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Abstract—In order to obtain information regarding the design of selective DPP4 inhibitors, a 3D-QSAR study was conducted using
DPP4, DPP8, and DPP9 inhibitors including newly synthesized six- and seven-membered cyclic hydrazine derivatives (KR64300,
KR64301), which were evaluated in vitro for their inhibition of DPP4, DPP8, and DPP9. In this study, a highly predictive CoMFA
model based on the fast-docking for DPP4, DPP8, and DPP9 inhibitors was obtained. This reliable model showed leave-one-out
cross-validation q2 and conventional * values of 0.68 and 0.96 for the DPP4 inhibitors, 0.58 and 0.98 for the DPPS8 inhibitors,
and 0.68 and 0.97 for the DPP9 inhibitors, respectively. The validation of the CoMFA model was confirmed by the compounds
in the test set, including the synthesized six- and seven-membered cyclic hydrazines. According to this study, to obtain selective
DPP4 inhibitors compared to their isozymes, the interaction of the inhibitors with the S3 site and S1’ site in DPP4 must be consid-
ered. The proposed newly synthesized compounds, KR64300 and KR64301, interact well with the sites mentioned above, showing

excellent selectivity.
© 2007 Elsevier Ltd. All rights reserved.

DPP4 is a serine protease which cleaves the N-terminal
dipeptide with a preference for Xaa-Pro or Xaa-Ala.!
Recently, DPP4 has become known as a promising
new target for the treatment of Type 2 diabetes melli-
tus.? Inhibition of DPP4 increases the level of circulating
glucagon-like peptide 1 (GLP-1), an incretin hormone
stimulating glucose-dependent insulin biosynthesis and
secretion, and thus increases insulin secretion,®> which
can ameliorate hyperglycemia in Type 2 diabetes. A
number of orally active inhibitors of DPP4 have been re-
ported in the literature* and several compounds includ-
ing Vildagliptin (LAF237)° and Sitagliptin (MK-0431)%
are in late clinical development, and the first inhibitors
may reach the market within 34 years. However, poten-
tial side-effects associated with DPP4 inhibitors may re-
sult from the inadvertent inhibition of related enzymes.
As mentioned earlier, DPP4 belongs to a group of serine
proteases, of which the physiological importance is lar-
gely unknown. The enzymes most closely related to
DPP4 are the fibroblast activation protein-(FAP),
DPP-II, DPPS, and DPP9.” Although the precise phys-
iological functions of the enzyme are not known,
DPP8 and DPP9 are widely distributed cytosolic en-

Keywords: DPP4; DPP8; DPPY; Selectivity; 3D-QSAR.
* Corresponding author. Tel.: +82 42 860 7452; fax: +82 42 860
7635; e-mail: nskang@krict.re.kr

0960-894X/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2007.04.031

zymes, and their inhibition has been suggested to be
responsible for at least some of the toxic effects of
DPP4 inhibitors identified to date, including alopecia,
thrombocytopenia, anaemia, enlarged spleen, multiple
histological pathologies, and animal mortality.® Conse-
quently, DPP4 inhibitors should demonstrate high selec-
tivity against other peptidases mentioned above, in
particular DPP8 and DPP9.

For these reasons, a 3D-QSAR study was conducted to
examine the structural characteristics according to DPP
isozymes. In addition, the aligned conformations set up
for 3D-QSAR study were obtained from a docking
study in order to demonstrate the interaction between
inhibitors and DPP isozymes including DPP4, DPPS,
and DPP9. The experimental team conducting this study
synthesized the cyclic hydrazine derivatives (KR64300,
KR64301), including the trifluoro-benzene group like
MKO0431. These were evaluated in vitro for their inhibi-
tion of DPP4, DPPS8, and DPP9 in order to obtain small
molecules showing DPP4 selective biological activity.
Using the 3D-QSAR, the inhibitory activity of the new
inhibitors was predicted, and this was compared to the
experimental values.

