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The biofilm-related and carnosine-hydrolyzing aminoacylhistidine dipepti-
dase (pepD) gene from Vibrio alginolyticus was cloned and sequenced. The
recombinant PepD protein was produced and biochemically characterized
and the putative active-site residues responsible for metal binding and
catalysis were identified. The recombinant enzyme, which was identified as
a homodimeric dipeptidase in solution, exhibited broad substrate specificity
for Xaa-His and His-Xaa dipeptides, with the highest activity for the His-
His dipeptide. Sequence and structural homologies suggest that the enzyme
is a member of the metal-dependent metallopeptidase family. Indeed, the
purified enzyme contains two zinc ions per monomer. Reconstitution of
His'Tag-cleaved native apo-PepD with various metal ions indicated that
enzymatic activity could be optimally restored when Zn>" was replaced
with other divalent metal ions, including Mn®>", Co®>*, Ni**, Cu®>" and
Cd>", and partially restored when Zn>* was replaced with Mg®*. Struc-
tural homology modeling of PepD also revealed a ‘catalytic domain’ and a
‘lid domain’ similar to those of the Lactobacillus delbrueckii PepV protein.
Mutational analysis of the putative active-site residues supported the
involvement of His80, Asp119, Glul50, Aspl73 and His461 in metal bind-
ing and Asp82 and Glul49 in catalysis. In addition, individual substitution
of Glul49 and Glul50 with aspartic acid resulted in the partial retention of
enzymatic activity, indicating a functional role for these residues on the
catalysis and zinc ions, respectively. These effects may be necessary either
for the activation of the catalytic water molecule or for the stabilization of
the substrate—enzyme tetrahedral intermediate. Taken together, these results
may facilitate the design of PepD inhibitors for application in antimicrobial
treatment and antibody-directed enzyme prodrug therapy.

Vibrio alginolyticus is one of twelve recognized marine
Vibrio species that have been identified as pathogenic
for humans and marine animals. This species causes
infection in shrimps, fish, shellfish and squids, as well
as in humans who are infected via consumption of
undercooked seafood or exposure of wounds to warm
seawater in coastal areas [1-3]. V. alginolyticus infects
grouper culture by forming a biofilm in the intestine

Abbreviations

and causes fish mortality due to gastroenteritis syn-
drome [4]. A disease outbreak of shrimp farming in
1996 was also attributed to V. alginolyticus virulence
[5]: In infected humans, clinical symptoms include gas-
troenteritis, wound infections and septicemia [6-8] and,
more rarely, ear infections, chronic diarrhea exclusively
in AIDS patients, conjunctivitis and post-traumatic
intracranial infection [9-11]. Thus, prevention, early

CPG2, Pseudomonas sp. carboxypeptidase G2; hAcy1, human aminoacylase-1; MH, metallopeptidase H clan; OPA, O-phthaldialdehyde;

PepD, aminoacylhistidine dipeptidase.
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detection and treatment of V. alginolyticus infections
are important to maintain human and marine animal
safety.

Dipeptidases play a general role in the final break-
down of peptide fragments produced by other peptid-
ases during the protein degradation process [12].
Aminoacylhistidine dipeptidase (EC 3.4.13.3; also Xaa-
His dipeptidase, carnosinase and PepD) catalyzes the
cleavage and release of an N-terminal amino acid,
which is usually a neutral or hydrophobic residue,
from a Xaa-His dipeptide or degraded peptide frag-
ment [13]. The PepD enzyme occurs extensively among
prokaryotes and eukaryotes and belongs to the metal-
lopeptidase family M20 from the metallopeptidase H
(MH) clan (MEROPS: the Peptidase Database; http://
merops.sanger.ac.uk/) [14,15]. This enzyme was gener-
ally identified as a dipeptidase with broad substrate
specificity. Other proteins have been reported to have
dipeptidase activity on unusual dipeptide carnosine
(B-Ala-L-His) and homocarnosine (y-amino-butyl-His)
as well as on a few distinct tripeptides [13,16,17]. Other
functional enzymes from the M20 family include ami-
noacylase-1 [18], Pseudomonas sp. carboxypeptidase
G2 (CPQG2) [19-21], Saccharomyces cerevisiae carboxy-
peptidase Y [19], bacterial PepT and PepV [15,20,21],
Escherichia coli PepD [22], human nonspecific dipepti-
dase and human brain-specific carnosinase [16]. These
enzymes have been implicated in cleavage of the final
peptide fragments for amino acid utilization [13].
These enzymes have shown potential for application as
an anti-bacterial target or a therapeutic agent for can-
cer treatment [21] and may possibly play roles in aging
as well as neurodegenerative or psychiatric diseases
[16].

Biofilm formation has been found in a wide variety
of microbial infections within the body or on the sur-
face of the host. Bacterial adhesion and subsequent
biofilm formation stimulate the expression of biofilm-
specific genes [23,24]. Alternatively, expression of pepD
may negatively affect biofilm formation in E. coli [25].
V. alginolyticus may form a biofilm in the intestines of
infected fish [4]. Although several members of M20
family enzymes have been studied extensively, the
functional residues of PepD-related enzymes are poorly
understood. To determine the importance of PepD in
affecting biofilm formation and serving as a potential
target for antimicrobial agents, we examined the
V. alginolyticus PepD protein. In the present study, we
present the cloning and expression of the V. alginolyti-
cus pepD gene, the purification and biochemical char-
acterization of the produced PepD recombinant
protein, as well as a detailed analysis of its substrate
specificity and the effects of metals on enzymatic activ-
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ity and kinetic parameters. We also identified the puta-
tive amino acid residues responsible for catalysis and
metal binding based on multiple sequence alignment
and homology modeling from the related M20 family
enzymes.

