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Abstract
The circulating enzyme, α2-antiplasmin cleaving enzyme (APCE), has very similar sequence
homology and proteolytic specificity as fibroblast activation protein (FAP), a membrane-bound
proteinase. FAP is expressed on activated fibroblasts associated with rapid tissue growth as in
embryogenesis, wound healing, and epithelial-derived malignancies, but not in normal tissues. Its
presence on stroma suggests that FAP functions to remodel extracellular matrix (ECM) during
neoplastic growth. Precise biologic substrates have not been defined for FAP, although like APCE,
it cleaves α2-antiplasmin to a derivative more easily crosslinked to fibrin. While FAP has been shown
to cleave gelatin, evidence for cleavage of native collagen, the major ECM component, remains
indistinct. We examined the potential proteolytic effects of FAP or APCE alone and in concert with
selected matrix metalloproteinases (MMPs) on collagens I, III and IV. SDS-PAGE analyses
demonstrated that neither FAP nor APCE cleaves collagen I. Following collagen I cleavage by
MMP-1, however, FAP or APCE digested collagen I into smaller peptides. These peptides were
analogous to, yet different from, those produced by MMP-9 following MMP-1 cleavage. Amino-
terminal sequencing and mass spectrometry analyses of digestion mixtures identified several peptide
fragments within the sequences of the two collagen chains. The proteolytic synergy of APCE in the
cleavage of collagen I and III was not observed with collagen IV. We conclude that FAP works in
synchrony with other proteinases to cleave partially degraded or denatured collagen I and III as ECM
is excavated, and that derivative peptides might function to regulate malignant cell growth and
motility.
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Introduction
We recently reported the isolation of a plasma prolyl-specific serine proteinase, α2-antiplasmin
cleaving enzyme (APCE), which cleaves a 12-residue methionine amino-terminal peptide from
circulating precursive α2-antiplasmin (Met-α2AP) [1;2]. Once this peptide is removed, the
derivative form, which has asparagine as its amino-terminus (Asn-α2AP), can be cross-linked
by activated fibrin-stabilizing factor (FXIIIa) to fibrin monomers during clot polymerization
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~13x faster than precursive Met-α2AP. We noted that APCE shared strong amino acid sequence
homology to the previously described fibroblast activation protein (FAP), which is a
homodimeric 170 kDa type II integral membrane glycoprotein with both di- and endo-
prolylpeptidase activities [3;4]. Recently the crystallographic structure of the extracellular
portion of FAP was reported [5]. It shows the enzyme to have an active-site within a tube-like
structure that courses through each monomeric half with apertures of 14 and 24 diameters at
the ends of each tube. Although previously stated that FAP or its derivatives do not circulate
in blood [6], we concluded that plasma APCE, which lacks the cytoplasmic tail and
transmembrane sequence of FAP, may indeed result from FAP [7], possibly as a consequence
of unidentified cell membrane “sheddase” activity as occurs with certain other membrane
peptidases [8;9], or that it might be synthesized and secreted as a non-membrane-bound variant
of FAP. To date Met-α2AP is the only definitive physiologic substrate identified for native
APCE, and it is also cleaved by recombinant FAP [1;7].

