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a b s t r a c t

In recent years, various dipeptidyl peptidase IV (DPP-4) inhibitors have been released as therapeutic
drugs for type 2 diabetes in many countries. In spite of their diverse chemical structures, no comparative
studies of their binding modes in the active site of DPP-4 have been disclosed. We determined the co-
crystal structure of vildagliptin with DPP-4 by X-ray crystallography and compared the binding modes
of six launched inhibitors in DPP-4. The inhibitors were categorized into three classes on the basis of their
binding subsites: (i) vildagliptin and saxagliptin (Class 1) form interactions with the core S1 and S2 sub-
sites and a covalent bond with Ser630 in the catalytic triad; (ii) alogliptin and linagliptin (Class 2) form
interactions with the S01 and/or S02 subsites in addition to the S1 and S2 subsites; and (iii) sitagliptin and
teneligliptin (Class 3) form interactions with the S1, S2 and S2 extensive subsites. The present study
revealed that the additional interactions with the S01, S02 or S2 extensive subsite may increase DPP-4 inhi-
bition beyond the level afforded by the fundamental interactions with the S1 and S2 subsites and are more
effective than forming a covalent bond with Ser630.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Dipeptidyl peptidase IV (DPP-4, EC 3.4.14.5) inhibitors are a
new class of oral anti-hyperglycemic agents for the treatment of
type 2 diabetes. The glucose lowering effect of DPP-4 inhibitors
is mediated by suppressing the degradation of the incretin hor-
mone glucagon-like peptide-1 and stimulating insulin secretion
in response to increased blood glucose levels [1]. Prescriptions
for recently launched DPP-4 inhibitors for type 2 diabetes have
been expanding because of their high effectiveness and safety.

Among the recently marketed DPP-4 inhibitors (Table 1), vil-
dagliptin [2], saxagliptin [3] and teneligliptin [4] are peptide mi-
metic compounds, which have been discovered by replacing
segments of peptide-based substrates [5]. In contrast, sitagliptin
[6], alogliptin [7] and linagliptin [8] are non-peptide mimetic com-
pounds, which have been discovered by optimization of the initial
lead compounds identified by random screening [5]. Therefore,
their chemical structures are diverse, suggesting that each of their
binding modes in DPP-4 would be unique.
ll rights reserved.
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DPP-4 is a highly specific serine protease that recognizes an
amino acid sequence having proline or alanine at the N-terminal
penultimate (P1) position and inactivates or generates biologically
active peptides [9]. The amino acid sequence and three-dimen-
sional structure of DPP-4 are well known [10,11]. The structure
comprises a b-propeller domain and a catalytic domain, which to-
gether embrace an internal cavity housing the active center. This
cavity is connected to the bulk solvent by a ‘‘propeller opening’’
and a ‘‘side opening’’ [12]. The conventional hypothesis suggests
that substrates and inhibitors enter or leave the active site via
the side opening [12,13].

While some comparative studies on the pharmacological effects
of DPP-4 inhibitors have been reported [14], there have been no re-
ports comparing their binding modes in DPP-4. X-ray co-crystal
structures of five inhibitors, sitagliptin [6], saxagliptin [15], aloglip-
tin [16], linagliptin [8] and teneligliptin [4], with DPP-4 were
determined by each originator except vildagliptin. Because these
inhibitors have diverse chemical structures, a comparative study
of their binding modes in DPP-4 is of considerable interest.
Although it is well known that all DPP-4 inhibitors bind to the S1

and S2 subsites in common, it has not been systematically under-
stood whether other subsites exist and whether each inhibitor
binds to these in a distinct manner. In this study, we determined
the co-crystal structure of vildagliptin with DPP-4, analyzed those
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Table 1
Recently launched DPP-4 inhibitors.

Compound name Chemical structure Release year Originator

Sitagliptin 2006 Merck & co.

