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Abstract Dipeptidyl peptidase IV (DPPIV), which belongs to the prolyl oligopeptidase family of serine
proteases, is known to have a variety of regulatory biological functions and has been shown to be implicated
in type 2 diabetes. It is therefore important to develop selective human DPPIV (hDPPIV) inhibitors. In this
study, we determined the crystal structure of apo hDPPIV at 1.9 A resolution. Our high-resolution crystal
structure of apo hDPPIV revealed the presence of sodium ion and glycerol molecules at the active site. In
order to elucidate the hDPPIV binding mode and substrate specificity, we determined the crystal structure of
hDPPIV-diprotin B (Val-Pro-Leu) complex at 2.1 A resolution, and clarified the difference in binding mode
between diprotin B and diprotin A (Ile-Pro-Ile) into the active site of hDPPIV. Comparison between our
crystal structures and the reported apo hDPPIV structures revealed that positively charged functional groups
and conserved water molecules contributed to the interaction of ligands with hDPPIV. These results are

useful for the design of potent hDPPIV inhibitors.
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Dipeptidyl peptidase IV (DPPIV, EC 3.4.14.5), which
belongs to the prolyl oligopeptidase family of serine
proteases, was first identified by Hopsu-Havu and Glenner
in rat liver homogenates as a glycylprolyl naphtylamidase
[1]. DPPIV is widely expressed in a number of mammalian
tissues including differential epithelial cells, endothelial cells,
and lymphocytes [2].

Human DPPIV (hDPPIV) is a cell surface type II
membrane glycoprotein, also called adenosine deaminase
binding protein or T cell activation marker CD26 [3].
hDPPIV is a single polypeptide chain of 766 amino acids
and consists of four domains: an N-terminal cytoplasmic
domain, a trans-membrane domain, a B-propeller domain,
and an o/B-hydrolase domain [4]. hDPPIV, which cleaves
dipeptides with penultimate Pro or Ala from the N-terminus
of polypeptides, is known to have a variety of biological
functions, especially in regulation of the activity of mul-
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tiple hormones, chemokines, neuropeptides, and
peptides of the glucagon family, and has been implicated
in type 2 diabetes [5]. It has been reported that hDPPIV
hydrolyses the glucagon-like peptide 1 and glucose-
dependent insulinotropic polypeptide, two important
insulin-releasing incretins [6], whose degradation
enhances insulin secretion and improves glucose tolerance
in mice [7]. Therefore, selective inhibitors of hDPPIV are
expected to be valuable therapeutic agents for type 2
diabetes. Some hDPPIV inhibitors have already been used
in clinical trials [8].

A number of crystal structures of human and porcine
DPPIV both in apo form and complexed with various small
molecules have been reported [9-23]. We have previously
reported the crystal structure of apo hDPPIV at 2.6 A
resolution [9] and that of the hDPPIV-diprotin A (Ile-Pro-
Ile) complex at 2.2 A resolution [10].

Water molecules are important in stabilizing high-order
structures of proteins [24], catalytic efficiency [25] and
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molecular recognition [26]. Accurate identification of wa-
ter molecules around a target protein gives important in-
formation to design ligands that interact with that specific
protein. To precisely identify water molecules in a protein,
the crystal structure of the protein has to be determined at
high resolution.

In this study, we determined the crystal structure of
apo hDPPIV at 1.9 A resolution and provided insights for
the design of potent hDPPIV inhibitors. In addition, to
further elucidate the hDPPIV binding mode and substrate
specificity, we determined the crystal structure of hDPPIV
complexed with diprotin B (Val-Pro-Leu) at 2.1 A
resolution. Diprotin B, known as a slowly hydrolysable
substrate of DPPIV [27], was isolated from culture filtrates
of Bacillus cereus BMF673-RF1 [28].

Materials and Methods

Protein expression, purification, and crystallization

hDPPIV was expressed by a baculovirus system and
chromatographically purified as previously reported [29].
Apo hDPPIV and hDPPIV-diprotin B complex crystals
were obtained by the same crystallization method as
described before [10,29]. These crystals showed the same
crystal form as described previously [10]. Diprotin B was
synthesized by Thermo Fisher Scientific, Inc.
(Massachusetts, USA).

