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Abstract

Human estrogenic dehydrogenase (17-HSD1) catalyses the last step in the biosynthesis of the active estrogens that stimulate
the proliferation of breast cancer cells. While the primary substrate for the enzyme is estrone, the enzyme has some activity for
the non-estrogenic substrates. To better understand the structure—function relationships of 17-HSD1 and to provide a better
ground for the design of inhibitors, we have determined the crystal structures of 17-HSD1 in complex with different steroids.

The structure of the complex of estradiol with the enzyme determined previously (Azzi et al., Nature Structural Biology 3,
665-668) showed that the narrow active site was highly complementary to the substrate. The substrate specificity is due to a
combination of hydrogen bonding and hydrophobic interactions between the steroid and the enzyme binding pocket. We have
now determined structures of 175-HSD1 in complex with dihydrotestosterone and 20a-OH-progesterone. In the case of the C19
androgen, several residues within the enzyme active site make some small adjustments to accommodate the increased bulk of the
substrate. In addition, the C19 steroids bind in a slightly different position from estradiol with shifts in positions of up to 1.4 A.
The altered binding position avoids unfavorable steric interactions between Leu 149 and the C19 methyl group (Han et al.,
unpublished). The known kinetic parameters for these substrates can be rationalized in light of the structures presented. These
results give evidence for the structural basis of steroid recognition by 17-HSD1 and throw light on the design of new inhibitors

for this pivotal steroid enzyme. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The estrogenic 17f-hydroxysteroid dehydrogenase
(17p-HSD1) is a critical enzyme in endocrinology, cat-
alyzing the last step in the biosynthesis of estradiol
(E»), the most potent estrogen, as well as of 5-andros-
tene-3f, 17p-diol, which possesses estrogenic activity
[1]. These estrogens stimulate the proliferation of
breast cancer cells. The structure function relationships
and inhibition of the enzyme have been studied for
decades [3-8], however two important disadvantages
that have virtually eliminated the therapeutic use of
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existing inhibitors are their low selectivity and unsuita-
ble estrogenic activity. Of the antiestrogens commonly
used in breast cancer therapy, tamoxifen possesses a
mixed agonist—antagonist activity that limits its thera-
peutic potential. In our laboratory of molecular endo-
crinology, a new series of estradiol derivatives
exhibiting both antiestrogenic and 175-HSD inhibitory
activities have recently been synthesized [2,9,10].
However, the K; of the best inhibitory compound
EM139 in these dual site inhibitors is only about 6 pM.

To understand the structure—function relationships
and to assist in the inhibitor design of this enzyme, we
crystallized 176-HSD1 and determined the enzyme’s
structure, the first example of any mammalian steroid-
converting enzymes [12,13]. We further determined the
structure of the complex between 174-HSD and estra-
diol [14].

While 175-HSD1 is thought to be specific for estro-
genic substrates, kinetic data [11] showed that there is
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Fig. 1. A combination of seeding and co-crystallization for 17f-
HSD-200-OH-P: The single crystals of apoenzyme were moved to
drops with lower concentrations of PEG and protein than in the
original drop. The steroid 200-OH-P was added to a final concen-
tration of 1 mM in the new drop. The single crystal grew to a typical
size of 0.80 x 0.64 x 0.18 mm in 4 weeks.

some ability of this enzyme to bind and use other non-
cognate substrates. To further explore the substrate
specificity and to get hints for rational design of new
inhibitors, we have crystallized various enzyme—steroid
complexes. Here we compare the structures and ster-
oid—enzyme interactions of 175-HSD1 complexes with
a cognate estrogen (E,), an androgen (DHT, i.e., dihy-
drotestosterone) and a progesterone (20a-OH-P, i.e.,
200-OH-progesterone). The complete structures of
these complexes will be published elsewhere.