Vildagliptin 2007 Novartis

Saxagliptin 2009 Astrazeneca and bristol-myers squibb

Alogliptin 2010 Takeda

Linagliptin 2011 Boehringer ingelheim

Teneligliptin 2012 Mitsubishi tanabe pharma

Data were collected in Thomson Reuters Integrity on February 4, 2013.
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of the six inhibitors in parallel and studied the relationships be-
tween their binding interactions with DPP-4 and their inhibitory
activity.
2. Materials and methods

2.1. Synthesis of vildagliptin

Vildagliptin was prepared according to the method described by
Villhauer et al. [2].
2.2. X-ray crystallographic studies

The protein of human DPP-4 (33-766) secreted from insect cells
was purified and crystallized according to the method reported by
Hiramatsu et al. [17] The protein–inhibitor complex was obtained
by soaking a preformed DPP-4 crystal in the presence of vildaglip-
tin and preserving it in liquid nitrogen for data collection at 100 K.
X-ray diffraction data were collected at the High Energy Accelera-
tor Research Organization (KEK) beam line BL5 and processed
using the program HKL2000 [18]. The structure of the DPP-4–
inhibitor complex was solved by molecular replacement with the
program PHASER [19], utilizing the previously determined coordi-
nates of DPP-4 with the Protein Data Bank (PDB) accession code
3VJK. Data collection and model refinement statistics are summa-
rized in Table 2.
2.3. Comparison of X-ray complex structures

The co-crystal structures of five inhibitors with human DPP-4
have been reported [PDB: 1X70 (sitagliptin), 3BJM (saxagliptin),
3G0B (alogliptin), 2RGU (linagliptin), and 3VJK (teneligliptin)].
They were superimposed on the co-crystal structure of a substrate
peptide, diprotin A with DPP-4 (PDB: 1NU8) to analyze the binding
subsites. The molecular modeling software Molecular Operating
Environment version 2011.10 (Chemical Computing Group, Inc.,
Montreal, Canada) was used for analysis and graphical visualiza-
tion of the X-ray co-crystal structures.

The contact area between the inhibitor and DPP-4 was calcu-
lated using the molecular modeling software Discovery Studio ver-
sion 3.5 (Accelrys, Inc., San Diego, USA). For each co-crystal
structure, the molecular surface area of the inhibitor, and its sol-
vent-exposed surface area in DPP-4 were calculated. The difference
between these areas was defined as the contact area.
3. Results and discussion

3.1. X-ray co-crystal structures of six inhibitors with DPP-4

3.1.1. Definition of subsites in the active site of DPP-4
In the active site of a protease, subsites are generally defined by

the binding site of the substrate peptide [20]. The amino acids in
the substrate peptide are numbered from the point of cleavage



Table 2
Data collection and refinement statistics.

Vildagliptin

PDB entry code 3W2T

Crystal
Space group P212121

Unit cell parameters: a (Å) 118.22
b (Å) 126.24
c (Å) 138.09

Data
Resolution (Å) 50.00–2.36 (2.44–2.36)
Unique reflections 82418 (7691)
Redundancy 5.0 (4.6)
Completeness (%) 97.1 (91.7)
Rmerge

a 0.080 (0.234)
I/r (I) 16.3 (6.96)

Refinement
Resolution (Å) 30.00–2.36 (2.42–2.36)
Unique reflections 78,227 (5407)
Completeness (%) 97.3 (92.1)
Data in the test set 4103 (265)
R-work 0.180 (0.206)
R-free 0.231 (0.287)
R.m.s.d. bond lengths (Å) 0.011
R.m.s.d. bond angles (�) 1.319

Ramachandran plot
Favored regions (%) 96.1
Allowed regions (%) 3.9

No. of non-H atoms/average B (Å2)
Protein 12,228/32.7
Ligand 44/23.7
Water 1027/34.7

Values in parentheses are for the highest-resolution shell.
a Rmerge =

P
jðI � hIiÞj=

P
ðIÞ, where I is the observed intensity.
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(P2, P1, P01, P02 . . .), and the protein subsites occupied by the respec-
tive amino acids are also numbered in the same fashion (S2, S1, S01,
S02. . .). In the case of DPP-4, the N-terminus of the substrate peptide
is recognized by Glu205 and Glu206, and Ser630 cleaves at the N-
terminus penultimate position (P1). Although, in principle, no sub-
sites are defined after S2 in DPP-4, our recent study has shown that
not the substrates but the inhibitors can bind well beyond the S2

subsite to increase their inhibitory activity [4,21]. We therefore de-
fined the site beyond S2 as the S2 extensive subsite, which is com-
posed of Val207, Ser209, Phe357 and Arg358.