FAP attracted attention because of its significant production by activated stromal fibroblasts
of epithelial-derived and sarcomatous malignancies [10–18]. While not detectably produced
by normal, quiescent fibroblasts or other types of normal cells, FAP is present in developing
embryonic stromal tissues [19;20] and on activated fibroblasts during wound healing [10;17].
Immunohistochemical patterns of FAP within and around edges of certain malignancies and
its apparent effects on malignant cell growth [10–18;21–23] have provided convincing data
that the heightened expression of FAP may be important in the growth of various cancers. In
the past few years, several reports indicate that besides malignancy-associated stroma, both
neoplastic parenchymal cells and endothelial cells of budding capillaries may be positive for
FAP [24–27]. Details about the role of FAP as it is transiently expressed in fetal growth remain
largely unknown and are confounded by the apparent normal development of FAP-null mice
embryos [19;20]. Several reports suggest that FAP functions in the remodeling of extracellular
matrix (ECM), and it has been reported that native collagen [4], denatured type I collagen
[14;17;28] and gelatin [4;14–17;28–30] are FAP substrates. Importantly, however, while FAP
appears to cleave gelatin, clearly defined effects on native collagen as a substrate have not been
reported. Inadequate quantities of pure FAP for use in enzyme-substrate solutions; unknown
effects on FAP activity when attached to immunoaffinity beads; an overall lack of described
digestion conditions; and the relative slowness of proteolysis by this large complex dimeric
enzyme have complicated interpretations about whether native collagen types are indeed
cleaved by FAP. Consequently, FAP’s effect on collagen remains cloudy, as evidenced by
results that appear to conflict [4;14]. Since clinical trials targeting FAP are proposed or
underway to determine if neoplastic invasion of ECM can be slowed or halted [31–33], and
given that neither gelatin or denatured collagen is a component of ECM, the actual effect of
this enzyme on its alleged ECM substrate, i.e., collagen, is important to clarify. The difficulty
of producing FAP uncontaminated by other trace membrane proteinases could complicate
efforts to obtain definitive collagen cleavage data; however, new purification methods
developed in our laboratory for the production of significant amounts of pure human plasma-
derived APCE as well as human rFAP prompted us to examine the potential proteolytic effects
of each enzyme toward purified types I, III and IV collagens as substrates. In addition, the
individual effect of APCE or rFAP in combination with selected metalloproteinases (MMPs)
that also participate in ECM remodeling [34] was explored. We now report that APCE or rFAP
acts in concert with MMP-1 to yield similar cleavage results that are specific for each collagen
examined and unique from the effects of either MMP-2 (gelatinase A) or MMP-9 (gelatinase
B).
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Materials and Methods
Purification of APCE and expression and purification of recombinant FAP

APCE was isolated from citrated human plasma (Sylvan Goldman Blood Institute, Oklahoma
City, OK) by sequential chromatographic steps as previously described [7]. A soluble form of
recombinant human FAP beginning at residue 35 was expressed by Pichia pastoris and purified
from culture media as previously described [7].

Collagen digestion
Rat tail collagen type I, human placenta collagen type III and EHS mouse tumor collagen type
IV were purchased from BD Biosciences (Bedford, MA). MMP-1, MMP-2 and MMP-9 were
from Sigma (St. Louis, MO). Type I collagen was gelled in 100 μl aliquots at a concentration
of 2 mg/ml by raising the pH to 7.5 using 1 N NaOH, according to manufacturer’s instructions,
followed by incubation at 37°C for 30 minutes. After gel formation, enzymes (APCE, rFAP,
MMP-1, MMP-2, MMP-9, or selected combinations of these; see Figure legends for
concentrations) dissolved in 12.5 mM sodium phosphate were layered on the collagen gel and
incubated at 37°C for 24 hours. Following incubation, enzyme-containing buffer was removed
and any remaining gel was solubilized by the addition of 0.5 N acetic acid. Buffer and gel
solution were combined, lyophilized, reduced and analyzed on 4–12% SDS-PAGE gels
(Invitrogen, Carlsbad, CA). According to the manufacturer, collagen types III and IV could
not be induced to reform a gel, and therefore they were lyophilized to remove acid buffer,
resolubilized in 25 mM sodium phosphate buffer, pH 7.5, at a concentration of 2 mg/ml, and
divided into 100 μl aliquots prior to the addition of MMP-1, MMP-9, APCE or rFAP enzyme
dilutions in 12.5 mM sodium phosphate, pH 7.5 (concentrations in Figure legends). After
incubation at 37°C for 24 hours, collagen-enzyme mixtures were lyophilized, reduced and
analyzed on 4–12% SDS-PAGE gels.

Determination of APCE and MMP-1 cleavage sites in type I collagen
Type I collagen was gelled as described and incubated with MMP-1 alone; MMP-1 and APCE;
or MMP-1, APCE and EDTA at 37°C for 24 hours. An aliquot of each sample was reduced
and separated on a 4–12% SDS-PAGE gel after which bands were transferred to PVDF
membranes for amino-terminal sequencing of selected fragments. The remaining sample was
brought to 70% acetonitrile, which precipitated large proteins, but left peptides in the
supernatant. The supernatant was lyophilized and dissolved in 5% acetic acid in preparation
for analysis by liquid chromatography/mass spectrometry (LC/MS). A Paradigm HPLC system
(Michrom BioResources, Auburn, CA) equipped with a Haisil C18 column (1.0 mm X 150
mm, Higgins Analytical Inc., Mountain View, CA) was utilized for the liquid chromatography.
The column was equilibrated with 2% acetonitrile/water containing 0.1% TFA. Upon sample
injection, a linear gradient was performed to 50% acetonitrile over 40 min, followed by an
increase to 70% acetonitrile over 10 min. Chromatographic separations were monitored at 215
nm wavelength and peptides from selected peaks were subjected to mass analysis on an
electrospray mass spectrometer (QSTAR, Applied Biosystems, Foster City, CA) equipped with
an ion spray source operated in the positive ion mode. Amino-terminal sequencing was used
to characterize the peptides identified by mass. After identification, peptides were located
within the published sequence of collagen α1(I) Rattus norvegicus (gi: 2894106) and collagen
α2(I) Rattus norvegicus (gi: 16758080) based on mass obtained from MS analysis in
conjunction with amino-terminal sequence.

