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ABSTRACT: Circulating antiplasmin-cleaving enzyme (APCE), a prolyl-specific serine proteinase, is essentially
identical to membrane-inserted fibroblast activation protein (FAP) that is transiently expressed during
epithelial-derived cancer growth. Human precursive R2-antiplasmin (Met-R2AP), the only known physiologic
substrate for APCE, is cleaved N-terminally to Asn-R2AP that is rapidly cross-linked to fibrin and protects it
from digestion by plasmin. Identifying a specific inhibitor of APCE/FAP continues to be intensely pursued.
Recombinant FAP cleavage of peptide libraries of short amino acid sequences surrounding the scissile bond,
-Pro12-Asn13-, indicated that P2 Gly and P1 Pro are required, just as we found for APCE. We examined
cleavage of P4-P40 peptides, using 19 amino acid substitutions at each position and selected ones in P8-P5.
Km values determined for peptide substrates showed that P7 Arg has the highest affinity for APCE. Peptide
cleavage rate increased with Arg in P6 rather than P5 or native P7. Placing Arg in P4 or P8 reduced cleavage
rates dramatically. Cleavage of substrates with extended peptide sequences before or after the scissile bond
showed endopeptidase to be superior to dipeptidase activity for APCE. A substrate analogue inhibitor,
Phe-Arg-(8-amino-3,6-dioxaoctanoic acid)-Gly-[r]-fluoropyrrolidide, inhibited APCEwith aKi of 54 μMbut
not dipeptidyl peptidase IV even at 2mM. The inhibitor also blocked cleavage ofMet-R2APwith an IC50 of 91
μM.Replacing Arg with Gly at the same distance from fluoropyrrolidide as P7 Arg is from P1 Pro reduced its
inhibition of APCE ∼10-fold. Results indicate that Arg at P5, P6, or P7 distances from P1 enhances affinity
and efficiency of substrates or inhibitors toward APCE or FAP.

Human R2-antiplasmin (R2AP),1 the primary inhibitor of
plasmin, is secreted from liver cells as a single-chain glycoprotein
of 464 amino acid residues with an N-terminal methionine
(Met-R2AP). An N-terminal 12-residue peptide is cleaved from
Met-R2AP between Pro12 and Asn13 by circulating antiplasmin-
cleaving enzyme (APCE), a prolyl-specific serine proteinase, to
yield the derivative, Asn-R2AP (1). To date,Met-R2AP is the only
defined physiologic substrate for APCE. Met-R2AP is found in
plasma in two polymorphic forms, having either Arg (R) or Trp
(W) as its sixth residue, i.e., R6 or W6, the former being cleaved
by APCE ∼8-fold faster than the latter to yield Asn-R2AP (2).
During clot formation, Asn-R2AP becomes cross-linked to fibrin
by activated clotting factor XIII ∼13-fold faster than Met-R2AP
(R6) or Met-R2AP(W6), and as reported by us, clot lysis rates

decrease in direct proportion to the plasma ratio of Asn-R2AP/
Met-R2AP (1, 3). This prompted the hypothesis that an enhanced
endogenous fibrinolytic activity might be accomplished by
increasing Met-R2AP/Asn-R2AP ratios through inhibition of
APCE (2).

APCE is a soluble isoform or derivative of fibroblast activa-
tion protein (FAP) (4), the latter being a type II integral
membrane protein, which is predicted to have its first six
N-terminal residues within fibroblast cytoplasm, followed by a
20-residue transmembrane domain and then a 734-residue extra-
cellular C-terminal catalytic domain (5, 6). Recombinant FAP,
like APCE, is also a prolyl-specific enzyme that exhibits both
endopeptidase and dipeptidyl peptidase activities (7). FAP is
expressed by activated fibroblasts and is believed to proteolyti-
cally remodel the extracellular matrix during embryogenesis,
wound healing, and expansion of epithelial-derived cancers
(e.g., breast, lung, prostate, pancreas, colon, gastric). FAP is
not expressed by normal tissues or benign tumors (6, 8-17).
A few reports have shown that human parenchymal carcinoma
cells may also contain cytosolic and membrane forms of FAP
(14, 16). In an animal model, transfected HK293 cells that
expressed FAP promoted tumor growth (18). FAP has also been
noted in other diseases characterized by marked fibroblast
proliferation and abnormal tissue growth. In hepatic cirrhosis,
FAP expression occurs exclusively on activated hepatic stellate
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cells and myofibroblasts and correlates strongly with severity of
fibrosis (19). In osteoarthritis, FAP is significantly higher on
chondrocyte membranes and cartilage than in normal counter-
part tissue (20). Finally, high FAP expression may play a role in
the relentless advancement of idiopathic pulmonary fibrosis (21).
The suspicion that FAP relates to progression and severity of
several major chronic diseases has stimulated efforts to develop
an inhibitor of its proteinase activity.

Stable and specific inhibitors are needed to decipher the
relationship between APCE activity and fibrin clot lysis or
FAP activity and neoplasm growth. With the objective of
developing specific inhibitors of APCE, we now report complete
cleavage rate analyses of synthetic peptide libraries, modeled on
the P4-P40 sequence spanning the cleavage site in Met-R2AP to
identify preferred or requisite residues. Our results also provide
insights about the impact of the P7 functional single nucleotide
polymorphism on cleavage of the Met-R2AP scissile bond
(Pro12-Asn13) by APCE (2). Peptide motifs potentially useful in
the design of selective inhibitors of both APCE and FAP are
shown not only to significantly inhibit cleavage of synthetic
fluorescent substrates but also, for the first time, to inhibit
cleavage of the natural human substrate, Met-R2AP.

