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Abstract
We have previously cloned a cDNA encoding human prolylcarboxypeptidase (PRCP) and
expressed the cDNA in the Schneider 2 (S2) drosophila cell line. Here, we further characterized
this recombinant enzyme. Investigations were performed to determine whether recombinant PRCP
(rPRCP) metabolizes kinins (BK 1–9 and BK 1–8). The metabolites of these kinins were identified
by LC/MS. rPRCP metabolized BK 1–8 to BK 1–7, whereas rPRCP was ineffective in
metabolizing BK 1–9. The hydrolysis of BK 1–8 by rPRCP was dose- and time-dependent. A
homology model of PRCP was developed based upon the sequence of dipeptidyl-peptidase 7
(DPP7, PDB ID: 3JYH), and providentially, the structure of PRCP (PDB ID: 3N2Z) was
characterized during the course of our investigation. Docking studies of bradykinin oligopeptides
were performed both from the homology model, and from the crystal structure of PRCP. These
docking studies may provide a better understanding of the contribution of specific residues
involved in substrate selectivity of human PRCP.

INTRODUCTION
Emerging experimental evidence supports the existence of a complex interaction between
the plasma kallikrein-kinin-system (KKS) and renin-angiotensin-system (RAS) via bond
breaking mechanism studies[1;2]. An intriguing aspect of these studies is that the
counteracting properties of the KKS and RAS results in blood pressure regulation as well as
water and electrolyte balance. The upregulation of both the RAS and KKS leading to
subsequent physiological and cellular responses such as inflammation, cell growth and
differentiation, and angiogenesis following tissue injury, support the importance of these
systems as potential targets for therapeutic intervention in a variety of diseases[3–5]. The
activation of RAS results in the generation of bioactive angiotensin peptides with
hypertensive[6], antihypertensive[7], immunostimulating[8;9] and cytomodulatory[10;11]
activities. The major metabolic end products released by RAS that induce vasoconstriction
and thrombotic events are angiotensin II (Ang II) and angiotensin III (Ang III)[12].
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Prolylcarboxypeptidase (PRCP), a serine protease, is ubiquitously found in plasma and
various human tissues[13;14]. However, PRCP is particularly abundant in lysosomes [14].
PRCP is one of the key enzymes in the RAS, which converts Ang II to angiotensin 1–7 (Ang
1–7) and Ang III angiotensin 2–7 (Ang 2–7)[15].

PRCP activates the zymogen prekallikrein (PK) to kallikrein irreversibly, most likely via
cleavage of a single bond[16;17]. However, the mechanism by which PRCP activates PK is
not well detailed. Kallikrein represents a key component of the KKS pathway in generating
bioactive peptides with varying biological activities. The bioactive peptides of KKS include;
cleaved high molecular weight kininogen (HKa)[18] and bradykinin (BK 1–9)[2]. While
activated factor XII represents a potent activator of PK under pathophysiological conditions,
PCRP activates PK to kallikrein at levels under plasma basal conditions[19;20]. Activation
of this protease cascade leads to the generation of BK 1–9 in acute inflammation and des-
Arg9-bradykinin (BK 1–8) in chronic inflammation[21]. PRCP-induced PK activation
results in modulation of endothelial cell function through BK1–9 generation, a process
which is involved in the induction of vasorelaxtion via nitric oxide and prostaglandin
generation[22]. Thus, PRCP activates two distinct vasodilator pathways by activating
bradykinin receptors and angiotensin 1–7 – mediating nitric oxide[23;24] as well as
prostacyclin formation[25;26]. These studies suggest that PRCP is cardioprotective against
thrombosis and hypertension by acting as a vasodilator [27;28].

Several laboratories independently have identified BK as a substrate of the same processing
enzyme, PRCP[17;29]. Detailed metabolite studies of kinins (BK1–9 and BK1–8) by PRCP
have not yet been undertaken. We have previously cloned a cDNA encoding human PRCP
and expressed it in the Schneider 2 (S2) drosophila cell line[30]. Investigations were
performed to determine whether rPRCP has the ability to metabolize kinins.