Two peptides, ~115 kDa and ~96 kDa, recovered from the blot of MMP-1 digestion of collagen
I appeared to have blocked amino-termini and could not be sequenced by Edman degradation.
Since previous reports indicated that amino-terminal Gln of both collagen α1(I) and collagen
α2(I) are blocked by cyclization [35;36], a duplicate sample of the MMP-1 digestion was

Christiansen et al. Page 3

Arch Biochem Biophys. Author manuscript; available in PMC 2008 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reduced and subjected to SDS-PAGE, after which the ~115 kDa and ~96 kDa bands were
excised, reduced, alkylated and digested with trypsin [37]. Each trypsin digest was analyzed
by liquid chromatography-mass spectrometry-mass spectrometry (LC/MS/MS) to obtain
molecular weights and MS/MS fragment ion spectra so that the MASCOT MS/MS ion search
engine could be used to query the NCBI comprehensive non-identical protein database
(http://www.matrixscience.com/cgi/search_form.pl?FORMVER=2&SEARCH=MIS).

Results
Cleavage of collagen I

Collagen type I contains two α1(I) chains and one α2(I) chain in a triple-helical “coiled-coil”
structure that is resistant to digestion by most proteinases [38;39]. The chains are crosslinked
at each end via acid-soluble bonds between short non-helical stretches referred to as
telopeptides [39]. Acid-solubilized collagen I will reform fibrils at neutral pH; however,
collagen I obtained by proteinase extraction does not, since the telopeptides are removed by
proteolytic cleavage, and therefore crosslinking necessary for triple helix formation cannot
occur. As indicated earlier, other groups have reported that FAP cleaves collagen, but the
degree of FAP purity was not clearly defined nor were cleavage products or specific cleavage
sites shown or identified; in some other reports it was unclear whether intact collagen was used
or whether the substrate was actually gelatin [4;14;17]. Hence, to clarify and establish whether
native collagen is a biologic substrate of FAP, we used acid-extracted collagen I so that when
gelled, cross-linking could take place between telopeptides, thus providing collagen in a natural
triple-helical structure and crosslinked as it would be in a physiologic ECM milieu. We
examined both recombinant FAP and APCE for ability to cleave intact collagen I. As shown
in Figure 1a, incubating APCE or rFAP with intact collagen I for 24 hours at 37°C did not yield
cleavage products, which prompted the question of whether initial partial proteolysis by
another protease might trigger further digestion by APCE or rFAP. Since MMP-1 is a frequent
active component of disrupted ECM, and since it is known to make a single cleavage in collagen
I at Gly775-Ile776 of α1(I) or Gly775-Leu776 of α2(I) chain to yield two fragments comprising
one-fourth and three-fourths of the collagen I molecule [40;41], MMP-1 was examined for
proteolytic synergy with APCE or rFAP with collagen I as substrate. As expected, MMP-1 did
cleave intact collagen I to yield the two dominant fragments and a few other very minor
fragments as evidenced by the additional faint ~70 kDa bands on SDS-PAGE. Neither MMP-2
nor MMP-9 cleaved intact collagen I. We reasoned that intact collagen I was not digested by
either APCE or rFAP prolyl endoproteinase since its triple-helical structure must protect amino
acid sequences that contain possible cleavage sites. After limited hydrolysis of type I collagen
by MMP-1, however, our results indicate that APCE or rFAP proteolytic sites become exposed
and accessible. As evident in Figure 1b, SDS-gel analyses of collagen I digests by APCE or
rFAP with MMP-1 show extensive proteolytic degradation to much smaller peptide species
(<15 kDa) than produced by MMP-1 alone, and not at all by APCE or rFAP alone.

