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A 3D QSAR Model of 17f3-HSD1 Inhibitors Based on a
Thieno[2,3-d]pyrimidin-4(3H)-one Core Applying Molecular
Dynamics Simulations and Ligand-Protein Docking

Sampo Karkola, Annamaria Lilienkampf, and Kristiina Wahal*®

The 17B-hydroxysteroid dehydrogenase type 1 (17(3-HSD1)
enzyme plays a crucial role in female hormonal regulation by
catalysing the NADPH-dependent reduction of the less potent es-
trone ET1 into the biologically active estradiol E2. Because 17/5-
HSD1 is a key enzyme in E2 biosynthesis, it has emerged as an
attractive drug target for inhibitor development. Herein we report
the plausible binding modes and a 3D QSAR model of 175-HSD1
inhibitors based on a (di)cycloalkenothieno[2,3-d]pyrimidin-4(3H)-
one core. Two generated enzyme complexes with potent inhibi-
tors were subjected to molecular dynamics simulation to mimic
the dynamic process of inhibitor binding. A set of 173-HSD1 in-

Introduction

Breast cancer is the most common cancer in women in West-
ern countries, and it has been estimated that 178480 new
cases were diagnosed in the US in 2007." Most breast tumors
are initially estrogen-receptor positive, that is, hormone-depen-
dent, and estrogens, especially estradiol (E2), have a pivotal
role in their development. Controlling the levels of circulating
and tissue E2 by inhibiting its biosynthesis is thus a rational
approach for treating hormone-dependent breast cancers.” A
major class of enzymes that produce estrogens are the 17(3-
HSDs.®! Other enzymes that generate estrogens, primarily es-
trone (E1), are CYP19 aromatase and steroid sulfatase. Aroma-
tase inhibitors have already reached the market,” but due to
the lack of a crystal structure, homology models®™ remain the
basis for structure-based drug design.

The 17p-hydroxysteroid dehydrogenase type 1 (178-HSD1)
enzyme plays a crucial role in the female hormonal regulation
by catalysing the NADPH-dependent reduction of the less
potent E1 1 into the biologically active E2 2 (Figure 1). 17f3-
HSD1 belongs to the short-chain alcohol dehydrogenase su-
perfamily (SDR) and has the conserved and catalytically crucial
Tyr-x-x-x-Lys sequence and a generally conserved Ser in the
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Figure 1. The primary enzymatic reaction catalysed by 178-HSD1, with ste-
roid core labelling shown.
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hibitors based on the thieno[2,3-d]pyrimidin-4(3H)-one core were
docked into the resulting active site, and a CoMFA model em-
ploying the most extensive training set to date was generated.
The model was validated with an external test set. Active site res-
idues involved in inhibitor binding and CoMFA fields for steric
and electrostatic interactions were identified. The model will be
used to guide structural modifications of 17(3-HSD1 inhibitors
based on a thieno[2,3-d]pyrimidin-4(3H)-one core in order to im-
prove the biological activity as well as in the design of novel
173-HSD1 inhibitors.

active site (catalytic triad Tyr155, Lys159 and Ser142 in 17f-
HSD1)."” Several crystal structures of 17B-HSD1" are available.
The enzyme has been co-crystallised with estrogens® and an-
drogens® and with two steroid based inhibitors.®“'” The 17p-
HSD1 enzyme contains a loop near the active site (residues
190-200) for which several conformations have been observed
in crystal structures. This loop has been associated with sub-
strate entry. In addition to the crystallographic studies, molecu-
lar modelling" has been employed to investigate the active
site as well as alternative binding modes of steroids."?

The human 17(3-HSD1 is active as a soluble cytosolic homo-
dimer™ and is mainly expressed in ovaries, placenta and
breast tissue. 173-HSD1 is also expressed in malignant breast
tissue," where it is suggested to have an important role in
in situ E2 production." Because 17B-HSD1 is a key enzyme in
E2 biosynthesis, it has emerged as an attractive drug target for
inhibitor development.® Recently, in vivo efficacy of 178-HSD1
inhibition of hormone-dependent tumour growth has been
demonstrated in immunodeficient mice inoculated with MCF-7
cells expressing the human recombinant 178-HSD1 enzyme
(rec17B-HSD1)."" The majority of known inhibitors of 17f-
HSD1 are based on modifications of steroidal structures, espe-
cially E1 and E2.'®'®2% | ess work has been published regard-
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ing nonsteroidal structures as 173-HSD1 inhibitors. These com-
pounds include phytoestrogens,” substituted 2-benzyltetral-
1-ones,” benzopyranones,”” and phenyl ketones.”® In general
these nonsteroidal inhibitors have moderate to very low affini-
ty for the enzyme and/or they lack sufficient selectivity. Recent-
ly, we have reported a series of compounds based on fused
cycloalkenothienol[2,3-d]lpyrimidin-4(3H)-ones to be potent and
selective 17B-HSD1 inhibitors.”® Also, subsequent to our find-
ings, a series of benzothieno[2,3-d]pyrimidin-4(3H)-ones has
been reported to inhibit 17-HSD1.5

Although the number of patents and publications concern-
ing 17B-HSD1 inhibition has increased during recent years, sur-
prisingly few studies have included data on QSAR of 17(3-HSD1
inhibitors.">?¥ Potter and co-workers have developed a series
of E1 derivatives as 173-HSD1 inhibitors, where the core of E1
was extended with a substituted pyrazole ring fused to C16
and C17 of ring D of the steroid skeleton.”” The binding mode
of the two most potent pyrazole derivatives was studied by
docking them into the active site of 17p3-HSD1 (PDB entry
code 1FDT®), producing superimposition of the steroid nu-
cleus compared with E2 in the crystal structure. The substitu-
ents at ring E formed additional hydrogen bond interactions to
the cofactor nicotinamide group. A comparative molecular
field analysis (COMFA) model was generated and validated
with a small set of compounds. Visual inspection of the corre-
lation between actual and predicted plCs, values showed large
variation. In a subsequent study, further modifications of the
steroid core and/or pyrazole ring E of the above mentioned
skeleton produced a new set of 17B-HSD1 inhibitors."® The in-
hibitors from these two studies,"*?” were used in building a
comparative molecular similarity indices analysis (CoMSIA)
model. The model was validated with an external set of com-
pounds. A visual inspection of the correlation between the
actual and predicted activities showed improvement relative
to the earlier study.”” All these inhibitors are designed to fit
the natural substrate binding pocket and to interact with the
catalytic triad residues.