2. Crystallization of 178-HSD1 complexes
2.1. Co-crystallization

To accommodate for the low aqueous solubility of
steroids, a special method of co-crystallization was
applied to the 175-HSDI1-E, complex [15]. The com-
plex sample at stoichiometry was prepared at a much
higher concentration than the solubility of the free
substrate using a gradual concentration of the
enzyme—substrate mixture starting with diluted sol-

(a)

Fig. 2. (A) Electronic density from Fy-F, difference Fourier map for
the active site region of the 17f-HSDl-estradiol structure, omitting
the steroid molecule from the calculation of F, and the phases. The
electron density was contoured at 2¢ and the refined structure is
superimposed. (B) Overall view of 175-HSD1 monomer from the
178-HSD1-E2 structure. Alpha helices and beta sheets are presented
in light and dark gray respectively. Also shown are the hydrogen
bonding interactions between the substrate and residues Tyrl55,
Ser142, His221 and Glu282 which are believed to be important deter-
minates in substrate binding.
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Fig. 3. Stereoview of E, (thin lines) and 206-OH-P complexes (thick lines) with 175-HSD1: looking towards the C17 of the steroid.

utions. In the course of such a procedure, we observed
that the total estradiol concentration in the solution
could be higher than its solubility, due to the progress-
ive binding of the substrate to the enzyme molecules.
This binding may result from the engagement of estra-
diol molecule in the hydrophobic binding pocket of
the enzyme, while permitting a constant solubility for
the free steroid molecules in solution. The high quality
of the electronic density map of estradiol supports the
full occupancy of the binding site, thus confirming the
efficiency of the complex preparation (Fig. 2A). The
crystallization of 174-HSDI1-DHT was carried out
using the same method, though DHT is a non-cognate
substrate for the enzyme (Han et al., unpublished).
This method will also be useful in crystallizing other
steroid—dehydrogenase complexes, especially when low
affinity steroid ligands are concerned.

2.2. Combination of seeding and co-crystallization

To crystallize more steroid complexes with 17f-
HSDI1, we developed a combined method of seeding
and co-crystallization (Zhu et al., unpublished). The
apoenzyme crystals are first grown using established
conditions [16]. Single crystals of apoenzyme grew to a
modest size (~0.2 x 0.16 x 0.06 mm) in 2-3 weeks.
Then some of them were removed to reservoirs with
lower precipitant and protein concentrations, under
which new nucleation was hindered. Steroids, the 20a-
OH-P in this case, were added to a final concentration
of 1 mM in the presence of PEG. The crystals contin-
ued to grow to a typical size of 0.8 x 0.6 x 0.2 mm
(Fig. 1). In fact, the small crystals of apoenzyme con-

tinued to grow in the presence of the steroid, constitut-
ing a combination of seeding and co-crystallization.
The final crystals were about 50 times in volume than
the starting seeds of apoenzyme. This provides an effi-
cient way to grow crystals of various 178-HSDI1 com-
plexes, as crystal seeds of apoenzyme from the same
drop can be used for different complexes without
further adapting the original conditions for crystalliza-
tion.

3. 3D-structures of various 17-HSD1-steroid
complexes: structure—function relationships

3.1. 17-HSDI1 structure with the cognate substrate

The previously solved structure of the 174-HSD1-E,
complex showed that the steroid binding site was com-
posed of a primarily hydrophobic tunnel in which E,
is deeply buried. This tunnel contains residues Ser 142,
Val 143, Lys 149, Gly 185, Pro 187, Tyr 218, His 221,
Ser 222, Phe 226, Phe 259, Met 279, and Glu 282.
Four hydrogen bonds were seen in that structure: two
from the O3 of E, to His 221 and Glu 282 and two
from the O17 of E, to Ser 142 and Tyr 155. These
hydrogen bonds appear to help hold that steroid in an
optimum orientation for reaction with the nicotina-
mide cofactor and Tyr 155 has also been implicated as
acting as an acid-catalyst for the hydride transfer reac-
tion [13]. The hydrophobic portion of the binding site
interacts mostly with the A and B rings of the steroid
with a high degree of complementarity. This tight com-
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plementarity raised the question of how 178-HSDI1
could bind androgens and progesterones.

3.2. 17p-HSD1 structures with an androgen and a
progesterone: comparison with the cognate complex of
estrogen

We have recently solved the structures of the com-
plexes of DHT and 20x-OH-P with 175-HSD1 at 2.2
A with R-factors of 19 and 20% respectively, using the
175-HSD1-E, structure as a starting point. These new
structures show that, indeed, 178-HSDI is capable of
binding these non-cognate substrates in much the same
manner as it binds estradiol. Both DHT and 20x-OH-
P bind in similar orientations as E,, though with some
differences so as to accommodate for the extra bulk of
these substrates.