Data collection and processing

X-ray diffraction data for apo hDPPIV and hDPPIV-
diprotin B complex crystals were collected with an imaging
plate detector (R-AXIS V; Rigaku, Tokyo, Japan) and a
charge-coupled device (Jupiter 210; Rigaku), respectively,
using the synchrotron radiation source at SPring-8
(BL32B2, beamline of Pharmaceutical Consortium for
Protein Structure Analysis; PCProt, Hyogo, Japan). For
X-ray data collection at 100 K, a cryo-protectant solution
was prepared as reservoir solution by adding 15% (V/V)
glycerol. Apo hDPPIV and hDPPIV-diprotin B complex
crystals diffracted beyond 1.9 A and 2.1 A resolution,
respectively. Imaging data were processed and scaled with
the programs MOSFLM [30] and SCALA in the CCP4
package [31]. Statistics for data collection are summa-
rized in Table 1.

Structural determination and refinement

The structure of apo hDPPIV was solved by the mo-
lecular replacement method using the structure of apo

Table 1 Summary of crystallographic data and structure
refinement statistics for human dipeptidyl peptidase IV

Parameter Apo Diprotin B

Data collection

Beamline BL32B2/SPring-8  BL32B2/SPring-8
Detector R-AXIS V Jupiter 210
Crystallographic data
Space group P2,2,2, P2,2,2,
Cell dimensions
a(A) 118.12 118.05
b (A) 125.94 126.40
c(A) 136.92 137.38
Resolution (A) 1.9 (2.00-1.90) 2.1(2.21-2.10)
Number of observations 1,066,448 296,786
Number of unique 159,535 110,310
reflections
Rerge (%0) 8.8 (36.9) 8.2 (37.5)
I/sigma 6.2 (2.0) 5.8(2.0)
Redundancy 6.7 (5.2) 2.7(2.4)
Completeness (%) 99.4 (96.5) 92.7 (88.8)
Structure refinement statistics
Resolution range (A) 20.0-1.9 20.0-2.1
R-factor (%) 219 22.8
Ry..-factor (%) 24.5 26.4
Average B-factor (A?) 239 28.6
R.m.s. deviation
Bond length (A) 0.004 0.004
Bond angle (°) 1.27 1.26
Number of atoms
Non-hydrogen protein 11,944 11,944
atoms
Peptide - 46
Sugar 286 294
Water 1486 1018
Tons 4 2
Glycerol 12 -
Values in parentheses refer to the highest resolution shell. —, No atoms; r.m.s.,

root mean square. Ryepe (%)=ZpZifl (hkD)I-<I (hk1)>|Z,,%; 1 (hkl);.

hDPPIV [9] as a search model with the program CNX
[32]. Manual model rebuilding was performed using the
program QUANTA (Accerlys, San Diego, USA) and sub-
sequent interactive refinement (initially performed as a rigid
body refinement) was conducted using the program CNX.
After simulated annealing refinement, the model was manu-
ally fitted on an electron density map and further refine-
ment was performed. The electron density of the mol-
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ecule was relatively clear except for the trans-membrane
region around Ala37. Water molecules were included un-
der the criteria that they were in chemically acceptable
positions and lay in electron density in 2|Fo| — |Fc| maps,
and that their B-factor values were lower than 50 A% The
same refinement procedure was applied to the structure
of the hDPPIV-diprotin B complex. The structures of apo
hDPPIV and hDPPIV-diprotin B complex were refined at
1.9 A and 2.1 A resolution, respectively. A summary of
refinement statistics for the two structures is shown in
Table 1. The structures were validated with the program
PROCHECK [33]. The program LSQMAN from Uppsala
Software Factory (Uppsala, Sweden) was used to calculate
r.m.s. deviations for superimposition of the molecules [34].
The figures in this paper were generated using the program
QUANTA.

Calculation method of Na*-specific valence

The Na*-specific valence of each molecule was
calculated using Equation 1 [35-38]:

M M
Ve = 2= X (Ri/Ro) I
where V is the valence contributed by the jth ligating
oxygen in the coordination shell located at a distance R,,
and M is the total number of oxygen atoms within 4.0 A.
The parameters R, and N translate bond length into bond
strength, or valence, and are specific for a given metal
ion-oxygen pair. The values for the Na™—O pair are R,=
1.622 A and N=4.29 [36].