In addition to the human enzyme, a QSAR study of 173-HSD
from the fungus Cochliobolus lunatus (17p-HSDcl) has been re-
ported.®” 17B-HSDcl has been suggested to be a model
enzyme for the short-chain dehydrogenase (SDR) superfami-
ly.2? The inhibition activity of variously substituted phytoestro-
gens (e.g. flavonoids and cinnamic acid esters) was found to
be similar between the 173-HSDcl and human 17(3-HSD1 en-
zymes. The docking studies performed with the flavonoid
kaempferol for 17@-HSDcl and human 17p3-HSD1, however,
suggested different binding modes for this compound.

Structure-based pharmacophore generation has been used
as another method to search for new active inhibitors of 17f3-
HSD1.B¥ Phytoestrogens, known to have moderate inhibitory
activity,”* were docked into the crystal structure of 17p-
HSD1 (PDB entry code 1FDT®¥). The results revealed possible
hydrogen bonding interaction counterparts in the active site.
Using the docking results and the native crystal structure, sev-
eral pharmacophores were generated and databases screened.
As a result, some new inhibitors were suggested.
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Herein we report the plausible binding modes and a 3D
QSAR  model of 17B-HSD1 inhibitors based on a
(di)cycloalkenothieno[2,3-d]pyrimidin-4(3H)-one core and syn-
thesised by our research group.”” The binding modes of se-
lected inhibitors have been previously studied using dock-
ing,"®2" but this is the first study to combine molecular dy-
namics simulation, docking and 3D QSAR. Because there is evi-
dence that the active site of the aldo-keto reductase enzymes
can adapt to the substrate/ligand bound to it and that the co-
factor binds prior to the substrate,®” we used molecular dy-
namics simulation (MDS) and docking with the enzyme struc-
ture containing the cofactor NADP* (1FDT).®¥ To relieve the
possible unpropitious crystal structure packing effects, and to
validate the following MDS procedure, the crystal structure of
the 17B3-HSD1 enzyme was relaxed with molecular dynamics
simulation (see Computational Methods below). The resulting
structure was used to dock two potent inhibitors 3 and 4
(Figure 2) into the active site of the enzyme and further MDS

Figure 2. The two potent 173-HSD1 inhibitors used in the MDS studies and
the labelling of the fused ring system.

were performed with these enzyme—cofactor-inhibitor com-
plexes. The active site structure obtained from the MDS with
inhibitor 3 was used to dock a molecule library based on a
thieno[2,3-d]pyrimidin-4(3H)-one core into the active site of
the enzyme. The binding modes of the inhibitors were studied
and a predictive CoMFA model was built using the inhibitor
alignment and inhibition data measured in the assay with re-
combinant human enzyme, rec17p3-HSD1 (Table 1). The model
will be used to guide structural modifications of 173-HSD1 in-
hibitors based on a thieno[2,3-d]pyrimidin-4(3H)-one core in
order to improve the biological activity as well as in designing
novel 173-HSD1 inhibitors.

Results and Discussion
Relaxed structure of the 17p-HSD1-NADP*-E2 complex

The crystal structure of 173-HSD1 complexed with the cofactor
NADP* and E2 was relaxed by minimisation and molecular dy-
namics simulation. After minimisation, an equilibration simula-
tion was performed with restrained backbone, cofactor and E2.
During the equilibration, the side chain root mean square devi-
ation (rmsd) was stabilised and the potential energy of the
system was stable after an initial increase. Subsequently, an un-
restrained simulation for 5 ns was performed. The system stabi-
lised after 2.5 ns showing a relatively constant backbone rmsd
curve (Figure 3). The position of E2 was also stabilised after a
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Table 1. Structures, biological activities, and plCs, values of 173-HSD1 inhibitors based on the thieno[2,3-d]pyrimidin-4(3H)-one core.