Results and Discussion

Cloning, sequence analysis and identification of
the V. alginolyticus pepD gene

To clone the pepD gene from V. alginolyticus, we first
aligned and analyzed multiple nucleic acid sequences
of putative pepD genes from various Vibrio species to
find highly conserved sequences. A DNA fragment of
approximately 1.5 kb was amplified by PCR using
V. alginolyticus ATCC 17749 genomic DNA as a
template. Following confirmation of both the N- and
C-terminus sequence of the pepD gene, an ORF that
contained 1473 nucleotides and coded for a polypep-
tide of 490 amino acids was identified (Fig. 1).
Sequence analysis predicted a protein with a molecular
mass of 53.6 kDa and an isoelectric point of pH 4.7.

Production of the V. alginolyticus PepD protein

The V. alginolyticus pepD gene was then subcloned
into the expression plasmid pET28a(+) and subse-
quently transformed into E. coli BL21(DE3)(pLysS)
cells to generate the pET28a(+)-pepD recombinant
plasmid for protein over-expression. Following isopro-
pyl thio-B-D-galactoside induction for 6 h at 37 °C, the
produced protein was harvested for protein purifica-
tion using a Ni Sepharose™ 6 Fast Flow column and
eluted with imidazole. SDS/PAGE of the homoge-
neous protein revealed a molecular mass of approxi-
mately 54 kDa (Fig. 2, lane 3) in agreement with the
predicted molecular mass of 53.6 kDa. Immunoblot
analysis with PepD monoclonal antibody also
produced a single band (Fig. 2, lane 4). By contrast,
the molecular mass of native PepD was 100.7 =
6.0 kDa as determined by analytical sedimentation
velocity ultracentrifugation (Fig. 3A), whereas this
technique revealed a molecular mass of 51 kDa for
the denatured PepD (Fig. 3B). These results indicate
that the PepD protein associates as a homodimer in
solution.

Biochemical characterization of V. alginolyticus
PepD

The pH and temperature optima for purified recom-
binant PepD carnosine hydrolysis, substrate specific-
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Fig. 1. Nucleotide and predicted amino acid sequences of the V. alginolyticus pepD gene. His80, Asp119, Glu150, Asp173 and His461 (yel-
low) are putative metal ion-binding residues. Asp82, Glu149 and His219 (aquamarine) are putative catalytic residues. The 11e318-Ser397 resi-
dues (brown) encompass the expected dimerization domain.
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Fig. 2. SDS/PAGE and western blot analysis of purified V. algino-
lyticus PepD protein. Lane M, marker proteins: phosphorylase b
(97 kDa), bovine serum albumin (67 kDa), ovalbumin (45 kDa) and
carbonic anhydrase (30 kDa); lane 1, crude cell extracts of E. coli
BL21(DE3)pLysS carrying pET-28a(+) plasmid; lane 2, crude cell
extracts of E. coli BL21(DE3)pLysS carrying pET-28a(+)-pepD plas-
mid; lane 3, purified PepD from Ni-nitrilotriacetic acid column;
lane 4, western blot analysis of purified PepD with monoclonal anti-
PepD serum.

ity, kinetic parameters, inhibition by a selection of
protease inhibitors and the effects of metal ions were
determined. The PepD activity was tested at various
pH values using citric acid (pH 4, 5 and 6) and
Tris-HCI (pH 6, 7, 7.4, 8.5, 9 and 9.5) (Fig. 4A).
The pH activity of PepD showed an optimal activity
in the range pH 7-7.4 and declined at more acidic
and alkaline pH values. PepD retained only 80%
and 86% of its maximal activity at pH 6 and 8.5,
respectively. The PepD activity temperature curve
was rather broad, with a range between 25-50 °C
and maximum activity at 37 °C (Fig. 4B). Thus,
PepD activity assays were performed at pH 7.4 and
37 °C.

The PepD from E. coli has been identified as a
dipeptidase with broad substrate specificity [22]. The
substrate specificity of V. alginolyticus PepD was
determined with seventeen peptides, including eleven
Xaa-His dipeptides, four His-Xaa dipeptides and two
His-containing tripeptides at pH 7.4 and 37 °C
(Fig. 5). The enzymatic activity on L-carnosine (B-Ala-
L-His) was defined as 100%. The enzymatic activity
was superior to that on L-carnosine for several Xaa-
His dipeptides, including o-Ala-His, Val-His, Leu-His,
Ile-His, Tyr-His, Ser-His and His-His, and two His-
Xaa dipeptides, namely His-Asp and His-Arg. Interest-
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Fig. 3. Analytical ultracentrifugation of PepD protein. (A) The
calculated molecular mass of native PepD from sedimentation
coefficient (s) is approximately 100 664.94 + 295 g-mol™'. (B) The
calculated molecular mass of urea denatured PepD protein from
sedimentation coefficient (s) is approximately 51 091.49 =
113 gmol™.

ingly, PepD exhibited its highest activity with the
His-His dipeptide, and this activity was approximately
two-fold higher than that with L-carnosine. Similarly,
a preference for ao-Ala-His compared to L-carnosine
was first identified for bacterial PepD, although the
same result has been observed in human cytosolic non-
specific dipeptidase CN2 [16]. The enzyme exhibited
decreased activity toward Gly-His (70%). PepD did
not degrade B-Asp-L-His dipeptide, His-Ile dipeptide,
His-Val dipeptide or the Gly-His-Gly and Gly-Gly-His
tripeptides. These results indicate that the V. alginolyti-
cus PepD is a Xaa-His dipeptidase with broad sub-
strate specificities and that the enzymatic activity of
PepD on Xaa-His dipeptide is dependent on the charge
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Fig. 4. (A) pH dependence of V. alginolyticus PepD activity. Citrate
(pH 4.0, 5.0 and 6.0) and Tris—HCI (pH 6.0, 7.0, 7.4, 8.5, 9 and
9.5) buffer systems were used. (B) Temperature optimum of
V. alginolyticus PepD. The enzyme was pre-incubated at 4, 10, 25,
37, 50, 60 and 70 °C for 30 min followed by analysis of the resid-
ual activity. The activity was expressed as a percentage of control
activity determined under standard assay conditions. All reactions
were carried out in triplicate and standard errors are shown. The
activity at pH 7.4 and 37 °C was defined as 100%. *Statistical
significance was determined by calculating the overall effect
(P < 0.05).

of the N-terminus amino acid side chain because an
amino group in the o or B position of the N-terminus
residue did not affect the recognition and hydrolysis of
the dipeptide. In addition, PepD is similar to the
human nonspecific carnosinase CN2, which cannot
hydrolyze the brain-specific dipeptide GABA-His
(homocarnosine), and is different from PepV due to
its inability to degrade unusual tripeptides.

