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The crystal structure of dipeptidyl aminopeptidase IV from Stenotrophomonas maltophilia was deter-
mined at 2.8-Å resolution by the multiple isomorphous replacement method, using platinum and sel-
enomethionine derivatives. The crystals belong to space group P43212, with unit cell parameters a � b �
105.9 Å and c � 161.9 Å. Dipeptidyl aminopeptidase IV is a homodimer, and the subunit structure is
composed of two domains, namely, N-terminal �-propeller and C-terminal catalytic domains. At the active
site, a hydrophobic pocket to accommodate a proline residue of the substrate is conserved as well as those
of mammalian enzymes. Stenotrophomonas dipeptidyl aminopeptidase IV exhibited activity toward a
substrate containing a 4-hydroxyproline residue at the second position from the N terminus. In the
Stenotrophomonas enzyme, one of the residues composing the hydrophobic pocket at the active site is
changed to Asn611 from the corresponding residue of Tyr631 in the porcine enzyme, which showed very
low activity against the substrate containing 4-hydroxyproline. The N611Y mutant enzyme was generated
by site-directed mutagenesis. The activity of this mutant enzyme toward a substrate containing 4-hy-
droxyproline decreased to 30.6% of that of the wild-type enzyme. Accordingly, it was considered that
Asn611 would be one of the major factors involved in the recognition of substrates containing
4-hydroxyproline.

Stenotrophomonas maltophilia is a gram-negative bacterium
that is well known as a nosocomial pathogen. This bacterium is
a pathogen causing opportunistic infectious diseases, sapremia,
endocarditis, and pneumonias (13). Most strains of S. malto-
philia exhibit multiple resistances to a broad range of currently
available antibiotics, and they represent a growing problem for
public health. A type of drug whose actions are different from
those of existing antibiotics and effective against S. maltophilia
is therefore required.

Accordingly, we have noticed that S. maltophilia produces a
proline-specific dipeptidyl aminopeptidase IV (DPIV). DPIV
(EC 3.4.14.5) is a serine peptidase belonging to peptidase fam-
ily S9 and the prolyl oligopeptidase (POP) family. This enzyme
is a homodimeric type II membrane-bound enzyme and hydro-
lyzes peptide substrates containing proline or alanine at the
penultimate position to release an N-terminal dipeptide (23).
DPIV has been isolated from bacteria as well as from various
mammalian sources (3, 45, 57). In mammalian tissues, DPIV is
known to function in the degradation of bioactive peptides,

including growth hormone-releasing hormone (17), substance
P (2, 43), and glucagon-like peptide I (29, 39). DPIV has also
been identified as CD26 antigen, a surface differentiation
marker involved in the transduction of mitogenic signals in
thymocytes and T lymphocytes in mammals (7, 16, 55) and in
cell matrix adhesion through specific interactions with fi-
bronectin and collagen (4, 46). The crystal structures of hu-
man, porcine, and rat DPIV enzymes have been determined
(14, 21, 35, 47). Although DPIV enzymes from bacteria and
fungi, including Flavobacterium meningosepticum (56), Bacte-
roides fragilis (32), Prevotella intermedia (50), Porphyromonas
gingivalis (11), Trichophyton rubrum (41), Lactobacillus helveti-
cus (37), Aspergillus fumigatus (5), Aspergillus oryzae (52), etc.,
have been identified, no structural information has been re-
ported regarding microbial DPIV. Some of these are known to
be pathogenic bacteria, causing diseases such as athlete’s foot
(T. rubrum), periodontitis (P. intermedia and P. gingivalis), and
a variety of opportunistic infectious diseases (F. meningosepti-
cum, A. fumigatus, and B. fragilis). In bacteria, DPIV is prin-
cipally involved in the degradation of peptides as a nutrient
source. Among proteins that are potential substrates for bac-
terial DPIV, collagen is known for its high proline content.
Type I collagen has a repeated sequence of (Gly-Xaa-Pro)n.
Since Xaa-Pro and Pro-Xaa bonds are hardly hydrolyzed by
ordinary proteases or peptidases, DPIV activity seems to be
necessary to efficiently break down the peptides derived from
collagen into amino acids as a nutrient. Considering that many
pathogenic bacteria possess the DPIV gene, DPIV may play
an important role, together with collagenase, in infection or
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growth of those pathogenic bacteria through the degradation
of collagen.

We have reported the cloning and sequencing of the gene
encoding Stenotrophomonas DPIV (25). Stenotrophomonas
DPIV shows sequence identities of 24.0 and 23.6% with
human and porcine DPIVs, respectively. Collagen contains
4-hydroxyproline (Hyp), which is produced by hydroxylation
of some of the proline residues in collagen by proline 4-hy-
droxylase to stabilize the triple superhelix of collagen. In
this study, we show that Stenotrophomonas DPIV exhibits
activity toward a substrate containing 4-hydroxyproline,
while only faint activity was detected for porcine DPIV. In
order to clarify the structural determinants of Stenotroph-
omonas DPIV for this unique activity, we determined the
structure of this enzyme.

To our knowledge, this is the first report of the crystal
structure of bacterial DPIV and its activity on a substrate
containing 4-hydroxyproline.