For the first time, a liquid chromatography-mass spectrometry (LC-MS) technique was used
to analyze the metabolism of both BK1–9 and BK1–8 by human rPRCP. In the present
study, we have also used a computational approach to predict the structure of human PRCP.

MATERIALS AND METHODS
Materials

HyQ SFX – Drosophila insect cells and insect cell culture medium were purchased from
HyClone (Logan, UT), Hygromycin B was obtained from Invitrogen (Carlsbad, California).
Human pulmonary artery endothelial cells (HPAEC) were obtained from ATCC. Bradykinin
(1–9), Bradykinin (1–8) and Bradykinin (1–7) were bought from Sigma-Aldrich (St. Louis,
MO).

Prekallikrein activation on endothelial cells—PK activation on confluent monolayers
of HPAEC (4 × 104 cells density/well in microtiter plate cuvette wells) was determined
according to the previously described method[31]. The substrate H-D-Pro-Phe-Arg-p-
nitroanilide (S2302) (Dia-Pharma, Franklin, OH) was used to determine kallikrein activity.
The rate of paranitraniline liberation from S2302 was determined by measuring the
absorbance at 405 nm[31].

Measuring the generation of bradykinin by PRCP-dependent PK activation
pathway on endothelial cells—HPAEC (104 cells/well) were plated and cultured in 96
well plates. Triplicate samples of cells were incubated were incubated with 600 nM HK for
1 h at 37°C, as previously described[31]. After the incubation, cells were washed and treated
with 600 nM PK. Afterward, supernatants were collected and concentrated from 300 μl to a
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final volume of 50 μl and frozen at −20 °C. The generation of BK 1–9, BK 1–8 and BK 1–7
in the samples was determined by LC/MS apparatus (details under LC-MS studies).

Expression, purification and characterization of rPRCP—rPRCP was prepared
according to the previously described method[30].

Time course of metabolism of bradykinin 1–9 (BK 1–9) by rPRCP—A stock
solution of 100 μL rPRCP, 150 μL of 10 mM sodium acetate (pH 4.8), 200μL of DPBS (pH
7.1) and 50 μL of bradykinin (1–9) was prepared. The pH of the mixture was determined to
be 6.2. The activity of the enzyme was stopped at the following time points: 0, 1, 2, 5, 10,
15, 30, 60 and 120 minutes. This was quelled by reducing the pH of the mixture to 1.4
through transferring 50 μL of the mixture to centrifuge tubes with 10 μL of 1M phosphoric
acid. Concentration of bradykinin (1–9) at the start of the reaction was 83.3 μM.

Time course of metabolism of des-Arg9-bradykinin (BK1–8) by rPRCP—100 μL
rPRCP, 150 μL of 10 mM sodium acetate (pH 4.8), 200μL of DPBS (pH 7.1) and 50 μL of
bradykinin (1–8) were mixed as described for bradykinin (1–9). The pH of the mixture was
determined to be 6.2. The enzyme activity was stopped at same time points as for bradykinin
(1–9) at 0, 1, 2, 5, 10, 15, 30, 60 and 120 minutes by reducing the pH of the mixture to 1.4
by means of transferring 50μL of the mixture to centrifuge tubes with 10 μL of 1 M
phosphoric acid. The concentration of bradykinin (1–8) at the start of the reaction was 833.3
μM.

LC-MS studies—LC-MS experiments for the analysis of bradykinin and PRCP incubation
mixtures were conducted based on the previously described method with modification[32].
Bradykinin m/z 354.3 [MH]+2; bradykinin 1–8 m/z 452.7 [MH]+2; bradykinin 1–7 m/z
379.2 [MH]+2. 5 μL of the incubation mixture containing bradykinin and rPRCP were
diluted with water spiked with 0.1% formic acid (45 μL), and 10 μL of this solution was
used for analysis. The rate constants for PRCP substrates (BK1–9, BK1–8, Ala-Pro-
paranitraniline) were determined for rPRCP, as previously described[15].