0
N
WL
R! s7N m
RZ
rec17B-HSD1 Inhibition [%]” pICs,
Compd R' R? Ring A n m 0.1 um 1 um LOGIT® Predicted®
Training Set
s OH
5 O O aliphatic 1 3 942 9.5 7.83 7.88
,r’s
6 O @ aliphatic 1 3 87.4 91.9 7.45 7.38
F
.S
7 O j@ aliphatic 1 3 85.6 913 7.40 7.34
HO
8 O S aliphatic 1 3 713 945 7.32 7.22
9 Os S aliphatic 1 3 67.6 93.4 7.24 7.23
.S
10 HO_.- @ aromatic 1 3 80.5 875 7.23 7.14
.8
= >
" Os- Q aliphatic 1 3 79.2 87.2 7.21 7.16
.S
12 Ox ’ j/ aliphatic 1 3 64.7 92.9 7.19 7.27
4 Oxr PN aliphatic 1 3 58.0 924 7.1 7.18
.S
13 Ox \©\ aliphatic 1 3 585 9158 7.10 7.07
OH
14 HO_.- S aromatic 1 3 69.0 85.9 7.07 6.98
.S
3 Os @ aliphatic 1 3 63.3 85.1 7.00 7.05
.S
15 Ox- D aliphatic 1 3 46.6 87.4 6.89 7.07
.8
16 Os @ aliphatic 1 3 57.4 79.8 6.86 6.93
NO,
17 Osr B aliphatic 2 3 63.3 74.7 6.85 6.81
18 Ox - .l aliphatic 2 3 38.0 88.1 6.83 6.78
.S
19 Os \©\ aliphatic 1 3 47.0 80.6 6.78 6.83
.S
20 Ox. @ aromatic 1 3 269 88.4 6.72 6.84
/S
21 Os aliphatic 1 3 552 64.0 6.67 6.63
22 O S aliphatic 1 1 16.7 67.2 6.31 6.34
0]
JJ\'\J/
23 N L 243 558 6.30 6.25
Os - N)
S
Q
S
24 Ox - @ aliphatic 1 3 15.3 583 6.20 6.25
S
25 Ox L@ aliphatic 1 3 7.2 307 577 5.74
=8
26 Os O%N 0 aliphatic 1 3 40 7.8 527 528
~
27 \Cf)(\ S aliphatic 1 3 1.1 139 5.13 5.08
[e]
.
O ‘
28 s NH 0.0 43 433 434
S\k o~ 7
29 Ho N S aliphatic 1 1 0.1 29 427 431
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Table 1. (Continued)

NH,

RZ
rec17B-HSD1 Inhibition [%]” pICs,
Compd R' R? Ring A n m 0.1 um 1 um LOGIT® Predicted®
Test Set
30 O A aromatic 1 83.0 90.6 7.34 7.00
.S
31 HO_.- \© aliphatic 1 734 93.0 7.28 6.93
32 HO_.- AN aliphatic 1 61.7 922 7.14 6.91
.S
33 Ox O aliphatic 1 512 82.2 6.84 6.52
8
34 Ox \CL aliphatic 1 38 221 6.33 6.52
COOH
/s
35 Oxr \©\ aliphatic 1 1.0 16.4 5.95 6.04

[a] pICs, values acquired from LOGIT transformation. [b] pICs, values predicted based on the generated CoMFA model.
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ous conformations observed in
the crystal structures. The po-
tential and total energies of the
system stabilised at the begin-
ning and remained stable
during the whole unrestrained
simulation.

In the stable part of the tra-
jectory, there are on average
214 hydrogen bonds within the
enzyme and 15 hydrogen
bonds between the cofactor
and the enzyme. Only an occa-
sional hydrogen bond between

0 L | L
0 1000 3000

Time /ps

|
2000 4000

Figure 3. The relaxation of the crystal structure of the 173-HSD1-NADP*-E2 complex (PDB entry code 1FDT). The
rmsd of the enzyme backbone is coloured black, the reduced substrate E2 is coloured red, and the cofactor
NADP* is coloured green. The first 0.5 ns represents the equilibration simulation with restrained backbone, cofac-

tor, and substrate.

small movement away from NADP* due to the relocation of
Phe 192 in the loop at residues 190-200. The rmsd of NADP™*
was stable from 1 ns onwards but showed a small peak at
~4.5ns and ~5.1 ns caused by the movement of the ribose
ring of the adenosine monophosphate moiety. This part of the
cofactor is not located near the active site. In the crystal struc-
ture, the distance from the oxidised carbon in NADP* to C17
of E2 is 3.62 A, while the average of the corresponding dis-
tance in the stabilised trajectory was 5.8 A (Figure 4). This in-
crease in distance may be due to the rejection of the reduced
substrate E2 by the enzyme. The backbone of the loop at resi-
dues 190-200 kept its initial position during the dynamics and
was not flexible as might have been expected due to the vari-

464

www.chemmedchem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

E2 and the enzyme was ob-
served. This lack of hydrogen
bonding, together with the
movement of the substrate, in-
dicates the rejection of the sub-
strate by the enzyme, as can be
expected. The rmsd for the
active site heavy atoms (resi-
dues in a 6 A sphere around E2) was 2.17 A between the crys-
tal structure and the relaxed structure. Additionally, the active
site cavity volume decreased during the dynamics from ~400
to ~300 A3, calculated for the united atom structures with the
Binding Site Tool in Discovery Studio 1.7.%% The rather large
rmsd value for the active site atoms, and the decrease in
volume indicate conformational changes for active site resi-
dues. This emphasises the necessity to properly relax the crys-
tal structures before further studies. The root mean square
fluctuation (rmsf), showing the movement of single residues
during the MDS, revealed the loop areas and the N and C ter-
mini to be the most flexible parts of the enzyme during the
simulation. Next, the stabilised trajectory was clustered and

5000 6000
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Figure 4. The position of E2 before (magenta) and after (cyan) relaxation.
The NADP™* cofactor is coloured blue, and the active site residues are repre-
sented as thin sticks for clarity.

the representative structure (Figure 4) of the biggest cluster
was extracted and minimised in vacuo. In order to acquire an
all-atom structure for the subsequent docking of the inhibitors
3 and 4, the complex was transferred to Insight I,*® where E2
was extracted from the active site. Hydrogens were added and
the complex was minimised with fixed heavy atoms for 500
steps using the steepest descent algorithm. The resulting co-
factor-enzyme complex was used as the enzyme structure for
docking the inhibitors.

