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ABSTRACT: Fibroblast activation protein (FAP) and dipeptidyl peptidase-4 (DPP-4) are highly homologous
serine proteases of the prolyl peptidase family and therapeutic targets for cancer and diabetes, respectively.
Both proteases display dipeptidyl peptidase activity, but FAP alone has endopeptidase activity. FAP Ala657,
which corresponds to DPP-4 Asp663, is important for endopeptidase activity; however, its specific role
remains unclear, and it is unknown whether conserved DPP-4 substrate binding residues support FAP
endopeptidase activity. Using site-directed mutagenesis and kinetic analyses, we show here that Ala657

and five conserved active site residues (Arg123, Glu203, Glu204, Tyr656, and Asn704) promote FAP
endopeptidase activity via distinct mechanisms of transition state stabilization (TSS). The conserved residues
provide marked TSS energy for both endopeptidase and dipeptidyl peptidase substrates, and structural
modeling supports their function in binding both substrates. Ala657 also stabilizes endopeptidase substrate
binding and additionally dictates FAP reactivity with transition state inhibitors, allowing tight interaction
with tetrahedral intermediate analogues but not acyl-enzyme analogues. Conversely, DPP-4 Asp663

stabilizes dipeptidyl peptidase substrate binding and permits tight interaction with both transition state
analogues. Structural modeling suggests that FAP Ala657 and DPP-4 Asp663 confer their contrasting effects
on TSS by modulating the conformation of conserved residues FAP Glu204and DPP-4 Glu206. FAP therefore
requires the combined function of Ala657 and the conserved residues for endopeptidase activity.

Dipeptidyl peptidase-4 (DPP-4) and fibroblast activation
protein (FAP)1 are highly related serine proteases belonging
to the prolyl peptidase family, which typically cleaves peptide
substrates following proline residues (reviewed in ref1).
DPP-4 is ubiquitously expressed in normal tissues and is an
important therapeutic target for diabetes because it cleaves
and inactivates insulinotropic peptides (reviewed in ref2).
In contrast, FAP shows little normal tissue expression, and
endogenous FAP substrates remain largely unknown (1).
However, FAP is a promising therapeutic target for cancer
because stromal fibroblasts in most malignancies express
FAP strongly (3-5), and FAP activity promotes tumorigen-
esis in preclinical models (6, 7).

The sequences of FAP and DPP-4 are highly identical,
and both are type II transmembrane proteins that contain a
short cytoplasmic tail, a 20-amino acid transmembrane
domain and an∼740-amino acid extracellular region, which
contains an N-terminalâ-propeller domain and a C-terminal
Râ-hydrolase domain (8-14). Theâ-propeller likely regu-

lates access of the substrate to theRâ-hydrolase domain,
which contains the catalytic Ser, Asp, and His residues. The
proteases require dimerization for activity (4, 8-17), and
each cleaves peptide substrates via dipeptidyl peptidase
activity that removes P2-Pro1 dipeptides (P2 represents any
amino acid) from the N-terminus of the substrate. FAP
additionally has endopeptidase activity against substrates
containing a Gly2-Pro1 motif (18), which differentiates it from
DPP-4.

Crystallographic data with substrates and/or inhibitors
bound to DPP-4 (9-14) have defined key interactions for
dipeptidyl peptidase substrate binding. The inhibitor’s posi-
tively charged N-terminus binds the negatively charged
carboxylate side chains of Glu205 and Glu206 and the hydroxyl
group of Tyr662 (Figure 1A,B). Neutralization of the sub-
strate’s positively charged N-terminus (19, 20) or mutation
of Glu205 or Glu206 (21) markedly decreases dipeptidyl pep-
tidase activity, highlighting the importance of these charge-
charge interactions. Arg125 and Asn710 are also important for
dipeptidyl peptidase activity, with Asn710 directly binding
the inhibitor’s P2 carbonyl oxygen and Arg125 positioning
Glu205 for inhibitor binding. Arg125 may also directly bind
the inhibitor’s P2 carbonyl oxygen after slight rotation. The
protease does not bind the side chain of the inhibitor’s P2

residue because it points away from the active site.