Tables 1 and 2 show a series of DPP isozyme inhibitors
originally published by Weber et al. in 2005,” which were
divided into a training set and a test set. The training set
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Table 1. The 43 compounds used in a training set (Ref. 9)

Compound? DPP4-obs DPP8-obs DPP9-obs
01-45 5.60 4.62 4.20
01-46 5.96 4.68 4.19
01-49 5.74 4.15 4.00
01-51 5.46 4.74 4.62
01-52 5.80 5.03 4.57
01-56 5.57 4.66 4.30
01-57 5.11 4.21 4.00
01-58 5.82 4.24 4.00
01-61 6.14 4.49 4.59
01-63 5.80 4.96 4.47
01-64 6.07 5.24 4.44
01-65 5.23 4.00 4.00
01-66 5.32 5.15 4.70
01-68 5.44 5.37 5.11
01-69 5.59 5.52 5.02
01-70 5.42 5.48 5.29
01-71 5.89 5.49 5.19
01-73 6.24 4.20 4.00
01-74 6.59 4.80 437
01-75 6.89 4.75 4.55
01-76 7.85 5.07 4.60
02-02 5.38 5.66 5.80
02-03 5.34 6.66 6.49
02-04 5.01 4.00 4.00
02-121 4.55 4.24 4.47
02-12M 5.44 4.21 4.17
02-12Q 5.92 4.07 4.00
02-12T 471 4.20 4.00
02-12Y 5.24 4.24 4.00
02-21 5.96 4.64 435
02-23 6.57 4.00 4.23
02-24 6.00 4.41 4.43
02-25 6.19 4.06 4.07
02-35 6.22 4.38 4.32
02-39 6.02 4.33 4.25
02-40 5.96 4.71 4.24
02-43 7.22 4.00 4.28
03-32 7.04 4.82 4.21
03-38 7.12 4.66 4.18
03-40 6.57 5.10 4.34
03-41 7.04 4.89 4.59
03-47 6.68 4.85 4.09
03-49 6.37 6.34 4.24

comprises of 43 compounds. The test set, which was ran-
domly selected, consisted of 10 compounds including
LAF237 and MKO0431 in late clinical development and
the proposed new inhibitors, KR64300 and KR64301.
The in vitro activities for DPP4, DPP8, and DPP9 of
the LAF237, MKO0431, KR64300, and KR64301 com-
pounds were estimated by the biological experimental
team conducting this study.!® The in vitro activities,
1Cs, were transformed into pICsy (—logICso) and used
as dependent variables in the CoMFA calculations. 3D
structures of B-amino group derivatives were built using
an in-house co-crystal structure of KR64301 with DPP4
(20LE.pdb)'? and the Brookheaven Protein Databank,
1X70.pdb.'" Conversely, to prepare the 3D structures
of the selected compounds having o-amino groups,
DPP4-inhibitor complex structures were used in the
Brookhaven Protein DataBank, 1NUS8.pdb!?> and
1ORW.pdb.'? From these complex structures, inhibitor
structures were extracted and 3D structures were con-

Table 2. The 10 compounds used in a test set
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LAF-237 MK-0431 CFs
Test set® DPP4-obs DPP8-obs DPP9-obs
01-54 5.66 425 4.00
01-60 6.41 5.00 4.89
01-67 5.51 4.54 4.39
01-72 5.54 455 4.52
02-01 6.32 6.00 5.57
03-43 7.48 5.68 5.59
KR64300% 6.30 4.00 4.00
KR64301° 6.15 4.05 431
LAF237° 6.10 4.55 4.46
MK0431¢ 6.32 4.03 4.00

2%Qur experimental team synthesized (Ref. 10).
“dLately clinical state compounds.
“Ref. 9.

structed by modifying the structures. The molecular-
modeling software package Sybyl7.1 was used to con-
struct these compounds. Partial atomic charges were
calculated by the Gasteiger—Huckel method and energy
minimizations were carried out using the Tripos
force-field'* with a distance-dependent dielectric and
the Powell conjugate gradient algorithm.

The 3D structure of DPP4 enzyme is well known, but
those of DPP8 and DPP9 are not relatively known.
DPP8 with 882 amino acid residues (AA) and DPP9
consisting of 971 AA show sequence homology of
51%" and 26%'® with DPP4 (766 AA) at the atomic le-
vel, respectively. To construct the 3D structures for the
DPPS and DPP9 enzymes, an automated protein homol-
ogy-modeling server, SWISS-MODELER,'” was used,
and molecular dynamics simulation techniques using
CHARMM32b1 force-field'® were used in an implicit
solvent model with distance-dependent dielectric con-
stant. In Figure 1, the characteristics of DPP4 active site
were analyzed and were found to consist of three parts
(S1, S2, S3 sites) being shown by three white boxes
including the catalytic residues, S630, N710, and
H740, and the ionic interaction site (E205, E206) follow-
ing S3 sites consisting of S209, F357, and R358. Accord-
ing to the 3D structure of DPP§ and DPP9 obtained
from the homology-modeling study, the S1 site with dif-
ferent DPP isozymes is nearly the identical in terms of
the residue composition, while the pocket size of the
S1 site is slightly different. The S2 site and the S1’ site
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Figure 1. The characteristics of DPP4 active site. The major three parts for the ligand binding are symbolized as S1 including catalytic residues, S2

with ionic interaction sites, and S3.