MATERIALS AND METHODS

Materials. Restriction endonucleases and various DNA-modifying enzymes
were purchased from Takara Bio Inc. and Toyobo Co., Ltd. Fast Garnet GBC,
Z-Gly, and Z-Hyp were purchased from Sigma-Aldrich Co. Polyethylene glycol
with a mean molecular weight of 6,000 was purchased from Hampton Research
Inc. Tris-(hydroxymethyl)-aminomethane and magnesium chloride were pur-
chased from Nacalai Tesque, Inc., Japan. Porcine DPIV was purified from
porcine kidney by a previously described method (58), and the enzyme solution
was prepared to a concentration of 0.0697 mg/ml, as estimated on the basis of
absorbance at 280 nm.

Synthesis of a substrate containing Hyp (Gly-Hyp-�NA). Gly–Hyp–�-naph-
thylamide (Gly-Hyp-�NA) was synthesized by standard procedures in solution by
condensation of benzyloxycarbonyl-glycine (Z-Gly) and Hyp-�NA with water-
soluble carbodiimide, and the protected Z group was removed by hydrogenation
over palladium carbon. Hyp-�NA was synthesized according to a previously
reported procedure (42).

Data for Gly-Hyp-�NA are as follows: (�)D
23, 34.6° (c 0.24, MeOH); 1H

nuclear magnetic resonance (300 MHz, CD3OD) �, 2.16 (1H, ddd, J � 12.9, 8.4,
and 4.5 Hz), 2.30 to 2.36 (1H, m), 3.47 to 3.52 (3H, m), 3.74 (1H, dd, J � 10.6 and
4.2 Hz), 4.56 (1H, brs), 4.70 (1H, t, J � 7.5 Hz), 7.36 to 7.46 (2H, m), 7.58 (1H,
dd, J � 8.6 and 2.3 Hz), 7.74 to 7.82 (3H, m), and 8.19 (1H, s); IR (undiluted),
3,448, 1,635, 1,560, 1,506, 1,434, 1,230, 1,081, and 817 cm�1; HRMS(FAB)
calculated for C17H19N3O3, 313.1426 (M�); found value, 313.1432.

Bacterial strains, plasmids, and media. Escherichia coli DH5� (supE44
�lacU169 �80dlacZ�M15 hsdR17 recA1 endA1 gyrA96 thi-1 relA1) and XL1-Blue
(endA1 gyrA96 hsdR17 lac recA1 relA1 supE44 thi-1 F	 [proAB lacIqZ�M15
Tn10]) were used as hosts for expression of wild-type and mutant enzymes,
respectively. The 3.2-kb fragment containing the 2,226-bp open reading frame
was cloned into the BamHI site of the pUC19 plasmid to produce pUC19-SDP4
(25). Transformants were routinely grown in Luria-Bertani medium (LB me-
dium). Nutrient broth (N broth) was used for enzyme production. A BamHI
fragment of the DPIV gene was subcloned into pET11d plasmid to produce
pET11d-SDP4 vector. For expression of a selenomethionine (SeMet) derivative,
E. coli B834 strains transformed by the pET11d-SDP4 vector were grown in
LeMaster medium.

Construction of N611Y mutant enzyme by site-directed mutagenesis. A site-
directed mutation was introduced into the gene by the PCR-based megaprimer
mutagenesis strategy (54). pUC19-SDP4 was digested with BamHI, and the
3.2-kb fragment containing the gene for Stenotrophomonas DPIV was used as the
template to produce the N611Y mutant. The first round of PCR was carried out
using the oligonucleotides 5	-GTAACCGCCGTAGGACCAGCC-3	 and 5	-CA
ACCAGTACCTGGCCCAGC-3	 as the mutagenic and flanking primers, re-
spectively. The megaprimer of 211 bp was amplified in the first round. A PCR
product of 425 bp was then amplified by a second round of PCR using the
megaprimer and the flanking primer 5	-CGTCAGCCATGCCGTGGATC-3	.
The DNA fragment of 238 bp containing the mutation was prepared by digesting
the PCR product with BstXI and MluI, and the resultant fragment was inserted
into the same restriction sites of the pUC19-SDP4 vector to produce pUC19-
SDP4-N611Y. The mutations were confirmed by sequence analysis.

Overexpression and purification of Stenotrophomonas DPIV. E. coli DH5�
transformed with pUC19-SDP4 was aerobically cultured in 20 liters of N broth
containing ampicillin (50 
g/ml) at 37°C for 15 h, using a jar fermenter (MBS,
Japan). The cells were suspended in 20 mM Tris-HCl buffer (pH 8.0) and were
disrupted by repeated sonication on an ice bath. After centrifugation at 22,540 �
g for 30 min, the supernatant was fractionated with ammonium sulfate from 35
to 80% saturation. The precipitate was dissolved in 20 mM Tris-HCl buffer (pH
8.0) containing 35% saturated ammonium sulfate. The enzyme solution was
applied to a Toyopearl HW65C column and eluted with a decreasing linear
gradient from 35 to 0% saturated ammonium sulfate. The active fractions were
combined and precipitated by ammonium sulfate at 80% saturation. The pre-
cipitate was dissolved and dialyzed against 20 mM Tris-HCl buffer (pH 8.0). The
resultant solution was applied to a DEAE-Toyopearl 650C column and eluted
with the same buffer. The fractions passing through the column were collected,
leaving a large fraction of the unwanted proteins on the column. After concen-
tration by ultrafiltration (PM-10; Amicon), the enzyme solution was dialyzed
against 10 mM potassium phosphate buffer (pH 8.0). Finally, the enzyme was
purified by hydroxyapatite column chromatography, using a linear gradient of 10
to 400 mM potassium phosphate buffer (pH 8.0). Active fractions were combined
and concentrated using Centriprep and Centricon microconcentrators (YM-30;
Millipore). The enzyme solution was dialyzed against 10 mM Tris-HCl buffer
(pH 8.0). The N611Y mutant enzyme was overexpressed in E. coli XL1-Blue cells
transformed by pUC19-SDP4-N611Y and purified by essentially the same meth-
ods as those used for the wild-type enzyme. The SeMet derivative enzyme was
produced by an overexpression system using strain B834 transformed by
pET11d-SDP. The mutant and SeMet derivative enzymes were purified using the
same method as that for the wild-type enzyme.