3.1.2. Binding mode of vildagliptin
The co-crystal structure of vildagliptin with DPP-4 is shown

in Fig. 1(A). The cyanopyrrolidine binds to the S1 subsite, with
the nitrile forming a covalent imidate adduct with the hydroxyl
of Ser630 in the catalytic triad. The imidate nitrogen forms a
hydrogen bond with the side-chain hydroxyl of Tyr547. The
remaining part including the adamantane binds to the S2 subsite,
where the carbonyl group forms a hydrogen bond with Asn710
and the amino group forms salt bridges with Glu205 and
Glu206. The hydroxyl group on the adamantyl moiety forms
hydrogen bonds with His126 and Ser209 via the water
molecules.

3.1.3. Categorization of the six inhibitors on the basis of their binding
subsites

The co-crystal structures of the six inhibitors with DPP-4 super-
imposed on that of the substrate peptide (diprotin A, Ile-Pro-Ile)
are shown in Fig. 1(B)–(H). We categorized the six inhibitors into
three classes on the basis of their binding subsites. (i) Vildagliptin
and saxagliptin have the most basic binding modes, binding to only
the S1 and S2 subsites (Class 1). (ii) Alogliptin and linagliptin bind
to the S1, S2 and S01 subsites. Moreover, only linagliptin additionally
binds to the S02 subsite (Class 2). (iii) Sitagliptin and teneligliptin
bind to the S1, S2 and S2 extensive subsites (Class 3). Fig. 2 shows
the concept of this categorization.

3.2. Relationship between the inhibitory activity and the binding mode
of each class

We focus on the characteristic binding interactions with DPP-4
because other details have been described in previous studies
[4,6,8,15,16]. It is well known that all the DPP-4 inhibitors form
salt bridges with Glu205 and Glu206 in the S2 subsite, which have
vital roles in the inhibitory activity. The potency of the six DPP-4
inhibitors is shown in Table 3 [22].

3.2.1. Class 1: vildagliptin and saxagliptin
Because vildagliptin and saxagliptin were designed as peptide

mimetics, they overlap with the P1 and P2 residues of the substrate
peptide. As described above, their cyanopyrrolidine moieties bind
to the S1 subsite, forming a covalent bond between the nitrile
group and Ser630, and their hydroxy adamantyl groups bind to
the S2 subsite. While they bind in almost the same mode, one of
the reasons why saxagliptin has 5-fold higher activity than vildag-
liptin is attributed to the cyclopropanated cyanopyrrolidine of sax-
agliptin. Although it was originally intended to enhance the
chemical stability of the cyanopyrrolidine [3], introduction of the
cyclopropane moiety afforded an additional hydrophobic interac-
tion with the side chain of Tyr666 in the S1 subsite. Moreover,
the direct hydrogen bond between the hydroxyl group of saxaglip-
tin and the side chain of Tyr547 may also contribute to its higher
potency.

3.2.2. Class 2: alogliptin and linagliptin
The chemical structures of alogliptin and linagliptin are far dif-

ferent from those of the substrate peptides. The cyanobenzyl group
of alogliptin and the butynyl group of linagliptin bind to the S1 sub-
site. Their uracil rings form p–p interactions with Tyr547, which
undergoes a conformational change in the S01 subsite. One of the
reasons why linagliptin has 8-fold higher activity than alogliptin
may be because only linagliptin binds to the S02 subsite. The phenyl
component of the quinazoline substituent forms a p–p interaction
with Trp629 located in the S02 subsite [23]. Eckhardt et al. reported
that the introduction of the quinazoline moiety improved its po-
tency 88-fold [8].