Generation of the initial 17-HSD1-inhibitor complexes

To acquire reasonable starting structures for the MDS, com-
pounds 3 and 4 (Figure 2) were docked into the relaxed struc-
ture of the 17B-HSD1 enzyme using GOLD.®” As a result, the
inhibitors 3 and 4 were not superimposed, although they
share the same fused tetracyclic skeleton. The inhibitors lie in
the same plane as E2, but the molecular skeleton of inhibitor 4
is flipped 180 degrees along the

FULL PAPERS

ed to have possible m-rt interactions between the thiophene
ring and Phe 259 and between the aromatic thioether substitu-
ent and Phe192. Compound 4 probably has m-;t interaction
only with Phe259 due to the lack of a thiophenyl side chain.
Despite the different orientation of the molecular core, the al-
dehyde carbonyl and the bulky seven-membered ring D
occupy the same space with both 3 and 4. These inhibitor ori-
entations and interactions with the active site of the enzyme
provided rational starting structures for the following MDS
studies.

Molecular dynamics simulations of the enzyme complex
with inhibitor 3

The docking of an inhibitor is limited by the rigid or semi-rigid
residues of the active site and the binding of an inhibitor is a
dynamic rather than static process. In order to find the optimal
interactions between the active site and the nonsteroidal in-
hibitor during the binding, we performed MDS for the 17f3-
HSD1-NADP *~inhibitor complexes. As was done with the crys-
tal structure of the enzyme complex (see above), an equilibra-
tion simulation followed by an unrestrained simulation was
performed (see Computational Methods below). The equilibra-
tion produced stable side chain rmsd and potential energy
curves. In the following unrestrained simulation the system sta-
bilised after 2 ns, showing a stable rmsd curve for the back-
bone and the inhibitor (Figure 5). The cofactor rmsd increased
drastically at ~2.7 ns but returned closer to the starting confor-
mation at ~4.8 ns. This fluctuation was due to the relocation
of the cofactor adenosine monophosphate moiety and did not
affect the active site geometry. In the beginning of the unre-
strained simulation, inhibitor 3 moves away from the cofactor
and forms a hydrogen bond from the aldehyde carbonyl to
the hydroxy group of Ser222, which is kept for 2 ns. Subse-
quently, the original position of 3 and the initial hydrogen
bond to the phenolic hydroxy group of Tyr218 were restored

long axis of the molecule so, .
that the thiophene sulfurs and
the thioether groups of inhibi-
tors 3 and 4 point in opposite
directions.  The  thiophenyl
group and ring A of 3 are nearly
superimposed with rings D and
B of E2, respectively. With 4, the
skeletal thiophene is nearly su-
perimposed with ring A of E2,
and the two terminal carbons
of the thiopropyl group are su-
perimposed with C15 and C16
of E2. Compound 3 forms a hy-
drogen bond from the aldehyde
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carbonyl to the phenolic hy- %
droxy group of Tyr218, while 4
does not have such an interac-
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tion in this binding mode. In
addition, compound 3 is orient-

ChemMedChem 2008, 3, 461472

Figure 5. The MDS of the 17-HSD1-NADP*-3 complex. The rmsd of the enzyme backbone is coloured black, the
inhibitor 3 is coloured red, and the NADP* cofactor is coloured green. The first 0.5 ns represents the equilibration
simulation with restrained backbone, cofactor, and inhibitor.
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and kept for the rest of the simulation. The aldehyde carbonyl
is also involved in hydrogen bond with Asn152. The pyrimi-
done carbonyl at ring C forms a hydrogen bond to the imida-
zole group of His221 or the guanidinium group of Arg258.
During the MDS, the active site cavity volume did not change
significantly relative to the relaxed crystal structure. This indi-
cates that the inhibitor is well tolerated in the active site. The
parts of the enzyme that moved the most in MDS (root mean
square fluctuation more than 0.1 nm) were the loop areas, as
expected. Additionally, the Cterminus of the G’ helix, the
G” helix located next to the loop area (residues 190-200) and
the whole H" and H helices (secondary structure naming from
Breton et al.®™) showed movement larger than 0.1 nm, indicat-
ing the adaptation of the active site to the inhibitor.

During the stable part of the trajectory (2-5.5 ns), there are
on average 218 hydrogen bonds per timeframe within the
enzyme, 15 hydrogen bonds between the cofactor and the
enzyme and 1.3 hydrogen bonds between inhibitor 3 and the
enzyme. In this part of the trajectory, the most stable hydrogen
bond between 3 and the enzyme is between the phenolic hy-
droxy group of Tyr218 to the aldehyde carbonyl oxygen. The
active site residues in immediate contact (within 4 A) with in-
hibitor 3 during the stable trajectory include Leu96, Ser142,
Val 143, Gly144, Leu149, Asn152, Gly186, Pro187, Phe192,
Met 193, Tyr218, His221, Ser222, Arg258, Phe259, Leu262,
Met 265, Ala278, Met 279, Gly 282, and Val283. As with the re-
laxation of the crystal structure, the loop area at residues 190-
200 was stable during the simulation.

With a view to obtain a rational enzyme structure for the
docking of the molecular library, the stable part of the trajecto-
ry was clustered. The representative structure of the biggest
cluster was extracted and minimised in vacuo. In this represen-
tative structure, the above mentioned hydrogen bonds from
inhibitor 3 to Tyr218 and Arg 258 were present (Figure 6). The
distance from the oxidised carbon in the cofactor to the near-
est heavy atom of the inhibitor was 3.8 A, while in the crystal

SER142 /‘~
\\PHCHBT

-

Figure 6. The minimised representative structure of the trajectory with 173-HSD1, the NADP* cofactor, and inhibi-
tor 3. The inhibitor is coloured yellow, NADP* is coloured blue, and the hydrogen bonds are indicated as red

dashed lines. For clarity, only selected active site residues are displayed.
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structure it was 3.21 A (from the oxidised carbon in NADP* to
the oxygen at C17 of E2). A hydrophobic pocket, formed by
residues Val143, Gly144, Leul149, Phe192, Met193 and
Phe 259, near the catalytic triad accommodates the flexible thi-
ophenyl side chain. The active site (residues 6 A around the re-
duced substrate) heavy atom rmsd between the relaxed crystal
structure and the representative frame of the enzyme-inhibitor
complex trajectory was 1.68 A, which is less than the value ob-
served in the relaxation of the crystal structure. This suggests
minor but still important movement of the active site residues
during the inhibitor binding.