are slightly different in terms of the residue composition
or conformation. In particular, the S3 site is greatly dif-
ferent for each isozyme. To validate the DPP4 isozyme
structures obtained from above procedure and also to
get an alignment for 3D-QSAR, we carried out a dock-
ing study for a training set, 43 compounds. At first, we
manually docked a training set into the active sites of
DPP4, DPP8, and DPP9, using an in-house window-
based modeling program, WinPro. For docking, we
used 1X70.pdb as reference complex structure. Then,
we calculated the binding score value using Sybyl7.1/
Chem_Score!” method with relax molecule algorithm.
We repeated these processes until we obtained a good
model having high correlation between the binding score
(Chem_Score) and the inhibitory activity (Fig. 2). The
aligned structures based on this good model are shown
in Figure 3.

For the 3D-QSAR studies, CoOMFA, a sp3 carbon atom
and a +1 net charge atom were used as the steric and
electronic field energy probes, respectively. The Tripos
force-field with a distance-dependent dielectric constant
at all interactions in a regularly spaced (2A) grid was
used for the steric and electronic interactions. The en-
ergy cutoff was set to 30 kcal/mol, and a regression anal-
ysis was carried out using the full cross-validated partial
least squares (PLS) methods, incorporating leave-one-
out, with the CoMFA standard options for scaling vari-
ables. The minimum sigma was set to 2.0 kcal/mol to
improve the signal-to-noise ratio by omitting the lattice
points whose energy variation was below this threshold.
The final model obtained from the non-cross-validated
conventional analysis was developed with the optimal
number of components equal to that showing the
highest ¢°.

A PLS analysis for 43 DPP4, DPP8, and DPP9
inhibitors was carried out, and the results are shown
in Table 3. The predicted activities of a test set including
10 compounds are represented in Table 4. The correla-
tion plots of the predicted activities (predicted pICsg)
versus their experimental activities (observable plCsg)
are depicted in Figure 4a-c for DPP4, DPP§, and
DPP9, respectively. Table 3 and Figure 4 demonstrate
that the predicted activities by the COMFA model are
in good agreement with the experimental data, showing
that the constructed CoMFA model is reliable.

A 3D-coefficient contour interaction map of the CoM-
FA results is shown in Figure 5(a—c) for DPP4, DPPS,
and DPP9, respectively. This demonstrates regional
variations in the steric and electrostatic characteristics
of the structural features of the different molecules con-
tained in the training set that increase or decrease the
biological activity. In these contour maps, the green re-
gions indicate areas where the sterically bulkier group
enhances the enzymatic inhibitory activities, and the yel-
low regions show that the sterically less bulky group is
favorable to inhibitory activity. Blue regions suggest
areas where more positively charged groups are favor-
able to enzymatic inhibitory activity, while red regions
represent the more negatively charged groups that are
favorable to activity.

The important binding sites S1, S2, and S3 are explained
in the aforementioned section (Fig. 1). The CoMFA
contour map showed that there are favorable regions
for steric interaction, indicated as the green-colored con-
tour around the S1 site in DPP8 and DPP9, which shows
different phenomena compared to DPP4. As another
study showed,?® the S1 pocket size is smaller in DPP4
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Figure 2. Chem_Score obtained for 43 compounds in active sites of (a)
DPP4, (b) DPPS, and (c) DPP9.

Figure 3. Alignment of 53 derivatives (a training set and a test set) for
3D-QSAR studies.

Table 3. The results of COMFA calculations

CoMFA parameters DPP4 DPP8 DPP9

¢* (CV correlation coefficient)  0.68 0.58 0.68

N (number of components) 5 6 6

#? (correlation coefficient) 0.96 0.98 0.97

F (F-ratio) 169.85 264.34 180.27
S:E (steric:electrostatic) 47.0:53.0 42.7:57.3 45.9:54.1
77 (bootstrapping coefficient) ~ 0.98 0.98 0.98