EXPERIMENTAL PROCEDURES

Materials. Gly-Pro-7-amido-4-methylcoumarin (Gly-Pro-
AMC) and benzyloxycarbonyl- (Z-) Gly-Pro-AMC were from
Sigma and Bachem, respectively. Fmoc-pipecolinic acid and
Fmoc-(3S)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (tic)
were from Advanced Chemtech; pyrrolidine and piperidine were
fromAldrich. MEPLGRQLTSGP-AMC,MEPLGWQLTSGP-
AMC, peptide substrate analogue inhibitors, and peptide li-
braries were synthesized in the Molecular Biology-Proteomics
Facility, University of Oklahoma Health Sciences Center.
Met-R2AP(R6) and APCE were purified as previously described
from fresh frozen human plasma purchased from the Sylvan
Goldman Blood Institute, Oklahoma City, OK (4).
Synthesis of Inhibitors. Inhibitors 1-4 and 11 listed in Table

2 were prepared according to the Fmoc synthesis procedure
utilizing the HBTU/HOBT activation method [the activation
reaction consisted of 3.3 equiv of HBTU (2-(1H-benzotriazol-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate), 3.3 equiv
of HOBT (1-hydroxybenzotriazole), 6.6 equiv of diisopropy-
lethylamine, 3.3 equiv of protected amino acid, and 1.0 equiv of
amino acid or peptide linked to the synthesis solid support]. All
reactions were carried out inN-methylpyrrolidone. The syntheses
were done by solid-phase methods employing 4-alkylbenzyloxy
alcohol resins for inhibitors 1-4 and Rink 4-methylbenzhydry-
lamine resin for inhibitor 11. Inhibitors 5-10 were partially
synthesized, including all but the C-terminal structure, utilizing
the above methods on glycine-2-chlorotrityl resins on all except
inhibitor 7, where 8-amino-3,6-dioxaoctanoic acid-2-chlorotrityl
resin was used. For inhibitors 5-10, chemically protected
peptides were released from the synthesis resin by treatment with
3% trifluoroacetic acid in dichloromethane. The protected
peptides were then purified by reversed-phase HPLC. Inhibitor
5-7 precursors were prepared by this method, and then each
protected peptide’s free carboxyl terminus was linked to a 5-fold
excess of pyrrolidine (inhibitors 5-7), fluoropyrrolidine (inhibi-
tors 8 and 9), or piperidine (inhibitor 10) by in-solution reaction
utilizing the HATU/DIEA linkage reaction in dimethylforma-
mide. The HATU/DIEA linkage reaction mixture contained

1.2 equiv of HATU (2-(7-aza-1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate), 2.4 equiv of diiso-
propylethylamine, and 1.0 equiv of protected peptide. The
reaction products were chemically deprotected by treatment with
90% trifluoroacetic acid, 5% triisopropylsilane, and 5% water
and then dried. Finally, each inhibitor was purified by reversed-
phase HPLC and analyzed by electrospray mass spectrometry.
Enzyme Assays. APCE or DPPIV was incubated in 25 mM

sodium phosphate buffer, pH 7.5, containing 1.0 mM EDTA
and 4% methanol in a total volume of 200 μL for 20 min at
22 �C, using fluorescent substrates MEPLGRQLTSGP-AMC
(5-160 μM), MEPLGWQLTSGP-AMC (10-400 μM), Z-Gly-
Pro-AMC (10-500 μM), or Gly-Pro-AMC (50-2500 μM).
Fluorescence wasmonitored with time at excitation and emission
wavelengths of 360 and 460 nm using a black-sided, 96-well plate
in a BIO-TEK FL600 fluorescence plate reader. For standard
curves, dilutions of AMC (7-amido-4-methylcoumarin) were
prepared in the same assay buffer, and corresponding fluores-
cence was measured. The substrates in five different concentra-
tions were mixed with four different concentrations of inhibitors
around the expected Ki values; the enzyme was added and
enzymatically released AMC fluorescence was recorded.
Competitive inhibition was established by Lineweaver-Burk
plot. Therefore, enzyme kinetic parameters were computed by
fitting data to the following equation, employing the program
PRISM, GraphPad:

v ¼ Vmax½S�
Km 1 þ ½I�

Ki

� �
þ ½S�

APCE Residue Preferences in P4-P40 Substrate Pep-
tides. To determine substrate specificity in P4-P40, peptides
were derived from the contiguous sequence of four amino
acids on either side of the APCE Pro12-Asn13 cleavage site in
Met-R2AP. Eight peptide position libraries were prepared; each
library consisted of different peptides with each having a single
amino acid position substituted utilizing all native amino acids
except Cys. Within each library, the 19 peptides were distributed
into three sublibraries with six or seven peptides in each. The
peptides in a sublibrarywere selected so that themolecular weight
differences among them were maximized. Each of the three
sublibraries contained a common specific reference peptide.
In total, there were 152 peptides with each differing from the
others by a single amino acid in the 24 sublibraries representing
the eight position libraries. Each sublibrary was incubated with
APCE, and relative cleavage rates for each peptide in the mixture
were compared.

