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Human fibroblast activation protein (FAP), an inte-
gral membrane serine protease, was produced in insect
cells as a hexa-His-tagged protein using a recombinant
baculovirus expression system. Two isoforms of FAP,
glycosylated and nonglycosylated, were identified by
Western blotting using an anti-His-tag antibody and
separated by lectin chromatography. The glycosylated
FAP was purified to near homogeneity using immobi-
lized metal affinity chromatography and was shown to
have both postprolyl dipeptidyl peptidase and postgel-
atinase activities. In contrast, the nonglycosylated iso-
form demonstrated no detectable gelatinase activity by
either zymography or a fluorescence-based gelatinase
activity assay. The kinetic parameters of the dipeptidyl
peptidase activity for glycosylated FAP were deter-
mined using dipeptide Ala-Pro-7-amino-trifluoro-
methyl-coumarin as the substrate. The kcat is 2.0 s21

and kcat/Km is 1.0 3 104 M21 s21 at pH 8.5. The pH depen-
dence of kcat reveals two ionization groups with pKa1

of 7.0 and pKa2 of 11.0. The pH profile of kcat/Km yields
similar results with pKa1 6.2 and pKa2 11.0. The neutral
pK is associated with His at the active site. The basic
a1

pKa2 might be contributed from an ionization group
that is not involved directly in catalysis, instead asso-
ciated with the stability of the active site structure.
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Fibroblast activation protein (FAP)3 is expressed spe-
cifically in reactive tumor stromal fibroblast cells, gran-
ulation tissue in healing wounds, and chronic inflam-
matory lesions, but not in normal human tissue (1–4).
FAP acts as a matrix-degrading enzyme involved in
tissue remodeling and cancer cell invasion via an un-
known mechanism (5). Since it is highly expressed in
tumor stroma, FAP has gained attention as tumor
marker and a possible target for cancer therapy. For
instance, radiolabeled antibody against FAP has been
tested as a treatment for cancer patients (2).

FAP is located on the cell surface as a glycosylated
95-kDa protein. It was initially identified by a FAP-
specific monoclonal antibody (4, 6). Sequence analysis
reveals that FAP belongs to a family of membrane ser-
ine proteases with a catalytic triad of conserved Ser,
Asp, and His residues. FAP has a type II membrane
protein topology with a short N-terminal cytoplasmic
tail (6 amino acids), a transmembrane domain (20
amino acids), and a large C-terminal extracellular do-
main (732 amino acids), which contains the putative
catalytic site. FAP has been found to exhibit dipeptidyl
peptidase and collagenase activities in vitro (7), but

little is known about its natural substrate and the sig-
nificance of its peptidase activity in vivo. The closest
relative of FAP is dipeptidyl peptidase IV (DPPIV) with
54% amino acid sequence identity (8). Unlike FAP,
DPPIV lacks the gelatinase activity and is expressed

3 Abbreviations used: FAP, fibroblast activation protein; DPPIV,
dipeptidyl peptidase IV; ConA, concanavalin A; AFC, 7-amino-triflu-
oromethyl-coumarin; DMSO, dimethyl sulfoxide; DTT, dithiothreitol;
TLCK, L-1-chloro-3-(4-tosylamido)-7-amino-2-heptanone–hydrochlo-
ride; PMSF, phenylmethylsulfonyl fluoride; FBS, fetal bovine serum;
PVDF, polyvinylidene difluoride; BSA, bovine serum albumin; RFU,
relative fluorescent units.
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in activated T-cells, kidney, and intestinal epithelia
cells but not in FAP-expressing tissues, suggesting that
FAP and DPPVI biological roles could be significantly
different in spite of their sequence homology (9).

The extracellular domain of FAP (amino acids 27–
760) has been produced as a CD8a fusion protein (7).
In the same study, the full-length FAP was expressed
in HEK293 cells and enriched by concanavalin A (ConA)
affinity chromatography selective for glycoproteins, but
was not purified to homogeneity, possibly due to solubil-
ity problems associated with a membrane protein (7).

In this paper, we describe the production in insect cells

and purification of full-length human FAP to near ho-
mogeneity for the first time. We also examine the enzy-
matic activity of FAP as a serine protease, which may
help to understand its biochemical function.