Computational Studies—All IFD and MD studies were performed on a 2×4-core Intel
Xeon L5420 2.5GHz SMP Linux Workstation.

Induced Fit Docking—The IFD workflow provided in the Maestro software environment
(Schrodinger Suite 2009 IFD docking protocol; Glide version 5.5; Prime version 2.1,
Schrodinger, New York, NY) was used to dock bradykinin oligopeptides into the lowest
non-translational and non-rotational normal modes identified through NMA. The crystal
structure of PRCP was treated to the Protein Preparation Wizard workflow (Version 9.1,
Schrodinger, New York, NY). Preprocessing was performed to assign bond orders, add
hydrogens, create disulfide bonds, delete waters beyond 5 Å from HET groups, and to fill in
missing side chains and loops using Prime. Refinement was performed with automatic H-
bond assignment using exhaustive sampling, including sampling of water orientations. Next
minimization was performed using the OPLS2005 force field, with convergence set to an
RMSD of 0.30 Å. Hydrogens were minimized initially followed by the entire protein.

After the protein preparation workflow, the sulfate ion present in the crystal structure was
removed and IFD was performed on BK1–8 and BK1–9. Both peptides structures were built
within the Maestro interface. The Glide grid was setup to use the centroid of residues 298,
348, 359, 371, 432, 455, 456, and 460. PRCP was prepared for initial Glide docking with
receptor and ligand van der Waals scaling of 0.50 to generate 20 poses. Induced fit was then
performed by refining residues within 5 Å of ligand poses, with optimization of side chains.
Redocking was performed using the XP settings for structures within 30.0 kcal/mol of the
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best pose, which produced 14 surviving poses. The top ranked pose was selected for further
analysis.

RESULTS
Catabolic metabolites of kinins by rPRCP

Bradykinin is a critical mediator in physiological and pathophysiological processes, many of
which have been well-characterized in in-vitro and in-vivo assays. We have previously
cloned a cDNA encoding human PRCP and expressed it in Schneider insect cells. Here,
investigations were performed to determine whether rPRCP metabolizes bradykinin 1–9
[1Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg9 (BK1–9)] and bradykinin 1–8 [1Arg-Pro-Pro-
Gly-Phe-Ser-Pro-Phe8 (des-Arg9-BK, BK1–8)].

We initially determined the rate of Ala-Pro-pNA hydrolysis by rPRCP. rPRCP (50 ng)
liberated paranitroanilide from Ala-Pro-pNA, which was detected at 405 nm. A hyperbolic
dependence was observed for the rPRCP, consistent with Henri-Michaelis–Menten behavior.
rPRCP metabolized Ala-Pro-pNA in a dose-dependent fashion, Figure 1A. Next,
investigations were performed to determine the metabolism of BK1–9 and BK1–8 by
rPRCP. rPRCP (50 ng) was incubated with the increasing concentrations of BK1–8 (ranging
from 0.08 to 1000 μM) and incubated at 37 °C, Figure 1B. BK1–8 and its metabolites were
detected by LC-MS. rPRCP metabolized BK 1–8 in a dose-dependent manner.

Further studies determined the time-dependant BK 1–8 metabolism by rPRCP using LC/MS.
Samples were then collected at different time points. Bradykinin 1–7 [1Arg-Pro-Pro-GlyPhe-
Ser-Pro7 (BK1–7)] was used as a standard. BK1–7 was detected in the sample within 2 min
following incubation of BK1–8 with rPRCP along with a concomitant reduction of the
amount of BK1–8, Figure 1C. rPRCP generated a rapid burst of BK1–7 production, and
peak effect occurred within 40 to 60 minutes. Further studies were performed to determine
the products of BK 1–9 metabolism by rPRCP using LC/MS. rPRCP was ineffective in
metabolizing BK 1–9. Taken together, metabolism of BK 1–8 by rPRCP was time-
dependent.