PepD was capable of hydrolyzing the unusual dipep-
tide L-carnosine to B-alanine and L-histidine. Carnosine
is assumed to act as a physiologically important buffer
of zinc ions and prevent zinc-mediated injury. Addi-
tionally, L-carnosine exhibits antioxidant or cytopro-
tective properties [26]; acts as a cytosolic buffer [25],
an antioxidant [27] and an antiglycation agent [28];
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Fig. 5. Substrate specificity of PepD for Xaa-His, His-Xaa and His-
containing tripeptides. Purified recombinant PepD proteins were
incubated for 20 min at 37 °C with one of 11 Xaa-His dipeptides,
four His-Xaa dipeptides and two His-containing tripeptides. The
enzymatic activity was then measured using the standard activity
assay. Values are expressed as relative activity compared to the
hydrolysis of L-carnosine, which was set to 100%. *Statistical
significance compared to the corresponding group (P < 0.05).

and inhibits DNA-protein cross-linking in neurodegen-
erative disorders such as Alzheimer’s disease, in cardio-
vascular ischemic damage, and in inflammatory
diseases [29]. Moreover, during bacterial infections, the
degradation of L-carnosine via carnosinase or PepD-
like enzymes may even enhance the destructive poten-
tial of bacteria, resulting in a pathological impact [12].

Kinetics and inhibition studies of V. alginolyticus
PepD

For kinetic determinations, the apparent V.., and
K., values of V. alginolyticus PepD activity on L-car-
nosine were determined to be 1.6 pMmin~' and
0.36 = 0.07 mM, respectively. The turnover number
(kear) and catalytic efficiency (kea/Knm) of V. algino-
Iyticus PepD were 0.143 + 0.02s™' and 0.398 +
0.04 mm™'s™!, respectively. Compared to human
carnosinase (CN1) (K, = 1.2mM and ke
Ky = 8.6 mM 's™!), PepD catalysis occurs with a
relatively low efficiency [16]. By contrast, the K,
value of V. alginolyticus PepD was lower than that
of E.coli K-12 PepD (2-5 mM), and this finding
indicates a relatively greater interaction of V. algino-
Iyticus PepD with its substrates [22].

To classify the catalytic function of V. alginolyticus
PepD, four common peptidase inhibitors were
examined: benzamidine for serine endopeptidase,
N-ethylmaleimide for cysteine endopeptidase, the
metal-chelating agent EDTA, and bestatin for metallo-
enzymes. As expected, V. alginolyticus PepD activity
was strongly inhibited by both EDTA and bestatin.
Conversely, both benzamidine and N-ethylmaleimide

FEBS Journal 275 (2008) 5007-5020 © 2008 The Authors Journal compilation © 2008 FEBS 5011



Characterization of V. alginolyticus PepD

exhibited no apparent inhibitory effect on PepD activ-
ity at low concentrations. Bestatin has been reported
to inhibit aminopeptidase B (K; = 60 nM), leucine
aminopeptidase (K7 = 20 nM) and aminopeptidase M
(K1 = 410 nM, slow binding) but not aminopepti-
dase A, carboxypeptidase or endopeptidases. In the
present study, bestatin inhibited PepD with a K of
37 nM. Therefore, V. alginolyticus PepD was identified
as a metallopeptidase.

Effects of metal ions on V. alginolyticus PepD
activity

The recombinant PepD fusion protein carried a
HisTag and a thrombin cleavage site in tandem as
S’-fusion partners. The 5-fusion was removed by
thrombin incubation and the native PepD protein was
used for metal ion determination. The benzamidine-
Sepharose column purified native PepD protein was
subjected to inductively coupled plasma-MS and X-ray
atomic absorption spectrum determination. These anal-
yses demonstrated that PepD contains zinc as the diva-
lent metal ion. We then investigated the effect of metal
ion substitutions on the enzymatic activity of the
native PepD protein. The native apo-PepD was dia-
lyzed against a buffer containing EDTA to remove
divalent metal ions and yield the inactive protein. Acti-
vation of native apo-PepD was then measured by incu-
bating the protein with 2.5 equivalents or various
concentrations of Mg>", Mn>", Co**, Ni**, Cu*"
and Cd*" (Fig. 6). Optimal activation of apo-PepD
was observed with various divalent metal ions, includ-

150 - * (P<0.05)
L —

g ul B
2 100}
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2
ks)
S s0f
>
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<, .

Mg Mn Co Ni Cu Cd

Divalent metal

Fig. 6. Metal effects on the enzymatic activity of V. alginolyticus
native PepD protein. The activity assays were performed at 37 °C
for 30 min in the presence of 50 mm Tris—=HCI buffer (pH 7.4),
2 mMm L-carnosine, 10 um of purified enzyme and 25 pum of the dif-
ferent metal salts. The activity was measured according to the
standard activity assay protocol. Values are expressed as relative
activity based on setting the hydrolysis of L-carnosine to 100%.
Standard errors are shown (n = 3). *Statistical significance com-
pared to the corresponding group (P < 0.05).
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ing Mn>", Co®", Ni**, Cu®"and Cd*". Addition of
Co>" ions to native apo-PepD increased the enzyme
activity by a factor of approximately 1.4 compared to
the wild-type native PepD containing zinc. Moreover,
Zn>* did not inhibit Co " *-loaded PepD activity. Sub-
stitution of Zn>" with Mg>" resulted in an approxi-
mate 80% restoration of the optimal enzymatic
activity.