Given that perturbations of ECM are also characterized by increases of MMP-2 and MMP-9
[42], the effect of either in place of APCE or rFAP was also analyzed. Digestion mixtures
containing MMP-1 and MMP-2 extended collagen I fragmentation by MMP-1 alone only
modestly. In contrast, those containing MMP-1 and MMP-9 produced a terminal digest
composed dominantly of peptides <30 kDa, whereas the MMP-1 plus MMP-2 terminal digest
still contained protein bands >90 kDa. Figures 2a and 2b demonstrate APCE and rFAP
concentration-dependent cleavages of collagen I in the presence of a constant amount of
MMP-1 and clearly show that a decrease in higher molecular weight bands and an increase in
lower molecular weight bands occur with increasing concentrations of APCE or rFAP.

As a member of the MMP family, MMP-1 is a zinc-dependent endoproteinase. It has two
domains that act in concert: a hemopexin domain for unwinding the triple-helical structure of
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collagen and a catalytic domain for cleavage. Chung et al. [43] demonstrated that the unwinding
and catalytic activities of MMP-1 are clearly distinct, yet both are required for collagen
cleavage by MMP-1. Importantly, MMP-1 promotes only a local unwinding of collagen and
the overall collagen triple helix is not denatured (41). It has not been reported whether zinc is
required for the unwinding function, which prompted us to examine whether MMP-1 could
unwind collagen in the presence of EDTA to expose sites otherwise not accessible for cleavage
by rFAP or APCE. As expected (41) and shown in Figure 3, EDTA did prevent the cleavage
of collagen I by MMP-1. Even at a significantly higher concentration of MMP-1 (1.5 μg), but
with EDTA still in the digestion mixture, no new bands were noted in analyses of the reduced
digestion mixture on SDS-PAGE as evidenced by the gel pattern being identical to the control
sample in Figure 1a. Interestingly, despite the lack of MMP-1 proteolytic function with EDTA
present, Figure 3 shows that APCE still cleaved collagen I in the presence of MMP-1 and
EDTA. Although digestion occurred slower and less completely than in the absence of EDTA,
three distinct lower molecular weight bands (<20 kDa) are clearly evident. These data indicate
that 1) while zinc is necessary for MMP-1 catalytic activity, it is not required for the hemopexin
domain of MMP-1 to unwind collagen; and 2) the extent of unwinding, which is less denaturing
than the conversion of collagen to gelatin, appears to be localized and to not affect the overall
triple-helical structure of collagen [41], yet it does allow access to APCE cleavage sites.

Collagen I cleavage sites for MMP-1 and APCE
To determine cleavage sites for MMP-1 and APCE, digestion mixtures from collagen I
cleavage by MMP-1; MMP-1 and APCE; and MMP-1, APCE and EDTA were precipitated
by acetonitrile and the remaining soluble peptides were then separated by liquid
chromatography. Figure 4 is an overlay of the three chromatograms. As evident, different
peptides are produced by the three treatments. Selected peaks were analyzed by MS followed
by amino-terminal sequencing to identify peptides. Those resulting from APCE cleavage were
identified by mass and amino-terminal sequence as indicated by black underlining in the
sequence of the α1(I) chain in Figure 5a and in the sequence of the α2(I) chain in Figure 5b.
In addition, prior to precipitation, an aliquot of each cleavage mixture was reduced and
electrophoresed on SDS-PAGE gels, after which each band was transferred for amino acid
sequencing by Edman degradation to allow placement in the sequence of either collagen chain.
The carboxy-terminus of each peptide was estimated from the molecular weight based on SDS-
PAGE and the known cleavage preference for APCE, i.e., ...-Gly-Pro-X-... [44]. When both
MMP-1 and APCE were present in the incubation mixture, the peptides from the supernatant
are indicated by red underlining in the sequence of collagen α1(I) chain and collagen α2(I)
chain as shown in Figure 5a and b, respectively. Green underlining signifies collagen I peptides
identified from the digestion mixture containing MMP-1/APCE/EDTA where the catalytic
activity of MMP-1 was eliminated by EDTA. These peptides were produced by APCE cleavage
without prior cleavage by MMP-1, since the latter’s proteolytic activity was absent due to the
presence of EDTA. Collagen I cleavage sites for MMP-1 were identified by amino-terminal
sequencing of bands blotted to PVDF and indicated in the figures as black triangles. Two of
the bands from the blot, ~115 kDa and ~96 kDa, did not yield sequences by Edman degradation,
likely because of cyclization of amino-terminal glutamine [35;36]. It was established that these
bands were from the amino-terminal region of the collagen α1(I) and collagen α2(I) chains by
tryptic digestion and subsequent LC/MS/MS analyses of duplicate samples. Figures 5a and 5b
show that APCE, in the presence of MMP-1, generated more cleavages than MMP-1 by itself.
These cleavages occurred at sites distant to the MMP-1 site in both chains, indicating that initial
cleavage by MMP-1 must relax the triple-helix sufficiently for APCE/FAP to recognize and
cleave multiple sites within the partially digested-monomer to yield smaller fragments. In
addition, identical APCE cleavages by MMP-1 plus APCE, or MMP-1 plus APCE and EDTA,
were identified in the amino-terminal region of both collagen chains; whether EDTA was
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present or not, the same ~8 kDa peptide from the α1(I) chain and the same ~16 kDa peptide
from the α2(I) chain were produced.