Kinetic constants (KM, kcat) for the hydrolysis of BK1–8, and Ala-Pro-pNA are tabulated in
Table 1. The study revealed that the KM values for the hydrolysis of Ala-Pro-pNA and BK
1–8 are 476 μM and 306 μM respectively. The value of kcat for BK1–8 (622 min−1) was not
significantly larger than that for Ala-Pro-pNA (521± 53 min−1). However, rPRCP was two-
fold more efficient at the liberating Phe residue from BK 1–8 than at the splitting off the
paranitroaniline from Ala-Pro-pNA.

Bradykinin generation on HPAEC
Studies were performed to determine the activation of the bradykinin-forming pathway on
HPAEC. As shown in Figure 2A, the activation of the complex of HK/PK on endothelium is
dose-dependent, confirming a previously described observation[33]. Next, we determined
whether the human anti-PRCP antibody would block this bradykinin-forming pathway on
cells. The human anti-PRCP antibody strongly inhibited kallikrein generation on HPAEC,
suggesting that PRCP activates PK to kallikrein, Figure 2B.

Since BK generation is mediated by kallikrein, an approach to the determination of BK
levels would be to assess PRCP-dependent PK activation at the cellular level. We
determined the generation of kinins (BK 1–9, BK 1–8, BK 1–7) after the activation of the
HK/PK complex on endothelial cells. To improve detection of kinins on cells, we selectively
blocked degradation of bradykinin with an angiotensin converting enzyme (ACE) inhibitor
and a specific inhibitor of the bradykinin B2 receptor (B2), Figure 2C. HPAECs were
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incubated with the complex of HK-PK (600 nM each) in the presence of lisinopril (30 μM,
an ACE inhibitor) and HOE 140 (10 μM, a B2 antagonist) for 1h at 37 °C. For the first time,
the level of kinins in the concentrated supernatant (six-fold) from three wells of the cultured
HPAEC was monitored and quantified by LC-MS. As shown in Figure 2D, the assembly
and activation of complex of HK/PK on HPAEC leads to generation of BK 1–9, BK 1–8,
and BK 1–7 into the supernatant of HPAEC. No kinin was generated when cells were
treated only with HK (600 nM) or PK (600 nM) alone. Similarly, the chemical signature of
HOE 140 (10 μM) or lisinopril (30 μM) were also determined by LC-MS. The retention
times of BK 1–8 and its metabolites were unaffected by HOE 140 or lisinopril. Together
these novel data indicate that PRCP converts BK 1–8 to BK 1–7 on the cell surface.

Docking of Bradykinin Peptides—BK1–9 and BK 1–8 were treated with the IFD
workflow provided by Maestro. The putative loop comprising residues E348–S353 presents
a dilemma when assessing docking modes. The loop may be oriented so that the cavity
leading to the active site residues is aligned roughly parallel to the plane of the β-sheets.
Alternatively, the loop could also be oriented so that access to the active site residues must
occur through an axis perpendicular to the β-sheets. An additional consideration is that any
proteolytic mechanism requires that the scissile bond be located proximal to the active site.

Substrate access to the active site—Notably, none of the BK1–9 structures were
successfully docked. While there are two potential ways to access the active site residues,
BK1–8 appears to bind through the long groove between the SKS and hydrolase
domains[34].