Results and Discussion

Crystal structure of apo hDPPIV

The crystal structure of apo hDPPIV revealed two
molecules of hDPPIV containing two glycerol molecules
and four sodium ions in an asymmetric unit. Each hDPPIV
molecule consisted of 729 amino acid residues. Although
we have previously reported the crystal structure of apo
hDPPIV with 273 water molecules [9], in this study, due
to better resolution (1.9 A), we identified 1468 water
molecules around apo hDPPIV. In addition, we found one
glycerol molecule per active site in a dimer (Fig. 1). The
glycerol molecule is located around the S1 site, and is
assumed to be derived from the cryo-protectant. The
hydroxyl group (OH1) of the glycerol molecule forms
hydrogen bonds with the hydroxyl group (On) of Tyr547
and the N—H group of Tyr631. The other two hydroxyl

groups (OH2 and OH3) of the glycerol molecule form
electrostatic interaction with one of the sodium ions. In
physiological conditions, the positions of the hydroxyl
groups of the glycerol molecule are considered to be
occupied by water molecules. There were only three water
molecules around the active site of apo hDPPIV at 2.6 A
resolution in our previous report [9]. However, in this high-
resolution crystal structure, many water molecules,
forming a close hydrogen bond network, were around the
active site. We focused on 10 water molecules, which
existed around the active site in the A and B molecules in
the dimer of hDPPIV, and defined them as W1-W10 for
convenience (Table 2). Fig. 1 shows a schematic view of
the hydrogen bond network around the active site including
the 10 water molecules and a glycerol molecule. There is
a hydrogen bond network between Og2 of Glu206 and
On of Tyr547 through four water molecules (W1, W2,
W3, and W4).

gy L 2 R LIV
" : Glycerol HN\
L]

Fig. 1 Schematic view of the binding modes of a glycerol
molecule and a sodium ion around the active site of apo human
dipeptidyl peptidase IV

Hydrogen bonds are indicated by thin dotted lines. Electrostatic interactions
around the sodium ion are indicated by thick dotted lines. W1-W10 represent
ordered water molecules.

In the course of apo hDPPIV crystal structure
determination, an unknown electron density existed in the
proximity of Glu205 and Glu206, which are important for
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Table 2 Summary of water molecules around the active site of apo human dipeptidyl peptidase IV and complexed human
dipeptidyl peptidase IV
W1 w2 W3 W4 W5 W6 W7 W8 W9 W10
Apo
1.8 A high resolution
Mol-A Wat770 Wat306 Watl76  Wat646 Wat217  Wat691 Wat722 Wat638 Wat87 Wat617
Mol-B Wat1195  Wat985  Wat925  Watll64  Wat837  Watl317  Watl396 Wat1429  Wat787  Watl196
2.6 A resolution (PDB code: 1J2E)
Mol-A - - - - - Wat14 - - Wat89 -
Mol-B - - - - Wat194  Wat6 - - Watl43 -
Peptide
Diprotin B
Mol-A - - Wat581  — Watd496  — Wat70 Wat217 Wat4 Wat184
Mol-B - - Wat630  — Wat876  — Wat643 Wat820 Wat636  Wat587
Diprotin A (PDB code: 1IWCY)
Mol-A - - Watl74 - Wat215 - Wat586 Wat585 Wat87 Wat580
Mol-B - - Wat755 - Wat670  — Wat214 Wat213 Wat621 -

—, No atoms; Mol-A, A molecule; Mol-B, B molecule; PDB, Protein Data Bank.

recognition of substrate N-terminus in the A molecule of
the dimer. This electron density was also observed in the
B molecule of the dimer. According to general refinement
procedure, we first assumed that this unknown electron
density was a water molecule. Previous reports on the
structure of apo hDPPIV have also indicated the existence
of a water molecule at the same position [12,15,17]. The
unknown electron density has six nearest-neighbors, that
is, three oxygen atoms from the protein, two oxygen at-
oms from the glycerol molecule, and one water molecule
in an octahedral geometry. Distances from the unknown
electron density to the six nearest-neighbors are short
(2.43-3.04 A); the distance between the unknown electron
density and On of Tyr662 is too short (2.43 A). Under
our crystallization conditions, sodium acetate was used as
an additive reagent. The distance expected for an Na™—O
pair in an octahedral coordination shell is 2.46 A. Therefore,
we concluded that the unknown electron density is a sodium
ion and defined the sodium ions as Na-1 and Na-2.
Previously, Nayal and Di Cera raised the possibility that
some water molecules in coordinates deposited in the Pro-
tein Data Bank (PDB) were in fact sodium ions [35]. They
proposed to calculate Vy,, for the water molecules in PDB
coordinates. Vy,. can be calculated from the distance and
bond order between a water molecule and neighboring
atom. It has been reported that the average value of Vy,,
for a water molecule is 0.18 valence units (v.u.), with a
standard deviation of 0.13 v.u.. If Vy,, is approximately