Enzyme activity assay. The activity of Stenotrophomonas DPIV was assayed
using Gly-Pro-�NA as the substrate. The reaction mixture consisted of 0.8 ml of
20 mM Tris-HCl buffer (pH 8.0), 0.1 ml of enzyme solution, and 0.1 ml of 3 mM
Gly-Pro-�NA. After incubation at 37°C for 10 min (unless specifically indicated
otherwise), the reaction was stopped by adding 0.5 ml of Fast Garnet GBC (1
mg/ml) solution containing 10% Triton X-100 in 1 M sodium acetate buffer (pH
4.0). The absorbance at 550 nm was measured after 20 min. One unit of activity
was defined as the amount of enzyme releasing 1 
mol of substrate per min
under the above conditions.

To determine the Km values for Gly-Pro-�NA and Gly-Hyp-�NA, the sub-
strate concentrations were varied. For activity measurements with Gly-Pro-�NA,
solutions of porcine, Stenotrophomonas, and N611Y mutant enzymes were pre-
pared at almost the same concentration. Lineweaver-Burk plots were used to
calculate Km and Vmax. The enzyme concentrations of Stenotrophomonas and
porcine DPIVs were estimated from E1%, 280 nm values of 1.45 and 2.15, respec-
tively. For the kcat calculations, 82,100 and 88,200 were used as the molecular
weights of the Stenotrophomonas and porcine enzymes, respectively.

Crystallizations and X-ray data collection. The protein solution (10 mg/ml)
was mixed with an equal volume of reservoir solution, and a droplet was equil-
ibrated against reservoir solution (10% [wt/vol] polyethylene glycol 6000, 0.1 M
Tris-HCl [pH 8.0], and 0.2 M MgCl2). After 2 days, a small crystal was trans-
ferred into a preequilibrated droplet. Prism-shaped crystals appeared within a
week of incubation after the seeding and grew to maximum dimensions of 0.4 by
0.4 by 0.3 mm. The X-ray diffraction data were collected to 2.8-Å resolution with
a Rigaku R-Axis IV detector, using CuK� radiation focusing by an osmic con-
focal mirror. Since the crystals were sensitive to measurement under nitrogen gas
at 100 K, data collection was performed at 293 K, using crystals enclosed within
glass capillaries with a small amount of mother liquor. From the data, the crystal
was determined to belong to space group P41212 or P43212, with the following
crystal dimensions: a � b � 105.9 Å and c � 161.9 Å. Assuming that one subunit
of the dimer is an asymmetric unit, the Matthews coefficient VM was calculated
to be 2.39 Å3 Da�1, indicating a solvent content of approximately 48.5% in the
unit cell (36). These values are within the ranges typical for protein crystals (28).
Crystals of the SeMet derivative were obtained using the same method as that for
the wild-type crystal, and those of a Pt derivative were obtained by soaking
crystals in a crystallization solution containing 6.6 mM platinum(II) potassium
chloride for 14 h. The diffraction data for SeMet and Pt derivative crystals were
collected to 2.9- and 3.0-Å resolution, respectively, using an R-Axis IV detector
at 293 K. All data were processed and scaled by MOSFLM (34) and SCALA
from the CCP4 suite (10).

Crystal structure determination and structure refinement. The structure of
DPIV was determined by the multiple isomorphous replacement (MIR) method,
using the platinum derivative and the SeMet derivative. The scaling of all data
and the map calculations were performed with the CCP4 program suite (10).
Determination of heavy atom binding sites was performed with the program
SOLVE (53). Through determination of heavy atom sites, the space group was
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determined to be P43212. Refinement of the heavy atom parameters, calculations
of the initial phases, and electron density improvement by the process of solvent
flatting were performed with the program SHARP (12). The model was gradually
built into a Fourier map at 3.0-Å resolution, using the program XtalView (38).

The structure was refined by simulated annealing and energy minimization
with the program CNS (8). The structure was scrutinized by inspection of the
composite omit map. Refinement and model rebuilding were alternately carried
out for several cycles, and water molecules were then picked up on the basis of
the peak height and the distance criteria from the difference map. Water mol-
ecules whose thermal factors were above 60 Å after refinement were removed
from the list. After several rounds of refinement by energy minimization and
manual rebuilding, the final residual factors were the Rfactor value of 18.5% and
the Rfree value of 23.9%, using 23,264 reflections from 20- to 2.8-Å resolution
(Table 1).

Protein structure accession number. The atomic coordinates and structural
factors for Stenotrophomonas DPIV (PDB code 2ECF) have been deposited in
the Worldwide Protein Data Bank (http://www.wwpdb.org) and the Protein Data
Bank Japan at the Institute for Protein Research at Osaka University (http://www
.pdbj.org/).