MATERIALS AND METHODS

Materials

ConA–Sepharose 4B resin was purchased from
Sigma-Aldrich Corp. Talon resin was from Clontech.
Ala-Pro-AFC (7-amino-trifluoromethyl-coumarin) was
supplied from Bachem. EnzCheck gelatinase/collagen-
ase kit was from Molecular Probes. Zymogram gels
(10% Tris–glycine gel with 0.1% gelatin) and zymogram
developing and renaturing buffers were from In-
vitrogen. AFC was from Enzyme Systems Products. Tri-
ton X-100, methyl-D-mannopyranoside, imidazole,
DMSO, DTT, and mercaptoethanol were from Sigma-
Aldrich Corp. The protease inhibitors aprotinin TLCK
(L-1-chloro-3-(4-tosylamido)-7-amino-2-heptanone–
hydrochloride), PMSF (phenylmethylsulfonyl fluoride),
chymostatin, phosphoramidon, and Pefabloc were from
Roche Diagnostic Corporation. An anti-hexa-His mono-
clonal antibody was generated in our laboratories. Ex-
presSF1 cells were from Protein Sciences Corporation.
Trichoplusia ni cells (BTI-Tn-5B1-4) were obtained
from Dr. M. Shuler at Cornell University (Ithaca, NY)
(10). These cells are also sold commercially by In-
vitrogen, known as High-5.

Construction of FAP Plasmid

Standard molecular biology methods were used to
construct the FAP baculoviral transfer vector (11).
Briefly, the 58 portion of the FAP cDNA, containing
residues 265 to 11449 (GenBank Accession No.
U76833), was isolated by RT/PCR using cDNA prepared
from WI38 cells. The resulting PCR fragment was li-

gated into the pTOP4 vector (Invitrogen). The final ba-
culoviral transfer vector that expressed FAP with an
N-terminal histidine tag was constructed using a three-
way ligation. The 58 portion of the FAP cDNA was am-
plified by PCR from the pTOP4/FAP vector using a 58
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oligonucleotide that introduced a BamHI site immedi-
ately upstream of the initiator ATG. The resulting PCR
fragment was digested with BamHI and ClaI. The 38
portion of the FAP cDNA was obtained by digesting
IMAGE clone 965933 (GenBank AA528235) (Research
Genetics) with ClaI and NotI. The 58 and 38 fragments
of the FAP cDNA were then ligated with pFastBacHTb
(Life Technologies Corp.) that was previously digested
with BamHI and NotI. DNA sequencing of the final
vector confirmed that the FAP cDNA insert in pFast-
BacHTb was identical to the GenBank U76833
sequence.

Expression of Full-Length FAP

A recombinant baculovirus was prepared for expres-
sion of His-tagged FAP according to the Bac-to-Bac pro-
tocols from Life Technologies. The plasmid containing
full-length FAP cDNA was transformed into DH10Bac
Escherichia coli, allowing production of infectious viral
DNA by transposition within the cells. Recombinant
bacmid DNA was recovered and transfected into ex-
presSF1 cells to allow production of virus. For viral
amplification, a 1-ml aliquot of clarified medium con-
taining the recombinant virus was recovered 4 days
posttransfection and used subsequently to infect a T-
75 flask containing 107 expresSF1 cells. Amplification
was carried out for 3 days in 15 ml of culture medium
(SF900 II SFM, Life Technologies, supplemented with
10% FBS, 2 mM glutamine, and 50 mg/ml gentamicin).
The medium containing the amplified recombinant vi-
rus was clarified by centrifugation (5 min at 1500 rpm
in a Sorvall H1000B rotor), and aliquots of 1 ml were
further amplified in a 400-ml culture medium con-
taining expresSF1 cells infected at an initial cell den-
sity of 2 3 106 cells/ml. Amplified virus was harvested
by centrifugation 3 days postinfection at 278C and the
resulting viral stock was titered by a plaque assay and
stored in the dark at 48C before use.

Infections (m.o.i. 5 5) were carried out at 278C, typi-
cally in shake flasks containing 8 3 108 cells in 400 ml
of expression medium. For expresSF1 cells, the expres-
sion medium was Sf900 II SFM supplemented with 2
mM glutamine and 50 mg/ml gentamicin. For T. ni cells,
the expression medium was ExCell 405 (JRH BioSci-
ences) supplemented with 2 mM glutamine and 50 mg/
ml gentamicin. Cells were harvested 72 h postinfection
by centrifugation (5 min at full speed in a benchtop
microcentrifuge or 5 min at 2500 rpm in a Sorvall H-
6000A rotor) and cell pellets containing recombinant
FAP were stored at 2808C until purification.
Purification of Full-Length FAP