Although the FAP crystal structure was determined without
a bound substrate (8), it shows that the DPP-4 substrate-
binding residues are conserved and similarly positioned at
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the FAP active site (Figure 1C). These structural similarities
and mutagenesis studies with Glu203 and Glu204 (22) suggest
that FAP binds dipeptidyl peptidase substrates in a manner
similar to that of DPP-4. However, kinetic data are not
available for the Glu203 and Glu204 mutants, and it is unknown
whether the glutamates and other conserved residues bind
endopeptidase substrates, which lack a charged N-terminus
(Figure 1D). The function of Ala657 (DPP-4 Asp663), a
nonconserved residue near the active site, also remains
unclear (Figure 1). Aertgeerts et al. interchanged the Ala and
Asp residues and found that Asp at position 657 or 663
potentiates dipeptidyl peptidase activity, whereas Ala at this
position allows endopeptidase activity (8). These authors
suggest that the Asp residue potentiates dipeptidyl peptidase
activity by increasing the affinity of protease for the
positively charged N-terminus of dipeptidyl peptidase sub-
strates; however, it is unclear how Ala657 permits FAP
endopeptidase activity.

Using site-directed mutagenesis, kinetic analyses, and
structural modeling, we show here that Ala657 and five
conserved active site residues (Arg123, Glu203, Glu204, Tyr656,
and Asn704) promote FAP endopeptidase activity via distinct
mechanisms of transition state stabilization (TSS). The
conserved residues bind substrate, whereas Ala657 allows
Glu204 to assume a conformation that stabilizes transition state
binding of endopeptidase substrates. This conformational
effect additionally dictates FAP reactivity with transition state
inhibitors, allowing tight interaction with tetrahedral inter-
mediate analogues but not acyl-enzyme analogues. These

results provide insight into how Ala657 regulates FAP
specificity and have implications for rational design of FAP
inhibitors.

EXPERIMENTAL PROCEDURES

Materials. Gly-Pro-7-amino-4-trifluoromethylcoumarin
(AFC) and acetyl (Ac)-Gly-Pro-AFC were from MP Bio-
medicals. Proline-boronic acid (boroPro) and proline-nitrile
inhibitors were synthesized as described previously (23, 24),
purified by reverse phase chromatography, and verified by
matrix-assisted laser desorption ionization mass spectrometry.

Site-Directed Mutagenesis.Point mutations were created
using the Stratagene Quick Change II XL site-directed
mutagenesis kit and verified by DNA sequencing. Primer
sequences are listed in Table 1 of the Supporting Information.
The final constructs encoded soluble, N-terminally FLAG-
tagged versions of FAP (amino acids 38-760) and DPP-4
(amino acids 39-766).

Protease Expression and Characterization.Proteases were
expressed in 293 HEK cells, purified from serum-free
conditioned medium by anti-FLAG affinity chromatography,
and analyzed by SDS-PAGE and gel filtration chromatog-
raphy coupled with multiangle light scattering for assessing
purity and dimer content (20). The dimeric fraction was
considered the proportion of active protease in each prepara-
tion (15, 17).

Protease Kinetics.Protease assays were conducted as
described previously (20), and kinetic parameters (kcat and
Km) were calculated from Michaelis-Menten plots with
nonlinear regression analysis using GraphPad Prism 4. When
saturating amounts of substrate could not be achieved,Km

values were estimated from curvilinear substrate-velocity
curves and catalytic efficiencies (kcat/Km) were determined
under pseudo-first-order conditions (20). Changes in transi-
tion state stabilization energy (∆∆GT

q) for mutant proteases
were calculated according to the following equation:

whereR is the gas constant,T is the absolute temperature,
kcat is the turnover number, andKm is the Michaelis constant
(25).