RESULTS

Expression and purification of enzymes. Recombinant
DPIV was purified by sequential column chromatography. The
wild-type enzyme was purified 302-fold, with a recovery rate of
16.9%. The purified enzyme was homogeneous by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis. The enzyme
solution was concentrated to 33.2 mg/ml, as estimated from
measurement of the absorbance at 280 nm. The N611Y mutant
enzyme was purified using the same method as that for the
wild-type enzyme.

Activity toward a substrate containing Hyp. The activity of
Stenotrophomonas DPIV was compared with that of the por-
cine enzyme, using Gly-Pro-�NA and Gly-Hyp-�NA as sub-
strates (Table 2). Although the activity of Stenotrophomonas
DPIV toward Gly-Hyp-�NA was lower than that toward Gly-

TABLE 1. Data collection, MIR, and refinement statisticsa

Parameter
Value for enzyme

Native K2PtCl4 derivative SeMet derivative

Data collection parameters
Space group P43212 P43212 P43212
Cell constants

a, b (Å) 105.9 105.8 105.8
c (Å) 161.9 162.3 162.2

Temperature (K) 293 293 293
Radiation source CuK� CuK� CuK�
Resolution range (Å) 40.0–2.80 (2.95–2.80) 40.0–3.00 (3.16–3.00) 40.0–2.90 (3.06–2.90)
No. of reflections

Observation 180,873 37,218 86,800
Unique 23,396 (3,326) 15,201 (2,291) 21,128 (3,015)

Completeness (%) 100 (100) 80.6 (80.6) 100 (100)
Rsym 0.077 (0.333) 0.086 (0.295) 0.082 (0.305)
Mean I/�(I) 8.3 (2.2) 6.5 (2.2) 7.9 (2.3)

MIR parameters
Riso 0.127 0.111
Phasing power 1.09 1.34
No. of derivative sites 3 10

Refinement parameters
Resolution range (Å) 20.0–2.80
R factor 0.185
Rfree 0.239
Wilson B factor 56.8
Average B factors

Total protein atoms (Å2) 41.0
Main chain atoms (Å2) 40.5
Side chain atoms (Å2) 41.6
Water molecules (Å2) 30.9

RMS square deviations
Bond lengths (Å) 0.006
Bond angles (°) 1.31

a Riso � ��FPH� � �FP���FP�, where �FPH� and �FP� are the derivative and native structure factor amplitudes, respectively. Phasing power is the ratio of the RMS of
the heavy atom scattering amplitude and the lack of closure error. Values in parentheses refer to the last resolution shell.

TABLE 2. Kinetic parameters of porcine and Stenotrophomonas DPIVs

Substrate

Porcine DPIV Stenotrophomonas DPIV N611Y mutant DPIV

Km (mM) kcat (s�1) kcat/Km
(s�1 mM�1) Km (mM) kcat (s�1) kcat/Km

(s�1 mM�1) Km (mM) kcat (s�1) kcat/Km
(s�1 mM�1)

Gly-Pro-�NA 0.27 211 781 0.10 131 1,310 0.16 154 962
Gly-Hyp-�NA Not detected 0.47 13.8 29.4 0.92 8.3 9.0
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Pro-�NA, the enzyme was able to cleave the substrate contain-
ing the Hyp residue. The estimated kcat/Km value for Gly-Hyp-
�NA was 2.2% of that for Gly-Pro-�NA. The N611Y mutation
resulted in a reduction of activity toward Gly-Hyp-�NA; the
estimated kcat/Km value decreased to 0.94% of that toward
Gly-Pro-�NA. However, the kinetic parameters of porcine
DPIV toward Gly-Hyp-�NA were unable to be estimated be-
cause of its extremely low activity.

In order to confirm the significance of the activity toward
Gly-Hyp-�NA, we carried out activity assays at various pH and
salt concentrations. The activity varied significantly, and the
maximum values were obtained at pH 8.0 and in the presence
of 50 mM KCl. However, the activity ratios (Gly-Pro-�NA
versus Gly-Hyp-�NA) for wild-type DPIV and the N611Y mu-
tant were almost the same under the conditions tested, and 2
to 5% of the activity toward Gly-Pro-�NA was always observed
with Gly-Hyp-�NA. It is suggested that the activity toward
Gly-Hyp-�NA is not an unconventional activity exhibited un-
der some special conditions but rather an intrinsic one associ-
ated with Stenotrophomonas DPIV.

Structure quality. The refined model of the wild-type en-
zyme consists of 700 residues and 66 water molecules, with an
Rfactor value of 18.5% at 2.8-Å resolution. This model lacks the
21 N-terminal residues (Met1 to Glu21) and an additional 20
residues (Pro87 to Ala106) due to the lack of unequivocal
electron density. Alanine models were applied in the cases of
Arg61, Lys137, Gln138, Glu139, Lys141, Lys368, and Lys370
because the electron density map corresponding to the side
chains of these residues was weak or not observed at all. The
average thermal factor was 41.0 Å2, and those of the main
chain atoms, side chain atoms, and waters were 40.5, 41.6, and
30.9 Å2, respectively. The average thermal factor of the main
chain atoms was higher than that of water molecules. It is likely
that some magnesium ions were included in residual peaks
assigned as water molecules. However, we could not assign any
magnesium ions from the peak height and interactions with the
neighboring residues. PROCHECK (33) analysis of stereo-
chemistry revealed that all of the main chain atoms, with the
exception of Ser610, fell within the generously allowed region
of the Ramachandran plot, with 501 residues (84.2%) in the
most favored region, 89 residues (15.0%) in the additionally
allowed region, and 4 residues (0.7%) in the generously al-
lowed region. On the basis of the electron density map, the
conformation of the Ser610 residue was validated.