The cell pellet from 500 ml of cell culture was resus-
pended in 100 ml of lysis buffer (50 mM Tris, pH 7.5,
150 mM NaCl, 10 mM MgCl2, 5 mM CaCl2, and 1%
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Triton X-100). Cells were lysed by sonication and cellu-
lar debris was removed by centrifugation at 16,000g for
30 min. The supernatant was collected and added to
20 ml of ConA–Sepharose resin. The suspension was
incubated for 4 h at room temperature with gentle mix-
ing. The ConA resin was collected by centrifugation and
then washed with 10 vol of washing buffer (50 mM Tris,
pH 7.5, 150 mM NaCl, and 0.1% Triton X-100) followed
by incubation with elution buffer (50 mM Tris, pH 7.5,
150 mM NaCl, 0.1% Triton X-100, 0.25 M methyl-D-
mannopyranoside) for 1 h at room temperature. The
ConA eluate was collected and then incubated with 1
ml Talon resin at 48C overnight followed by 3 h at room
temperature with gentle mixing. The Talon resin was
washed extensively with washing buffer (50 mM Tris,
pH 7.5, 500 mM NaCl, 20 mM imidazole, and 0.1%
Triton X-100) and then incubated with elution buffer
(50 mM Tris, pH 7.5, 150 mM NaCl, and 500 mM imid-
azole) at room temperature for 1 h with gentle mixing.
The supernatant containing purified FAP was collected
and stored at 48C.

Western Blotting and SDS–PAGE Analysis

The expression of FAP was analyzed by Western blot.
Samples were prepared by suspending pelleted cells in
23 Laemmli sample buffer. One aliquot (10 ml) con-
taining 105 lysed cells was subjected to electrophoresis
on 4–20% polyacrylamide gel. Proteins in SDS–PAGE
gels were transferred to a PVDF membrane (Bio-Rad)
and processed with the WesternBreeze kit (Invitrogen)
using an anti-His monoclonal antibody as the pri-
mary antibody.

The purification of recombinant FAP was analyzed
by SDS–PAGE and Western blot. Protein samples were
reduced by DTT and denatured by boiling in 13 SDS
sample buffer. SDS–PAGE was carried out using
Nu-PAGE 4–12% Bis-Tris gels (Invitrogen). Proteins
were visualized by silver stain using the GelCode
SilverSNAP stain kit (Pierce). The silver stained gels
were scanned and analyzed using One-D scan analysis
software (Scanalytic, Inc). Protein purity and concen-
tration were calculated by comparing the density of
the FAP protein band to the densities of all the other
bands in the lane and to the density of the band of
a known amount of BSA (Pierce) loaded on the same
gel, respectively.

Dipeptidase and Gelatinase Activity Assays

The dipeptidyl peptidase activity of FAP was moni-
tored by fluorometrically measuring hydrolysis of the

synthetic dipeptide Ala-Pro-AFC. In a 96-well black
plate (Packard), FAP was added to a final volume of
100 ml assay buffer (25 mM glycine, 25 mM acetic acid,
25 mM Mes, 75 mM Tris, and 100 mM NaCl, pH 8.0).
The reaction was initiated by addition of Ala-Pro-AFC
AL.

prepared in DMSO. DMSO concentration was adjusted
to 3% in the final assay solution. Release of free AFC
was monitored by CytofluorII (PerSeptive Biosystems,
Inc.) using a 360-nm excitation/530-nm emission filter
set. The initial rate was obtained by fitting the time
course to a linear curve. All assays were performed at
room temperature.

A serial dilution of free AFC was prepared in the
same assay buffer and the corresponding fluorescence
signal was measured. A standard curve of free AFC
from 0 to 4 mM versus fluorescence signal was linear
and independent of pH from 6.0 to 9.5.

To measure gelatinase activity, 10 ml of a 10 mg/ml
solution of collagen type I or gelatin conjugated with
fluorescein was mixed with FAP in 100 ml of assay
buffer. Digestion of collagen or gelatin by FAP resulted
in an increase in fluorescence, monitored by CytofluorII
(PerSeptive Biosystems, Inc.) using a 485-nm
excitation/530-nm emission filter set. The initial reac-
tion rate was derived from a linear fit of the first 5 to
10 min time course data.

The zymogram was performed as described pre-
viously (12). Briefly, protein samples in sample buffer
(80 mM Tris, pH 7.5, 1% SDS, 4% glycerol, 0.006%
bromphenol blue) were loaded onto 10% polyacrylamide
gel containing 0.1% gelatin and subjected to SDS–
PAGE at 20 mA current for 1.5 h. The gel was incubated
with 100 ml zymogram renaturing buffer for 1 h on a
shaker to restore enzyme activity. The gel was then
transferred to 100 ml zymogram developing buffer and
incubated at 378C for 3 days. The gel was stained in
0.5% Coomassie blue G-250 in 30% methanol and 10%
acetic acid for 5 h at room temperature and subse-
quently destained with 30% methanol and 10% acetic
acid overnight. The area of digestion by gelatinase did
not bind stain and showed up as a clear band on the gel.