Ki values for protease inhibition were determined by the
method of progress curves, where reactions are initiated by
addition of enzyme to a mixture of substrate and inhibitor
(20, 26). Reactions were conducted at 23°C in 50 mM Tris
(pH 7.4), 100 mM NaCl, and 1 mM EDTA. Inhibitor
concentrations were varied and kept at a large excess over
protease so that the inhibition reaction did not significantly
deplete the free inhibitor. Apparent inhibition constants (Kapp)
were calculated from the relationship

whereVi is the steady state rate of substrate hydrolysis in
the presence of inhibitor concentration [I] andV0 is the
uninhibited rate.Ki, the true equilibrium inhibition constant,
was obtained by correctingKappfor the presence of substrate:

FIGURE 1: Substrate and protease structural models. (A) Structure
of DPP-4 bound to the dipeptide inhibitor, Val-pyrrolidide [PDB
entry 1n1m (9)]. DPP-4 carbon atoms are colored gray, inhibitor
carbon atoms yellow, oxygen atoms red, and nitrogen atoms blue.
The catalytic serine (Ser630) and substrate binding residues are
labeled in black, and the nonconserved residue, Asp663, is labeled
in red. (B) Val2-Pro1-P1′ as a representative dipeptidyl peptidase
substrate. Substrate cleavage occurs between the Pro1-P1′ bond,
where P1′ represents any amino acid. (C) A model of the FAP active
site based on the FAP crystal structure [PDB entry 1z68 (8)], which
was determined without a bound inhibitor. The color scheme is
the same as in panel A, except that carbon atoms are colored cyan.
(D) P3-Gly2-Pro1-P1′ as a representative endopeptidase substrate.
Note that the P3 residue (P3 represents any amino acid) replaces
the positively charged N-terminus of the dipeptidyl peptidase
substrate.

∆∆GT
q ) -RT ln[(kcat/Km)mutant/(kcat/Km)wild type]

V0/Vi - 1 ) [I]/ Kapp

Ki ) Kapp/(1 + [S]/Km)
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where [S] is the substrate concentration andKm is the
Michaelis constant.

Differences in the free energy of inhibitor binding (∆∆G)
for mutant proteases were calculated using the equation

whereR is the gas constant,T is the absolute temperature,
andKi is the inhibition constant (25).

RESULTS AND DISCUSSION

Mutant Expression and Characterization.FAP mutant
preparations were greater than 95% pure as assessed by
SDS-PAGE and predominantly dimeric when analyzed by
gel filtration chromatography and multiangle light scattering
(Table 1 of the Supporting Information). To assess the effect
of each mutation on FAP activity and specificity, we
performed kinetic analyses with dipeptidyl peptidase (Gly-
Pro-AFC) and endopeptidase (Ac-Gly-Pro-AFC) substrates.

FAP Requires ConserVed DPP-4 Substrate-Binding Resi-
dues for ActiVity against Endopeptidase and Dipeptidyl
Peptidase Substrates.We first assessed the function of FAP
Arg123, a conserved residue in DPP-4 that positions Glu205

for substrate binding and may additionally bind the P2

carbonyl of dipeptidyl peptidase substrates (Figure 1A and
refs 9, 11, 13, and 14). The R123A mutant exhibited
significantly decreased activity against both endopeptidase
and dipeptidyl peptidase substrates, demonstrating a 33-fold
decrease in efficiency against Ac-Gly-Pro-AFC and a 5-fold
decrease in catalytic efficiency against Gly-Pro-AFC relative
to that of wild-type (WT) FAP (Table 1). In both cases,
increasedKm and decreasedkcat values contributed to the low
activity. Similar decreases in catalytic efficiency were
observed for both substrates with R123M and R123K
mutants, showing that FAP requires the positively charged
guanidinyl group of Arg123 for optimal activity.

We next probed the function of FAP Glu203 and Glu204,
two conserved residues in DPP-4 that bind the positively
charged N-terminus of dipeptidyl peptidase substrates (Figure
1A and refs9-14). As expected, mutation of these residues
to Ala alone and in combination markedly diminished activity
against the dipeptidyl peptidase substrate, Gly-Pro-AFC
(Table 1). The catalytic efficiency for Gly-Pro-AFC cleavage
decreased 60-81-fold for each single mutant (E203A and
E204A) due to an increase inKm and a marked decrease in
kcat. There was no detectable activity against Gly-Pro-AFC
with the double mutant, E203/4A (1.5 mM substrate, 100
nM enzyme). Surprisingly, the E203A, E204A, and E203/
4A mutants also had markedly reduced activity against the
endopeptidase substrate, Ac-Gly-Pro-AFC, which lacks a
positively charged N-terminus (Table 1). The single mutants
(E203A and E204A) exhibited a 35-50-fold decrease in
catalytic efficiency against Ac-Gly-Pro-AFC, due to in-
creasedKm and decreasedkcat values. The double mutant
E203/4A had an even greater loss of activity against Ac-
Gly-Pro-AFC due to a large decrease inkcat. Gln mutants
(E203Q, E204Q, and E203/4Q) also exhibited marked
decreases in catalytic efficiency against both substrate types,
whereas Asp mutants (E203D, E204D, and E203/4D)
partially restored activity against both substrates. Together,
these data show that FAP activity requires the negatively
charged carboxylate side chains of both Glu203 and Glu204.