The steroid-binding region of the active site is very
well defined in the complex of 174-HSD1 with estra-
diol. Most of the side chains of the aminoacids in this
region tend to have relatively low B-factors, indicating
a low degree of flexibility. The structures of the com-
plexes of 200-OH-P and DHT with 175-HSD1 simi-
larly have well defined steroid-binding sites and the
structure of the enzyme is little changed from the E,-
complex (Fig. 3). The RMS difference between the E--
complex and the 200-OH-P complex is 0.42 A for the
alpha-carbons of 276 amino acids (excluding the flex-
ible loop formed by residues 191-198 and the C-termi-
nus). The only significant differences in the structure of
the enzyme between the E,- and 20 «-OH-P-complexes
(Fig. 3) is a rotation of the chi 1 angle of Phe 259 by
about 120 degrees and the rotation of the chi 1 angle
of Val 143 by about 90 degrees. Phe 259 appears to be
relatively flexible even in the E,-complex as suggested
by its relatively high B-factors, while the side chain
atoms of Val 143 have B-factors around the average
for the whole structure. These two changes produce a
somewhat more open active site and reduce the favor-
able hydrophobic interactions that the steroid can
make with the enzyme. The active site of the DHT-
complex also contains some changes in residues Val
143, Phe 226 and Phe 259, but the differences are smal-
ler than for the 200-OH-P-complex.

The positions of the steroids in the DHT and 20a-
OH-P complexes overlap considerably with the pos-
ition of E, in the E,-complex. Fig. 3 shows the E, and
200-OH-P structures superimposed. In the 200-OH-P
complex, the steroid is shifted 0.4 A at the O3 end and
1.2 A at the C17 end, while in the DHT-complex, the
O3 end of the steroid is shifted 1.4 A, and the O17
end is only shifted 0.3 A.

The shifts of the steroids in the DHT- and 20ax-OH-
P-complexes relative to the E, position are in agree-
ment with kinetic parameters reported previously for
these steroids [11]. In that report, the K, values for

DHT and 20¢-OH-P are 17 and 30 times higher than
E,, respectively, while the specific activities are 26 and
90 times lower, respectively. The two non-cognate sub-
strates are hindered in binding by the interaction of
their C19 methyl group with the side chain of Leu 149.
The lack of flexibility of this part of the active site has
forced the steroids to shift its position so as to accom-
modate the increased steric bulk of the C19 group.
The 20o-hydroxy group of 200-OH-P does not make
any evident hydrogen bonding interactions, unlike the
O17 hydroxyls of E, and of DHT, thus further
decreasing the favourable binding interactions of this
poor substrate. The electron density for these non-cog-
nate substrates is weaker than for E,, suggesting that
they may be bound with somewhat lower occupancy.
These results could be correlated to the increased K,
values for DHT and 200-OH-P.

The shift in position of the C17 end of the steroid
might explain a decreased specific activity as the geo-
metry for transfer of a hydride from the nicotinamide
cofactor to C17 would be less favorable. In addition,
the site of transfer foro 200-OH-P is not at the C17, but
at C20, which is 1.6 A from the position of the C17 in
the E,-complex. This larger shift of the site of hydride
transfer in the case of 200-OH-P than for DHT corre-
sponds to its larger decrease in specific activity.

These results show that the enzyme is not sufficiently
flexible to enable binding of C19 and C21 steroids in
such a manner as to allow good binding and a high
reaction rate. Similarly, they suggest strongly that in
order to maximize binding, an inhibitor designed to be
specific for 175-HSD1 must mimic the planar shape of
the A-ring of E,. It should also maintain a large
hydrophobic core that can interact with the steroid
binding site of the enzyme.

Acknowledgements

The authors thank Dr. F Labrie for his interest in
this work. The present project has been supported by
a Medical Research Council (Canada) grant for the
MRC group of molecular endocrinology and a
Collaborative Project Grant from the Natural Science
and Engineering Research Council of Canada.

References

[1] R. Poulin, D. Poirier, Y. Merand, C. Thériault, A. Bélanger,
F. Labrie, Extensive esterification of adrenal C19-A5-sex ster-
oids to long-chain fatty acids in the ZR-75-1 human breast
cancer cell line, J. Biol. Chem 264 (1989) 9335-9343.

[2] C. Labrie, C. Martel, J.M. Dufour, C. Levesque, Y. Merand,
F. Labrie, Novel compounds inhibit estrogen formation and
action, Cancer Res 52 (1992) 610-615.