Hydrogen bonding interactions—1Arg of docked BK1–8 interacts with the acid side
chain of D277 via the Nω (1.768 Å) of the guanidinium group, while the N-terminus appears
to interact with the side chain acid of D393 (1.905 Å). Additional interactions occur between
the backbone nitrogen of 4Phe and the side-chain of T356 (1.934 Å), and between the 5Ser
β-OH and the backbone carbonyl of E93 (1.912 Å). The C-terminal carboxyl group of BK1–
8 interacts with the Nω of R460 (1.889 Å), and with Nτ of H455 (1.517 Å) and H456 (1.802
Å). R460 and H456 hydrogen-bond to a common oxygen on the acid, whereas H455
hydrogen-bonds to the remaining oxygen. The presence of the basic R460 in the S1’ subsite
may help to explain the substrate selectivity of BK1–8 over BK1–9, due to the potential
coulombic repulsion of this residue with the C-terminal arginine of BK1–9. The scissile
carbonyl lies 4.456 Å from the β-OH of S179, which suggests that the proteolytic
mechanism is mediated through the activation of a water molecule. A listing of potential van
der Waals contacts is provided in Table 2.

Discussion
Prolylcarboxypeptidase (PRCP, EC 3.4.16.2), a serine protease, liberates an amino acid
residue at the C-terminus of relatively small peptides[17;35]. PRCP metabolizes peptides
such as angiotensin II, angiotensin III, and alpha-melanocyte stimulating hormone (α-MSH).
PRCP also activates the cell matrix-associated prekallikrein[36]. Thus, PRCP has mixed
substrate specificity, suggesting that PRCP is able to generate several distinct and
physiologically important products.

The present study determined: 1) the kinetic parameters of the kinin hydrolysis reaction by
LC-MS, 2) the correlation between KM and kcat values and the substrate structure, and 3) the
IC50 for the inhibition of rPRCP by the specific anti-PRCP antibody. 4) We developed a
simple and an accurate functional assay to measure BK and its metabolites along the surface
of endothelial cells as well as in the presence of rPRCP. 5) An induced-fit docking study of
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BK peptides with the crystal structure of PRCP provided several poses of BK1–8 which
putatively explains the selectivity for BK1–8 over BK1–9.

Studies determined whether rPRCP would have the ability to enrich specific markers,
namely, BK 1–7 from either BK 1–9 or BK 1–8. It was observed that rPRCP metabolizes
BK 1–8, whereas the metabolism of BK 1–9 was unaffected by the enzyme. The inability of
rPRCP to metabolize BK 1–9 is remarkable. This observation indicates that PRCP has a
narrow substrate selectivity profile. We propose that the potential coulombic repulsion of the
basic R460 in the S1’ subsite with the C-terminal arginine of BK1–9 may explain the
selectivity of PRCP to its substrates. rPRCP converted BK 1–8 to BK 1–7. The increase in
rPRCP concentration correlated well with the increase in the generation of BK 1–7. The
hydrolysis of BK 1–8 by rPRCP was dose - and time-dependent. Notably, PRCP not only
activates PK to kallikrein but also metabolizes BK 1–8 to BK 1–7 on HPAEC. The results
suggest that PRCP has both proinflammatory and anti-inflammatory actions.

In the present study, we have also used a computational approach to predict the structure of
human PRCP, and serendipitously, a crystal structure of PRCP was disclosed. Due to the
initial failure of the homology model and induced fit docking (IFD) to provide a docked
structure of BK1–8, molecular dynamics (MD) was used to relax the structure for further
normal mode analysis (NMA) and induced fit docking of bradykinin oligopeptides (see
Supplementary Data). We initially used DPP7 as a structural template for homology
modeling. In theory, this approach would result in a valid structural model because PRCP
has 40% amino-acid primary sequence identity to DPP7, and the crystal structure of DPP7
was previously disclosed[37;38]. Following the release of the PRCP crystal structure, the
docking studies were performed again following a much simpler protocol. The discrepancies
between the initial and follow-up studies may serve as a pedagogical case-study into the
suitability of homology modeling, with and without refinement, for docking oligopeptides
into uncharacterized protein structures.