To determine whether FAP activity requires Tyr656, a
conserved residue in DPP-4 that hydrogen bonds with the
N-terminus of dipeptidyl peptidase substrates (Figure 1A and
refs 9-14), we measured the activity of a FAP Y656F
mutant. This mutant had diminished activity against Gly-
Pro-AFC due to an∼4-fold increase inKm and a 37-fold
decrease inkcat. kcat and Km effects similarly reduced the
catalytic efficiency of the mutant for Ac-Gly-Pro-AFC
hydrolysis, indicating that FAP requires Tyr656 for dipeptidyl
peptidase and endopeptidase activity.

Finally, we studied FAP Asn704, a conserved residue in
DPP-4 that binds the P2 carbonyl of dipeptidyl peptidase
substrates (Figure 1A and refs9, 11, and12). Mutation of
Asn704 to Ala diminished the catalytic efficiency of Gly-
Pro-AFC hydrolysis more than 70-fold, largely due to a
decrease inkcat (Table 1). This mutant bound Ac-Gly-Pro-
AFC weakly, which precluded a full Michaelis analysis.
The catalytic efficiency determined under pseudo-first-
order conditions was more than 2300-fold lower than the
catalytic efficiency of WT FAP. Replacement of Asn704

with His, Gln, Asp, or Ser produced little dimeric en-
zyme (Table 1 of the Supporting Information), indicating
that these substitutions are not tolerated and that FAP activity
requires the size, polarity, and hydrogen bonding capacity
of Asn704.

ConserVed ActiVe Site Residues Stabilize the Enzyme-
Substrate Transition.The reduced activity observed with the
conserved residue mutants is consistent with their presumed

∆∆G ) -RT ln[(Ki)wild type/(Ki)mutant]

Table 1: Kinetic Constants for Substrate Hydrolysis by Conserved
Active Site Residue Mutantsa

protease substrate Km (mM) kcat (s-1)
kcat/Km

(M-1 s-1)

WT GP-AFC 0.25 5.6 2.3× 104 b

Ac-GP-AFC 0.33 7.7 2.3× 104 b

R123A GP-AFC 0.38 1.7 4.5× 103

Ac-GP-AFC 0.67 0.47 701
R123M GP-AFC 0.67 2.1 3.1× 103

Ac-GP-AFC 0.65 0.48 738
R123K GP-AFC 1.1 1.2 1.1× 103

Ac-GP-AFC 0.48 0.4 833
E203A GP-AFC 0.92 0.26 283

Ac-GP-AFC 0.81 0.37 457
E204A GP-AFC 0.73 0.28 384

Ac-GP-AFC 0.69 0.45 652
E203/4A GP-AFC NCc NCc NCc

Ac-GP-AFC 0.57 0.05 88
E203D GP-AFC 0.44 0.19 432

Ac-GP-AFC 0.1 0.36 3.6× 103

E204D GP-AFC 0.45 0.33 733
Ac-GP-AFC 0.51 0.13 255

E203/4D GP-AFC 0.55 0.71 1.3× 103

Ac-GP-AFC 0.14 1.4 1.0× 104

E203Q GP-AFC 1.8( 0.8 NDd 171e

Ac-GP-AFC 2.3( 0.9 NDd 157e

E204Q GP-AFC 0.75 0.19 253
Ac-GP-AFC 0.74 0.60 811

E203/4Q GP-AFC 1.5( 0.5 NDd 42e

Ac-GP-AFC 1.4( 0.6 NDd 129e

Y656F GP-AFC 1.1 0.15 136
Ac-GP-AFC 0.84 0.37 440

N704A GP-AFC 0.37 0.12 325
Ac-GP-AFC 1.3( 0.6 NDd 4e

a The reported values represent the average of three or more
independent experiments. Unless otherwise indicated, standard errors
were <10%. b Values from ref20. c No cleavage.d Not determined.
e Determined under first-order conditions.
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role in substrate binding and further suggests that they
stabilize transition state substrate binding. To assess this, we
calculated losses in their transition state binding energy
(∆∆GT