0.18 v.u., the assignment of a water molecule is correct.
However, if Vy,, is considerably larger than the average
value, the presumed water molecule could be another atom.
We calculated the Vy,, value of the unknown electron
density in our structure of apo hDPPIV in both the A and
B molecules of the dimer. The values found (0.85 v.u. and
0.90 v.u., respectively) were much higher than the average
value of Vy,, (0.18 v.u.). These findings support our
identification of the unknown electron density as a
sodium ion.

As aresult of Vy,, calculation for other water molecules
in the overall structure of the apo hDPPIV dimer, we found
two water molecules with high V,, (0.70 v.u. and 0.97
v.u.). As these values were also much higher than the
average value of Vy,, (0.18 v.u.), we assigned these
molecules as sodium ions (Na-3 and Na-4) based on the
distance and geometric arrangement around the oxygen
atoms. Na-3 was located in the neighborhood of the non-
crystallographic symmetry axis. There were six oxygen
atoms around the Na-3 ion, two oxygen atoms from Ogl
of GIn731 in the dimer, and four oxygen atoms from water
molecules. Na-4 interacted with five oxygen atoms in the
contact area of neighboring molecules. Four of these
oxygen atoms were from the protein, that is, carbonyl
oxygens of Gly490 and Leu491 in the B molecule, carbonyl
oxygens of Val279 and Leu276 in the A molecule after a
symmetry operation (-x+1/2+1, -y+1, z+1/2), and one
oxygen atom was from a water molecule. Distances from
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Na-4 to the oxygen atoms were very short (2.23-2.47 A).
Crystal structure of hDPPIV-diprotin B complex

In the crystal structure of the hDPPIV-diprotin B com-
plex determined in this study, we found one diprotin B per
active site in a dimer. The diprotin B was non-covalently
bound to Ser630 of the catalytic triad as well as diprotin
A. As diprotin B is also a slowly hydrolysable substrate
[27], structures with a non-covalent binding mode might
reflect a molecular recognition state. The electron density
map around diprotin B and schematic view of the binding
mode of diprotin B are shown in Figs. 2(A) and 2(B),
respectively. The electron densities for the side-chain of

Glu206 Tyr662

Argl25 Tyr629

His740

Omumne=siN

ot

.
»
x
.
x
»
x
»
H

Fig. 2

Leu-3 were weak, because their B-factor values were rela-
tively high in comparison with the other atoms in diprotin
B. In each molecule of the asymmetric unit, no difference
in conformation was seen between the two hDPPIV
molecules. The root-mean-square deviation (RMSD)
between apo hDPPIV and the hDPPIV-diprotin B complex
for the corresponding Ca. atoms was 0.19 A. In order to
identify the location of sodium ions, we subsequently
calculated Vy,. values for all water molecules in the
determined crystal structure of the hDPPIV-diprotin B
complex. As a result, Vy,, values of the two water molecules
were 0.76 v.u. and 0.94 v.u., respectively. Therefore, we
assumed that these two presumably water molecules were

(A)
Tyr631
Tyr547
Ser630
Argl25 4 Tyr629
His740
(B)
W5
Tyr547
W3

e}

N

Diprotin B bound to the active site of human dipeptidyl peptidase IV (hDPPIV)

(A) Stereo image of the difference in electron density map contoured at 3.5 6. hDPPIV is shown by the ball-and-stick model, diprotin B is shown by the stick mdel. (B)

Schematic view of the binding mode of diprotin B to the active site of hDPPIV. The dash lines indicate potential hydrogen bonds and electrostatic interaction. Water

molecules are indicated by W3, W5, W7, W8, W9 and W10.
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in fact sodium ions. These sodium ions were found at the
same position as Na-3 and Na-4 in apo hDPPIV. In addition,
the sodium ion (Na-4) was located at the same position in
the crystal structures of apo hDPPIV, hDPPIV-diprotin B
complex, and previously published hDPPIV [19].
Moreover, the crystal lattice of these structures was the
same. These results suggest that Na-4 is essential for crys-
tal contact with a neighboring molecule in this crystal lattice.