Bioinformatic analysis and homology modeling
of V. alginolyticus PepD

Bioinformatics analysis of the V. alginolyticus PepD
protein revealed high sequence homology to that of
other Vibrio spp. (94-76% identity) and other
bacteria (75-63%). Further analysis of PepD
revealed a consensus sequence of nine amino acid resi-
dues, "°"(NTDAEGRL)-N(T/V)D(S/T/G)E(E/Q/D)
(I/N/E)G'78- similar to that found in PepA and mem-
bers of this family [17]. In addition, sequence analysis
revealed no putative signal peptide sequence, consistent
with the observation that the PepD decoded from
V. alginolyticus 12G01 may be an intracellular enzyme.
On the other hand, sequence-based alignments of
PepD with proteins of known peptidase clan MH
structures, such as Aderomonas (Vibrio) proteolyticus
aminopeptidase [14], Streptomyces griseus aminopepti-
dase S [30], CPG2 [31], Salmonella typhimurium PepT
[32], human aminoacylase-1 (hAcyl) [33] and Lactoba-
cillus delbrueckii PepV [12], showed low sequence iden-
tities in the range 7-20% and low sequence similarities
in the range 13-34%.

Despite the lack of detectable sequence homology,
putative active-site residues for catalysis were relatively
conserved in PepD and related di-zinc enzymes in the
M20 family [12,31]. His80, Aspl19, Glul50, Aspl73
and His461 were predicted to be involved in metal
binding, whereas Asp82 and Glul49 were predicted to
be necessary for catalysis. These residues were com-
pletely conserved, except for Aspl173. Aspl73 was pres-
ent in homologs with aminopeptidase/dipeptidase
specificity, whereas members of aminoacylase/carboxy-
peptidase contained a glutamic acid in the same posi-
tion. To examine the overall structural features and
the spatial locations of the putative active-site residues
of the V. alginolyticus PepD, a homology model of
PepD was obtained using L. delbrueckii PepV as the
template despite poor amino acid sequence identity
(20% identity) between the two sequences. PepV
belongs to the MEROPS M20 metalloprotease family
and contains a di-zinc binding domain and a small
domain that is inserted in the middle of the metal-
binding domain and mediates catalysis. The di-zinc
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binding domain is a characteristic feature of the MH
clan of co-catalytic zinc peptidases [12,31]. Structural
homology modeling revealed that both proteins are
highly homologous in 3D structures, which are puta-
tively composed of a catalytic domain and a lid
domain that interact with each other (Fig. 7A). This
structural homology revealed that the putative metal-
binding residues are almost superimposed on each

PepD homology model

PepV X-ray structure

A118(PepD)
D120(PepV)

K D119(PepV)
D141(CPG,) D115(PepD)

-t =
€ f =03

Fig. 7. Structural homology modeling of V. alginolyticus PepD. (A)
3D crystal structure of PepV (left) and the generated PepD model
(right) based on the PepV monomer structure. The structure pre-
dicts two zinc ions in the catalytic pocket, and these ions are held
by five metal-binding residues (yellow), including the adjacent resi-
due Asp119 (light green). The residues for catalysis (blue) were
quite similar between the two enzymes. (B) Local view of PepD
superimposed with the active-site residues of PepV and CPG2. The
active-site residues are indicated by gray, yellow and cyan for
PepD, PepV and CPG2, respectively. The active-site residues are
almost equivalent. The zinc-binding residue Asp173 in PepD and
the equivalent aspartic acid in PepV were substituted by glutamic
acid in CPG2.
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other, except for the Aspl19 residue, which is likely to
be the residue that holds both zinc ions in PepV
(Fig. 7B). The conserved Aspl119 of PepD aligned with
Aspl120 in PepV. This residue is adjacent to its metal
binding residue Aspl19, whereas an Alall8 residue
within PepD is located at the corresponding position
to PepV Aspl19. The lid domain also contains a fold
similar to that of PepV. The C-terminal region was
predicted to fold back into the catalytic domain to
form a cavity and is probably involved in substrate
specificity. Furthermore, the section of the PepD lid
domain located between residues 318 and 397 exhibited
sequence and structural homology to the dimerization
domain of CPG2. PepV, an enzyme in the M20 family
with a known structure, was identified as a monomer,
whereas CPG2 exists as a homodimer in the native
state [12,31]. Whether the dimerization domain in
PepD is involved in catalysis is unclear, although the
dimerization domain of CPG2 was reportedly similar
to the lid domain of PepV according to a database
search [12].

Site-directed mutagenesis of V. alginolyticus
PepD

To assess the importance of both putative metal-bind-
ing sites in the dinuclear zinc center of PepD, each of
these residues (His80, Aspl119, Glul50, Aspl173 and
His461) was mutated individually using alanine-scan-
ning mutagenesis. The mutated PepD proteins were
produced similarly to the wild-type PepD. All mutants
exhibited similar purification characteristics and the
same electrophoretic mobility as the wild-type enzyme
in SDS/PAGE. Although each of the mutations pro-
duced similar quantities of the protein, no activity was
detected. Similar mutagenesis studies of hAcyl, which
is classified in the same family as PepD, also led to a
10° to 10°-fold decrease in enzymatic activity [33].
These results indicate the importance of these residues
in the stability of di-zinc binding and suggest that
these residues are essential for the enzymatic activity
of the PepD.

To investigate whether site-directed mutagenesis of
the amino acid residues provokes conformational
changes that inactivate the enzymatic activity, CD
spectrum analysis was performed to determine the sec-
ondary structure content of the purified PepD wild-
type and mutant proteins. Loss of enzymatic activity
in the mutants was not due to changes in the second-
ary structure of the proteins because the CD spectra of
the PepD wild-type and mutants were similar. Deter-
mination of the apparent molecular masses by analyti-
cal sedimentation velocity ultracentrifugation showed
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that the H80A mutant was expressed as an inclusion
body, whereas both D82A and D119A were mainly
monomers and D149A, D150A, D173A and H461A
were homodimers (data not shown).