Overall structure and subunit assembly. The dimer and
subunit structures are shown in Fig. 1. Two subunits are mu-
tually related by the crystallographic twofold rotation axis. The
subunit interface is predominantly occupied by hydrophobic
interaction of the catalytic domain and two extended antipar-
allel strands protruding from the �-propeller blade 4.

The subunit in an asymmetric unit is composed of two do-
mains, the N-terminal �-propeller and the C-terminal catalytic
domains. The catalytic triad, Ser610, Asp685, and His717, be-
longing to the catalytic domain is located at the interface of
two domains. The C-terminal catalytic domain possesses an
�/�-hydrolase fold with a central eight-strand �-sheet sand-
wiched by nine �-helices.

Although the Fourier map for a part of propeller blade 1 was
obscure, the N-terminal �-propeller domain was found to con-
sist of eight blades. Each blade was composed of four antipa-

rallel strands, with the exception of propeller blade 4. Propeller
blade 4 was composed of �4A, �4A	, �4B, �4E, and �4F strands.
In addition, propeller blade 4 included an �2 helix between �4A

and �4A	 and two antiparallel �-strands (�4C and �4D) involved
in the formation of a homodimer. Glu206 and Glu207 residues
were found on the �2 helix. These glutamate residues function
in the recognition of the N-terminal amino group of a substrate
(14, 21, 35, 47). The �-propeller domain forms a funnel shape
with a solvent-filled tunnel at the center of eight blades. The
domain interface between the �-propeller and the catalytic
domains was sustained by the fourth to eighth blades, and no
interactions existed between the region of the first to third
blades of the propeller and the catalytic domain. Conse-
quently, a gaping hole was formed on the side face of the
protein, and the active site was exposed to the solvent.

As shown in Fig. 2, the results of the structure-based se-
quence alignment clearly showed a similarity of primary and
secondary structures between Stenotrophomonas and porcine
DPIVs. Secondary structures were assigned using DSSP (27).
To clarify the structural differences between Stenotrophomonas
and porcine DPIVs, the subunit structure of porcine DPIV
(PDB code 1orw) was superimposed onto that of the Stenotro-
phomonas enzyme by least-squares fitting of corresponding
C-� positions. Two enzymes were fit within a root mean square
(RMS) deviation of 2.59 Å, with a maximum displacement of
13.2 Å. As shown in Fig. 3, the structure of the Stenotroph-
omonas catalytic domain is very similar to that in porcine
DPIV: the RMS deviation between the domains of the two
enzymes is 0.83 Å, with a maximum displacement of 6.42 Å. In
contrast, the RMS deviation of C-� positions between struc-
turally corresponding residues in the �-propeller domains of
the two enzymes is 2.25 Å, with a maximum displacement of
13.2 Å. Consequently, the structure of the Stenotrophomonas
�-propeller domain is somewhat different from that in the
porcine enzyme. In Stenotrophomonas DPIV, the �2B and �2C

strands of �-propeller blade 2 are shorter than those in the
porcine enzyme. Therefore, the side face of the �-propeller
domain opens wider than that of porcine DPIV. In porcine
DPIV, an additional difference can be found in the loop be-
tween the �2B and �2C strands. Arg125, located within the
loop, is one of the significant residues composing the active site
and interacts with the glutamate residue, which recognizes an
N-terminal amino group of the substrate (14). In Stenotroph-
omonas DPIV, however, the position of this loop is too far
away for the residues on this loop to interact with any residues
at the active site. Furthermore, the relative position of the
�-propeller domain is significantly shifted from that in the
porcine enzyme. When the �-propeller domain was viewed
from the top of the domain, this domain was rotated approx-
imately 10° clockwise from the position of that in the super-
imposed porcine enzyme around the loop connecting two
domains as a rotation axis.

Active site of Stenotrophomonas DPIV. The active-site struc-
ture of DPIV is shown in Fig. 4. The position of the catalytic
triad, Ser610, Asp685, and His717, was found to be conserved
in enzymes belonging to the POP family (14, 18, 21, 35, 47),
and the active-site serine was also found to have the disallowed
conformation in the Ramachandran plot. The Tyr524 residue
corresponds to Tyr547 in porcine and human DPIVs, and this
residue functions as an oxyanion hole (6). The catalytic domain
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of DPIV possesses a hydrophobic pocket to accommodate the
proline residue at the second position from the N terminus in
the substrates. In Stenotrophomonas DPIV, the hydrophobic
pocket is composed of the Asn611, Val636, Trp639, Tyr642,
Tyr646, and Val688 residues. The corresponding residues of
porcine DPIV are Tyr631*, Val656*, Trp659*, Tyr662*,
Tyr666*, and Val711*, respectively (residues marked with as-
terisks indicate residues from porcine DPIV). These residues
are well conserved between the two DPIVs, except for Asn611.
Two glutamate residues, Glu206 and Glu207, are located on
the short �2 helix protruding from the inner surface of the
�-propeller domain. Due to the displacement of the �-propel-
ler domain, the distance from Glu206 or Glu207 to the cata-
lytic serine residue, Ser610, was 1.9 or 1.3 Å longer than that
between the corresponding residues, Glu205* or Glu206* and
Ser630*, in the porcine enzyme. The side chain of Glu207
interacted with the Asp643 residue, with a distance of 2.9 Å.
This is in good agreement with previously reported DPIV
structures (14, 21, 34, 46).