Reaction mixtures contained APCE at 0.5-2 μg and peptide
concentrations of 13.4 μM for each that contained residues from
the P-side or 18.6 μM for peptides modeled from P0-side amino
acids. Amounts of cleaved peptides were determined at 0.083,
0.167, 0.25, 0.33, 0.50, 0.75, 1.0, 1.5, 3.0, 4.0, 6.0, and 24 h. To
buttress conclusions about P4-P40 substrate specificity from the
LC/MSdata, only time points below 15%substrate consumption
were utilized to ensure cleavage rates remained within a linear
range. Cleavage rates of peptide substrates in the P1-P4
sublibraries by APCE were determined by liquid chromatogra-
phy/mass spectrometry (LC/MS) analysis. Peptide libraries
representing residue numbers 6 through 17 (FRQLTSGP-
NQEQV) of Met-R2AP(R6) sequence were incubated with
APCE; each bold and underlined letter represents the varied
amino acid. The FRQL sequence was added to make the
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N-terminal product larger in molecular weight than the
C-terminal product. The N-terminal Phe, not native to Met-
R2AP, was added to enhance binding to the reversed-phase
HPLC column.

To determine P10-P40 substrate specificity, peptide cleavage
rates were analyzed by MALDI-TOF MS. Peptide libraries
representing residue numbers 9 through 18 (ATSGP-NQEQVSFR)
ofMet-R2AP sequence, with each bold letter representing the varied
amino acid, were also incubated with APCE. N-Terminal Ala and
C-terminal Phe andArg were added to improveMALDI-TOFMS
analysis.
LC/MS Analysis of Met-R2AP Hydrolysis by APCE.

Met-R2AP(R6) (13 μg) was incubated with APCE (0.2 μg) and
various concentrations of inhibitor in 100 μL of 25 mM sodium
phosphate-1.0 mM EDTA buffer, pH 7.5. After incubation for
6 h at 37 �C, an internal standard peptide (FRQLTSG-tic-
NQEQV, 0.11 μg) was dissolved in the reaction mixture, and
cold acetonitrile (4� sample volume) was added to precipitate
proteins. The sample was incubated at -80 �C for 60 min and
centrifuged for 10 min at 16000g at 4 �C to remove precipitated
proteins. The supernatant, which contained the N-terminal
12-residue peptide of Met-R2AP(R6), was removed, dried by
vacuum centrifugation, and dissolved in 5% acetic acid.

Hydrolysis products contained in the supernatant were ana-
lyzed by LC/MS, using a Paradigm MS4B HPLC system
(Michrom Bioresources) equipped with a reversed-phase column
(0.5 mm � 150 mm Magic C18 column with 5 μm particles
and 20 nm pores) operated at 20 μL/min. The column was
equilibrated with 2%acetonitrile/water containing 0.09% formic
acid and 0.01% TFA. Upon sample injection, the solvent
composition was increased to 10% acetonitrile, and a linear
gradient was applied to 50% acetonitrile over 40 min. Peptides
were detected at 215 nm wavelength. The HPLC effluent was
connected to an HCTultra ion trap mass spectrometer, Bruker
Daltonics, equipped with an electrospray ion source operated in
the positive ion mode. Data were collected over an m/z range of
300-1800 amu. Both the internal standard peptide and the
peptide product of digestion were located by extracted ion
current analysis of data for each peptide over a 1.5 amu window
for singly anddoubly charged forms of each peptide, based on the
peptide’s predictedmonoisotopicmolecularmass.Quantification
was performed by summing all detected ions from the total
ion chromatogram for all observed charge forms and all
isotopic forms detected above background for each peptide ion
over a 2 min window beginning when peptide ions were first
observed.
Immunoblot Analysis of Met-R2AP Cleavage by APCE.

Reaction mixtures made to contain APCE, Met-R2AP(R6), and
one of the inhibitors from Table 2 were prepared as described
above, incubated for 6 h, subjected to SDS-PAGE, and trans-
ferred to a nitrocellulose membrane, and Met-R2AP(R6) was

then detected by immunostaining with an antibody specific for its
N-terminal sequence and nonreactive with Asn-R2AP (1).

RESULTS

Effects of Met-R2AP(R6W) Polymorphism on Binding
to APCE. Met-R2AP exists in two polymorphic forms, Met-
R2AP(R6) and Met-R2AP(W6), and while APCE cleaves the
former at Pro12-Asn13∼8-fold faster than the latter to remove the
12-residue N-terminal peptide (2); it is unknown if the rate
difference is due to variation in APCE binding to the linear
peptide sequence or to conformational changes induced within
Met-R2AP by the R6W polymorphism. To clarify this, we
synthesized peptides that contained N-terminal amino acids
P1-P12, with either R or W at P7, and the C-terminal fluoro-
genic group, AMC, at P10, i.e., MEPLGRQLTSGP-AMC or
MEPLGWQLTSGP-AMC, and determined kinetic parameters
for cleavage of each by APCE (Table 1). Replacement of P7 Arg
with Trp caused a 3.5-fold increase in the Km and a 4.2-fold
decrease in kcat/Km, which supports that the increased rate of
APCE cleavage of Met-R2AP(R6) can be explained in large part
by increased affinity between APCE and Met-R2AP(R6).
Endopeptidase Specificity of APCE. While Arg in P7