3.2.3. Class 3: sitagliptin and teneligliptin
The trifluorophenyl moiety of sitagliptin and the thiazoline

moiety of teneligliptin bind to the S1 subsite. The triazolopyr-
azine moiety and trifluoromethyl substituent of sitagliptin and
the (1-phenylpyrazol-5-yl) piperazine moiety, referred to here
as the ‘‘anchor lock domain,’’ of teneligliptin bind to the S2

extensive subsite. Although both inhibitors appear to bind to
the subsites in the same manner, teneligliptin has 5-fold higher
activity. We suggest three potential reasons for the difference.
The first reason may be related to their chemical structures. Be-
cause teneligliptin consists of a considerably rigid ‘‘J-shaped’’
structure formed by five rings, four of which are directly con-
nected, the loss in entropy is small upon binding to DPP-4.
The second reason may be related to the binding interactions
with the S2 subsite. The carbonyl group of teneligliptin, derived
from the peptide mimetics, forms a hydrogen bond with the
side chain of Asn710. The third reason may be related to the
binding to the S2 extensive subsite. As shown in Fig. 3, for ten-
eligliptin, introduction of the ‘‘anchor lock domain’’, which binds
to the S2 extensive subsite, increased the activity by 1500-fold
over the corresponding fragment that binds to S1 and S2 only



(b) peptide (diprotin A, Ile-Pro-Ile)(a) vildagliptin–DPP4 complex

(d) saxagliptin

(e) alogliptin (f) linagliptin

(g) sitagliptin (h) teneligliptin

(c) vildagliptin

Fig. 1. Binding modes of each inhibitor in the active site of DPP-4. (A) Co-crystal structure of vildagliptin (cyan) bound to DPP-4 (orange) (PDB: 3W2T). (B) Co-crystal
structure of the substrate peptide, diproin A (magenta) bound to DPP-4 (orange). (C)–(H) Co-crystal structures of each inhibitor (cyan) bound to DPP-4 (orange) superimposed
on the substrate peptide (magenta). The active site of DPP-4 is shown as a gray-colored surface. Blue, red, yellow and green colors indicate nitrogen, oxygen, sulfur and
fluorine atoms respectively, and others indicate carbon atoms. Interactions between inhibitors and water molecules are not shown in (B)–(H). PDB codes are noted in Section 2.
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[4,24]. On the other hand, for sitagliptin, previous studies re-
vealed that the introduction of the substituent binding to the
S2 extensive subsite increased the activity by 7-fold [6,25]. To
investigate the reason for the difference in increased activity,
we applied the estimation method (see Section 2) to the calcu-
lation of contact areas in the S2 extensive subsite. The results
showed that teneligliptin has a contact area of 0.92 nm2 (total
contact area, 2.08 nm2), while sitagliptin has a contact area of
0.71 nm2 (total contact area, 1.90 nm2). This result indicates that
teneligliptin may bind more tightly to the S2 extensive subsite
as a result of stronger hydrophobic interactions mediated by
the ‘‘anchor lock domain’’. Binding of the anchor lock domain
may relate to the residence time of the inhibitor in DPP-4 and
the long in vivo duration of action.

3.3. Particularity of the S2 extensive subsite

As mentioned above, the S2 extensive subsite, which is not in-
volved in substrate binding, contributes to increase the inhibitory
activity for some DPP-4 inhibitors, but the particularity of the S2

extensive subsite has not been well known. In other related prolyl
peptidases, including DPP-8, DPP-9 and fibroblast activation



Fig. 2. The concept of three classes on the basis of the inhibitor’s binding subsites.

Table 3
The DPP-4 inhibitory activity [22].