Difference in binding mode to hDPPIV between
diprotin B and diprotin A

The RMSD between the hDPPIV-diprotin B complex
and the hDPPIV-diprotin A complex [10] for corresponding
Co atoms was 0.17 A. No difference in conformation of
the overall DPPIV molecule between the two complex
molecules was observed. However, interactions of diprotin
B with hDPPIV at S1° and S2 sites were different from
those of diprotin A.

At the S1° site, the phenol ring of Tyr547 was located
near the side-chain of P1” parts of diprotin B and diprotin
A. The closest atom of the benzene ring was Cf in both
diprotin B (Leu-3) and diprotin A (Ile-3). Comparison of
the distance from Cp of diprotin B and diprotin A to each
atom of the side-chain of Tyr547 revealed that the distance
between CP (Leu-3) and On of Tyr547 was the shortest
of all distances. This result suggests that interaction
between the side-chain of Tyr547 and Cf of diprotin B (or
diprotin A) is C - H- - -O interaction rather than a hydro-
phobic interaction between carbon atoms. C - H- - -O
interaction, which has been widely accepted to contribute
to the stability of interactions in small-molecule structures
[39—41]. Moreover, short C - H- - -O interaction has already
been reported in a number of known protein structures
[42]. We calculated the positions of hydrogen atoms of
CB in both diprotin B and diprotin A using the program
CNX as described before [42]. As a result, the position of
hydrogen atoms of CB in diprotin B was quite different
from that in diprotin A. The CB - H- - -On (Tyr547) angle
was also different between diprotin B and diprotin A. In
diprotin B (Leu-3), CB had two additional hydrogen atoms
(H1 and H2). CB - H1- - -On angles of the A molecule and
B molecule in the dimer were 89.1° and 68.8°, respectively,
and CP - H2- - -On angles were 124.1° and 158.1°,
respectively. However, CP of diprotin A (Ile-3) had only
one additional hydrogen atom, which was directed towards
On of Tyr547. The CB - H- - -On angles in the dimer were
175.3° and 174.2°, respectively. Therefore, Cf of diprotin
A (Ile-3), the hydrogen atom of diprotin A, and On of
Tyr547 are in line. These results suggest that C of diprotin
A (Ile-3) formed a stronger interaction with On of Tyr547

than CP of diprotin B (Leu-3).

In addition to the C - H- - -O interaction, hydrophobic
interactions were observed at the S1° site. In Leu-3 of
diprotin B, only Cd1 was close to C{ of the benzene ring
of Tyr547 (A molecule, 3.69 A; B molecule, 4.41 A).
However, in Ile-3 of diprotin A, two carbon atoms (Cyl
and C81) were close to Cel and CC of the benzene ring of
Tyr547 (A molecule, 3.56 A and 3.94 A; B molecule, 3.59
A and 3.90 A). At the S2 site, the side-chain of both diprotin
B (Val-1) and diprotin A (Ile-1) was located near the benzene
ring of Phe357. The distance between C§ of diprotin A
(Ile-1) and C2 of Phe357 was shorter than that between
Cy2 of diprotin B (Val-1) and C82 of Phe357 (4.10 A and
3.85 A in dimer vs. 4.74 A and 4.61 A in dimer). The
average value of the accessible surface areas (ASA)
between hDPPIV and diprotin B in dimer was 590.2 A2,
as given by Lee and Richards [43]. In contrast, the average
value of ASA between hDPPIV and diprotin A in dimer
was 616.7 A% Therefore, it is assumed that diprotin A
interacts more potently with hDPPIV than diprotin B.