Table 4. Prediction of 10 compounds in a test set

Test set DPP4-pred DPP8-pred DPP9-pred
01-54 5.62 4.78 4.56
01-60 5.92 4.87 4.38
01-67 5.75 5.05 4.60
01-72 5.72 4.58 4.50
02-01 5.40 4.85 4.86
03-43 6.86 5.06 4.36
KR64300 5.80 4.61 4.35
KR64301 5.72 4.21 4.25
LAF237 5.88 543 5.36
MKO0431 5.99 4.93 4.44
a b
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Figure 4. The correlation plots of predicted pICs, versus observable
pICsy from training set (filled blue square) and test set (filled red
diamond) for (a) DPP4, (b) DPPS, and (c) DPP9 systems.

compared to DPP8 and DPP9. Noticeably, the positions
of the S1’ site differ greatly in DPP4 and its isozymes.
The S1’ sites of DPP8 and DPP9 need less bulky and
positively charged groups, while those of DPP4 prefer
comparatively negatively charged groups. The positions
between the S2 site and the S3 site are favorable to less
bulky groups in DPP8 or DPP9, differing from DPP4. In
contrast, the S3 sites in DPP8 and DPP9 are acceptable
to bulkier groups compared to DPP4. According to
unpublished data obtained by the authors from an
X-ray co-crystal and from another paper,?° the S3 site,
in particular around F357 (DPP4), plays an important
role in enhancing the selectivity to DPP8. Accordingly,
it was expected that KR64300 and KR64301 with
six- and seven-membered cyclic hydrazines, which
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Figure 5. CoMFA contour maps. (a) DPP4, (b) DPP8, and (c) DPP9
systems; (left) electrostatic, (right) steric map. Sterically favored areas
in green color; sterically unfavored area in yellow. Blue colored region
favored positive potential field; red colored region favored negative
potential field.

obtain less bulky S3 site substituents but interact with
F357 in the S3 site and also possibly interact with the
S1’, would show a good selectivity. The result of the pre-
diction from the CoMFA model, as shown in Table 4,
met the expectations. Evidently, the experimental ICs,
values of the KR64300 and KR64301 compounds for
DPP8 and DPP9 inhibitory activity agreed with the
above results. Not having S3 site substituents, the
thiazolidide 02-02 and 02-03 compounds showed less
favorable selectivity. In Figure 6, the important residues

F652/DPP 9

F351/DPP 4

Figure 6. The important residues in S3 sites of DPP4, DPP8, and
DPP9. The shown inhibitors are MK0431 (mixed color), KR64300
(gray), KR64301 (brown), LAF23 7 (red), and 02-02 (magenta).

of DPP4 and its isozymes are depicted, suggesting that
the Y184 and F652 residues of DPP§8 and DPP9 are
positioned downward from the S3 pocket. Hence, these
residues cause the outside part of the S3 pocket of DPP8
and DPP9 to become shallower, while causing the inside
of the S3 pocket to broaden. As shown in the CoOMFA
contour map, the outside of the S3 pocket in DPP4
allows larger groups to enhance the activity, but in the
case of DPP8 and DPPY this is not so. On the other
hand, the inside position of the S3 pocket in DPP4 pre-
fers the smaller group, while in the opposite is true for
DPP8 and DPP9. Equally, in Figure 6, compounds iden-
tical to thiazolidide 02-02 (magenta), which only occu-
pies S1 and S2 sites, have no selective activity.
However, compounds such as MK0431, KR64300, and
KR64301, which bind to the outside position of the S3
site, show very selective inhibitory activity.

In this study, a highly predictive CoMFA model for selec-
tive DPP4 inhibitors was obtained. The reliable model
showed leave-one-out cross-validation ¢ and conven-
tional +* values of 0.68 and 0.96 for DPP4 inhibitors,
0.58 and 0.98 for DPPS inhibitors, and 0.68 and 0.97 for
DPP9 inhibitors, respectively. The reliability of the CoM-
FA model was verified by the compounds in a test set,
including the newly synthesized six- and seven-membered
cyclic hydrazines. Additionally, the consistency between
the 3D structure of protein and the CoMFA contour
map indicates the robustness of the 3D-QSAR model.
According to this study, in order to obtain selective
DPP4 inhibitors compared to the isozymes, the interac-
tion of the inhibitors with the S3 site and S1’ site in
DPP4 should be carefully considered. The proposed
newly synthesized compounds, KR64300 and KR64301,
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interact well with the aforementioned sites, thus showing
excellent selectivity. In addition, by combining the more
refined 3D structures of DPP§ and DPP9 with 3D-QSAR,
in terms of the atomic details, inhibitors more active to
DPP4 than to KR compounds and more selective to
DPPS8 and DPP9 enzymes are sought by the authors.
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