q) relative to that of WT FAP (Figure 2). Decreases
in binding energy were pronounced with both dipeptidyl
peptidase and endopeptidase substrates, and their magnitude
(∆∆GT

q ) 1.0-5.1 kcal/mol) suggests that the conserved
residues stabilize transition state substrate binding via
hydrogen bonding interactions (27). Interestingly, Glu203,
Glu204, and Tyr656 stabilized binding of both substrates
similarly; however, Arg123 and Asn704 provided greater
stabilization for endopeptidase substrate binding.

FAP Endopeptidase ActiVity Requires Ala657. We next
focused on how Ala657 modulates endopeptidase activity
because of a previous report implicating this residue in
endopeptidase activity (8) and because our initial studies
showed that seven other nonconserved residues near the
active site are not important for endopeptidase specificity
(Figure 1 and Table 2 of the Supporting Information).

To better understand how Ala657 permits FAP endopep-
tidase activity, we measured the activity of 10 different Ala657

mutants against Ac-Gly-Pro-AFC. Strikingly, all mutants had
a significant decrease in endopeptidase activity relative to
that of WT FAP, generally due to increasedKm values and
decreasedkcat values (Table 2). Replacement of Ala657 with
aliphatic (Val) or aromatic (Phe) residues decreased the
catalytic efficiency of Ac-Gly-Pro-AFC cleavage by∼110-
or >1600-fold, respectively. Substitution with smaller polar
amino acids (Ser and Thr) decreased endopeptidase catalytic
efficiency ∼25-33-fold, whereas replacement with larger
polar residues (Asn and Gln) or charged residues (Asp)
profoundly slowed or abolished Ac-Gly-Pro-AFC hydrolysis.
Substitution with Gly also resulted in low endopeptidase
activity. Glu and Lys mutants were not active due to their
inability to dimerize (Table 1 of the Supporting Information).
Thus, FAP endopeptidase activity requires Ala at position
657.

The 10 Ala657 mutants were sorted into three groups based
on dipeptidyl peptidase activity (Table 2). The first group
(A657D and A657N) exhibited enhanced dipeptidyl peptidase
activity relative to that of WT FAP. The A657D mutant
markedly preferred Gly-Pro-AFC over Ac-Gly-Pro-AFC,
showing a 10-fold increase in catalytic efficiency against Gly-
Pro-AFC and a concomitant∼600-fold decrease in catalytic
efficiency against Ac-Gly-Pro-AFC. The A657N mutant

lacked activity against Ac-Gly-Pro-AFC but exhibited en-
hanced activity against Gly-Pro-AFC, suggesting that the
carbonyl group of the Asp and Asn side chains is important
for dipeptidyl peptidase activity. The second group (A657S,
A657T, and A657Q) exhibited dipeptidyl peptidase activity
similar to that of WT FAP but had diminished activity against
the endopeptidase substrate. The final group (A657F, A657G,
and A657V) had a marked decrease in activity against both
substrates. Thus, several amino acid substitutions can support
dipeptidyl peptidase activity, but FAP requires Ala at position
657 for endopeptidase activity.

Inhibition Studies with Transition State Analogues Define
Distinct Roles for FAP Ala657 and DPP-4 Asp663. The marked
effects on protease activity observed with the Ala657 mutants
suggest that Ala657, like the conserved residues, stabilizes
the enzyme-substrate transition state. The dramatic effects
on FAP specificity observed with the A657D mutant further
imply that FAP Ala657 and corresponding DPP-4 Asp663

modulate transition state stabilization differently. To test this
hypothesis, we investigated the reactivity of WT and mutant
(FAP A657D and DPP-4 D663A) proteases with transition
state inhibitors.