We then investigated the residues putatively involved
in catalysis. Thus, Asp82 and Glul49 were substituted
with amino acids with similar or different properties.
PepD Asp82 is two residues downstream from His80
in the vicinity of the zinc center and is assumed to
clamp the imidazolium ring of His80. Glul49 is in the
immediate vicinity of the Glul50 of the zinc center
and is assumed to act as a general base during cataly-
sis to accept a proton from the zinc-bound water mole-
cule. Asp82 was substituted with Gly, Val, Phe, Tyr,
His and Glu, whereas the Glul49 was replaced with
Gly, Ala, Ile, Ser, His, Trp and Asp. As expected, no
activity was detected for any of the Asp82 mutants.
Surprisingly, although most of the Glu149 mutants lost
their enzymatic activity, the Glul49Asp mutant exhib-
ited approximately 55% of the wild-type activity.
Moreover, enzyme kinetics study showed that the
apparent K., Vinaxe and K.,/K, of the Glul49Asp
mutant were 0.53 mm, 1.1 pMrmin™! and
0.186 mM~'s™!, respectively.

Three of the putative metal-binding residues, Asp119,
Glul50 and Aspl73, were also subjected to further
characterization by site-directed mutagenesis and enzy-
matic activity assay due to their putative discrepancies
in metal binding. In PepV, Asp119 was predicted to be
the bridging residue and to simultaneously hold both
zinc ions. The structural homology model revealed that
the side-chain ligands were disposed with two zinc ions
(Zn1 and Zn2). The Znl is coordinated by the Ne2 of
His80, one of the carboxylate oxygens of the bridging
Aspl19, and the carboxylate oxygen of Aspl73. This
model also showed that Zn2 is coordinated by the other
carboxylate oxygen of the bridging Asp119, the carbox-
ylate oxygen of Glul50, and the His461 Ne2. In addi-
tion, a ‘bridging’ water molecule was predicted between
both zinc ions and close to the carboxylate group of the
catalytic Glul49. The zinc-binding Asp173 in PepD was
identified as in PepV, Aeromonas (Vibrio) proteolyticus
aminopeptidase, S. griseus aminopeptidase S and PepT,
whereas a glutamic acid was present at the equivalent
site in CPG2 and hAcyl.

Aspl19 was substituted with Glu, Met, Leu, Ile,
Arg, Phe, Ala, Ser, Thr, Cys, Pro and Asn. As
expected, substitution of Aspl119 with other proteino-
genic amino acid residues completely abolished enzy-
matic activity. On the other hand, substitution of
Glul50 with Asp retained approximately 60% of the
maximal hydrolytic activity of the wild-type enzyme,
whereas substitution of Glul50 to Arg or His com-
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pletely abolished enzymatic activity. Perhaps the
replacement of Glu with Asp at this position only
partially affects the metal ligand-binding affinity and
subsequent activation of the catalytic water for
substrate—enzyme tetrahedral intermediate formation.
This effect, in turn, resulted in only partial loss of the
enzymatic activity. Finally, substitution of Aspl73 to
Glu also completely abolished the enzymatic activity.
This finding is consistent with the observation reported
by Lindner ef al. [33] that all homologs with proven
aminopeptidase or dipeptidase specificity contain an
aspartic acid, whereas a glutamic acid residue was
identified in the same position in Acyll/M20 family
members that exhibit either aminoacylase or carboxy-
peptidase specificity. Thus, the lack of enzymatic activ-
ity for the Aspl73Glu mutant may account for the
discrepancy of the substrate specificity between the
aminopeptidase/dipeptidase and aminoacylase/car-
boxypeptidase groups of the M20 family enzymes.

Hydrolytic mechanism of V. alginolyticus PepD

The high level of conservation of the active-site residues
between V. alginolyticus PepD and related di-zinc
peptidases indicates that the hydrolytic mechanism are
likely closely related in all co-catalytic metallopeptidases
from the MH clan. In support of this conclusion, the
putative active-site residues involved in metal binding
and catalysis in V. alginolyticus PepD were found to
superimpose well with those in all six available
structures from the MH clan. A general mechanism for
PepD, which is similar to that of PepV, may be
described (Fig. 8): (a) a fixed ‘bridging’ water molecule
in PepD is predicted to be between both zinc ions and
close to the carboxylate group of the catalytic Glul49;
(b) upon substrate binding, the water molecule will be
positioned between both zinc ions and the carbonyl
carbon of the scissile peptide bond; (c) an attacking
hydroxyl ion nucleophile is subsequently generated
through the activation of the water molecule by both the
zinc ions and transfer of the proton to the Glul49;
(d) the carbonyl oxygen will be bound in an ‘oxyanion-
binding hole’ formed by Zn1 and the imidazole group of
His219 in PepD (corresponding to H269 in PepV),
resulting in the polarization of the carbonyl group and
facilitating the nucleophilic attack of the scissile bond
by the zinc-oriented hydroxyl group; and (e) this leads
to a tetrahedral intermediate, which subsequently decays
to the product after one additional proton transfer from
the catalytic Glul49 carboxylate to the amide nitrogen
in His219.