From the superposition of the structures of Stenotrophomo-
nas and porcine DPIVs, the positions of the catalytic triad and
of Asn611, Tyr614, Val636, and Val688 of the hydrophobic

pocket virtually overlapped with the corresponding residues
from the porcine enzyme. A significant difference was ob-
served, however, for the C-� atoms of Glu206 and Glu207,
which were located 3.0 and 2.5 Å away, respectively, from the
locations of the Glu205* and Glu206* residues. Additionally,
Trp639, Tyr642, Asp643, and Tyr644, belonging to the �8 helix
in the catalytic domain, were found to be 1.1, 1.4, 1.7, and 1.3
Å away, respectively, from the corresponding residues in su-
perimposed porcine DPIV. In the catalytic domain, the struc-
ture of Thr637 to Arg674, including the �8, �9, and �10 helices,
particularly exhibited a large difference from the correspond-
ing region in porcine DPIV. Although the position of Trp639
was close to the expected position from the substrate for
Trp659*, other residues were shifted far from the positions for
the corresponding residues. Consequently, the conformational
change of this region led to size expansion of the hydrophobic
pocket compared to that of porcine DPIV.

DISCUSSION

Stenotrophomonas DPIV shows relatively high amino acid
sequence identity with human and porcine DPIVs. In particu-

FIG. 1. Crystal structure of Stenotrophomonas DPIV. (a) The dimer structure of Stenotrophomonas DPIV is shown by a stereo diagram. One
of the two subunits is shown as a ribbon model, and the other is shown as a surface diagram. The diagram was drawn with the programs
MOLSCRIPT (31) and Raster3D (40) and rendered with the program PYMOL (http://www.pymol.org/). (b) The subunit structure is shown as a
ribbon model. The subunit was composed of two domains, the N-terminal �-propeller domain (top) and the C-terminal catalytic domain (bottom).
The catalytic triad and two glutamate residues at the active site are shown as ball-and-stick models. (c) Ribbon model of the �-propeller domain,
looking down upon the model as shown in diagram b, with assigned blade numbers. The last two diagrams were drawn with the program
POVSCRIPT� (15) and rendered with the program POVRAY (http://www.povray.org/).
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lar, the primary structures of the catalytic domain among the
three DPIVs are well conserved. On the other hand, sequence
identity among �-propeller domains is low: the �-propeller and
catalytic domains of Stenotrophomonas DPIV show identities
of 12.0 and 29.0% with human DPIV and 10.7 and 30.1% with
porcine DPIV, respectively. The folding pattern of Stenotroph-
omonas DPIV corresponds with that of human and porcine
DPIVs, as shown in Fig. 3. Structure comparison using the
DaLiLite program (22) exhibited Z scores of 38.4 and 38.5 with
human and porcine DPIVs, respectively. However, a superim-
position of the structures of Stenotrophomonas and porcine
DPIVs revealed a significant difference between them, espe-
cially in the �-propeller domain. RMS deviations of C-� atoms
of the corresponding residues belonging to the �-propeller and
catalytic domains were 2.25 and 0.83 Å, respectively. Although
the structures of both catalytic domains were nearly identical
to each other except for the �8 and �9 helices, it was evident

that the structure of the �-propeller domain in Stenotrophomo-
nas DPIV largely differed from that in porcine DPIV.

Stenotrophomonas DPIV exhibited activity toward Gly-Hyp-
�NA, with a kcat/Km value of 29.4. Porcine DPIV also exhibited
faint activity toward this substrate. However, we could not
estimate its kinetic parameters from the measurement, even
for a twofold higher enzyme concentration than that of
Stenotrophomonas DPIV.

DPIV releases the dipeptide Xaa-Pro from a substrate. Dur-
ing Michaelis complex formation, the Pro at the penultimate
position of the substrate is recognized by the hydrophobic
pocket on the catalytic domain, and the N-terminal amino
group is recognized by two glutamate residues from the �-pro-
peller domain. The superposition of the active site between
Stenotrophomonas and porcine DPIVs is shown in Fig. 4c. The
catalytic triad includes the Ser610, Asp685, and His717 resi-
dues, and the corresponding residues are Ser630*, Asp708*,