We first tested protease reactivity with boronic acid
inhibitors, which form a covalent boronate adduct with the
active site serine (28, 29) that mimics the tetrahedral
intermediate of substrate hydrolysis (Figure 3). To model
dipeptidyl peptidase and endopeptidase substrates, we used
the proline-boronic acids (boroPro), Val-boroPro, Ile-boro-
Pro, and Ac-Gly-boroPro. Small aliphatic residues (Val and
Ile) were placed at P2 instead of Gly for the dipeptidyl
peptidase inhibitors since Gly-boroPro inactivates itself via
intramolecular cyclization (30). Val-boroPro and Ile-boroPro
inhibited FAP and the A657D mutant similarly, withKi

values in the low nanomolar range (Table 3). FAP also bound
the endopeptidase inhibitor, Ac-Gly-boroPro, with nanomolar
affinity. However, the A657D mutant bound Ac-Gly-boroPro
weakly, having aKi value 2000-fold greater than that of WT
FAP. The boroPro compounds also inhibited DPP-4 and

FIGURE 2: Changes in transition state binding energy (∆∆GT
q) for

dipeptidyl peptidase (Gly-Pro-AFC) and endopeptidase (Ac-Gly-
Pro-AFC) substrates observed with conserved residue mutants.

Table 2: Kinetic Constants for Substrate Hydrolysis by FAP Ala657

Mutantsa

group mutant substrate Km (mM)
kcat

(s-1)
kcat/Km

(M-1 s-1)

WT none GP-AFC 0.25 5.6 2.3× 104 b

Ac-GP-AFC 0.33 7.7 2.3× 104 b

higher DPPf A657D GP-AFC 0.062 14 2.3× 105

activity Ac-GP-AFC 0.78 0.03 39
A657N GP-AFC 0.087 8.9 1.0× 105

Ac-GP-AFC NCc NCc NCc

WT DPPf A657S GP-AFC 0.135 4.7 3.5× 104

activity Ac-GP-AFC 0.52 0.46 885
A657Q GP-AFC 0.091 2.0 2.2× 104

Ac-GP-AFC 1.0( 0.2 0.09 90
A657T GP-AFC 0.11 4.5 4.1× 104

Ac-GP-AFC 0.42 0.29 690
lower DPPf A657F GP-AFC 0.41 0.20 488

activity Ac-GP-AFC 1.3( 0.5 NDd 14e

A657G GP-AFC 1.3( 0.3 1.8 1.4× 103

Ac-GP-AFC 2.0( 0.6 NDd 182e

A657V GP-AFC 0.49 0.94 1.9× 103

Ac-GP-AFC 0.43 0.09 209
a The reported values represent the average of three or more

independent experiments. Unless otherwise indicated, standard errors
were <10%. b Values from ref20. c No cleavage.d Not determined.
e Determined under first-order conditions.f Dipeptidyl peptidase.
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DPP-4 D663A, with the mutant showing moderately de-
creased affinity for Val-boroPro and Ile-boroPro and in-
creased affinity for Ac-Gly-boroPro.

We next reacted each protease with an analogous set of
proline-nitrile inhibitors, which form a covalent imidate
adduct with the active site serine (14, 31, 32) that resembles
the acyl-enzyme intermediate of substrate hydrolysis (Figure
3) (28). Surprisingly, these compounds inhibited FAP poorly
with micromolar Ki values observed for both dipeptidyl
peptidase (Val-Pro-CN and Ile-Pro-CN) and endopeptidase
(Ac-Gly-Pro-CN) inhibitors (Table 4). In contrast, the A657D
mutant bound Val-Pro-CN and Ile-Pro-CN much tighter
(∼8600-10700-fold decrease inKi) and Ac-Gly-Pro-CN
weaker (25-fold increase inKi) than WT FAP. Val-Pro-CN
and Ile-Pro-CN inhibited DPP-4 with low nanomolarKi

values, consistent with prior reports (33); however, Ac-Gly-

Pro-CN inhibited DPP-4 with a micromolarKi value. Relative
to WT DPP-4, the D663A mutant bound Val-Pro-CN and
Ile-Pro-CN weaker (∼30-47-fold increase inKi) and Ac-
Gly-Pro-CN tighter (2-fold decrease inKi).