On the other hand, although the results from our
mutational analysis of PepD generally corroborate the
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catalytic significance of a fully intact active-site
domain, replacement of Glul49 or Glul50 with the
one carbon shorter aspartic acid having the same nega-
tive charge retained partial enzymatic activity. Because
the bridging catalytic water attacks the carbonyl car-
bon of the scissile peptide bond to form a sp*-orbital
substrate—enzyme tetrahedral intermediate, the electro-
static and steric effects between the catalytic water and
the carbonyl carbon of the Glul49 changed when
substituted with other amino acid residues. Perhaps
the substitution of the putative glutamic acid to the
aspartic residue partially hinders the water molecule
from activation to generate a hydroxyl ion nucleophile
for subsequent tetrahedral intermediate formation.
This substitution may also have enlarged the active-site
cavity and reduced substrate binding affinity or sub-
strate—enzyme tetrahedral intermediate formation and,
thus, resulted in the partial loss of enzymatic activity.
Alternatively, the Glul49Asp substitution may par-
tially affect the metal-binding affinity of the adjacent
Glul50 residue, and this alteration may then impede
the functional role of the zinc ions, either for activa-
tion of the catalytic water molecule or stabilization of
the substrate—enzyme tetrahedral intermediate. Previ-
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ously, Lindner et al. [33,34] reported that substitution
of the general base Glul47 in hACyl with Asp
resulted in complete loss of enzymatic activity. These
authors suggested that substitution of Glu with Asp
altered the appropriate position for activation of the
catalytic water and moved the residue close to Asp348
with the same charge. The introduction of unfavorable
interactions between the two residues would cause the
complete loss of enzymatic activity. Perhaps a struc-
tural but not a catalytic role between both enzymes
may account for the discrepancy of enzymatic activity
because both low sequence identity and slight differ-
ences in the 3D structure of the active-site cavity
between the enzymes were noticed (data not shown).
For the Glul50Asp mutation, shortening the amino
acid side chain in this position might reduce the metal-
binding affinity, which, in turn, would hinder the sub-
strate—enzyme tetrahedral intermediate formation and
cause partial loss of enzymatic activity.

Interestingly, the results of these studies indicate that
the enzymatic activity of the native apo-PepD enzyme
may be activated optimally by excess amounts of
Mn?*, Co®", Ni**, Cu®" and Cd*", and weakly by
Mg?*. Notably, the postulated role of the metal atoms
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is the stabilization of the bridging water molecule with
the resulting formation of a hydroxide ion [34]. Per-
haps the overall structure of PepD is essentially
unchanged upon binding of various metal ions at the
active site, and only small variations in the bond
lengths to the ligand side chains occur. Consistent with
this hypothesis, both Mg®>* and Mn”>" atoms bind to
the active site of APPro in a very similar manner; how-
ever, Mn2" activates APPro, whereas Mg2+ does not
[35]. The arrangement of ligands at the active site of
apo-PepD that are ideal for transition metal ions but
less than optimal for Mg®>* may contribute to the
weak binding of Mg®>" and enzymatic activity because
proteins and enzymes generally bind Mg?" weakly
[36]. Nevertheless, understanding the differences in
binding and enzymatic activity due to binding of vari-
ous metal ions by active-site residues requires further
investigation.

In summary, a PepD protein from V. alginolyticus
was successfully produced, and active-site residues
putatively involved in metal binding and catalysis were
identified. The striking structural similarity between
PepD and the related di-nuclear metalloproteases
strongly suggests that these enzymes may have the
same evolutionary origin and have divergently evolved
to exhibit different peptidase specificities. Site-directed
mutagenesis of the putative active-site residues to other
proteinogenic amino acid residues resulted in the com-
plete loss of enzymatic activity, except for the
Glul49Asp and the Glul50Asp mutations. The substi-
tution of the glutamic acid to the aspartic acid with
the same negative charge but one less carbon atom
may enlarge the active site cavity and reduce the sub-
strate—enzyme or enzyme-metal ion interactions and,
consequently, alter the enzymatic activity. Finally, due
to the potential function of carnosine in buffering zinc
ions and in enhancing the destructive potential during
bacterial infection, the characterization of PepD will
have a significant impact on both our fundamental
scientific understanding and the biotechnological appli-
cation of this type of enzymes. Further studies aiming
to elucidate the physiological and structural character-
istics of PepD and related M20 family enzymes and
probe the discrepancies of different substrate specifici-
ties are warranted.

Experimental procedures

Bacterial strains and materials

The V. alginolyticus strain (ATCC 17749) was obtained in
a freeze-dried form from the Culture Collection and
Research Center (CCRC, Hsin-Chu, Taiwan). The QIA-
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amp DNA Mini Kit was obtained from Qiagen (Hilden,
Germany). Protein molecular weight standards and a pro-
tein assay kit were obtained from Bio-Rad (Hercules,
CA, USA).

Cloning and DNA sequencing of the
V. alginolyticus pepD gene

Multiple nucleic acid sequences of PepD from Vibrio para-
haemolyticus RIMD 2210633 (BA000031), Vibrio vulnificus
YJ016 (BA000037) and Vibrio cholerae O1 biovar eltor str.
N16961 (AE004299) were aligned and analyzed with
CLUSTALW  (http://www.ebi.ac.uk/clustalw) to identify
conserved sequences among Vibrio spp. pepD genes. Based
on the highly conserved 5- and 3’-end nucleic acid
sequences of the Vibrio spp. pepD, we designed a set of
primers (F1: 5-GTGTCTGAGTTCCATTC-3" and RI:
5-TTACGCCTTTTCAGGAA-3’) to obtain the V. algino-
Iyticus pepD gene. The V. alginolyticus genomic DNA was
extracted using the Qiagen QIAamp DNA Mini Kit accord-
ing to the manufacturer’s protocol. The V. alginolyticus
pepD gene was obtained via PCR using V. alginolyticus
genomic DNA as the template. The reaction was carried
out under the following conditions: denaturation at 94 °C
for 2 min followed by 29 cycles of denaturation at 94 °C
for 4 s, annealing at 56 °C for 1 min, and extension at
72 °C for 2 min followed by a final extension at 72 °C for
15 min. The resulting PCR product was subcloned into the
pCR2.1®-TOPO vector (Invitrogen, Carlsbad, CA, USA) to
construct the recombinant plasmid pCR2.1®-TOPO-pepD.
The recombinant plasmid was subjected to restriction endo-
nuclease digestion to confirm the presence of the insert and
then sequenced. The dideoxy chain-termination method
using an ABI PRISM BigDye Terminator v3.1 Cycle
Sequencing Reaction kit and an Applied PRISM® 3100
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA) was used to determine the sequences. In addition,
both the N- and C-terminus sequences were verified with
the synthesized internal sequence primers obtained from
the core region sequence. The nucleotide sequence of the
V. alginolyticus pepD gene has been deposited in the
GenBank database (accession number DQ335448).