Cleavage of collagen III and collagen IV
Type III collagen is found along with type I collagen in different ratios in almost all tissues
[39] and appears to co-assemble with collagen type I in heterotypical fibrils in skin and tendon
[38]. Collagen III is a fibrillar collagen like type I and likewise has a triple helical structure
resistant to digestion by a number of proteolytic enzymes. Besides type I collagen [42], MMP-1
also cleaves type III, thereby suggesting that APCE or rFAP in conjunction with MMP-1 might
also proteolytically degrade type III collagen into smaller fragments than MMP-1 alone. As
seen in Figure 6a, neither APCE nor rFAP cleaved collagen type III, but following incubation
of collagen III with MMP-1 and APCE or rFAP, significant proteolysis occurred that caused
further fragmentation and production of smaller peptides (< 30 kDa) than those produced by
MMP-1 alone. Hence, the pattern of collagen type III cleavage by MMP-1, with or without
APCE or rFAP, is analogous to that of collagen type I.

Unlike collagen types I and III, collagen type IV is a network-forming collagen and does not
have the triple-helical structure associated with fibrillar collagens. It is reported to not be
cleaved by MMP-1. Although reported that MMP-9 will cleave type IV collagen [42], most
studies question this, unless Type IV collagen is denatured or mildly degraded [45]. As shown
in Figure 6b, we found that collagen type IV was not significantly cleaved by MMP-9, and just
as reported [45], SDS-PAGE analysis of reduced collagen type IV alone revealed a minor
amount of cleavage even prior to enzyme treatment. When exposed to MMP-9, these smaller
fragments apparently yielded peptides so small as to not be visible by SDS-PAGE. At most,
only partial cleavage of intact collagen type IV (~200 kDa and larger bands) occurred as evident
by the remaining intact bands and lack of smaller fragments. The addition of APCE to MMP-9
for digestion of collagen type IV was essentially indistinguishable from APCE alone, except
for minor bands in the 70–90 kDa range that differed only slightly in mass and intensity by
SDS-PAGE. An explanation for the lack of cleavage might be that MMP-9 possibly digested
and destroyed the enzymatic activity of APCE; however, the 97 kDa APCE band remained
intact (Figure 6b, lane 4) and the proteolytic capacity of APCE was retained throughout the
incubation of the digestion mixture (data not shown). Hence, our results show that neither
MMP-1 nor APCE alone cleaves native collagen type IV and that there is no adjunctive role
for APCE with MMP-9, even if the latter caused minimal degradation.

Discussion
FAP is expressed by activated fibroblasts in the stroma of embryos, healing wounds and
invasive epithelial-derived cancers, but not by normal, quiescent stromal tissue [12;13].
Proteolytic activity associated with a malignancy is thought to digest ECM as extracellular
space is expanded and remodeled to accommodate continued growth. In the process, derivative
peptide fragments with growth promoting properties are produced, and abnormal ECM
attachment sites become exposed for neoplastic cells as they divide, migrate and escape to
distant locations [18;46–53]. FAP is believed to digest ECM proteins as activated fibroblasts
simultaneously multiply, migrate, synthesize and deposit collagen, fibronectin and other ECM
constituents [4;10;13;30;54–57]. These processes appear to occur in synchrony with
angiogenesis so that ECM adjacent to a neoplasm becomes remodeled as a malignancy
expands. To date, the exact role of FAP in a neoplastic microenvironment remains unknown.
No physiologic substrate for FAP within ECM or on cell membranes has been convincingly
demonstrated, but despite this, the apparent relationship of the proteinase to epithelial cell
cancer growth continues to spur efforts to develop inhibitors or immunological approaches
with the hope of mitigating malignant expansion [31–33;58–61]. Prior reports suggest that
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FAP cleaves collagen I, the principle protein component of ECM [4;14;17;28]. Fragmentation
patterns, however, were not substantiated by SDS-PAGE analyses or by identification of
cleavage sites or new amino-terminal sequences. Recent studies from our laboratory strongly
suggest that the human plasma prolyl serine proteinase, termed antiplasmin cleaving enzyme
(APCE), could be a derivative of cell membrane FAP or possibly, an alternately spliced gene
product [1;7]. FAP is reported to not circulate [6], yet it is functionally indistinguishable from
plasma-derived APCE despite the latter’s lacking the intra-membrane and cytoplasmic amino-
terminal domains of FAP [7]. Our ability to prepare relatively large amounts of homogeneously
pure APCE from human plasma, and recombinant FAP from a yeast expression system [1;7],
allowed us to examine a range of well-defined concentrations for either enzyme’s proteolytic
activity towards purified collagens I, III and IV.