Compound DPP-4 inhibition, IC50

(nmol/L)

Vildagliptin 29.2
Saxagliptin 6.3
Alogliptin 4.9
Linagliptin 0.6
Sitagliptin 10.3
Teneligliptin 1.9
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protein (FAP, PDB: 1Z68), the S2 extensive subsite cannot be clearly
defined. As a result of our comparison of the corresponding amino
acid sequences and three-dimensional structures [26,27] of these
proteins, it was found that inhibitors cannot have sufficient hydro-
phobic interactions with the region beyond S2 in DPP-8 and DPP-9,
and FAP does not have the subsite where the inhibitors can bind
beyond S2. Binding to the S2 extensive subsite, DPP-4 inhibitors
Fig. 3. The effect of binding to the S2 extensive subsite. The activity of compounds 9 an
assayed in the same system. The activity of compound 22t and sitagliptin is obtained fr
can increase not only their inhibitory activity but also their selec-
tivity against other related prolyl peptidases.

In conclusion, we comparatively present X-ray co-crystal struc-
tures of six inhibitors with DPP-4 and categorized them into three
classes on the basis of their binding subsites. As a result of the
comparative study of the three classes, it is suggested that DPP-4
inhibition tended to increase with an increase in the number of
binding subsites. Furthermore, the additional interactions with
the S01, S02 or S2 extensive subsite may increase DPP-4 inhibition be-
yond the level afforded by the fundamental interactions with the
S1 and S2 subsites and are more effective than forming a covalent
bond with Ser630.

Acknowledgments

The authors thank Dr. Hideo Kubodera, Dr. Okimasa Okada and
Dr. Kunitomo Adachi for their helpful discussion.

References

[1] J.A. Pospisilik, S.G. Stafford, H.U. Demuth, R. Brownsey, W. Parkhouse, D.T.
Finegood, C.H.S. McIntosh, R.A. Pederson, Long-term treatment with the
dipeptidyl peptidase IV inhibitor P32/98 causes sustained improvements in
glucose tolerance, insulin sensitivity, hyperinsulinemia, and b-cell glucose
responsiveness in VDF (fa/fa) zucker rats, Diabetes 51 (2002) 943–950.

[2] E.B. Villhauer, J.A. Brinkman, G.B. Naderi, B.F. Burkey, B.E. Dunning, K. Prasad,
B.L. Mangold, M.E. Russell, T.E. Hughes, 1-[[(3-Hydroxy-1-
adamantyl)amino]acetyl]-2-cyano-(S)-pyrrolidine: a potent, selective, and
orally bioavailable dipeptidyl peptidase IV inhibitor with antihyperglycemic
properties, J. Med. Chem. 46 (2003) 2774–2789.

[3] D.J. Augeri, J.A. Robl, D.A. Betebenner, D.R. Magnin, A. Khanna, J.G. Robertson, A.
Wang, L.M. Simpkins, P. Taunk, Q. Huang, S.P. Han, B. Abboa-Offei, M. Cap, L.
Xin, L. Tao, E. Tozzo, G.E. Welzel, D.M. Egan, J. Marcinkeviciene, S.Y. Chang, S.A.
Biller, M.S. Kirby, R.A. Parker, L.G. Hamann, Discovery and preclinical profile of
saxagliptin (BMS-477118): a highly potent, long-acting, orally active
dipeptidyl peptidase IV inhibitor for the treatment of type 2 diabetes, J. Med.
Chem. 48 (2005) 5025–5037.

[4] T. Yoshida, F. Akahoshi, H. Sakashita, H. Kitajima, M. Nakamura, S. Sonda, M.
Takeuchi, Y. Tanaka, N. Ueda, S. Sekiguchi, T. Ishige, K. Shima, M. Nabeno, Y.
Abe, J. Anabuki, A. Soejima, K. Yoshida, Y. Takashina, S. Ishii, S. Kiuchi, S.
Fukuda, R. Tsutsumiuchi, K. Kosaka, T. Murozono, Y. Nakamaru, H. Utsumi, N.
d 11 is obtained from [24] and that of teneligliptin is obtained from [4]. They were
om [25] and [6], respectively.