Inhibitor Profile

A number of protease inhibitors and reducing regents
were tested for the effects on FAP dipeptidyl peptidase
activity. The selected inhibitor was preincubated with
FAP for 15 min at room temperature prior to addition
of the substrate Ala-Pro-AFC. The reaction was fol-
lowed for 15 min and the initial rate was obtained by
fitting the time course to a linear curve. The inhibitory
effect was measured as the activity remained relative to
the enzyme activity in the absence of inhibitor (100%).

pH Profile

Peptidase activity was measured over the pH range

of 6.0–9.5 using 25 mM glycine, 25 mM acetic acid, 25
mM Mes, 75 mM Tris, and 100 mM NaCl as a buffer. The
buffer was titrated with NaOH or HCl to the desired pH.
The change in ionic strength due to the pH adjustment
was negligible with respect to total ionic strength.
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RESULTS

Expression and Purification of FAP

The expression of His-tagged FAP in SF1 and T. ni
cells was monitored by Western blot (Fig. 1). Maximal
expression level of FAP occurred approximately 48 h
following infection and remained constant to 72 h in
both cell lines. Two major bands, adjacent to each other
with slightly different intensities, were detected at mo-
lecular weight around 90 kDa with anti-His antibody,
indicating the production of two FAP isoforms. SF1
and T. ni cells were similar in the expression of FAP,
though the relative intensity of the major bands differed
between the cell types.

Nonionic detergent Triton X-100 (1%) combined with
high salt concentrations in lysis buffer effectively ex-
tracted full-length FAP into solution. Soluble FAP was
purified by two affinity chromatographic steps, a ConA
resin to bind glycoproteins followed by a Talon resin to
bind His-tagged FAP. Samples from each purification
step were analyzed by Western blot (Fig. 2a) and silver-
stained SDS–PAGE gel (Fig. 2b). The gelatinase activ-
ity of FAP was monitored by a zymogram throughout
the purification steps (Fig. 2c). The negative control was
the host cell infected with FAP-negative baculovirus.
As shown in Fig. 2a, lanes 2 and 4, the FAP isoform
represented by the upper band was bound to ConA resin
and eluted at 0.25 mM methyl-D-mannopyranoside,
while the low-molecular-weight isoform remained in
the flowthrough of ConA, suggesting that the two iso-
forms differed by glycosylation. The glycosylated His-
tagged FAP was bound to Talon resin efficiently when
incubated for an extended period of time (Fig. 2a, lane
5). Buffers with low imidazole (20 mM) and high salt
concentration (500 mM) were employed to wash away
nonspecific and weakly bound proteins from the Talon
resin. This wash step proved to be critical in removing
the background proteins and increasing the purity of
the His-tagged protein. The final purified His-tagged
FAP appeared as a dominant band at the expected mo-
FIG. 1. Expression time course study of full-length FAP in SF1
and T. ni cells. The expression level was analyzed by the Western
blot. His-tagged FAP was probed with monoclonal anti-His antibody.
The controls were uninfected host cells (Un SF1 and Un T.ni) and
cells infected with wild-type virus (WT SF1).
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In a zymogram, protein with gelatinase activity was
identified as a clear band resulting from digestion of
gelatin, which corresponded to the protein band at the
molecular weight of gelatinase. Multiple bands were
observed at the low-molecular-weight region from the
crude soluble fraction, suggesting the presence of gela-
tinase-like proteins, which were also observed in the
control lanes (Fig. 2c, lanes c1 and c2). The non-FAP
gelatinases were removed by Talon affinity chromatog-
raphy (Fig. 2c, lane c3). The final purified FAP was
visualized as a single band on a zymogram (Fig. 2c,
lane 7). In contrast, the ConA flowthrough, which con-
tained the unglycosylated FAP isoform, showed little
gelatinase activity (Fig. 2c, lane 2). Gelatinase activity
was enriched by ConA resin, which was consistent with
the observation that little gelatinase activity was de-
tected in the ConA flowthrough by the fluorescence-
based gelatinase activity assay (data not shown).

Tracking FAP recovery during purification by follow-
ing dipeptidyl peptidase and gelatinase activities using
fluorescence-based assays was difficult because of non-
specific FAP-like activity in the crude cell lysate. For
example, FAP-negative host cells exhibited significant
proteolytic activity with Ala-Pro-AFC, as well as gela-
tinase activity with gelatin (or collagen type I). The
control cells treated with the same purification proce-
dure displayed no dipeptidyl peptidase and gelatinase
activities in the final eluate, indicating the removal of
other proteases. Less than 0.5% of the total activity in
the crude cell lysate was observed in the final puri-
fied FAP.

Enzymatic Activity of FAP

A fast, continuous activity assay using fluorescein-
conjugated gelatin as substrate was employed to meas-
ure the gelatinase activity of purified FAP quantita-
tively. The fluorescence is quenched in the intact gelatin
due to extensive fluorescein labeling. Fluorescein was
released when gelatin was degraded by FAP, resulting
in an increase in fluorescence proportional to FAP pro-
teolytic activity. FAP exhibited gelatinase activity with
both gelatin and collagen type I, consistent with the
previous observation based on zymography (7). The spe-
cific gelatinase activity is 5 relative fluorescent units
(RFU) min21 nM21 at 0.1 mg/ml collagen type I. This
gelatinase activity reflected in RFU is an arbitrary unit.

