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ABSTRACT

Factor VII (FVII) activating protease (FSAP) is a circulating serine protease that is
likely to be involved in a number of disease conditions such as stroke, atherosclerosis, liver
fibrosis, thrombosis and cancer. To date, no systematic information is available about the
substrate specificity of FSAP. Applying phage display and positional scanning substrate
combinatorial library (PS-SCL) approaches we have characterized the specificity of FSAP
towards small peptides. Results were evaluated in the context of known protein substrates as
well as molecular modelling of the peptides in the active site of FSAP. The representative
FSAP-cleaved sequence obtained from the phage display method was Val-Leu-Lys-Arg-Ser
(P4-P1°). The sequence X-Lys/Arg-Nle-Lys/Arg (P4-P1) was derived from the PS-SCL
method. These results show a predilection for cleavage at a cluster of basic amino acids on the
nonprime side. Quenched fluorescent substrate (Ala-Lys-Nle-Arg-AMC) (amino methyl
coumarin) and (Ala-Leu-Lys-Arg-AMC) were had a higher selectivity for FSAP compared
to other proteases from the hemostasis system. These substrates could be used to measure
FSAP activity in a complex biological system such as plasma. In histone-treated plasma there
was a specific activation of pro-FSAP as validated by the use of an FSAP inhibitory
antibody, corn trypsin inhibitor to inhibit Factor Xlla and hirudin to inhibit thrombin,
which may account for some of the hemostasis-related effects of histones. These results will
aid the development of further selective FSAP activity probes as well as specific inhibitors

that will help to increase the understanding of the functions of FSAP in vivo.

Words: 246 words
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INTRODUCTION

FSAP is a circulating serine protease that is secreted by the liver as an inactive
zymogen (1). Zymogen activation is mediated in vivo and in plasma by factors released from
damaged cells such as histones and nucleosomes (2). Once activated, FSAP can be rapidly
inhibited by serine protease inhibitors such as al-proteinase inhibitor, a2-plasmin inhibitor,
antithrombin, C1 inhibitor (3-6), as well as plasminogen activator inhibitor-1 (PAI-1) (7) and
protease nexin-1 (8).

About 5% of the Caucasian population are carriers of a single nucleotide
polymorphism (SNP) in the FSAP gene, G534E (Marburg I, MI), that results in an exchange
of a single amino acid in the protease domain (9). MI-FSAP has about a 5-fold lower
proteolytic activity than its WT counterpart towards various proteolytic substrates such as
pro-urokinase, factor VII, tissue factor pathway inhibitor and high MW kininogen (10). Ml
SNP was found to be strongly linked to late complications of carotid stenosis (11), liver
fibrosis (12), stroke (13), venous thromboembolism (14-16) as well as thyroid cancer (17, 18);
however, it should be noted that some of these findings have been controversial. When tested
in disease model systems, FSAP” mice have more severe liver fibrosis (19), stroke (20),
neointima formation (21) but are protected against thrombosis (22). Thus the human genetic
data and those from knock-out mice indicate that FSAP may play an important role in many
patho-physiological conditions and thus reliable methods are needed to specifically and
directly measure FSAP activity in the plasma as well as to localize active FSAP in tissue.
Furthermore, to elucidate the molecular mechanisms involved in these actions of FSAP, as
well as to further develop therapeutic concepts, it is necessary to understand its substrate
specificity in more detail.

We have used two different approaches that, theoretically, allow a comprehensive
screen of all possible peptide substrate sequences. Substrate specificity data from the phage

display and positional scanning substrate combinatorial library (PS-SCL) methods were
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further consolidated with the analysis of known FSAP substrates as well as modelling of the
FSAP protease domain. FSAP has a strong preference for a cluster of basic amino acids on
the non-prime side of the cleaved peptide bond. Based on these data, quenched fluorescent
peptide substrates with a higher selectivity for FSAP over other hemostasis factors were
identified. These novel substrates could be used to measure the specific activation of FSAP by

histones in a complex biological fluid such as plasma.