The stable volume of the active site, the hydrogen bonding
pattern, the nearest heavy atom distance to the cofactor, and
the low rmsd value of the active site heavy atoms show that a
nonsteroidal inhibitor with a flexible side chain can bind to the
active site of 178-HSD1. Inhibitor 3 does not cause major con-
formational changes in the enzyme. It was also observed, that
the catalytic residues are not involved in the binding.

Molecular dynamics simulations of the enzyme complex
with inhibitor 4

As above with inhibitor 3, an equilibration simulation followed
by an unrestrained simulation was performed for the 17f3-
HSD1 enzyme complex with inhibitor 4. The equilibration pro-
duced stable side chain rmsd. In the following unrestrained
simulation, the stabilisation of the enzyme backbone rmsd
with 4 required longer simulation time than the complex with
3 (Figure 7). Owing to the increase in backbone rmsd at the
end of the 5 ns simulation (total time 5.5 ns), the system was
simulated for an additional 3 ns. The cofactor rmsd had a small
drop at ~8.2ns due to rotation of the terminal phosphate
group. Stable backbone, cofactor and inhibitor rmsd were ach-
ieved after 5.5 ns.

In the beginning of the unrestrained simulation and also at
~3ns, an increase in the rmsd of 4 was observed. This increase
indicates that the position of 4
was less stable than that of 3.
The inhibitor skeleton was ro-
tated 90 degrees along the long
axis of the molecule. This rota-
tion was not observed in the
simulation with inhibitor 3. The
stable part of the trajectory has
an average of 216 hydrogen
bonds within the enzyme, 16
---- hydrogen bonds between the
cofactor and the enzyme and
one hydrogen bond between 4
and the enzyme. As with 3, the
MDS showed that a relatively
stable hydrogen bond is formed
between the aldehyde oxygen
of the inhibitor 4 and Tyr218.
The aldehyde group is also in-
volved in hydrogen bonding
with the amide side chain of

PRO261

HIS221
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! than corresponding distances of
1 the relaxed crystal structure
(446 A) or the simulated com-
plex with inhibitor 3 (3.8 A). The
active site heavy atom rmsd be-
tween the relaxed crystal struc-
4 ture and the representative
frame of the 17f3-HSD1-4 com-
plex trajectory was clearly larger
than with inhibitor 3, namely
2.16 A. Additionally, the active
o site cavity volume decreased
from ~300 A® (relaxed structure)
to ~250A° (representative
frame of the 173-HSD1-4 com-
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Figure 7. The MDS of the 173-HSD1-NADP *-4 complex. The rmsd of the backbone of the enzyme is coloured
black, the inhibitor 4 is coloured red, and the NADP* cofactor is coloured green. The first 0.5 ns represents the

equilibration simulation with restrained backbone, cofactor, and inhibitor.

Asn152. The pyrimidone imine nitrogen of the inhibitor
formed an occasional hydrogen bond to the imidazole group
of His221. The rmsf showed that secondary structures of the
enzyme showing largest movements were the Cterminus of
the G’ helix and the G” helix. In general, the MDS with inhibi-
tors were more stable than the relaxation of the crystal struc-
ture, probably due to the release of the packing effects during
the crystallisation. The active site residues in immediate con-
tact (within 4 A) with the inhibitor 4 during the stable part of
the trajectory include Gly144, Met147, Leul149, Phe192,
Met 193, Tyr218, His221, Ser222, Val225, Phe226, Arg258,
Phe259, Pro261, Leu262, Met279, Gly282 and Val283. The
loop area at residues 190-200 remained stable during the dy-
namics.

The trajectory from 5.5 to
8 ns was clustered and the rep-
resentative structure of the big-
gest cluster was extracted and
minimised in vacuo (Figure 8).
The hydrogen bond from the al-
dehyde group in 4 to Tyr218
was present. Arg258, which
formed a hydrogen bond with
inhibitor 3, is in this complex
turned away from inhibitor 4
and interacts with the solvent
instead. Similarly, His221 does
not interact with the inhibitor,
as it did with inhibitor 3, but
forms a stable hydrogen bond
with Glu282. The distance from
the oxidised carbon of the co-
factor to the nearest heavy
atom of the inhibitor 4 s
7.04 A. This is significantly larger

NADP+
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plex trajectory) causing inhibitor
4 to protrude partially out of
the active site. It is notable that
the catalytic residues (Ser142,
Tyr155 and Lys159) are located
too far to interact with either of
the inhibitors 3 or 4.

Together these facts (the increase in distance to the cofactor,
the rotation of the inhibitor during the dynamics, the larger
active site heavy atom rmsd and the decrease in active site
cavity volume) indicate a less stable behaviour of inhibitor 4 in
the active site. Therefore, it can be concluded that the initial
position of inhibitor 4 in the active site was less favoured rela-
tive to inhibitor 3 in the MDS.