The dipeptidyl peptidase activity of FAP was charac-
terized using the synthetic dipeptide Ala-Pro-AFC as
substrate. Ala-Pro-AFC was dissolved in DMSO, which
may effect enzyme activity, as it did with prolyl oligo-
lecular weight, around 95 kDa, on the silver-stained
gel and was recognized by anti His-tag antibody in the
Western blot. The yield was approximately 10 mg FAP
from a 1-L culture of T. ni or SF1 cells with up to 80%
purity as judged by SDS–PAGE.
peptidase (13). Thus we first investigated the DMSO
effect on FAP activity. As shown in Fig. 3, DMSO had
moderate inhibitory effect on the dipeptidyl peptidase
activity. The inhibition of activity increased with the
increased concentration of DMSO, and ,50% inhibition
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FIG. 3. Effect of DMSO on FAP dipeptidyl peptidase activity. The

,95 kDa for FAP when the electrophoretic transfer was carefully
controlled with limited protein sample (data not shown). (b) Silver-
stained SDS–PAGE gel electrophoresis. Lane 1, whole cell lysate;
lane 2, soluble fraction; lane 3, ConA flowthrough; lane 4, ConA
eluate; lane 5, Talon flowthrough; lane 6, Talon eluate, purified FAP.
(c) Zymogram. Lane 1, soluble fraction; lane 2, ConA flowthrough;
activity was measured as the initial rate in the presence of 0–4%
DMSO and 0.5 mM Ala-Pro-AFC, pH 8.0, and expressed as relative
activity compared to that in the absence of DMSO. The curve was
arbitrarily drawn through the data.

was observed in the presence of 4% DMSO. To eliminate
the activity variation by DMSO concentration, all
assays were performed in the presence of 3% DMSO
when maximal concentration of substrate was used.

FAP exhibited normal saturation kinetics with Ala-
Pro-AFC as the substrate (Fig. 4). The enzyme concen-
tration was calculated using a MW 95 kDa. The data
were fitted to the Michaelis–Menten equation, yielding
Km 5 0.20 6 0.03 mM and kcat 5 2.0 6 0.1 s21 at pH
8.5. Thus kcat/Km is calculated to be 1.0 3 104 M21 s21.
The curve was drawn based on the nonlinear fit of the
data. The kinetics of full-length FAP was analyzed for
its dipeptidyl peptidase activity in the rest of the study.

Inhibitor Profile of FAP Dipeptidyl Peptidase Activity

The effects of protease inhibitors and reducing agents
on FAP dipeptidyl peptidase activity were studied at a
single concentration of inhibitor. As shown in Fig. 5,
FAP has a specific inhibition spectrum. A serine prote-
ase inhibitor, PMSF, inhibited more than 50% of FAP
activity at 1 mM (IC50 , 1 mM), consistent with previ-
ous observations (7). Chymostatin, an inhibitor of the
serine protease chymotrypsin, showed 50% inhibition

at 0.16 mM. FAP shares low structural homology with
chymotrypsin. Other serine protease inhibitors, includ-
ing aprotinin, TLCK, and Pefabloc, demonstrated no
inhibitory effects at the concentration tested. FAP was
insensitive to the metalloprotease inhibitor EDTA and
278 SUN
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FIG. 2. Analysis of FAP purification. (a) Western blot probed by
monoclonal anti-His antibody. Lane 1, soluble fraction; lane 2, ConA
flowthrough; lane 3, ConA wash; lane 4, ConA eluate; lane 5, Talon
flowthrough; lane 6, Talon wash; lane 7, Talon eluate. The band at
high molecular weight ,180 kDa might be part of the smear artifact
probably due to overheating during the electrophoretic transfer of
protein from SDS–PAGE gel to PVDF membrane with the overloaded
protein sample. Repeated experiments showed a single band at MW
T AL.
lane 3, ConA wash; lane 4, ConA eluate; lane 5, Talon flowthrough;
lane 6, Talon wash; lane 7, Talon eluate; lane c1, control cell, FAP-
negative host cell (T. ni), soluble fraction; lane c2, control cell, ConA
eluate; lane c3, control cell, Talon eluate.
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FIG. 4. Dipeptidyl peptidase activity of FAP with Ala-Pro-AFC as
the substrate. The curve was the best fit of the data to Michaelis–
Menten equation.

phosphoramidon, a collagenase inhibitor. The reducing
reagents, b -mercaptoethanol and DTT, exhibited inhib-
itory effects at 140 and 10 mM, respectively, indicating
reduction of disulfide linkages changed protein confor-
mation important for catalysis.