FIG. 2. Structure-based sequence alignment and associated secondary structures of human, porcine, and Stenotrophomonas DPIVs. The
primary structures are aligned on the basis of a three-dimensional structure, using DaLiLite (44). hDPIV, pDPIV, and sDPIV indicate human,
porcine, and Stenotrophomonas DPIVs, respectively. Capital and lowercase letters show the parts where the structure is known and unknown,
respectively. The secondary structural elements are indicated by boxes labeled � for �-helices and by bold lines labeled � for �-strands. The
catalytic triad and residues comprising the hydrophobic pocket are indicated by daggers and double daggers, respectively. Asterisks indicate two
glutamate residues recognizing the substrate N-terminal amino group.
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and His740* in the porcine enzyme. These residues are located
at almost the same positions. Residues comprising the hydro-
phobic pocket in Stenotrophomonas DPIV are well conserved
in porcine DPIV, expect for Ans611. In porcine DPIV,
Tyr631* is found at the same position as Asn611 in Stenotro-
phomonas DPIV. Both Tyr631* and Asn611 face the fourth
position of the pyrrolidine ring when the Pro of a substrate is
bound to the hydrophobic pocket. Protein surface diagrams for
the active sites of Stenotrophomonas and porcine DPIVs are
shown in Fig. 5. In porcine DPIV, the size of the hydrophobic
pocket is suitable to accommodate the Pro residue of a sub-
strate. There is, however, no space to accommodate the 4-hy-
droxy group of the Hyp residue of a substrate, indicating that
it is unlikely that a substrate containing a Hyp residue can bind
to the active site due to the steric hindrance between the
hydrophilic 4-hydroxy group of the Hyp residue and the hy-
drophobic side chain of the Tyr631* residue in porcine DPIV.
In Stenotrophomonas DPIV, a small cavity was found at the
same position. Since the Trp639 residue located adjacent to
Asn611 and the C-� atom of Asn611 cause some steric hin-
drance for a 4-hydroxy group to bind to the enzyme, the cavity
size may not be sufficient to accommodate the entire 4-hy-
droxyl group of the Hyp residue. This is likely to be the major
reason for the relatively poor activity toward the Gly-Hyp
substrate. It is expected that the Hyp residue could be bound

to the active site through a hydrogen bond between the 4-hy-
droxyl group of the Hyp residue and the carbonyl oxygen of the
Asn611. This Asn611 is conserved in DPIVs from Xanthomo-
nas campestris (NCBI GenInfo identifier gi:21233383), Xan-
thomonas axonopodis (gi:21244763), Xanthomonas oryzae (gi:
58580021), and Myxococcus xanthus (gi:108759702); their
sequence identities with Stenotrophomonas DPIV are 78.7,
76.6, 76.6, and 23.9%, respectively. In most of the DPIV se-
quences deposited in databases, however, a tyrosine or phe-
nylalanine residue is conserved as the corresponding residue,
and its importance for DPIV activity has been reported (44).
With a substitution of Tyr for the Asn611, the activity of the
N611Y mutant toward Gly-Hyp-�NA decreased to 30.6% of
that of the wild-type enzyme with regard to the kcat/Km value.
Prolyl aminopeptidase (PAP) from Serratia marcescens is a
proline-specific serine peptidase that possesses a hydrophobic
pocket to accommodate the N-terminal Pro of a substrate at
the active site. Furthermore, it has been reported that PAP
exhibits activity toward substrates containing Hyp or 4-acetoxy-
Pro as the N-terminal residue, and this activity comes from the
extra space on the segment of the hydrophobic pocket that can
accommodate a functional group at the fourth position of the
pyrrolidine ring of a substrate (36). In a similar manner to the
extra space in PAP, the difference in residue composition in
the hydrophobic pocket seems to be one of the major factors in
activity toward the Hyp-containing substrate.

It is well known that many peptidases are not capable of
efficiently hydrolyzing peptide bonds around a proline residue.
There are, however, some enzymes that can hydrolyze proline-
containing peptides, although their activities are low. For ex-
ample, the widely distributed aminopeptidase N shows a very
broad specificity, with high activities toward arginine and ala-
nine. We have determined the crystal structure of E. coli ami-
nopeptidase N (24). The activity toward N-terminal proline
was very low, as the kcat/Km value for Pro-�NA was only 0.4%
of that for Ala-�NA, but it was present. The enzyme that
releases N-terminal proline residues from peptides is PAP.
This enzyme was first reported by Sarid et al. for Escherichia
coli (48), and the activity was thereafter detected in other
microorganisms. Two kinds of genes have been cloned from
several bacteria, including Bacillus coagulans and Serratia
marcescens (26, 30). However, no homologous sequences were
found in the E. coli genome. We tried to clone the gene
encoding PAP, and the clone that expressed a protein having
PAP activity turned out to be a gene for aminopeptidase N
(unpublished result). Aminopeptidase N is considered to be a
major aminopeptidase in E. coli (9). Even a faint activity could
be a significant factor in the degradation of particular peptides,
such as collagen-derived peptides, if no other specific enzymes
are available in given cells. At present, no data are available on
whether a reduced growth phenotype is observed for DPIV-
deficient bacteria in the presence of collagen as a major nutri-
ent source. Nevertheless, the low but significant activity on
Hyp-containing peptides should produce more amino acids as
a nutrient and may help in the breakdown of collagen for
bacterial infection.