conferred more than a 3-fold increase in substrate affinity for
APCE (Table 1), it persistently resulted in the Pro12-Asn13 scissile
bond being cleaved ∼8-fold faster (2). These observations
suggested that a positively charged P7 residue relates to substrate
selectivity and might augment approaches for bypassing over-
lapping interactions with other prolyl-specific serine peptidases.
The specific impact of P7 on APCE endopeptidase activity
suggested that, like FAP (22), this function may prevail over
potential dipeptidase properties. Although APCE is known to
cleave prolyl peptide (Pro-Xaa) bonds, no direct quantitative
study of its dipeptidyl peptidase and endopeptidase activities has
been reported. Therefore, two 17-residue peptides surrounding
the APCE cleavage site in Met-R2AP(R6) were synthesized and
hydrolyzed with equivalent amounts of APCE. The peptides,
MEPLGRQLTSGP-NQEQV and GP-NQEQVSPLTLLKLGN
(scissile bond in bold), were used as the endopeptidase and
aminodipeptidase substrates. Figure 1 clearly shows that APCE
is preferentially an endopeptidase rather than an aminodipeptidase,
with an ∼10-fold greater rate of hydrolysis of the internal
-P-N- bond in the Met-R2AP(R6) 1-17 native peptide sequence,
MEPLGRQLTSGP-NQEQV, when compared to cleavage of the
-P-N- dipeptidyl bond exposed in the Met-R2AP 11-27 amino
acid sequence, GP-NQEQVSPLTLLKLGN. That the endopepti-
dase activity of APCE dominates is further supported by experi-
ments using fluorometric substrates, MEPLGRQLTSGP-AMC,
MEPLGWQLTSGP-AMC, Z-GP-AMC, and GP-AMC. Similar
to the studies of Aertgeerts et al. (22) in which recombinant FAP
showed an ∼18-fold increase in catalytic efficiency for cleaving

Table 1: Kinetic Values for APCE and DPPIV

APCE DPPIV

substrate Km (mM) kcat (min-1) kcat/Km (min-1/mM) Km (mM) kcat (min-1) kcat/Km (min-1/mM)

MEPLGRQLTSGP-AMC 0.021( 0.002 70.2( 2.3 3.3� 103 NCa

MEPLGWQLTSGP-AMC 0.070 ( 0.006 55.3( 1.5 7.9� 102 NC

Z-GP-AMC 0.090( 0.009 36.4( 1.2 4.0� 102 NC

GP-AMC 0.455( 0.042 29.1( 1.1 6.4� 101 0.063 ( 0.006 119.1( 6.1 1.9� 103

aNC: no cleavage.
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Z-Gly-Pro-AMC as opposed to Gly-Pro-AMC, we found the
kcat/Km of APCE toward GP-AMC to be 6-51-fold lower than
the other three substrates, none of which were cleaved by DPPIV;
however, kcat/Km ofDPPIV towardGP-AMCwas∼30-fold higher
than that of APCE (Table 1).
Effect of the P7 Residue on APCE Substrate Specificity.

Given the functional R6W polymorphism in Met-R2AP, we
used LC/MS analyses to screen a peptide library containing
19 different amino acids to define the preferred residue in P7. The
relative cleavage rates of the synthetic peptides were determined
from a library that spanned the Pro12-Asn13 cleavage bond
(Figure 2A). APCE exhibited a preference for peptide substrates
that contained Arg or Lys in P7, both of which have positively
charged, basic side chains at neutral pH (Figure 2B). Arg was
clearly the optimal P7 amino acid, the peptide containing it
being cleaved ∼5-10-fold faster than peptides with other amino
acids in P7, except for Lys, which was ∼70% of the Arg rate
(Figure 2B).

To determine if the distance of Arg relative to the Pro12-Asn13

scissile bond is important, five similar peptides, each with Arg as
a substitution in P4, P5, P6, P7, or P8 and Gly in the other four
positions, but otherwise having native residues in the remainder
of the N-terminal sequence (residues 4-17) of Met-R2AP(R6),
were digested by APCE and cleavage rates followed by LC/MS
analysis (Figure 3A). Each reaction solution contained one
experimental peptide (Figure 3A) and internal standard peptide
(FRQLTSGPNQEQV). Based on relative cleavage rates, the
peptide containing Arg in P6 proved to be the best substrate for
APCE, but enhanced rates were also observed with Arg in P7
(native) or P5. Notably slower cleavage rates were observedwhen
Arg occupied position P4 or P8 (Figure 3B).
APCE Substrate Preferences toward P4-P40 Residue

Peptides. APCE cleavage rates of peptide substrates in the P1-
P4 sublibraries were determined by LC/MS analysis (Figure 4A).
As expected, P1 required Pro while Gly in P2 was an absolute

requirement for cleavage byAPCE. Both Pro in P1 andGly in P2

are native in Met-R2AP. These data are in agreement with our

preliminary report (23) and those for recombinant FAP utilizing
a totally different approach (24). In P3, we found Gly to be the

most preferred residue, although Ser was reported for recombi-

nant FAP despite Gly not being included in peptides assayed for
recombinant FAP specificity (24). With respect to P4, APCE

exhibited less specificity. Small amino acids such as Gly or Ala in
P3 and a number of amino acids in P4 were slightly better than

native Ser and Thr, respectively.
P10-P40 substrate specificity was analyzed by MALDI-TOF