We found that neither APCE nor FAP cleaved collagen I in its native state. Consistent with
previous reports [40;41], we also observed that MMP-1 cleaved fibrillar collagen I to yield
peptides in two dominant molecular weight ranges: two bands ~95 to 120 kDa and another pair
~ 40 kDa. These peptides represent the terminal digestion pattern of collagen I by MMP-1,
which is in accord with prior reports that show MMP-1 cleaves collagen I into ¾ and ¼ length
fragments of its intact 220 kDa fiber; however, neither MMP-2 nor MMP-9 alone digests non-
denatured collagen I. If APCE or rFAP is also present in the collagen I and MMP-1 incubation
mixture, then a complex series of small peptides are generated, with the majority below ~80
kDa, including three prominent low molecular weight peptides between ~3 and 16 kDa. When
collagen I digestion by MMP-1 occurred with MMP-9 present, we observed a pattern of low
molecular weight peptides less than ~30 kDa with the most prominent peptide being ~4.5 kDa
and aligning with one of the fragments from MMP-1 plus rFAP or MMP-1 plus APCE collagen
I digests. In contrast, the inclusion of MMP-2 in MMP-1-collagen I incubation mixtures
generated a majority of bands > 80 kDa, another two distinct lower molecular weight peptides
of ~30 to 35 kDa, and a single minor band at ~15 kDa. Clearly, APCE or rFAP behaved
analogously to MMP-9 with respect to further digesting MMP-1-cleaved fibrillar collagen I.
It is to be emphasized, however, that neither APCE nor rFAP alone digests collagen I unless
the latter has undergone initial cleavage or mild denaturation, i.e., partial helical unwinding.
Under the conditions of our experiments, the digestion of partially degraded collagen I by
APCE or rFAP proceeded slowly, yielding a stable pattern at 24 hours that we arbitrarily
defined as “terminal,” given the high APCE or rFAP concentrations relative to collagen. The
stability of the terminal SDS-PAGE pattern for either enzyme and its difference from that given
by MMP-1 plus MMP-9 raises speculations about the potential importance of specific peptides
generated in the MMP-1 plus APCE or MMP-1 plus rFAP incubation mixture. In view of the
growth promoting scenarios, e.g., embryogenesis, wound healing and epithelial-derived
cancers associated with the expression of membrane FAP, which is otherwise absent or in
extremely low abundance in normal quiescent tissue, some of these digestion products may
possess unusual bioactivities necessary for tissue growth. In an expanding cancer, the
generation of unique growth or motility promoting peptides, or ones which interfere with
normal attachment or apoptosis of a cell, might produce effects different from those observed
in more common tissue-destroying inflammatory disorders where MMP-1 or MMP-9
generation of collagen peptide fragments appears to prevail [62;63].

Proteolysis by MMP-1 is abrogated by chelating agents that bind Zn++, yet MMP-1 retains the
ability to initiate the unwinding of the triple-coiled helix of collagen I structure. Even with a
very limited loss of conformation, APCE or FAP cleaved the mildly denatured collagen I. The
three low molecular weight fragments generated from denatured collagen I in the absence of
prior proteolysis by MMP-1 gave the same gel pattern as noted in the MMP-1 plus APCE or
MMP-1 plus rFAP terminal patterns. This, combined with amino-terminal sequence as shown
in Figure 5, indicates that these three peptides were derived from the amino-terminal regions
of the two α chains of type I collagen, ~ 40 residues beyond the telopeptides. Hence, albeit
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hydrolysis proceeded slowly, the resulting peptides were not dependent on intermediate band
formation as occurred with cleavage of collagen I by MMP-1 without EDTA.