The binding mode of 173-HSD1 inhibitors based on the
thieno[2,3-d]pyrimidin-4(3H)-one core

The representative frame of the 173-HSD1-3 complex trajecto-
ry was selected for the docking studies due to the more stable

®

SER142

PRO187

" 4

TYR275
/ LEU262

PHE187 D

vaL22s | ©

) 6Luzs2

TYR218 HIs221

Figure 8. The minimised representative structure of the trajectory with 173-HSD1, the NADP* cofactor, and inhibi-
tor 4. The inhibitor is coloured green, NADP* is coloured blue, and the hydrogen bonds are indicated as red
dashed lines. For clarity, only selected active site residues are displayed.
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behaviour of inhibitor 3 during the MDS. A set of synthesised
thieno[2,3-d]pyrimidin-4(3H)-one  based inhibitors = 3-35
(Table 1),”* were docked into the active site of the 17B3-HSD1
enzyme to investigate the binding modes of the compounds.
As a result of the docking, the orientation of inhibitor 3 from
the MDS was reproduced. The trend of the scores of the inhibi-
tors 3-35, excluding some outliers, followed the reported bio-
logical activity. In the top-ranked pose of each inhibitor there
is a hydrogen bond from ring A aldehyde or hydroxy group to
Tyr218 and/or Asn 152, and from the amide carbonyl at ring C
to Arg258. The same hydrogen bond interactions were ob-
served for inhibitor 3 during the MDS. The hydrophobic
pocket, revealed in the MDS with inhibitor 3, contributes to
the binding accommodating the flexible thioether side chain
of the inhibitors. The pocket is formed by residues Val 143,
Gly 144, Leu 149, Phe 192, Met 193 and Phe 259. The best inhibi-
tor in the series is compound 5, which had the above men-
tioned interactions, and an additional hydrogen bond from the
phenolic hydroxy group at C3’ of thiophenyl moiety to the
backbone carbonyl of Gly144 (Figure 9). A comparison be-
tween the product E2 and the most potent inhibitor 5 shows
completely different interactions in the active site of the
enzyme (Figure 10).

The other potent inhibitors contain a thiophenyl group in
ring A with a small C2" or C4’ hydroxy group, or a C4' fluorine
substituent (compounds 7, 13 and 6). Compounds with an aro-
matic ring A are also active (compounds 10, 14 and 30). Com-
pound 11 with a C4' pyridylthio substituent seems to bind
with a relatively high affinity, although according to docking,
the active site lacks a suitable hydrogen bonding counterpart
for the pyridyl nitrogen. The less potent inhibitors have either
a bulky C4' tolyl, naphthyl, benzyl or a morpholinolyl thioether
side chain (compounds 19, 21, 25, 26). Inhibitors with a small-
er than seven-membered or absent ring D (compounds 22, 23,
28 and 29) also result in relatively weak inhibition. A carboxyl
or an amino substituent in the thiophenyl moiety, as in com-
pounds 34 and 35, seem not to be tolerated. Larger D-rings
seem to be favoured, although the bulky ring partially pro-

e

PRO187

SER142
| I 4
.

O\ GLY144

NADP+

Figure 9. The most potent inhibitor 5 (orange) in the active site of 173-HSD1. The NADP* cofactor is coloured
blue, and the hydrogen bonds are indicated as red dashed lines. For clarity, only selected active site residues are

displayed.
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ARG258

GLY144

GLU282

. TYR218
ASN152 )

Figure 10. The natural product E2 (cyan) and the most potent inhibitor 5
(orange) in the active site of the enzyme. Only the interacting residues are
displayed for clarity.

trudes from the active site to the surface of the enzyme. The
positive effect is probably due to a quite hydrophobic active
site cavity opening formed by Val225, Phe259, Leu262,
Met 265 and Ala278. The only non-hydrophobic residue in the
opening is Glu282.

The inhibitory activity of compounds 3-35 was in good cor-
relation with the ranking obtained from the dockings. In addi-
tion, the inhibitors were very well superimposed. Docking of
compounds with an unsubstituted ring A resulted in a different
binding mode, in which the fused tetracyclic skeleton is flip-
ped horizontally and/or vertically relative to the inhibitors used
in the MDS study (data not shown). These unsubstituted com-
pounds are not biologically active and were omitted from the
CoMFA model building.

The CoMFA model of 17f-
HSD1 inhibitors

A 3D QSAR model using the
CoMFA method was built in
order to quantify the contribu-
tions of variable functional
groups to the biological activity
of the inhibitors based on a
thieno[2,3-d]pyrimidin-4(3H)-

one core. The good alignment
(Figure 11) of the 173-HSD1 in-
hibitors and the correlation be-
tween ranking and biological
activity encouraged us to build
a 3D QSAR model using the
CoMFA method. Charges were
assigned and CoMFA descrip-
tors were generated. The LOGIT

HIS221
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Figure 11. The alignment of inhibitors 3-29 acquired by docking the library
to the representative structure of the enzyme-cofactor-inhibitor 3 trajectory.
The NADP™ cofactor is coloured blue, and the active site is displayed as a
transparent surface.