MS, given its speed and cost per experiment (Figure 4B). Only
Ser was better than the native Asn in P10, but seven different
amino acids, namely, Trp, Phe, Pro, Tyr, His, Gly, or Ala, were
preferred over native Gln at P20. Negatively charged amino acids
were preferred in P30 as reflected by native Glu and Asp being
interchangeable. Finally, native Gln in P40 was not particularly
favored over other amino acids. In fact, the preferred amino acids

FIGURE 1: Endopeptidase specificity of APCE. Two synthetic pep-
tides representing Met-R2AP(R6) were digested with equivalent
amounts of APCE. The peptide MEPLGRQLTSGP-NQEQV (b)
containedN-terminal amino acids 1-17 ofMet-R2AP(R6) and served as
the endopeptidase substrate. The peptide GP-NQEQVSPLTLLKLGN
(0) contained amino acids 11-27 in the Met-R2AP sequence and was
used as the substrate for aminodipeptidase cleavage. P-N represents the
APCE-cleavage site. The substrates and products were quantitated by
LC/MS to obtain the percent digestion of each peptide with time.

FIGURE 2: APCE residue preference in position P7. (A) A library of
the N-terminal peptide containing residues 1-17 of Met-R2AP(R6)
was synthesized to contain each of the native amino acids, less
cysteine, as a substitution in P7. (B) Comparison of hydrolysis rates
for each peptide with the respective amino acid at P7 is shown on the
abscissa. The native P7 polymorphic amino acids, R and W, are
labeled (*).

FIGURE 3: APCE-preferred position of Arg relative to the Pro-Asn
scissile bond. (A) The panel of peptides examined for APCE-cata-
lyzed hydrolysis: each peptide containedArg in the P4, P5, P6, P7, or
P8 positions and a Gly in the other variable positions. (B) Compar-
ison of hydrolysis rates for each peptide with Arg in position P4, P5,
P6, P7, or P8 as shown on the abscissa. The peptide with Arg in its
native P7 position is labeled (*). All rates are relative to the hydrolysis
rate of the internal standard peptide.
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in P40 were aromatic residues, Phe, Tyr, and Trp. In general,
APCE manifested tight amino acid specificity in P1 and P2, but
P3, P4, and P10-P40 tolerated a number of different residues.
Notably, neither Lys nor Arg was tolerated in any position of
P4-P40.

In a similar, but not identical study, Edosada et al. (24) used
recombinant FAP to cleave peptides containing 11 amino acid
substitutions spanning P4 through P20 and found very tight
specificity for Pro andGly at P1 and P2, respectively. Our present
study, in which 19 amino acid substitutions were used, showed
broad tolerance for residues in P3, P4, P10, and P20 of APCE.
Both the findings of Edosada et al. (24) and our results reported
here showed that small neutral amino acids seemed to be
preferred in P3. Interestingly, P20 trended toward aromatic or

small neutral amino acids. We included additional substitutions
in P30 and P40 and found that negatively charged residues appear
important in P30 and that occupancy by Lys, Arg, and His
significantly decreases cleavage rates. P40 definitely preferred
aromatic or negatively charged residues. Hence, on compiling
results from both studies, there is clear agreement for the strict
requirement for Pro andGly in P2 and P1, whereas a fair amount
of hydrophobicity and negativity are favored in the P10-P40

sequence. Notably, throughout the P4-P40 peptide, positively
charged residues are the least favored.
Implications of P2 Gly and P7 Arg on APCE inhibition.

Besides the Pro12-Asn13 scissile bond of Met-R2AP(R6), both
P2 Gly and P7 Arg residues are important for directing APCE
substrate specificity (Figures 2 and 4A). Based on the N-terminal

FIGURE 4: APCE peptide substrate preferences for single residue substitutions in P4-P40. Peptide libraries derived from the P4-P40 amino acid
sequence (TSGP-NQEQ)ofMet-R2APwere synthesized.Therewere 152peptides consistingof the commonamino acids, less cysteine,whichwere
substituted one at a time in each of the positions P4 through P40. Peptides were then assayed for relative cleavage rates. The amino acids native to
Met-R2AP are labeled (*). (A) LC/MS analysis of P1-P4 substrate specificity. Peptide libraries representing residues 6 through 17 (FRQLTSGP-
NQEQV) of Met-R2AP(R6) were incubated with APCE; each bold letter represents the amino acid subjected to substitution. (B) MALDI-TOF
MS analysis of P10-P40 substrate specificity. Peptide libraries representing residues 9 through 18 (ATSGP-NQEQVSFR) of Met-R2AP were
incubated with APCE; each bold letter represents a varied amino acid.
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sequence ofMet-R2AP(R6), inhibitor 1, FRQLTSG-pipecolinyl-
NQEQV, in which P1 Pro was replaced with pipecolinic acid,
manifested significant inhibitory activity, having a Ki = 14.0 (
0.8 μM (Table 2). Inhibitor 2 contained peg (a polyethylene
glycol, i.e., 8-amino-3,6-dioxaoctanoic acid) instead of the QLTS
residues of inhibitor 1. Although slightly shorter in linear length
than QLTS, lower in molecular weight, and higher in aqueous
solubility, inhibitor 2 had about the same Ki value as inhibitor 1.
When P7 Arg in inhibitor 2 was replaced with Gly to form

inhibitor 3, the Ki was reduced ∼4-fold, which agrees with our
peptide cleavage data showing preference for Arg overGly in this
position (Figure 2). To test the hypothesis that inhibitor 2 may
exist in cyclic form as a consequence of the positively charged
P7Arg interacting with negatively charged preferred P30 Glu, the
latter was replaced with Gly to yield inhibitor 4, which showed
about the same inhibitory potency as inhibitor 2. Hence, P7 Arg
in inhibitor 2 must interact directly with APCE and not form a
cyclic peptide via an intramolecular charge interaction. This