Production and purification of V. alginolyticus
PepD recombinant protein

The pepD gene was subcloned into the expression plasmid
pET28a(+) and this new plasmid was transformed into
E. coli BL21(DE3)(pLysS) cells for PepD recombinant
protein production and purification. Colonies grown on an
LB plate were inoculated into LB broth supplemented with
50 pgmL ™' kanamycin and grown at 37 °C until Agy of
0.5-0.6 was reached. At this point, protein production was
induced by the addition of isopropyl thio-B-D-galactoside to
a final concentration of 0.5 mMm, and the culture was
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incubated at 37 °C for an additional 6 h before harvest.
The cells were harvested by centrifugation and then resus-
pended in 15 mL of 20 mMm Tris—-HCI (pH 7.6) buffer (Cal-
biochem, La Jolla, CA, USA). The mixture was sonicated,
and the cell debris was removed by centrifugation at
12 000 g for 30 min at 4 °C.

The supernatant containing produced PepD was loaded
on a Ni Sepharose™ 6 Fast Flow column (GE Healthcare,
Uppsala, Sweden) previously washed with ten column vol-
umes of buffer A (20 mm Tris—HCI, 0.5 M NaCl, pH 7.4)
containing 20 mM imidazole. The protein-loaded column
of Dbuffer
A + 20 mM imidazole and then five column volumes of
buffer A containing 40, 100, 200, 300 and 500 mM imid-
azole. Fractions of 1 mL were collected, and the protein
concentration in each fraction was determined using the
BCA Protein Assay Reagent (Pierce, Rockford, IL, USA)
with BSA as the standard. Fractions containing PepD
enzymatic activity were pooled and dialyzed twice against
2 L of 50 mm Tris—-HCI (pH 7.4). The purified recombinant
PepD proteins were stored at —80 °C for 6 months without
a loss of activity.

For the characterization of metal ion effect, the 5’-fusion
of His'Tag and thrombin cleavage site sequence was cleaved
from recombinant PepD protein. The recombinant PepD
protein was digested with thrombin for 16 h in 40 mMm
Tris-HCl (pH 8.0), 300 mm NaCl, 2 mm CaCl, and 5%
glycerol. The protein solution was loaded on a benzami-
dine-Sepharose™ 6B column to remove thrombin (GE
Healthcare). The flow through fractions were collected and
subjected to a Ni Sepharose™ 6 Fast Flow column to
remove HisTag and the uncleaved recombinant PepD pro-
tein. The HisTag-cleaved native PepD protein fractions
were collected, pooled and dialyzed against 1 L of 50 mm
Tris—HCI (pH 6.8). The native PepD proteins were stored
at =80 °C until use.

was washed with five column volumes

V. alginolyticus PepD enzymatic activity assay

The PepD activity was assayed according to the method by
Teufel et al. [16], which is based on the measurement of a
histidine product by O-phthaldialdehyde (OPA) modifica-
tion. Briefly, substrate hydrolysis was carried out in a final
volume of 200 pL containing 80 uL of 50 mm Tris—HCI
buffer (pH 7.4), 100 pL. of 2 mM L-carnosine (dissolved in
50 mm Tris-HCIl, pH 7.4) and 20 pL of purified enzyme
(0.5 mgmL™', ~ 9 pm). The reaction was initiated by addi-
tion of substrate and stopped by addition of 50 pL of 1%
trichloroacetic acid after a 30-min incubation at room tem-
perature. Next, 50 uL of 5 mgmL™" OPA dissolved in 2 M
NaOH was added to derivatize the liberated histidine, and
the reaction was incubated for 15 min at 37 °C in darkness.
The fluorescence of the OPA-derivatized L-histidine was
measured using Fluoroskan Ascent FL (Thermo Scientific,
Waltham, MA, USA) (Agxe: 355 nm and Agq,: 460 nm).

Characterization of V. alginolyticus PepD

Reactions with only L-histidine or only L-carnosine were
treated in parallel to serve as the positive and negative con-
trols, respectively. All reactions were carried out in triplicate.

Preparation of monoclonal antibody

A 0.5-mL solution, containing equal parts of Freund’s com-
plete adjuvant and Ni Sepharose™ 6 Fast Flow chromatog-
raphy-purified PepD (100 pg), was injected into female
BALB/c mice. After three booster injections consisting of
100 pg of protein, emulsified with Freund’s incomplete
adjuvant, at an interval of 10 days, the animals were bled
for hybridization, 4 days after the last injection. The mye-
loma cell line (FO) was fused with spleen cells from immu-
nized BALB/c mice, at a ratio of 1:5. The culture
medium (obtained between days 14 and 21 after fusion)
was assayed for the production of specific antibodies by a
solid-phase ELISA, using purified protein as the respective
antigen. The positive hybridomas were recloned by the lim-
iting dilution method at least twice. The cloned hybridoma
cells were injected into the peritoneum of BALB/c mice
pretreated with 0.5 mL of Freund’s incomplete adjuvant
and, approximately 2 weeks later, ascetic fluid was col-
lected. The specificity of the antibody was confirmed by
western blotting.