transformed plCs, values (Table 1) were used as dependant var-
iables and a PLS regression analysis was performed with a
leave-one-out (LOO) internal cross-validation procedure. A
G*.00 Value of 0.602, with standard error of prediction (SEP)
value of 0.640, was obtained confirming the predictive power
of the model. A more robust cross-validation was done with
five random groups yielding a g% value of 0.601 and a SEP
value of 0.641, further validating the model. Four compounds
were identified as outliers and were omitted from the final
model and a training set of 27 compounds was used (Table 1).
A non-cross-validated PLS analysis with five components was
performed giving a correlation (%) value of 0.994 between the
LOGIT transformed and the predicted activities, with a stan-
dard error of estimate (SEE) of 0.077. The steric and electrostat-
ic contributions to the final model were 45% and 55 %, respec-
tively. The final validation of the QSAR model was done with
an external test set, that is, predicting the activities of com-
pounds not used in generating the model. The activities of six
compounds (Table 1, Test set) were predicted using the gener-
ated CoMFA model. The LOGIT transformed and predicted
plCs, values are listed in Table 1 and their correlation in
Figure 12. The predicted biological activities are in good agree-
ment with the linear correlation line obtained from the training
set, which confirms that the model can be used in estimating
the activities of inhibitors sharing a similar molecular skeleton
and binding mode. The biological activities of the compounds
in the test set were predicted within 0.4 units from their LOGIT
transformed plC;, values. A visual inspection of the CoMFA
fields (StdDev*Coeff field type) shows areas where the steric
and electrostatic interactions are favoured or disfavoured. In
Figure 13 a, the areas where the steric interactions are favoured
(green, 80% of the overall range of values) and disfavoured
(yellow, 20% of the overall range of values) are presented to-
gether with the most active inhibitor 5. In Figure 13b, the
areas where a positive charge is favoured (blue, 80%) and dis-
favoured (red, 20%) are presented together with the most
active inhibitor 5. The largest area favouring steric interactions
is located near the bulky thiophenyl moiety. This indicates that
a suitable substituent at C3’ and/or C2' positions of the thio-
phenyl ring would enhance binding to the 173-HSD1 enzyme.

ChemMedChem 2008, 3, 461472
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Figure 12. The correlation between the LOGIT transformed and predicted
pICs, values obtained from the CoMFA model based on a training set of 27
compounds (@) and a test set of six compounds (m).

a) »

Figure 13. a) The CoMFA fields showing the areas where steric interactions
are favoured (green) and unfavoured (yellow); the most potent inhibitor 5 is
displayed in orange. b) The CoMFA fields showing the areas where positive
charge is favoured (blue) and negative charge is favoured (red); the most
potent inhibitor 5 is displayed in orange.

It should be noted that a thionaphthyl substituent is too large
in this position, as can be observed in comparing the activities
of compounds 3 and 21 (Table 1).

A relatively large blue area, showing the favourable effect of
a positive charge, is located next to the aldehyde carbonyl
group, indicating that a more positive charge would enhance
the inhibitory activity. This can be seen by comparing com-
pounds 10, 31, and 3, for which a hydroxy group results in
better inhibition than an aldehyde group. If the CoMFA fields
are superimposed on the inhibitor 3-enzyme complex, the
largest sterically favoured area is accommodated by the hydro-
phobic pocket in the active site. The area where a positive
charge is favoured (blue) is located near the phenolic hydroxy
group of Tyr218. It should be noted, however, that most of the
compounds with an aldehyde group are already potent inhibi-
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tors and a hydroxy group at the same position produces
better inhibition. Areas suggesting less positive charge (red)
are located near the side chain amide group of Asn152 and
Arg258. Suitable functional groups at these locations could
provide hydrogen bonding counterparts for these active site
residues. The CoMFA fields, especially combined with the 3D-
structure of the active site, can guide the structural modifica-
tions of 178-HSD1 inhibitors based on the thieno[2,3-d]pyri-
midin-4(3H)-one core.

Conclusions

We have investigated the binding modes of selected 17f3-
HSD1 inhibitors based on thieno[2,3-d]pyrimidin-4(3H)-ones
combining molecular dynamics simulation, ligand-protein
docking, and 3D QSAR. This is the first time these methods
have been combined to identify important active site residues
and to quantify structural features related to nonsteroidal in-
hibitors of 17B8-HSD1. The MDS with a potent inhibitor 3
showed stable behaviour of the enzyme-inhibitor complex
and revealed that the active site can bind compounds which
are not as planar as estrogens. It was found, that flexible and
bulky inhibitor side chains can be accommodated by a hydro-
phobic pocket located near the Cterminus of 3 strand E. The
catalytically active residues Ser 142, Tyr155 and Lys 159, which
have been suggested to interact with steroidal inhibitors, were
shown not to be required for binding of these nonsteroidal in-
hibitors. A docking study, which used the active site geometry
from the MDS with a potent inhibitor 3, revealed that residues
Tyr218, Asn 152, Arg 258 and His221 act as hydrogen bonding
counterparts for the thieno[2,3-d]pyrimidin-4(3H)-one based in-
hibitors. The inhibitory activity of the most potent compound
5 could be explained by an additional hydrogen bond formed
between the side chain phenolic hydroxy group and backbone
carbonyl of Gly 144.

A 3D QSAR model employing the COMFA method was gen-
erated using inhibition data from the rec173-HSD1-based assay
and the alignment of the inhibitor library from the docking.
The model was built with the most extensive training set to
date and was validated with an external test set. The predicted
activities of the test set were in good agreement with the ex-
perimentally tested values. The active site structures obtained
from the MDS along with the generated 3D QSAR model pro-
vide valuable guidelines for further development of 173-HSD1
inhibitors based on the dicycloalkenothieno(2,3-d]pyrimidin-
4(3H)-one core. In addition, the CoMFA model can be em-
ployed in design of novel 173-HSD1 inhibitors.

Computational Methods

The crystal structure of the 17p-HSD1-NADP"-E2 complex®® (PDB
entry code 1FDT) was downloaded from the Protein Data Bank.®
Molecular modelling software Insight II®® and Gromacs version
3.3.1%% were used for protein minimisation and molecular dynam-
ics simulations (MDS). GOLD version 3.1.1%7 and Surflex-Dock™”!
implemented in Sybyl 7.3 software,"” were used for docking stud-
ies. A comparative molecular field analysis (COMFA)*? model was
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built using the QSAR module implemented in Sybyl 7.3. The calcu-
lations were performed on an IBM-compatible desktop worksta-
tion, an SGI O,+ workstation and an HP ProLiant DL145 cluster su-
percomputer. All small molecules were sketched and minimised in
Sybyl 7.3 (Tripos force field) and molecular graphics were generat-
ed with PyMOL version 0.99"® and Sybyl 7.3. The ligands were pre-
pared with the PRODRG server® and modified to GROMOS96
(ffG43a1) force field in Gromacs.