[3] G.L. Murdock, C.C. Chin, J.C. Warren, Human placental



4

[5]

[6]

[

(8]

0

(10]

S.X. Lin et al. | Journal of Steroid Biochemistry and Molecular Biology 69 (1999) 425429 429

estradiol 17p-dehydrogenase: sequence of histidine-bearing pep-
tide in the catalytic region, Biochemistry 25 (1986) 641-646.

F. Sweet, J. Boyd, O. Medina, L. Konderski, G.L. Murdock,
Hydrogen bonding in steriodogenesis: Studies on new hetero-
cyclic analogs of estrone that inhibit human estradiol 17f-de-
hydrogenase, Biochem. Biophys. Res. Commun 180 (1991)
1057-1063.

S.S. Lawate, D.F. Covey, Trifluoromethylacetylenic alcohols as
affinity labels: Inactivation of estradiol dehydrogenase by a tri-
fluoromethylacetylenic secoestradiol, J. Med. Chem 33 (1990)
2319-2321.

RJ. Auchus, J.O. Palmer, H.L. Carrell, D.F. Covey,
Preparation of 14,15-secoestre-1,3,5(10)-trien-15-ynes, inhibi-
tors of estradiol dehydrogenase, Steroids 53 (1989) 77-97.

H. Inano, B. Tamaoki, Affinity labeling of arginyl residues at
the catalytic region of estradiol 17beta-dehydrogenase from
human placenta by 16-oxoestrone, Eur. J. Biochem 129 (1983)
691-695.

J.L. Thomas, M.C. Larochelle, D.F. Covey, R.C. Strickler,
Inactivation of human placental 17beta, 20alpha-hydroxy-
steroid dehydrogenase by 16-methylene estrone, an affinity
alkylator enzymatically generated from 16-methylene estradiol-
17beta, J. Biol. Chem 258 (1983) 11,500-11,504.

J.D. Pelletier, F. Labrie, D. Poirier, N-butyl, N-methyl, 11-[3,
17'beta-(dihydroxy)-1',3",5'(10" )-estradien-16'alpha-yl]-9(R/S)-
bromoundecanamide: synthesis and 17beta-HSD inhibiting, es-
trogenic and antiestrogenic activities, Steroids 59 (1994) 536—
547.

J.D. Pelletier, D. Poirier, Synthesis and evaluation of estradiol

(1]

[12]

[13]

[14]

[15]

[16]

derivatives with [6alpha-(bromoalkylamide), 16alpha-(bro-
moalkyl) or l6alpha-(bromoalkynyl) side chain inhibitors of
17beta-hydroxysteroid dehydrogenase type 1 without estrogenic
activity, Bioorg. Med. Chem 4 (1996) 1617-1628.

G. Mendoza-Hernandez, M. Calcagno, H.R. Sanchez-Nuncio,
J.C. Diaz-Zagoya, Dehydroepiandrosterone is a substrate for
estradiol  17beta-dehydrogenase from human placenta,
Biochem. Biophys. Res. Commun 119 (1984) 83-87.

D-W. Zhu, X. Lee, R. Breton, D. Ghosh, W. Pangborn, W.L.
Duax, S-X. Lin, Crystallization and preliminary X-ray diffrac-
tion analysis of the complex of human placental 17beta-hy-
droxysteroid dehydrogenase with NADP +, J. Molec. Biol 234
(1993) 242-244.

D. Ghosh, V.Z. Pletnev, D-W. Zhu, Z. Wawrzak, W-L. Duax,
W. Pangborn, F. Labrie, S-X. Lin, Structure of human estro-
genic 17f-hydroxysteroid dehydrogenase at 2.20 A resolution,
Structure 3 (1995) 503-513.

A. Azzi, P.H. Rhese, D-W. Zhu, R.L. Campbell, F. Labrie, S-
X. Lin, Crystal structure of human estrogenic 17f-hydroxy-
steroid dehydrogenase complexed with 17f-estradiol, Nature
Struct. Biol 3 (1996) 665-668.

D-W. Zhu, A. Azzi, P. Rehse, S-X. Lin, The crystallogenesis of
human estradiol dehydrogenase-substrate complex, J. Crystal
Growth 168 (1996) 275-279.

D-W. Zhu, X. Lee, R. Breton, D. Ghosh, W. Pangborn,
W.L. Duax, Crystallization and preliminary X-Ray diffraction
analysis of the complex of human placental 178-hydroxy-
steroid dehydrogenase with NADP, J. Molec. Biol 234 (1993)
242-244.