Using an enzymatic assay, a previous study that
examined DPPIV substrate specificity for tripeptides,
including diprotin A and diprotin B, showed K|, values of
(1.6+0.1)x107> M and (0.4+0.05)x10-> M for diprotin B
and diprotin A, respectively [27]. The study also showed
that tripeptides having an Ile residue at the P1' site show
low Km values compared with those having a Leu residue.
These biochemical findings can be explained on the basis
of our structural information of hDPPIV.

Insights for design of potent hDPPIV inhibitors

To examine interactions between hDPPIV and diprotin
B and to elucidate the function of water molecules around
the active site, the crystal structures of hDPPIV determined
in this study were superimposed on reported apo hDPPIV
structures [12,13,15,17]. Comparison of the S2, S1, and
S1'sites among the crystal structures can be summarized
as follows.
S2 site The position of the nitrogen atom of Val-1 in
diprotin B was occupied by a sodium ion in apo hDPPIV
(Fig. 3, position A). The sodium ion interacted similarly
with the oxygen atoms of Glu205, Glu206, and Tyr662.
The carbonyl oxygen of Val-1 was located at the position
of OH3 of the glycerol molecule in apo hDPPIV (Fig. 3,
position B) and at the position of a water molecule in the
other apo structures [15,17]. In apo hDPPIV and the
hDPPIV-diprotin B complex determined in this study, the
water molecule (W9) formed three hydrogen bonds with
0e€2 of Glu206, Nn1 of Arg669, and W10 [Fig. 2(B)].
This water molecule (W9) is conserved in reported apo

OlInstitute of Biochemistry and Cell Biology, SIBS, CAS

20z 1udy 60 UO }seNnb Aq 9eH/SEE/G/6E/010IB/SqME/WOD N0 OIWBPEDE//:SARY WO} PAPEOIUMOQ



May., 2007

Hajime HIRAMATSU et al.: Crystal Structures of Human Dipeptidyl Peptidase IV 341

Position A §. Glu206

Position C
a 5

HlS740

Tyr631

Glu205

Afgm Tyr547

Position B Ser630

Fig. 3
active sites

Position A} Glu206
Position C
Tyr631
Glu205

Argm Tyrs47

Position B Ser630

HIS740

Stereo view of superposition of human dipeptidyl peptidase IV (hDPPIV)-diprotin B complex and apo hDPPIV around the

The structures of the hDPPIV-diprotin B complex and apo hDPPIV are shown in red and blue, respectively.

Postion A

/

Fig. 4

Postion A

Stereo view of superimposition of human dipeptidyl peptidase IV (hDPPIV)-diprotin B complex (red), IRWQ (silver), 1X70

(purple), 2GBR (orange), 2AJ8 (green) and 2AJC (pink) around the active sites
DPPIV and ligands are shown by the stick and the ball-and-stick model, respectively.

structures, although crystallization conditions and the space
group are completely different [12,15,17].

S1 site  The carbonyl oxygen of Pro-2 in diprotin B was
located at the oxyanion hole, and formed two hydrogen
bonds with On of Tyr547 and the nitrogen atom of Tyr631
(Fig. 3, position C). In apo hDPPIV, OH1 of the glycerol
molecule was located at the same position as the carbonyl
oxygen of Pro-2, and interacted with neighboring atoms
in the same manner as the carbonyl oxygen of Pro-2. In
addition, the water molecule (W3) formed a hydrogen bond
with On of Tyr547 in our and other apo hDPPIV structures
[12,13,17].

S1'site The oxygen atom of Leu-3 in diprotin B formed
a hydrogen bond with Nn1 of Argl25. In the crystal
structures of apo hDPPIV, the water molecule (W6) existed

in place of the oxygen atom of Leu-3 and interacted with
Nn1 of Argl25.

From these comparisons we conclude that positively
charged functional groups in position A, the oxygen atoms
in positions B and C, and conserved water molecules (W3
and W9) play important roles in ligands’ interaction with
hDPPIV. Introduction of positively charged groups, such
as amino and imide groups in position A and replacement
of the water molecules by oxygen-containing groups, such
as hydroxy and carbonyl groups, will lead to improve-
ment of the inhibitory activity of ligands. As a result of the
comparison of DPPIV complexed structures with
inhibitors/substrates, which were determined beyond 2.2
A resolution, position A was occupied by positively charged
groups (Fig. 4). These findings are useful for the design
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of potent hDPPIV inhibitors.
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