Table 2: Inhibition Constants of APCE Inhibitors

apeg represents a polyethylene glycol derivative, 8-amino-3,6-dioxaoctanoic acid, and [r] and [s] indicate different stereo configurations. bP1 positions are
vertically aligned. cData represent the best-fit value ( the standard error.
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interpretation was further supported by the comparison of
inhibitors 5 with 6, which showed that inhibitor 5 has about a
10-fold greater potency.

Efforts were undertaken to improve inhibitor 5, which has
pyrrolidine as a Pro-mimetic at P1. First, since fluorinated
inhibitors of DPPIV are reported to show remarkable improve-
ments in potency and pharmacokinetics (25), inhibitor 5 was
fluorinated on the 3-position of the pyrrolidine ring to give either
R or S sterospecificity and termed inhibitor 8 or 9, respectively.
Both were only ∼1.3-fold more potent than the nonfluorinated
parent, inhibitor 5. Second, the smaller inhibitor 7 was made by
deletingGly from inhibitor 5. This was done in an effort to reduce
the molecular size of the inhibitor and to determine whether the
structurally analogous ethylene glycol unit might substitute for
the P2 Gly. Inhibitor 5, however, showed a >14-fold potency
over inhibitor 7, indicating that P2 Gly is essential for inhibition.
Finally, the five-membered ring structure, pyrrolidine, of inhi-
bitor 5was replaced by a six-membered ring structure, piperidine,
to give inhibitor 10, which was ∼4-fold weaker in inhibitory
potency than the pyrrolidine-containing construct. Inhibitor 11,
which is inhibitor 10with a carboxyamide group in its piperidine
ring, was less effective than inhibitor 10.
Inhibition of APCE-MediatedMet-R2APCleavage.Five

inhibitors fromTable 2 were selected to test their ability to inhibit
hydrolysis of the physiologic substrate Met-R2AP. Inhibition
constants shown in Table 2 were determined from 20 min
incubations of APCE with the fluorogenic synthetic substrate,
Z-Gly-Pro-AMC.Met-R2AP(R6) was incubated with APCE in a
7 h assay (Figure 5) to compare inhibitors 5 and 6 for the effect of
Arg versus Gly in P7 on substrate binding to APCE. Inhibitor 8
was selected because it was the best among the group without P0

sites for inhibiting Z-GlyPro-AMC cleavage, and inhibitor 2
served to represent those with P0 sites. Inhibitor 11 served as a
negative control, since it lacked inhibitory properties. When
using Met-R2AP(R6) as substrate (Figure 5), percent inhibition
of each inhibitor correlated with the constants listed in Table 2,
except for inhibitor 2. During a 1 h incubation,∼6% of inhibitor
2 was cleaved by APCE to yield two derivatives as detected by
LC/MS, (i) FR-peg-G-pipecolinic acid and (ii) NQEQV, neither
of which appeared to have any inhibitory effect on APCE. These
data imply that itmay be possible to develop a substrate analogue
into an efficient inhibitor of APCE, which is not cleaved at all or,
in worst case, cleaved very slowly (26). Since the potency of
inhibitor 8 was maintained over 7 h of incubation with APCE
(Figure 5B), its IC50 value was determined by two different
methods: LC/MS to quantify the N-terminal peptide cleaved
from Met-R2AP(R6) by APCE (Figure 6A1) and immunoblot
analysis to quantify the amount of intact Met-R2AP(R6) that
remained after exposure to cleavage by APCE (Figure 6B1). LC/
MS data were closely fitted to a sigmoidal curve model and
yielded an IC50 of 91( 1.2 μM (Figure 6A2). Using immunoblot
data, the IC50 could be graphically estimated as ∼120 μM
(Figure 6B2). While the LC/MS technique is a more useful and
accurate approach for determining IC50, the two values obtained
by very different methods were in general agreement.

DISCUSSION

Inhibition of circulating APCE could well raise the plasma
level of Met-R2AP to cause increased endogenous fibrinolytic
activity where tendency to thrombosis exists. The membrane
location of FAP and the fact that its expression appears restricted

to activated stromal fibroblasts of selected cancers and, in some
cases, neoplastic parenchymal cells make it an attractive target
for inhibitors that restrict proteolytic invasion of extracellular
matrix (ECM). Experimental treatment considerations of meta-
static cancer raised the possibility that Val-boroPro, a prolyl
boronic acid, may be useful for inhibiting FAP and, as a
consequence, cancer growth (8-17). Unfortunately, however,
Val-boroPro also inhibited certain dipeptidyl peptidases such as
DPPIV and upregulated cytokine and chemokine activities (27).
Several other prolyl boronic acids have been developed and
reported as putative selective inhibitors for FAP (28, 29), but
their instability in aqueous buffers andphysiologic systems due to
reactive electrophiles within their structures have complicated
progress (30, 31). Clearly, the development of an effective
inhibitor of APCE/FAP may have therapeutic potential for
(i) increasing endogenous fibrinolysis in prothrombotic states and
(ii) abrogating the expansion of epithelial-derived malignancies.