http://refhub.elsevier.com/S0006-291X(13)00407-5/h0005
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0005
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0005
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0005
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0005
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0010
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0010
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0010
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0010
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0010
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0015
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0015
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0015
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0015
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0015
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0015
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0015
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0020
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0020
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0020
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0020


196 M. Nabeno et al. / Biochemical and Biophysical Research Communications 434 (2013) 191–196
Masutomi, H. Kishida, I. Miyaguchi, Y. Hayashi, Discovery and preclinical
profile of teneligliptin (3-[(2S,4S)-4-[4-(3- methyl-1-phenyl-1H-pyrazol-5-
yl)piperazin-1-yl]pyrrolidin-2-ylcarbonyl] thiazolidine): a highly potent,
selective, long-lasting and orally active dipeptidyl peptidase IV inhibitor for
the treatment of type 2 diabetes, Bioorg. Med. Chem. 20 (2012) 5705–5719.

[5] G.L. Olson, D.R. Bolin, M.P. Bonner, M. Bös, C.M. Cook, D.C. Fry, B.J. Graves, M.
Hatada, D.E. Hill, M. Kahn, V.S. Madison, V.K. Rusiecki, R. Sarabu, J. Sepinwall,
G.P. Vincent, M.E. Voss, Concepts and progress in the development of peptide
mimetics, J. Med. Chem. 36 (1993) 3039–3049.

[6] D. Kim, L. Wang, M. Beconi, G.J. Eiermann, M.H. Fisher, H. He, G.J. Hickey, J.E.
Kowalchick, B. Leiting, K. Lyons, F. Marsilio, M.E. McCann, R.A. Patel, A. Petrov,
G. Scapin, S.B. Patel, R.S. Roy, J.K. Wu, M.J. Wyvratt, B.B. Zhang, L. Zhu, N.A.
Thornberry, A.E. Weber, (2R)-4-Oxo-4-[3-(trifluoromethyl)-5,6-dihydro[1,2,4]-
triazolo[4,3-a] pyrazin-7(8H)-yl]-1-(2,4,5-trifluorophenyl)butan-2-amine: a
potent, orally active dipeptidyl peptidase IV inhibitor for the treatment of
type 2 diabetes, J. Med. Chem. 48 (2005) 141–151.

[7] J. Feng, Z. Zhang, M.B. Wallace, J.A. Stafford, S.W. Kaldor, D.B. Kassel, M. Navre,
L. Shi, R.J. Skene, T. Asakawa, K. Takeuchi, R. Xu, D.R. Webb, S.L. Gwaltney Ii,
Discovery of alogliptin: a potent, selective, bioavailable, and efficacious
inhibitor of dipeptidyl peptidase IV, J. Med. Chem. 50 (2007) 2297–2300.

[8] M. Eckhardt, E. Langkopf, M. Mark, M. Tadayyon, L. Thomas, H. Nar, W.
Pfrengle, B. Guth, R. Lotz, P. Sieger, H. Fuchs, F. Himmelsbach, 8-(3-(R)-
aminopiperidin-1-yl)-7-but-2-ynyl-3-methyl-1-(4-methyl-quinazolin- 2-
ylmethyl)-3,7-dihydropurine-2,6-dione (BI 1356), a highly potent, selective,
long-acting, and orally bioavailable DPP-4 inhibitor for the treatment of type 2
diabetes, J. Med. Chem. 50 (2007) 6450–6453.

[9] R. Mentlein, Dipeptidyl-peptidase IV (CD26)-role in the inactivation of
regulatory peptides, Regul. Pept. 85 (1999) 9–24.

[10] R. Thoma, B. Löffler, M. Stihle, W. Huber, A. Ruf, M. Hennig, Structural basis of
proline-specific exopeptidase activity as observed in human dipeptidyl
peptidase-IV, Structure 11 (2003) 947–959.