pH Profile

The pH dependence of the kinetic parameters was
constructed from kcat (Fig. 6a) and kcat/Km (Fig. 6b).
Both profiles are bell-shaped, indicating two significant
ionization states contributing to enzyme function and
stability. The data were fitted to the equation
pKa1-pH pH-pKa2

FIG. 5. Inhibitor profile of dipeptidyl peptidase activity of FAP. Inh
added at pH 8.0. The activity in the absence of inhibitor was taken a
inhibitor in the reaction was 1 mM PMSF, 0.16 mM chymostatin, 15
mM phosphoramidon, 140 mM mercaptoethanol, and 10 mM DTT.
FAP PURI
for kcat and pKa1 5 6.2 and pKa2 5 11 for kcat/Km. Curves
were drawn based on the fitted results.

DISCUSSION

FAP is an integral membrane glycoprotein, which
shares homology with members of the dipeptidyl pepti-
dase family such as DPPVI and DPP8 (14). It is present
on the cell surface as a dimer or higher molecular weight
multimer. Dimerization is required for its catalytic
function (3). In a previous study, CD8 was fused to
the N-terminal extracellular domain of FAP allowing
dimerization via a CD8 interchain disulfide bond (7).

In our study, the full-length human FAP was ex-
pressed in SF1 or T. ni cells infected by FAP recombi-
nant baculovirus and purified to near homogeneity.
Since the putative catalytic domain is located at the C-
terminus, a His-tag was added to the N-terminus of the
full-length FAP to avoid potential perturbation of the
catalytic activity and to facilitate the purification. A
purification challenge with full-length FAP is that the
His-tag is located close to the hydrophobic transmem-
brane domain, which could fold inward, making the
His-tag less accessible to the immobilized metal ion
resin. This limitation was alleviated by incubating pro-
tein with the Talon resin for an extended time.

One of the advantages of the baculoviral expression
system is that it allows eukaryotic posttranslational
modifications, such as glycosylation, which may be criti-
cal to the stability and activity of the recombinant pro-
tein. Recombinant FAP produced in SF1 or T. ni cells
was found to be a mixture of two isoforms, which can

be separated by ConA chromatography. Expression in
kcat /Km (or kcat) 5 kHA/(1 1 10 1 10 ).
baculovirus infected insect cells produces predomi-

[1] nantly oligomannose N-glycosylated protein (15), which
can be recognized by ConA. Thus the low-molecular-
weight FAP isoform which does not bind to ConA isThe curve fitting yielded pKa1 5 7.0 and pKa2 5 11
ibitor was incubated with FAP for 10–15 min before substrate was
s reference, 100%. Ala-Pro-AFC was 0.5 mM. The concentration of

mM aprotinin, 0.27 mM TLCK, 0.4 mM Pefabloc, 5 mM EDTA, 0.18



FIG. 6. pH profiles on kcat (a) and kcat/Km (b). The dipeptidyl pepti-
dase activity was measured using Ala-Pro-AFC as the substrate. The
curve was the best fit to Eq. [1].

likely a nonglycosylated protein. It is interesting to no-
tice that the relative amount of glycosylated and non-
glycosylated proteins differed in SF1 and T. ni cells.
Studies of the glycosylation pattern of recombinant se-
creted alkaline phosphatase from three insect cell lines
revealed both qualitative and quantitative differences
(16). The T. ni cell lines produced smaller oligosaccha-
rides with relatively little fucose and no detectable ter-
minally linked a -1,3-mannose. Donaldson and Shuler
have been able to identify subpopulations of insect cells
that differ in overall glycosylation capacity and that
this difference could be identified via lectin affinity (17).
In addition, environmental factors such as culture con-
ditions, time of harvest, baculovirus type, and infection

conditions have also been shown to lead to differences
in overall glycosylation capacity and composition (18).

The glycosylated FAP was purified to near homogene-
ity and shown to have dual activities of peptidase and
gelatinase. The unglycosylated FAP isoform was found
T AL.

to possess no gelatinase activity, suggesting that the
carbohydrate content may play a role in the proteolytic
activity of FAP. It is not clear whether nonglycosylated
FAP has dipeptidyl peptidase activity, since the fraction
containing nonglycosylated FAP (ConA flowthrough)
has significant background protease activity from the
host cells. The effects of glycosylation on proteolytic
activity of b -secretase, an aspartic protease (19), and
on glycoprotein folding (20) have been demonstrated.
Glycosylation that occurs to nascent proteins in the
endoplasmic reticulum prior to folding is thought to
increase solubility and prevent aggregation, thereby
aiding the folding process. It has less impact on the
overall conformation when folded (21). FAP contains
five potential N-glycosylation sites, one of which is lo-
cated within the catalytic domain. Perhaps glycosyla-
tion facilitates FAP gelatinase activity by promoting
proper folding and dimerization, which is required for
catalytic activity. It is not clear whether glycosylation
has a direct impact on substrate binding or catalysis.