While mixtures of MMP-1 and FAP cleave collagen I to yield terminal digestion products
between ~3 to 90 kDa, the combined enzyme effects on type III collagen resulted principally
in a band of ~110 kDa, two ~50 to 60 kDa, and a series of faintly staining low molecular weight
peptides that were similar in size, but not identical to those observed in the pattern for collagen
I. With respect to collagen type IV, MMP-9 alone yielded essentially the same pattern as
MMP-1, except for the digestion of the lower molecular weight cleavage products already
present in the collagen solution; the addition of APCE caused no additional cleavage.
Moreover, we observed little or no evidence of Type IV collagen digestion by APCE alone or
APCE plus MMP-9 when the SDS-PAGE patterns were compared with buffer control. Hence,
our results indicate that APCE, and likely rFAP, given its homology, do not act secondarily to
MMP-9 in the digestion of type IV collagen. Although not examined in our studies, it is likely
that the initial degradation of type IV collagen occurs in response to other enzymes such as
elastase or plasmin, which then allows proteolytic attack by MMP-9 on the resulting fragments
[64]. At this time, we speculate that APCE or rFAP may act similarly, primarily based on their
obvious proteolysis of mildly denatured or partially digested type I collagen. Lastly, in accord
with work by Park et al [4], we also found that fibronectin was not cleaved by rFAP or APCE.

Our direct demonstrations that FAP or APCE only digests partially degraded or denatured
collagen I or III indicate that other enzyme(s) must play an initial role. Given its up-regulation
in migrating, dividing fibroblasts, and its tissue concentrations, MMP-1 is probably the best
prospect for cleaving collagen I to fragments that then serve as substrates for FAP [42]. While
this process has gelatinase-like features, the cellular and chemical events involved suggest that
FAP possesses several unique properties that separate it from the several MMPs with analogous
activities. MMPs seem to be produced by essentially all cells and activated in almost all cellular
reactive inflammatory processes, and are associated with normal and pathological conditions
characterized by tissue destruction such as menstruation, liver, cardiac and lung fibroses,
atherosclerosis, arthritis, congestive heart failure and neurodegenerative diseases [62]. This
suggests that MMP expression and activation may be less restricted than FAP. In contrast,
FAP’s expression appears unique to activated fibroblasts and possibly endothelial cells [27]
as they migrate and multiply during tissue expansion as exemplified by embryogenesis, wound
healing, and epithelial-derived neoplastic growth. FAP possesses unique properties in several
respects. It only cleaves at a prolyl scissile bond, (...X1-Gly-Pro-X2...); its endopeptidase
activity is 10-fold greater than its dipeptidase activity (unpublished data); and it yields a
terminal cleavage pattern of partially digested collagen I unique from that of MMP-2 or
MMP-9. Given these latter characteristics and FAP’s apparent paucity of physiologic
substrates, except for Met-α2AP and partially degraded or denatured collagen I or III, questions
surface about whether the enzyme might also be giving rise to specific peptide fragments
important in growth regulation as reported for other collagens when digested by selected
proteinases [65–67]. It is likewise possible that FAP may be more involved in other cleavage
pathways essential for cell function, such as membrane adhesive proteins (cadherins or
integrins) requisite for cell-cell attachment, or cell anchoring to ECM as cells migrate and
divide; or FAP may activate pro-paracrine proteins that govern cell migration within ECM.

We conclude that recognition and digestion of partially degraded or denatured collagen I by
FAP imputes to it a significant role in tissue growth and malignant expansion with respect to
ECM preparation and remodeling, indeed suggesting a “tilling the soil” function as posed by
Cheng [68]. Further studies of the structure/function relationships of FAP and its role in cell
growth—especially stromal cells—will eventually determine its potential usefulness as a target
for novel cancer therapies or as a cellular marker for diagnosing and monitoring cancer.
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Figure 1. Digestion of collagen I by APCE, rFAP, MMP-1, MMP-2 and MMP-9
Rat tail collagen type I was gelled at 2 mg/ml and incubated at 37 °C for 24 hours with enzymes
in 12.5 mM Na PO4 buffer, pH 7.5. Panel A. Lane: 1) Control-buffer; 2) 16 μg APCE; 3) 16
μg rFAP; 4) 1.5 μg MMP-1; 5) 1 μg MMP-2; 6) 1 μg MMP-9. Panel B. Lane: 1) 1.5 μg MMP-1;
2) 1.5 μg MMP-1, 16 μg APCE; 3) 1.5 μg MMP-1, 16 μg rFAP; 4) 1.5 μg MMP-1, 2.5 μg
MMP-2; 5) 1.5 MMP-1, 3.7 μg MMP-9. Digests were reduced and analyzed by 4–12% SDS-
PAGE. Where present, the ~97 kDa band is either APCE or rFAP.