[11] K.L. Longenecker, K.D. Stewart, D.J. Madar, C.G. Jakob, E.H. Fry, S. Wilk, C.W. Lin,
S.J. Ballaron, M.A. Stashko, T.H. Lubben, H. Yong, D. Pireh, Z. Pei, F. Basha, P.E.
Wiedeman, T.W. Von Geldern, J.M. Trevillyan, V.S. Stoll, Crystal structures of
DPP-IV (CD26) from rat kidney exhibit flexible accommodation of peptidase-
selective inhibitors, Biochemistry 45 (2006) 7474–7482.

[12] M. Engel, T. Hoffmann, S. Manhart, U. Heiser, S. Chambre, R. Huber, H.U.
Demuth, W. Bode, Rigidity and flexibility of dipeptidyl peptidase IV: crystal
structures of and docking experiments with DPIV, J. Mol. Biol. 355 (2006) 768–
783.

[13] C. Li, J. Shen, W. Li, C. Lu, G. Liu, Y. Tang, Possible ligand release pathway of
dipeptidyl peptidase IV investigated by molecular dynamics simulations,
Proteins: Struct. Funct. Bioinf. 79 (2011) 1800–1809.

[14] R. Baetta, A. Corsini, Pharmacology of dipeptidyl peptidase-4 inhibitors:
similarities and differences, Drugs 71 (2011) 1441–1467.
[15] W.J. Metzler, J. Yanchunas, C. Weigelt, K. Kish, H.E. Klei, D. Xie, Y. Zhang, M.
Corbett, J.K. Tamura, B. He, L.G. Hamann, M.S. Kirby, J. Marcinkeviciene,
Involvement of DPP-IV catalytic residues in enzyme-saxagliptin complex
formation, Protein Sci. 17 (2008) 240–250.

[16] Z. Zhang, M.B. Wallace, J. Feng, J.A. Stafford, R.J. Skene, L. Shi, B. Lee, K.
Aertgeerts, A. Jennings, R. Xu, D.B. Kassel, S.W. Kaldor, M. Navre, D.R. Webb,
S.L. Gwaltney, Design and synthesis of pyrimidinone and pyrimidinedione
inhibitors of dipeptidyl peptidase IV, J. Med. Chem. 54 (2011) 510–524.

[17] H. Hiramatsu, K. Kyono, H. Shima, C. Fukushima, S. Sugiyama, K. Inaka, A.
Yamamoto, R. Shimizu, Crystallization and preliminary X-ray study of human
dipeptidyl peptidase IV (DPPIV), Acta Crystallogr. – Sect. D Biol. Crystallogr. 59
(2003) 595–596.

[18] Z. Otwinowski, W. Minor, Processing of X-ray diffraction data collected in
oscillation mode, Meth. Enzymol. 276 (1997) 307–326.

[19] A.J. McCoy, R.W. Grosse-Kunstleve, L.C. Storoni, R.J. Read, Likelihood-enhanced
fast translation functions, Acta Crystallogr. Sect. D: Biol. Crystallogr. 61 (2005)
458–464.

[20] I. Schechter, A. Berger, On the size of the active site in proteases I. Papain,
Biochem. Biophys. Res. Commun. 27 (1967) 157–162.

[21] T. Yoshida, F. Akahoshi, H. Sakashita, S. Sonda, M. Takeuchi, Y. Tanaka, M.
Nabeno, H. Kishida, I. Miyaguchi, Y. Hayashi, Fused bicyclic
heteroarylpiperazine-substituted l-prolylthiazolidines as highly potent DPP-
4 inhibitors lacking the electrophilic nitrile group, Bioorg. Med. Chem. 20
(2012) 5033–5041.

[22] H. Kimata, S. Fukuda-Tsuru, K. Yoshida, S. Iwasaki, S. Kiuchi, F. Akahoshi, S.
Ishii, Teneligliptin, a novel selective dipeptidyl peptidase-4 inhibitor, improves
postprandial hyperglycemia in a model of type 2 diabetes, zucker diabetic
fatty rats, Med. Consult. New Remedies 49 (2012) 9.