Site-directed mutagenesis of Ser624 to Ala at the puta-
tive catalytic site abolished both peptidase and gela-
tinase activities suggesting the dual activities share
the same activity site (7). The kinetics of FAP were
characterized with respect to its dipeptidyl peptidase
activity with Ala-Pro-AFC. The kinetic parameter for
the full-length FAP, kcat of 2.0 s21, is close to the value
obtained in the previous study with FAP derived from
membrane extracts (Fig. 4; Ref. 7). The Km is compara-
ble to the reported value (0.2 vs 0.46 mM). Compared
to the structurally homologous protein DPPVI, the sub-
strate specificity of FAP dipeptidyl peptidase activity
is similar. However, their catalytic activities could be
significantly different. For example, with the dipeptide
substrate Ala-Pro-4-nitroanilide, the kinetic constants
for DPPVI are Km 5 0.011 mM and kcat/Km 5 4.7 3 106

M21 s21 (22). The leaving group of the substrate may
also contribute to the difference in the kinetics.

FAP has an optimal dipeptidyl peptidase activity
around pH 8.5, similar to the pH 7.8 optimum of DPPVI
(23, 24). The kcat, a first-order rate constant, describes
a series of kinetic events after substrate binding to
product release. The activity requires ionization from
two groups, one group with pKa1 7.0 and the other one
with pKa2 11. The group exhibiting a neutral pKa1 is
likely associated with the histidine of the catalytic
triad, which is commonly observed with classical serine
proteases including chymotrypsin and subtilisin (25).
The group with high pKa2 may not be directly involved
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in catalysis but rather is associated with the stabiliza-
tion of protein. The kcat/Km is a second-order rate con-
stant, which reflects substrate binding and subsequent
chemical steps. The pH dependence of kcat/Km yields a
slightly lower pKa1 (6.2 vs 7.0) and the same pKa2. The
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peptidase and gelatinase expressed by stellate cells at the tissueapparent pKa1 value may reflect a combination of multi-

ple ionization groups contributing to the substrate bind-
ing to the free enzyme and subsequent reaction steps.

In summary, we describe an expression and purifica-
tion procedure to produce nearly homogenous, active
full-length human FAP using a two-step affinity chro-
matography procedure. The purification protocol is sim-
ple, efficient, and suitable for further scale-up. The ki-
netic studies confirm that FAP belongs to the serine
protease family. The availability of recombinant FAP
will facilitate studies on its structure, substrate speci-
ficity, and screens for specific inhibitors.
ACKNOWLEDGMENTS
We thank Dr. Yonnie Wu and Dr. Carolyn Koo for the critical reading
of the manuscript.
REFERENCES
1. Scanlan, M. J., Mohan Raj, B. K., Calvo, B., Garin-Chesa, P.,
Sanz-Moncasi, M. P., Healey, J. H., Old, L. J., and Rettig, W. J.
(1994) Molecular cloning of fibroblast activation protein alpha,
a member of the serine protease family selectively expressed in
stromal fibroblasts of epithelial cancers. Proc. Natl. Acad. Sci.
USA 91, 5657–5661.

2. Garin-Chesa, P., Old, L. J., and Rettig, W. J. (1990) Cell surface
glycoprotein of reactive stromal fibroblasts as a potential anti-
body target in human epithelial cancers. Proc. Natl. Acad. Sci.
USA 87, 7235–7239.

3. Rettig, W. J., Su, S. L., Forunato, S. R., Scanlan, M. J., Mohan
Raj, B. K., Garin-Chesa, P., Healey, J. H., and Old, L. L. (1994)
Fibroblast activation protein: Purification, epitope mapping and
induction by growth factors. Int. J. Cancer 58, 385–392.

4. Rettig, W. J., Garin-Chesa, P., Beresford, H. R., Oettgen, H. F.,
Melamed, M. R., and Old, L. J. (1988) Cell-surface glycoproteins
of human sarcomas: Differential expression in normal and malig-
nant tissues and cultured cells. Proc. Natl. Acad. Sci. USA 85,
3110–3114.

5. Niedermeyer, J., Kriz, M., Hilberg, F., Garin-Chesa, P., Bam-
berger, U., Lenter, M. C., Park, J., Viretel, B., Puschner, H., Mauz,
M., Rettig, W. J., and Schnapp, A. (2000) Targeted disruption of
mouse fibroblast activation protein. Mol. Cell. Biol. 20, 1089–
1094.

6. Rettig, W. J., Chesa, P. G., Beresford, H. R., Feickert, H. J.,
Jennings, M. T., and Cohen, J. (1986) Differential expression of
cell surface antigens and glial fibrillary acidic protein in human
astrocytoma subsets. Cancer Res. 46, 6406–6412.