17B-HSD1-NADP"-E2 complex 1FDT® was selected for the MDS
and dockings due to the presence of both co-crystallised cofactor
NADP* and the reduced substrate E2. The crystal structure con-
tains double coordinates (marked as A and B in the PDB file) for
residues 192-198 (the flexible loop area) and for a single residue
Arg37, located in a loop between [3 strand B and a helix C, possibly
interacting with the cofactor. Relaxation of the crystal structure,
that is, minimisation followed by molecular dynamics, was per-
formed with both resolved flexible loop and Arg37 conformations.
The conformation where the Arg37 side chain clashes with the co-
factor and the loop is in a conformation where Phe 192 is exposed
to solvent (chain A in the PDB file) produced disturbed behaviour
of the cofactor (data not shown). The other alternative (chain B in
the PDB file) yielded a stable MDS trajectory and was therefore se-
lected for the in-depth analysis of the MDS and for the inhibitor
docking studies.

Relaxation of the crystal structure of the 173-HSD1-NADP™* -
E2 complex

The crystal structure was relaxed using Gromacs software in order
to remove possible unfavourable effects resulting from crystal
packing. Prior to the relaxation of the complex, all water molecules
and sulfate ions in the PDB file were deleted. The complex consist-
ing of the enzyme, NADP* (NDPP topology in GROMOS96 ffG43a1
force field containing charged pyridine nitrogen) and E2 was put
into a truncated octahedron box of ~8400 water molecules with a
total volume of 304 nm>. In order to neutralise the system and to
create conditions mimicking physiological saline, a total of 59
water molecules were replaced with 31 Na* and 28 ClI™ ions in
random order. The neutralised system was minimised to acquire a
reasonable starting structure for the MDS. The temperature was
set to 310 K and periodic boundary conditions were applied with
neighbour list update frequency of 10 steps and a 0.9 nm cut-off
for neighbour searching. Long-range electrostatics were treated
with particle-mesh Ewald (PME) method and a 1.4 nm cut-off ap-
plied to treat van der Waals interactions. The system temperature
and pressure were coupled with Berendsen algorithms and hydro-
gen containing bonds were constrained with the LINCS algo-
rithm.*! A 0.5 ns simulation with a time step of 2 fs was performed
with restrained (1000 kJ mol~'nm™2 restraining force) protein back-
bone, cofactor and E2 in order to adapt the side chains and water
molecules to their surroundings. After the equilibration, the system
was simulated unrestrained for 5 ns with the same parameters.

Initial 17-HSD1-inhibitor complexes

Two potent 173-HSD1 inhibitors 3 and 4 (Figure 2), based on the
thieno[2,3-d]pyrimidin-4(3H)-one core®®” were selected for the MDS
studies. These two inhibitors differ only in the thioether moiety;
compound 3 has an aromatic thiophenyl group at the fused
ring A, whereas 4 has an aliphatic thiopropyl group at the same
position. Inhibitors 3 and 4 were docked into the active site of the
relaxed crystal structure containing the cofactor using Gold 3.1.1
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software. The default settings were used and the active site was
defined as a 10 A sphere around a side chain hydrogen atom of
Leu 149 with cavity detection enabled. The GoldScore scoring func-
tion was used to rank the inhibitors. As a result, only one pose for
4 and two very similar poses for 3 were acquired. These enzyme-
cofactor-inhibitor complexes were used as starting structures for
MDS studies.

Molecular dynamics simulations with inhibitors 3 and 4

The enzyme-cofactor-inhibitor complex was subjected to MDS
containing either inhibitor 3 or 4 docked into the active site of the
relaxed crystal structure. These complexes were again put into a
water box with ~8700 water molecules and 32 Na* and 29 CI~
ions. The complexes were energy minimised and equilibrated with
a 0.5 ns simulation with a restrained backbone, cofactor and inhibi-
tor. Subsequently, an unrestrained simulation was performed. The
same MDS parameters were used as described above for the relax-
ation of the crystal structure.

Building the CoMFA model

A training set of 27 compounds (Table 1) was selected using the
biological activity measured in the recombinant 173-HSD1 assay.
The biological data for the inhibitors was reported as an inhibition
percentage at two concentrations: 0.1 and 1 um.” The ICs, values
for the inhibitors were estimated from the inhibition percentages
using LOGIT transformation.”® The value produced by this transfor-
mation is the correction to the p(log) value of the concentration,
in this case 6 or 7. These corrections were used to produce the
plCs, values of the inhibitors (Table 1). The docking of the training
set was performed with the Surflex-Dock module implemented in
Sybyl software. The protocol creation was automated and ring flex-
ibility and pre- and post-dock minimisations were enabled. The in-
hibitor alignment was achieved using the top-ranked pose for
each inhibitor yielding a uniform binding mode and a good super-
imposition of the functional groups. Gasteiger-Huckel charges
were assigned for the inhibitors and CoMFA descriptors were gen-
erated using the QSAR module of Sybyl. A leave-one-out cross-vali-
dation was performed. In this validation method each of the inhibi-
tors is in turn omitted from the model and the activity of the omit-
ted inhibitor is predicted based on the generated model. Further
validation was done with random group validation, creating five
random groups. One group at a time is omitted from the model
and the activities of the members of the omitted group are pre-
dicted based on the generated model. Finally, a partial least
squares (PLS) regression analysis was performed using the LOGIT
transformed plCs, values as dependent variables and five compo-
nents.
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