To evaluate how introduction of Asp at FAP position 657
alters inhibitor binding energy, we calculated∆∆G values
for each inhibitor (Figure 3B,C). The Asp stabilized dipep-
tidyl peptidase inhibitor binding; however, stabilization was
significantly greater with the proline-nitriles than the boro-
Pros. In contrast, the Asp destabilized endopeptidase inhibitor
binding, and greater destabilization was observed with the
boroPro inhibitors. Substitution of DPP-4 Asp663 with Ala
produced more moderate and opposite changes in inhibitor
binding energies, and these were observed with both boroPro
and proline-nitrile inhibitors (Figure 3). Thus, FAP Ala657

and DPP-4 Asp663 dictate the protease reaction with transition

FIGURE 3: FAP Ala657 and DPP-4 Asp663 dictate the protease reaction with transition state analogues. (A) Initial steps of the serine protease
reaction pathway. HO-Enz represents the catalytic serine. (B) Structure of a boroPro inhibitor and the tetrahedral boronate adduct. The
graph shows changes in inhibitor binding energy (∆∆G) for the FAP A657D and DPP-4 D663A mutants. (C) Proline-nitrile inhibitor and
the trigonal imidate adduct. The graph shows changes in inhibitor binding energy for the FAP A657D and DPP-4 D663A mutants. DPP
stands for dipeptidyl peptidase and EP for endopeptidase.

Table 3: Ki Values (nanomolar) for Protease Inhibition by
Proline-Boronic Acidsa

Val-boroPro Ile-boroPro Ac-Gly-boroPro

FAP 6.2( 0.1 14.0( 0.3 23( 3b

FAP A657D 2.2( 0.3 8.4( 0.6 (4.6( 0.3)× 104

DPP-4 0.17( 0.05 0.54( 0.10 377( 25b

DPP-4 D663A 0.28( 0.02 0.87( 0.20 85( 3
a The data represent the average( the standard error of the mean

for three or more independent experiments.b Data from ref20.

Table 4: Ki Values (nanomolar) for Protease Inhibition by
Proline-Nitrilesa

Val-Pro-CN Ile-Pro-CN Ac-Gly-Pro-CN

FAP (3.4( 0.1)× 105 (8.4( 0.2)× 104 (6.8( 0.4)× 103

FAP A657D 39.4( 1.4 7.8( 0.5 (1.7( 0.1)× 105

DPP-4 10.1( 0.6 1.9( 0.1 (6.1( 0.3)× 104

DPP-4 D663A 309( 19 89.6( 1.9 (3.0( 0.1)× 104

a The data represent the average( the standard error of the mean
for three or more independent experiments.
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state inhibitors, and this relates to their effects on the free
energy of inhibitor binding.

FAP Substrate Binding Models.The mutagenesis data
presented here support a direct role for the conserved residues
in binding dipeptidyl peptidase and endopeptidase substrates.
For dipeptidyl peptidase substrates, the substrate’s positively
charged N-terminus likely hydrogen bonds with the car-
boxylate side chains of Glu203 and Glu204, as well as the
phenolic hydroxyl group of Tyr656 as modeled in Figure 4A.
The amide group of Asn704 forms a hydrogen bond with the
substrate’s P2 carbonyl oxygen. Additionally, after a minor
rotation, the carbonyl oxygen of the Asn side chain can
hydrogen bond with the phenolic side chain of Tyr656, which
may position the Tyr residue optimally for substrate binding.
Arg123 hydrogen bonds to Glu203, and this likely positions
the Glu residue optimally for substrate binding. Slight
rotation of the Arg would also allow hydrogen bonding with
the substrate’s P2 carbonyl oxygen. Similar binding interac-
tions likely occur with endopeptidase substrates (Figure 4B),
except that Glu203 and Glu204 bind the amide nitrogen of the
P2 Gly residue instead of the positively charged N-terminus
of the dipeptidyl peptidase substrate (Figure 4A). Addition-
ally, Tyr656 is too far removed from this amide nitrogen for
hydrogen bonding and probably orients Glu204 optimally for
substrate binding. Thus, the conserved residues bind both
substrate types and orient the scissile bond for cleavage.