FIGURE 5: Inhibition of Met-R2AP cleavage by APCE. Met-R2AP
(R6) was incubated for 7 h with APCE and each of the following
inhibitors: 2, 5, 6, 8, or 11. Controls are indicated as either “no
inhibitor” or “no enzyme”when eitherwas omitted. (A1)Coomassie-
stained reduced SDS-PAGE analyses and (A2) a representative
immunoblot detected by an antibody specific for the N-terminal
peptide of Met-R2AP(R6) that does not react with Asn-R2AP.
(B) Densitometric analysis of immunoblot (A2) for % inhibition of
Met-R2AP(R6) cleavage by each inhibitor. The % inhibition was
expressed as [(densitometric value for inhibitor- densitometric value
for “no inhibitor”)/(densitometric value for “no enzyme”- densito-
metric value for “no inhibitor”)] � 100. Each bar represents the
mean ( SE of five experiments.
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Given that APCE and FAP are essentially identical, we asked
the following questions in efforts to analogize inhibitor develop-
ment to the peptide structure of a native substrate, Met-R2AP:
(i) Does APCE bind to the N-terminal peptide of Met-R2AP(R6)
with greater affinity than that of Met-R2AP(W6)? (ii) Is Arg6,
which is also P7 in the peptide substrate, the most preferred
residue in this position for APCE substrate specificity? (iii) In
Met-R2AP(R6) sequence, are the native residues Thr, Ser, Gly,
Pro, Asn, Gln, Glu, and Gln in P4, P3, P2, P1, P10, P20, P30, and
P40 positions, respectively, optimal, or even essential for APCE
substrate specificity? (iv)Would the sum of these results suggest a
peptide template for construction of a specific inhibitor of
APCE? (v) And finally, would such an inhibitor block cleavage
of Met-R2AP as well as synthetic substrates?

We first examined endo- and dipeptidase activities of APCE,
using extended peptide sequences around the P1-P10 scissile
bond in its only definitive physiologic substrate to date, namely,
MEPLGRDQLTSGP-NQEQV and GP-NQEQVSPLTLLKLGN
ofMet-R2AP.Givenbindingconsiderations,we thought it important
to present the enzyme with as much native primary structure as
possible on either side of the P1-P10 bond; however, obviously
no peptide extension beyond P2 was feasible in analyses of
dipeptidase function. APCE manifests ∼10-fold more endopep-
tidase than dipeptidyl peptidase activity (Figure 1). Based on
kcat/Km values in Table 1, APCE possessed only about 3% of the
dipeptidyl peptidase activity of DPPIV. Our findings here are in

keeping with those of Aertgeerts et al. (22), who used sensitive
synthetic fluorogenic dipeptide substrates to show lower recom-
binant human FAP dipeptidase than endopeptidase activity;
however, Collins et al. (32) did not detect dipeptidase activity
using a bovine serum form of APCE/FAP for cleaving synthetic
Gly-Pro-AMC substrate but did characterize endopeptidase
activity using Z-Gly-Pro-AMC.

We reasoned that any inhibitor made to mimic the favored
Met-R2AP(R6) substrate cleavage site might involve P4-P40

positions as well as P7, given the functional impact of the R6W
polymorphism in this position. APCE cleavage of substrates
from the peptide library definitively established that P1 and P2
absolutely require Pro and Gly, respectively. Virtually any
noncharged amino acid could occupy P3 and P4 without major
effect on cleavage rate (Figure 4). P7 strongly prefers a positively
charged amino acid such asArg>Lys>His (Figure 2). Because
of the striking effect of a positive charge in P7, we posited that the
distance from it and the P1-P10 scissile bondmay be a significant
factor in specificity of APCE. Hence, P7 Arg was shuffled to P4,
P5, P6, or P8, with results showing that Arg in P6 gives faster
cleavage rate than Arg in native P7 (Figure 3). While Arg in P5
was about as effective as in native P7, cleavage rates decreased
substantially withArg in P4 or P8. Our results are in keeping with
the recent observations of Aggarwal et al. (33) that degraded type
I collagen is cleaved preferentially at -Gly-Pro-Xaa bonds that
have a positively charged Arg or Lys in the P6 site. Likewise, our