[23] W.A. Weihofen, J. Liu, W. Reutter, W. Saenger, H. Fan, Crystal structures of HIV-
1 Tat-derived nonapeptides Tat-(1–9) and Trp2-Tat-(1–9) bound to the active
site of dipeptidyl-peptidase IV (CD26), J. Biol. Chem. 280 (2005) 14911–14917.

[24] T. Yoshida, H. Sakashita, F. Akahoshi, Y. Hayashi, [(S)-c-(4-Aryl-1-piperazinyl)-
l-prolyl]thiazolidines as a novel series of highly potent and long-lasting DPP-IV
inhibitors, Bioorg. Med. Chem. Lett. 17 (2007) 2618–2621.

[25] J. Xu, H.O. Ok, E.J. Gonzalez, L.F. Colwell Jr., B. Habulihaz, H. He, B. Leiting, K.A.
Lyons, F. Marsilio, R.A. Patel, J.K. Wu, N.A. Thornberry, A.E. Weber, E.R. Parmee,
Discovery of potent and selective b-homophenylalanine based dipeptidyl
peptidase IV inhibitors, Bioorg. Med. Chem. Lett. 14 (2004) 4759–4762.

[26] C. Rummey, G. Metz, Homology models of dipeptidyl peptidases 8 and 9 with a
focus on loop predictions near the active site, Proteins: Struct. Funct. Bioinf. 66
(2007) 160–171.

[27] K. Aertgeerts, I. Levin, L. Shi, G.P. Snell, A. Jennings, G.S. Prasad, Y. Zhang, M.L.
Kraus, S. Salakian, V. Sridhar, R. Wijnands, M.G. Tennant, Structural and kinetic
analysis of the substrate specificity of human fibroblast activation protein a, J.
Biol. Chem. 280 (2005) 19441–19444.

http://refhub.elsevier.com/S0006-291X(13)00407-5/h0020
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0020
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0020
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0020
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0020
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0025
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0025
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0025
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0025
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0030
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0030
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0030
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0030
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0030
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0030
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0030
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0035
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0035
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0035
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0035
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0040
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0040
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0040
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0040
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0040
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0040
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0045
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0045
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0050
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0050
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0050
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0055
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0055
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0055
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0055
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0055
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0060
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0060
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0060
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0060
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0130
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0130
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0130
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0065
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0065
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0070
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0070
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0070
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0070
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0075
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0075
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0075
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0075
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0080
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0080
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0080
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0080
http://refhub.elsevier.com/S0006-291X(13)00407-5/h9090
http://refhub.elsevier.com/S0006-291X(13)00407-5/h9090
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0090
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0090
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0090
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0095
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0095
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0100
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0100
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0100
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0100
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0100
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0105
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0105
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0105
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0105
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0110
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0110
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0110
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0115
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0115
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0115
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0120
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0120
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0120
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0120
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0135
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0135
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0135
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0125
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0125
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0125
http://refhub.elsevier.com/S0006-291X(13)00407-5/h0125

	A comparative study of the binding modes of recently launched dipeptidyl  peptidase IV inhibitors in the active site
	1 Introduction
	2 Materials and methods
	2.1 Synthesis of vildagliptin
	2.2 X-ray crystallographic studies
	2.3 Comparison of X-ray complex structures

	3 Results and discussion
	3.1 X-ray co-crystal structures of six inhibitors with DPP-4
	3.1.1 Definition of subsites in the active site of DPP-4
	3.1.2 Binding mode of vildagliptin
	3.1.3 Categorization of the six inhibitors on the basis of their binding subsites

	3.2 Relationship between the inhibitory activity and the binding mode of each class
	3.2.1 Class 1: vildagliptin and saxagliptin
	3.2.2 Class 2: alogliptin and linagliptin
	3.2.3 Class 3: sitagliptin and teneligliptin

	3.3 Particularity of the S2 extensive subsite

	Acknowledgments
	References