Although Ala657 also supports transition state binding of
endopeptidase substrates, this residue does not bind substrate
and likely regulates protease specificity by controlling the
geometry of the active site. Consistent with this, the 4 Å
distance between Ala657 and Glu204 (Figure 4B) allows the
Glu residue more conformational freedom than the corre-
sponding Asp residue in DPP-4 (Figure 4C). The methyl side
chain of Ala657 likely provides Glu204 the ideal amount of
conformational freedom for endopeptidase activity as sub-
stitution with larger or smaller amino acids markedly
diminishes endopeptidase activity (Table 3). By contrast, the
2.5 Å distance separating DPP-4 Asp663 and Glu206 allows
these residues to hydrogen bond (Figure 4C), which con-
formationally restrains Glu206such that endopeptidase activity
cannot occur.

FAP Inhibition Model.Besides regulating protease speci-
ficity, FAP Ala657 and DPP-4 Asp663 dictate the reaction with
transition state analogues, with the Ala promoting reaction
with boroPro inhibitors but limiting reaction with proline-
nitrile inhibitors and the Asp permitting reaction with both
inhibitors. To identify potential structural reasons for this,
we docked these inhibitors into the FAP and DPP-4 active
sites (Figure 5). The models suggest three potential factors
responsible for the differences in protease inhibition. First,
as observed with substrate binding, FAP Ala657 and DPP-4
Asp663 modulate the conformation of FAP Glu204 and DPP-4
Glu206, which alters interaction of the conserved Glu residue
with the inhibitor’s N-terminus. Second, the tetrahedral
geometry of the boroPro adduct and trigonal nature of the
imidate adduct lead to slight differences in the positioning
of the inhibitors, which alters their contact with the conserved
active site residues. Third, the hydroxyl groups of the boroPro
inhibitor hydrogen bond with Tyr541 and His734 (Figure 5A),
but the imidate nitrogen hydrogen bonds with only His734.
It is likely that this additional hydrogen bonding, the highly
electrophilic nature of the boron atom, and the aforemen-

tioned differences in the geometry of the inhibitor-protease
adducts all contribute to FAP’s higher-affinity binding of
boroPro inhibitors.

Although DPP-4 Asp663 stabilized dipeptidyl peptidase
inhibitor binding, it markedly destabilized endopeptidase
inhibitor binding. The Asp does not sterically hinder binding

FIGURE 4: FAP substrate binding models. (A) Model for binding
of the dipeptidyl peptidase substrate Val-pyrrolidide to FAP based
on our data, the FAP crystal structure [PDB entry 1z68 (8)] and
the DPP-4 crystal structure with bound inhibitor [PDB entry 1n1m
(9)]. The same color scheme that was used in Figure 1C was used
here. The position of the catalytic serine, Ser624, is indicated at the
top left. (B) Model for binding of the endopeptidase substrate to
FAP. Ac-Gly-pyrrolidide, which models an endopeptidase substrate,
is docked into the FAP active site. The red dashed line highlights
the 4 Å distance separating the side chains of Ala657 and Glu204,
which allows Glu204 considerable conformational freedom. (C)
Structure of DPP-4 bound to the dipeptidyl peptidase inhibitor Val-
pyrrolidide with a shorter distance (2.5 Å) between DPP-4 Asp663

and Glu206 (red dashed line). This allows these residues to hydrogen
bond, which conformationally restrains Glu206.
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of the inhibitor to the DPP-4 active site (Figure 5), suggesting
that the nature of the carboxylate side chain destabilizes
binding. The carboxylate’s hydrogen bonding capacity likely
allows binding and deprotonation of the Glu206 side chain,
and the resultant negative charge strongly disfavors binding
of uncharged endopeptidase substrates or inhibitors. This
implies that avoidance of unsolvated charge drives dipeptidyl
peptidase versus endopeptidase specificity and that N-blocked
inhibitors like Ac-Gly-boroPro should preferentially inhibit
FAP relative to DPP-4-like proteases. Indeed, Ac-Gly-
boroPro shows marked selectivity against DPP-8 and DPP-9
[Ki 8800-19100-fold greater than that of FAP (20)], prolyl
peptidases that share DPP-4’s Glu-Asp dyad and exhibit
DPP-4-like substrate specificity (34). Future studies with
these prolyl peptidases should expand our understanding of
the structure-activity relationship of N-acyl-Gly-boroPro
inhibitors and aid in selective inhibitor design.
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