DPIV belongs to the POP family. The structures of POPs
from the pig, Novosphingobium capsulatum, and Myxococcus
xanthus have been reported (18, 49) (PDB codes 1QFM,
1YR2, and 2BKL, respectively). Among POP sequences from

FIG. 3. Stereo diagram of the superimposed structure of porcine
DPIV on that of Stenotrophomonas DPIV. The red and orange lines
represent the �-propeller and catalytic domains of Stenotrophomonas
DPIV, respectively, and the cyan line represents porcine DPIV (PDB
code 1orw). C-� trace diagrams of the subunits (a) and the �-propeller
domains (b) are shown. Diagram b is a view from the zenith direction
of diagram a. The arrow indicates the rotational direction of the
�-propeller domain around the loops between two domains as the
hinge. The diagrams were drawn using the programs MOLSCRIPT
(31) and Raster3D (40).
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vertebrates, insects, plants, fungi, bacteria, and archaea avail-
able in the sequence database, an asparagine corresponding to
Asn611 in S. maltophilia DPIV is well conserved as the subse-
quent residue of the catalytic Ser610 residue. This suggests that
POP might have some activity toward substrates containing a
Hyp residue. In the structure of POP, however, no apparent
cavity that could accommodate a 4-hydroxyl group of proline
was found (18, 19, 20, 49, 51), and activity toward Hyp-con-
taining peptides has not been reported. In porcine POP, the
amide group of Asn555 is buried in the protein because
Phe476, which is a component of the hydrophobic pocket, is
located on the upper space of Asn555 and covers it. In
Stenotrophomonas DPIV, the Tyr646 is located in place of
Phe476 at a similar position on the hydrophobic pocket, but
with a different conformation. The arrangement of residues

constituting the hydrophobic pocket in DPIV differs from that
in POP, since the different conformation of Tyr646 occurring
in the upper side of Trp639 does not interfere with the Asn611
to be exposed to the solvent. The particular arrangement of the
hydrophobic pocket in Stenotrophomonas DPIV seems impor-
tant for reactivity toward Hyp-containing substrates.

Two glutamates in the �2 helix from the �-propeller domain
are important residues that define the aminopeptidase activity
of DPIV. These residues are essential for the enzyme activity,
as they recognize the N-terminal amino groups of the sub-
strates (1). In Stenotrophomonas DPIV, Glu206 and Glu207
correspond to Glu205* and Glu206*, respectively, in porcine
DPIV. The distances of Glu206 and Glu207 from Ser610 are
15.8 and 15.9 Å, respectively. In contrast, the distances be-
tween the corresponding residues in porcine DPIV are 13.9

FIG. 4. Comparison of the active site of Stenotrophomonas DPIV with that of porcine DPIV. The active sites of Stenotrophomonas DPIV (a)
and porcine DPIV complexed with an inhibitor (PDB code 1orw) (b) are shown by ribbon-and-stick models. (c) Stereo view of the ribbon-and-stick
models, superimposing the active site of Stenotrophomonas DPIV onto that of porcine DPIV. The diagrams were drawn using the programs
POVSCRIPT� (15) and POVRAY (http://www.povray.org/).
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and 14.6 Å, respectively. The positions of Glu206 and Glu207
are too far away to interact with the N-terminal amino group of
the substrate because the distances between the side chains of
Glu206 and Glu207 and the expected N-terminal position of a
substrate are estimated to be 5.40 and 3.87 Å, respectively. It
was considered that this conformation in Stenotrophomonas
DPIV is generated by a change in the relative position of the
�-propeller domain, by a rotation of approximately 10° from
the position in porcine DPIV. Glu206 and Glu207 would need
to approach the N terminus of a substrate when the substrate
is bound to the active site. Therefore, it is considered that a
conformational change of the subunit is essential to produce
the peptidase activity of Stenotrophomonas DPIV through dis-
placement of the �-propeller domain to the same position as
that in porcine DPIV.

If the �-propeller domain in porcine DPIV was rotated to
the position in Stenotrophomonas DPIV, the �4C and �4D

strands would move away from the catalytic domain and the
�-propeller blades 4 and 5 would conflict with helices �8 and
�5, respectively. On the other hand, in the model, where the
�-propeller domain of Stenotrophomonas DPIV was rotated as
a rigid body, a portion of the �4C and �4D strands conflicted

with the Gly682 to Ala684 and Pro713-Gly714 residues belong-
ing to the catalytic domain. If the �-propeller domain was
rotated on loops connecting two domains, with the �4C and
�4D strands migrating along the surface of the catalytic domain
to the positions in porcine DPIV, two glutamates would be
located in suitable positions for recognizing an N-terminal
amino group of the substrate. In Stenotrophomonas DPIV,
residues Thr637 to Arg674, comprising helices �8, �9, and �10,
differ from the structure of the corresponding region in porcine
DPIV and are located on the domain interface (Fig. 3A). In
the rotated model, the �8 helix conflicted with �-propeller
blades 4 and 5. With the conformational change caused by the
displacement of the �-propeller domain, it was considered that
this region, especially the �8 helix, would move to a similar
position to that in porcine DPIV. Consequently, it was ex-
pected that Tyr642 and Tyr646, which constitute the hydro-
phobic pocket, would change their positions to the correspond-
ing residue positions in porcine DPIV from the original
positions in Stenotrophomonas DPIV, closing in the pyrrolidine
ring of a substrate. In conclusion, it is considered that displace-
ment of the �-propeller domain affects the size of the hydro-
phobic pocket on the catalytic domain and that a conforma-

FIG. 5. Surface diagrams of the active site. (a) The protein surface of the active site of Stenotrophomonas DPIV is represented with ribbon and
ball-and-stick models. The position of an inhibitor, shown as a stick model, was simulated on the basis of the fitted model of porcine DPIV, using
the least-squares method. (b) The protein surface of porcine DPIV (PDB code 1orw) is represented with ribbon and ball-and-stick models.
Numbers on the pyrrolidine ring of the inhibitor are location numbers.
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tional change of the hydrophobic pocket is an important factor
in the activity of Stenotrophomonas DPIV toward substrates
containing a Hyp residue.
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