7. Park, J. E., Lenter, M. C., Zimmermann, R. N., Garin-Chesa, P.,
Old, L. J., and Rettig, W. J. (1999) Fibroblast activation protein,
a dual specificity serine protease expressed in reactive human
tumor stromal fibroblasts. J. Biol. Chem. 274, 36505–36512.

8. Levy, M. T., McCaughan, G. W., Abbott, C. A., Park, J. E.,
Cunningham, A. M., Muller, E., Rettig, W. J., and Correll M.
D. (1999) Fibroblast activation protein: a cell surface dipeptidyl
remodelling interface in human cirrhosis. Hepatology 29, 1768–
1778.

9. Morimoto, C., and Schlossman, S. F. (1998) The structure and
function of CD26 in the T-cell immune response. Immunol. Rev.
161, 55–70.

10. Granados, R. R., Guoxun, L., Derksen, A. C. G., and McKenna,
K. A. (1994) A new insect cell line from Trichoplusia ni (BTI-Tn-
5B1–4) susceptible to Trichoplusia ni single enveloped nuclear
polyhedrosis virus. J. Invert. Pathol. 64, 260–266.

11. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) “Molecular
Cloning: A Laboratory Manual,” Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY.

12. Kleiner D. E., and Stetler-Stevenson W. G. (1994) Quantitative
zymography: Detection of picogram quantities of gelatinases.
Anal. Biochem. 218, 325–329.

13. Polgar, L. (1994) Prolyl oligopeptidases. Methods Enzymol.
244, 188–200.

14. Abbott, C. A., Yu, D. M. T., Woollatt, E., Sutherland, G. R.,
McCaughan, G. W., and Gorrell, M. D. (2000) Cloning, expression
and chromosomal localization of a novel human dipeptidyl pepti-
dase (DPP) IV homolog, DPP8. Eur. J. Biochem. 267, 6140–6150.

15. Jarvis, D. L., and Finn, E. E. (1995) Biochemical analysis of the
N-glycosylation pathway in baculovirus-infected lepidopteran in-
sect cells. Virology 212, 500–511.

16. Kulakosky, P. C., Shuler, M. L., and Wood, H. A. (1998) N-glycosyl-
ation of a baculovirus-expressed recombinant glycoprotein in
three insect cell lines. In Vitro Cell Dev. Biol. Anim. 34, 101–108.

17. Donaldson, M. S., and Shuler, M. L. (1999) The use of lectins to
select subpopulations of insect cells. Biotechnol. Bioeng. 64,
616–619.

18. Joshi, L., Davis, T. R., Mattu, T. S., Rudd, P. M., Dwek, R. A.,
Shuler, M. L., and Wood, H. A. (2000) Influence of baculovirus–
host cell interactions on complex N-linked glycosylation of a re-
combinant human protein. Biotechnol. Prog. 16, 650–656.

19. Charlwood, J., Dingwall, C., Matico, R., Hussain, I., Johanson,
K., Moore, S., Powell, D. J., Skehel, J. M., Ratcliffe, S., Clarke,
B., Trill, J., Sweitzer, S., and Camilleri, P. (2001) Characterization
of the glycosylation profiles of Alzheimer’s beta -secretase protein
Asp-2 expressed in a variety of cell lines. J. Biol. Chem. 276,
16739–16748.

20. Helenius, A. (1994) How N-linked oligosaccharides affect glyco-
protein folding in the endoplasmic reticulum. Mol. Biol. Cell 5,
253–265.

21. Helenius, A., and Aebi M. (2001) Intracellular functions of
N-linked glycans. Science 291, 2364–2369.

22. Schutkowski, M., Neubert, K., and Fischer, G. (1994) Influence
on proline-specific enzymes of a substrate containing the thioxoa-
minoacyl-prolyl peptide bond. Eur. J. Biochem. 221, 455–461.

23. Yoshimoto, T., Fischl, M., Orlowski, R. C., and Walter, R. (1978)
Post-proline cleaving enzyme and post-proline dipeptidyl amino-
peptidase: Comparison of two peptidases with high specificity
for proline residues. J. Biol. Chem. 253, 3808–3716.

24. Fukasawa, K. M., Fukasawa, K., Hiraoka, B. Y., and Harada, M.
(1981) Comparison of dipeptidyl peptidase IV prepared from pig
liver and kidney. Biochim. Biophys. Acta 657, 179–189.

25. Jordan, F., Polgar, L., and Tous, G. (1985) Proton magnetic reso-
nance studies of the states of ionization of histidines in native
and modified subtilisins. Biochemistry 24, 7711–7717.


	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4

	DISCUSSION
	FIG. 5
	FIG. 6

	ACKNOWLEDGMENTS
	REFERENCES