The proteolytic mechanism could involve either the classical acylation–deacylation
mechanism of the Ser-His-Asp triad, or possibly through a mechanism involving Ser-His-
His,[39] given that two histidines are found neighboring each other in PRCP. Oxyanion
stabilization of the tetrahedral intermediate could involve the backbone of E93, along with
either the side chain carboxyl of E93, or potentially the 4-OH of Y180, in a manner
analogous to prolyl oligopeptidase[40]. The structural studies presented here enabled us to
predict a putative BK 1–8 docking mode in the active site of PRCP. Moreover, these
structure-function studies provide insights into the framework for the design and
interpretation of ongoing studies on homodimerization, substrate specificities, identification
of structurally and functionally important amino acid residues, and its post-translational
regulation.

In conclusion, our data presented here strongly indicate that PRCP targets BK1–8 but not
BK1–9 and implies a key regulatory role of PRCP for the kinin-mediated process. One
interpretation of these data is that PRCP protects chronically inflamed tissues by inactivating
BK1–8. PRCP appears to have a critical role in the inflammatory cascade. Further study on
the elucidation of the role of PRCP in vivo in patients with chronic inflammation is of great
importance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The correlation between the reaction rate and the substrate concentration. Panel A. rPRCP
was incubated with the increasing concentrations of Ala-Pro-p nitroanilide (Ala-Pro-pNA)
for 1 hour at 37 °C. The hydrolysis of Ala-Pro-pNA was detected at 405 nm. The slope of
the dose-response curve is linear from 0.1 mM to 1 mM. Panel B. Dose-response curve for
bradykinin 1–8 (BK 1–8) doses. rPRCP was incubated with the increasing concentrations of
BK 1–8 as indicated in the figure. The generation of BK 1–7 was quantified by LC-MS.
Panel C. Time-course of BK 1–8 metabolism and BK 1–7 formation. rPRCP was incubated
with BK 1–8 at various time interval at 37 °C. Using BK 1–7 as a standard, the generation of
BK 1–7 from BK 1–8 by rPRCP was determined by LC/MS apparatus.
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Figure 2.
Panel A. Prekallikrein activation on endothelial cells. Pulmonary artery endothelial cells
(HPAEC, 3×104 cells/well) were platted and cultured in 96 well plates. Cells were incubated
with increasing concentrations of HK and PK. Panel B. Effect of anti-PRCP antibody on PK
activation on HPAEC. Triplicate samples of cells were incubated with increasing
concentrations of anti-PRCP antibody in the absence or presence of the complex of HK and
PK. The control was without anti-PRCP antibody. Panel C. Schematic illustration of the
pathways involved in the conversion of bradykinin to its respective metabolites. Panel D.
The generation of BK 1–9, BK 1–8, and BK 1–7 were determined on HPAEC by LC/MS.
The negative control was HK, a BK precursor.
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Figure 3.
Panel A. PRCP is shown as a ribbon diagram, with the top ranked pose of BK1–8 docked
into the active site groove. Panel B. The major hydrogen bonding interactions between
BK1–8 and the top ranked pose are illustrated. Panel C. The scissile Pro-Phe amide bond
lies 4.456 Å from the side chain oxygen of S179. Hydrogen bonding interactions from the
active site histidines H455 and H456, as well as R460 stabilize the C-terminal acid. The
proximity of the side chain acid of G93 suggests a possible role in the proteolytic
mechanism.
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Table 1

rPRCP substrate specificity

Substrate Km (μmol/L) Kcat (min−1) Kcat/Km (L.μmol−1.min−1)

BK1–9 ns - -

BK1–8 306 622 2.04

Ala-Pro-p-nitroanilide 476 ± 40 521± 53 1.09 ± 0.03
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Table 2

Van der Waals contacts of BK1–8 with PRCP.

Subsite Residues

S1' L298, F297, V289, M288, W98, H455, R460, H456, S179

S1 M288, S179, W432, W359

S2 W356, E93, G94, G355

S3 L298, T356, W359

S4 T356

S5 S360, A363, L390

S6 S360, Q397, C364, C394, L390, D393

S7 D277
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