Christiansen et al. Page 13

Arch Biochem Biophys. Author manuscript; available in PMC 2008 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Concentration dependent digestion of collagen I by MMP-1 and APCE or rFAP
Rat tail collagen type I was gelled at 2 mg/ml and incubated at 37 °C for 24 hours with enzymes
in 12.5 mM Na PO4 buffer, pH 7.5. Panel A. Lane: 1) 1.5 μg MMP-1; 2) 1.5 μg MMP-1, 2
μg APCE; 3) 1.5 μg MMP-1, 4 μg APCE; 4) 1.5 μg MMP-1, 8 μg APCE; 5) 1.5 μg MMP-1,
12 μg APCE; 6) 1.5 μg MMP-1, 16 μg APCE; 7) 16 μg APCE. Panel B. Lane: 1) 1.5 μg
MMP-1; 2) 1.5 μg MMP-1, 2 μg rFAP; 3) 1.5 μg MMP-1, 4 μg rFAP; 4) 1.5 μg MMP-1, 8
μg rFAP; 5) 1.5 μg MMP-1, 12 μg rFAP; 6) 1.5 μg MMP-1, 16 μg rFAP; 7) 16 μg rFAP. Digests
were reduced and analyzed by 4–12% SDS-PAGE. Where present, the ~97 kDa band is either
APCE or rFAP.
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Figure 3. Digestion of collagen I by MMP-1 and APCE with or without EDTA
Rat tail collagen type I was gelled at 2 mg/ml and incubated at 37 °C for 24 hours with enzymes
in 12.5 mM Na PO4 buffer, pH 7.5. Lane: 1) 0.75 μg MMP-1; 2) 1.5 μg MMP-1; 3) 1.5 μg
MMP-1, 20 Mm EDTA; 4) 0.75 μg MMP-1, 20 mM EDTA, 15 μg APCE; 5) 1.5 μg MMP-1,
20 mM EDTA, 15 μg APCE; 6) 1.5 μg MMP-1, 15 μg APCE. Digests were reduced and
analyzed by 4–12% SDS-PAGE. Where present, the ~97 kDa band is either APCE or rFAP.
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Figure 4. Liquid chromatography of peptides produced from collagen I digestion
Rat tail collagen type I, gelled at 2 mg/ml was incubated at 37 °C for 24 hours with 1.5 μg
MMP-1 (black), 1.5 μg MMP-1, 15 μg APCE (green) or 1.5 μg MMP-1, 20 mM EDTA, 15
μg APCE (red). Samples were precipitated with 70% acetonitrile and the supernatant analyzed
by reverse phase chromatography.
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Figure 5. Peptides identified from digestion of collagen I
Rat tail collagen type I was gelled at 2 mg/ml and incubated at 37 °C for 24 hours with 1.5
μg MMP-1; 1.5 μg MMP-1, 15 μg APCE or 1.5 μg MMP-1, 20 mM EDTA, 15 μg APCE.
Panel A, collagen α1(I) chain and Panel B, collagen α2(I) chain. Peptides resulting from APCE
cleavage in the presence of MMP-1: red underlining indicates peptides identified by amino-
terminal sequencing; black indicates peptides identified by amino-terminal sequence and mass
spectrometry analysis. Peptides identified by amino-terminal sequencing and mass
spectrometry analysis resulting from APCE cleavage in the presence of MMP-1/EDTA are
indicated by green underlining. MMP-1 cleavage sites identified are indicated by ▾.
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Figure 6. Digestion of collagen III and collagen IV. Panel A
Human placenta collagen type III at 2 mg/ml was incubated at 37 °C for 24 hours with enzymes
in 12.5 mM Na PO4 buffer, pH 7.5. Lane: 1) 1.5 μg MMP-1; 2) 1.5 μg MMP-1, 16 μg APCE;
3) 16 μg APCE; 4) 1.5 μg MMP-1, 16 μg rFAP; 5) 16 μg rFAP; 6) Control-buffer. Panel B.
EHS mouse tumor collagen type IV at 2 mg/ml was incubated at 37 °C for 24 hours with
enzymes in 12.5 mM Na PO4 buffer, pH 7.5. Lane: 1) 1.5 μg MMP-1; 2) 1 μg MMP-9; 3) 16
μg APCE; 4) 1 μg MMP-9, 16 μg APCE; 5) Control-buffer. Digests were reduced and analyzed
by 4–12% reduced SDS-PAGE. Where present, the ~97 kDa band is either APCE or rFAP.
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