Substrate specificity of V. alginolyticus PepD

Various Xaa-His dipeptides (100 pL, 2 mm), including
B-Ala-L-His (L-carnosine), o-Ala-L-His, Gly-His, Val-His,
Leu-His, Ile-His, Tyr-His, Ser-His, His-His, B-Asp-L-His
and y-amino-butyryl-His (GABA-His, homocarnosine), and
four His-Xaa dipeptides (His-Ile, His-Val, His-Asp,
His-Arg), as well as two histidine-containing tripeptides,
Gly-Gly-His and Gly-His-Gly, were used to investigate the
substrate specificity of PepD. The reaction solutions were
incubated for 20 min at 37 °C, stopped by the addition of
50 pL of OPA solution, and analyzed spectrofluorimetrically,
as described above. The activity on L-carnosine was defined
as 100%.

pH optimum and thermostability

The optimal pH profile of PepD was determined at 37 °C
in a final volume of 200 pL at various pH values in 50 mMm
citric acid (pH 4, 5 and 6) and 50 mm Tris—=HCI (pH 6, 7,
7.4, 8.5, 9 and 9.5). The effect of temperature on the enzy-
matic activity was determined according to the previously
described activity assay procedure carried out at various
temperatures (4, 10, 25, 37, 50, 60 and 70 °C). The enzyme
thermostability was determined by pre-incubation of the
enzyme at various temperatures (4, 10, 25, 37, 42, 50, 60
and 70 °C) at pH 7.4 for 30 min before adding the sub-
strate. The residual activity was measured as previously
described.
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Metal ion effect of PepD activity

The thrombin-cleaved native PepD protein was first dia-
lyzed overnight in buffer containing 20 mMm Mes (pH 6.0)
and 5 mMm EDTA to remove the zinc ions. The native apo-
PepD was dialyzed twice with 20 mM Mes (pH 6.0) and
exchanged with 20 mmM Hepes (pH 7.0) before adding the
various divalent metal ions. The apo-PepD protein concen-
tration was adjusted to 0.01 mMm before addition of metal
ions. The following metal ions were used: MgCl,, MnCl,,
CoCl,, NiCl,, CuCl,, ZnCl, and CdCl,. Various concentra-
tions (2, 5, 10, 15, 20, 25, 50 and 100 um) of divalent metal
ions were used. The activity assay was performed as previ-
ously described. Inductively coupled plasma-MS analysis
was performed on a Perkin Elmer SCIEX ELAN 5000
Inductively Coupled Plasma Mass Spectrometer (Perkin-
Elmer, Boston, MA, USA). The X-ray atomic absorption
spectrum was determined at the National Synchrotron
Radiation Research Center (NSRRC, Hsin-Chu, Taiwan).

Analytical sedimentation velocity
ultracentrifugation

An analytical ultracentrifugation method developed by
Stafford [37] was applied to characterize the solution-state,
especially the subunit stoichiometries, of the PepD protein.
Briefly, 500 pL of the PepD protein equilibrated in 20 mm
Tris—-HCI (pH 6.8) buffer were subjected to analytical ultra-
centrifugation to obtain an apparent distribution of sedi-
mentation coefficients (s) and the determined apparent
molecular mass. In addition, 500 pL of buffer alone was
used as the reference control in the reference sector.

Inhibition studies of the PepD activity

Several possible inhibitors, such as benzamidine, EDTA,
bestatin and N-ethylmaleimide, were prepared as stock
solutions in 50 mM Tris—HCIl (pH 7.4). Inhibition assays
were performed by pre-incubating different concentrations
of the inhibitors with the enzyme for 30 min at 37 °C. Fol-
lowing this incubation, the enzymatic reaction was initiated

Table 1. Mutagenic primers. Altered nucleotides are underlined.
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by the addition of the substrate as described previously.
1Cso values for the inhibitors were determined by PepD
residual activity versus inhibitor concentration.

Enzyme kinetics of PepD

For determination of V.., Ky and ke, of V. alginolyticus
PepD wild-type and mutants, the method described by
Csampai et al. [38] was slightly modified for use with HPLC
and fluorescence detection [38]. Different concentrations of
substrate (2.5, 5, 10, 25, 50, 100, 250, 500 um and 1 mMm) were
added to nanomolar concentration of enzyme solution in
200 pL at pH 7.4 for 20 min at 37 °C. The liberated histidine
was derivatized with 100 pL of OPA reagent for 5 min at
37 °C, and the fluorescence was detected as described
previously. The substrate conversion did not exceed 20%. A
total of nine substrate concentration points were used for
each determination. The data collected were applied to the
Lineweaver—Burk equation. The k.,/ K, values reflect values
assuming 100% activity of the enzyme preparation. All
reactions were carried out in triplicate.

Sequence analysis of V. alginolyticus PepD

Protein translation was carried out using the EXPASY trans-
lation tool (http://ca.expasy.org/tools/dna.html). The molec-
ular weight and theoretical pl of the protein were
calculated by PROTPARAM (http://ca.expasy.org/tools/
protparam.html). Homology searches of the DNA and
amino acid sequences were performed using BLAST soft-
ware (http://www.ncbi.nlm.nih.gov/blast). The alignments
of DNA and protein sequences were performed with
CLUSTALW (http://www.ebi.ac.uk/clustalw).

Site-directed mutagenesis of pepD gene

Site-directed mutagenesis of the V. alginolyticus pepD gene
was performed using the QuikChange site-directed muta-
genesis kit (Stratagene Inc., La Jolla, CA, USA). Mutagenic
primers were designed (Table 1) and pET-28a(+)-pepD
plasmid (wild-type) was used as the template. Mutations

Mutant Predicted role in PepD Oligonucleotide sequence (5- to -3")

HB0A Zinc binding GTGCTTCAAGCAGCGATCGACATGGTGCCAC
D82A Catalytic GCACACATCGCCATGGTGCCACAAAAGAACG
D119A Zinc binding CGCTCGGGGCAGCTAACGGCATCGGCATGGC
D119X Zinc binding CGCTCGGGGCANNNAACGGCATCGGCATGGC
E149A General base CTGACGATCGATGCAGAAGCAGGCATGACAGG
E149X General base CTGACAATTGATNNNGAAGCAGGCATGACAGG
E150A Zinc binding ACTATTGATGAAGCCGCGGGCATGACAGGTGC
D173A Zinc binding CCTTCTAAATACAGCTAGCGAACAAGAAGGCG
H461A Zinc binding CCAACCATCAAGTTCCCTGCTAGCCCAGATGAG
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were confirmed by DNA sequencing using the dideoxy
chain-termination method and the ABI PRISM 3100 auto-
sequencer (Applied Biosystems). The recombinant mutant
plasmids were transformed into E. coli BL21(DE3) pLysS
competent cells for production of the mutated PepD
proteins.
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