model is the real docking position for this new inhibitor obtained from Autodock. The locations of sites a and b
are indicated with circles similar to what is shown in Fig. 7.
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strate entry path. Of course, in the crystallization reported herein,
the concentration of the steroid analogue has not been followed
rigorously stepby step aswasdone in the case of 17�-HSD1-estra-
diol (38), the alterative possibility of a solubility problem for
EM1404 cannot be excluded for the unsuccessful formation of
ternarycomplex fromtheenzyme-NADPbinarycomplexcrystals.
As mentioned above, one acetate molecule is defined at the

catalytic site near the nicotinamide ring of NADP. This acetate
molecule is believed to be introduced from the crystallization
solution. Although the occupation of the acetate molecule at
the substrate binding site does not interfere with EM1404 bind-
ing based on Autodock results, the binding energy of acetate
can be used to develop a new inhibitor that could inhibit the
enzymemore strongly. The CH3 group of the acetate is �3.2 Å
away from the B-ring of EM1404. To design an inhibitor that is
more efficient than EM1404, a hybrid compound consisting of
an acetate-like group and EM1404 could further increase its
interaction and affinity with the enzyme, similar to the case of
the hybrid inhibitor, EM1745, for 17�-HSD1 (51).
The substrate binding pocket is composed mainly of four

flexible loops. We noticed that the volume of this pocket could
be adjusted due to themodest flexibility of these loops. In one of
our previous studied complex structures, the pocket size corre-
sponds to the size of a steroid, such as 4-dione. In another case,
it is significantly bigger than the corresponding steroid, thus
allowing testosterone to adopt two distinct conformations (18).
In an extreme case, the binding pocket can even tolerate amuch
biggermolecule, such as rutin (20). The stability of the substrate
binding is heavily dependent on the conformation of these
loops. For the future design of improved inhibitors, we can also
focus on the A-ring end group by replacing the amide of
EM1404 with a bulkier group that could potentially makemore
hydrogen bonding interactions with the protein side chains to
stabilize these loops.
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