FIGURE 6: Determination of IC50 for FR-peg-G-(R)-fluoropyrrolidide (inhibitor 8). After incubatingMet-R2AP(R6) with APCE and inhibitor 8
for 6 h, the reaction mixture was divided for LC/MS analysis of the N-terminal peptide produced from cleavage ofMet-R2AP(R6) and the other
half for immunoblot analysis of intact Met-R2AP(R6). (A1) LC/MS determination of produced N-terminal peptide (PNP) fromMet-R2AP(R6)
was expressed as the ratio of sumof area of theN-terminal peptide to sumof area of the internal standard peptide obtained fromLC/MSdata and
then plotted as a function of inhibitor concentration. Each data point is the mean( SE of three determinations. (A2) For determining an IC50,
% inhibitionwas calculated as [(PNP value for 0 μM inhibitor in panel A1- PNP value for each concentration of inhibitor)/PNP value for 0 μM
inhibitor]� 100.Then the sigmoidal dose-response curve-fitmodel inGraphpadPrism softwarewas normalizedbydefining0%and100%as the
smallest and highest values for each of the% inhibition data sets, respectively. (B1) A representative immunoblot forMet-R2AP(R6) detection at
various inhibitor concentrations by an antibody specific for the N-terminal peptide of Met-R2AP(R6). (B2) Percent inhibition was calculated as
described in the legend to Figure 5B, and curve fitting of normalized % inhibition was performed as described in (A2). Each data point is the
mean ( SE of three experiments.
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findings with P7 Arg are consistent with “electrostatic steering”
or “ionic tethering” (33-36), the latter occurring between a
positively charged residue in P7 and an unidentified negatively
charged site in close relationship with the active site containing
pore of FAP. Certainly this could increase the rate of complex
formation and key the substrate’s scissile bond to the active
site serine within the enzyme. Figure 7 shows our model of the
N-terminal peptide of Met-R2AP(R6) within the recombinant
FAP crystallographic structure derived by Aertgeerts et al. (22).
The pore around the catalytic triad in the structure of FAP
is large and can accommodate long peptides. Docking of the
17-mer peptide into this pocket shows that most residues, except
the ones at P2, P1, P10, and P20, can have different conformations
andmake contactswith different residues of the enzyme.Arg, at a
distance equivalent to 6-7 residues from the scissile bond toward
the N-terminus, can be aligned with any of the four different
patches of negative charge on the surface of the pore. These
interactions can serve as a tether for directing the scissile bond of
a substrate to the catalytic site of APCE/FAP.

We determined the residue preferences by initial hydrolysis
rates of peptide substrate mixtures from a synthesized peptide
library, and while more efficient and cost-effective compared to
using individual peptides, the determination of APCE substrate
preference could only be expressed as relative kcat/Km and not as
individual Km values because of competition among the several
peptide substrates (37). Three fluorogenic peptides modeled on
the native N-terminal region sequence ofMet-R2APwere synthe-
sized: MEPLGRQLTSGP-AMC, MEPLGWQLTSGP-AMC,
and GP-AMC. Km values for the three were 0.021, 0.070, and
0.455 mM, demonstrating that, besides P1 Pro and P2 Gly, an
extended sequence N-terminal to the scissile bond, most likely
dominated by Arg in P7, clearly confers tighter substrate binding
to APCE. Moreover, the correlation of Km values with residue
preference suggests the utility of both approaches for inhibitor
development.

Based on the above data, FRQLTSG-pipecolinyl-NQEQV
(inhibitor 1) was synthesized with F added to enhance reverse-
phase chromatographic separation. The native sequences,
RQLTS and NQEQV, with R in P7, were placed in correct
relationship to both G, the required P2 residue, and to P1, which
in this case is pipecolinic acid with a six-membered ring instead of
five as in Pro. When inhibitor 1 was compared to FR-peg-G-
pipecolinyl-NQEQV (inhibitor 2), both manifested essentially
identical Ki values (Table 2), and both were slowly hydrolyzed
during lengthy incubations withAPCE. The substitution of a peg
with a length closely similar to the sum of the omitted residues
was done because of its smaller mass, potentially lower anti-
genicity, and higher aqueous solubility. Since the peptide library
data suggested that the P0 residues may not be a critical
requirement, noncleavable peptide analogue inhibitors such as
FR-peg-G-pyrrolidide (inhibitor 5), FR-peg-G-[r]-flurrroropyr-
rolidide (inhibitor 8), and FR-peg-G-piperidide (inhibitor 10)
were synthesized. Inhibitor 2 (Ki = 14 μM) was more potent
than inhibitor 8 (Ki = 54 μM) during short incubations with Z-
Gly-Pro-AMC, but in ∼20-fold longer incubations, where Met-
R2AP(R6) served as the physiologic substrate, inhibitor 8 demon-
strated superior activity (Figure 5). The loss of potency with time
of inhibitor 2 is explained by slow cleavage of its P1-P10, i.e., the
pipecolinyl-Asn bond. Inhibitor 8 blocked APCE cleavage of
Met-R2AP(R6) in a concentration-dependent manner with an
IC50 value of 91 μM. Inhibitor 8 was significantly more selective
for APCE than DPPIV, the most closely related enzyme to FAP

(48% amino acid sequence identity) in the clade of prolyl-specific
serine proteinases (6), as even up to 2mMdid not inhibit DPPIV.
DPPIV does not cleave Z-Gly-Pro-AMC or Met-R2AP(R6), but
it does readily cleave the dipeptidyl substrate, Gly-Pro-AMC.
Acetyl-Gly-boroPro and acetyl-Gly-Pro-nitrile have been re-
ported as more potent for inhibiting FAP, but with a fairly
narrow concentration window for also inhibiting DPPIV, with
acetyl-Gly-boroPro having Ki values of 23 nM for FAP and
377 nM for DPPIV, and acetyl-Gly-Pro-nitrile with Ki values of
6.8 and 61 μM for the two enzymes, respectively (7). We propose
that the higher selectivity of inhibitor 8 for APCE with a Ki of
54 μM, and no inhibition of DPPIV even at 2 mM, suggests
that a peptide motif modeled on Arg-xxx-Gly-Pro, where xxx
represents a linker of∼2-4 amino acids in length, may be useful
for APCE/FAP-specific inhibitor design and avoidance
of -boroPro “warhead” inhibitors because of their potent
electrophilic properties, broad specificities, and consequent
toxicity (31).
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