MATERIAL AND METHODS

Phage display: The ANL16 phage library was kindly provided by Dr. B. Kay (University of
Illinois, Chicago, USA) (24). The library consists of randomized 7 AA sequences cloned
between a Bir-A sequence which is recognized by Bir-A transferase to initiate biotinylation at
the N-terminus and the plll gene which encodes the minor coat protein plll of the M-13
filamentous phage. Initially, phages were grown and biotinylated in vivo by infecting F-
positive E. Coli AVB100FmKkII (Str/Tetr) (Avidity LLC, Aurora, CO, USA) which harbors an
L-arabinose inducible bir-A cassette in its genome as described elsewhere (23). Phages in the
bacterial culture were purified and concentrated by PEG/NaCl as described before (23). 100
ul Dynabeads® MyOne™ Streptavidin T1 (ThermoFisher Scientific, Oslo, Norway) were
blocked with TBST/BSA (TBS supplemented with 0.01% v/v Tween 20 and 3% w/v BSA)
for 1 h at 22°C. ANL16 substrate phage library was blocked with TBST/BSA. 4.3X10"
phages were incubated with beads for 1h at RT and washed extensively with TBST and
incubated with 150 nM (10 pg/ml) FSAP in reaction buffer TBST80/CaCl, (1 mM), for 1 h at
37°C. Supernatant with phages released by FSAP were collected and F-positive
AVB100FmKkII bacteria were infected. Phages were grown and biotinylated in bacteria culture
for 18 h at 37°C. After PEG/NaCl purification, phages were used for the next round of bio-
panning. After three rounds of bio-panning, 500 individual phage clones were selected by

plaque assay and amplified as described before (23).
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Phage substrate enzyme-linked immunosorbent assays (ELISA): Phage ELISA was

performed as described before (24). MaxiSorpTM microtiter plate wells (Nunc, Roskilde,
Denmark) were coated with 50 pl of 2 pg/ml neutravidin (ThermoFisher Scientific, Oslo,
Norway) in PBS at 4°C for 18 h. The wells were blocked with 100 pl TBST/BSA for 1 h at
22°C. Amplified single phage clone supernatants were added to wells and incubated for 1 h at
RT. After washing the wells, 30 nM FSAP in reaction buffer TBST/ CaCl, (2 mM) or an
equivalent volume of buffer in which the FSAP was stored (0.2 M Arginine, 0.2 M Lysine, 5
mM Na Citrate, pH 4.5) was added to the wells. The top of the micro plate was sealed with
MicroAmp® Optical Adhesive Film (ThermoFisher Scientific, Oslo, Norway) and incubated
at 37°C for 18 h. The micro-plate was washed and the phages detected with anti-M13-HRP
(1:5,000 dilution in TBST/ BSA) (GE Healthcare, Uppsala, Sweden). The signal was
developed with 1-Step Ultra TMB ELISA Substrate (ThermoFisher Scientific, Oslo,
Norway), and the reaction was stopped with 2 M sulfuric acid and absorbance measured at
450 nm with a Synergy H1 Multi-Mode Reader (BioTek, Winooski, VT, USA). The relative
phage release for each phage clone was determined as the ratio of signals from reactions
with FSAP compared to control buffer. Primers pIlll FRWD: 5°-TTT TAG GAG ATT TTC
AAC GTG-3’ and -96 phage: 5’-CCC TCA TAG TTA GCG TAA CG-3’ were used in PCR
reactions with phage template from an aliquot of phage culture to amplify the M13 phage plll
gene region with the randomized peptide library. Analysis of peptide sequences was
performed using online software JABALS 2.1, CLUSTAL format alignment by MAFFT FFT-
NS-2 (v7.245)/ MafftWs version 6.8.57, colored by ClustalX format (25) and represented by

iceLogo (26).

Positional scanning synthetic combinatorial library (PS-SCL): Briefly, a tetrameric complete

diverse PS-SCL was used essentially as described before (27). The final substrate

concentration in the library assays was 250 uM and the final FSAP concentration was 30 nM
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in Tris (50 mM) (pH 8.8), NaCl (100 mM), CaCl, (1 mM), Tween-20 (0.01% v/v), DMSO
(1% v/v). All library assays were performed in 96-well plates (Dynex Technologies,
Chantilly, VA) on a Molecular Devices SpectraMax Gemini spectrophotometer with

excitation at 380 nm and emission at 460 nm (25°C for 30 min).

Comparison of quenched fluorescent substrates: Substrates with an amino-methyl-coumarin

(AMC) leaving group were synthesized by commercial vendors. Hydrolysis of quenched
substrates was measured using a synergy HI plate reader (BioTek Instruments, Winooski,
USA) with excitation at 320 nm and emission at 460 nm (37°C for 60 min). The initial
velocity was calculated from the initial linear part of the progress curve. The standard assay
system consisted of TBS (25 mM Tris-HCI, pH 7.5, and 150 mM NaCl) with CaCl, (2 mM)
and Tween-20 (0.1% wi/v). Enzyme concentrations are indicated in the figure legends and the
concentration of peptide substrates was from 0-1250 uM. A standard curve was prepared
using AMC and molar concentrations of hydrolyzed products were calculated and the data
fitted to Michaelis Menten kinetics using Graphpad Prism software (San Diego, CA) to
determine Kp, Kear and keat/Kn. The following enzymes were used; Human neutrophil elastase
(Merck-Millipore, Olso, Norway), human thrombin (Sigma Aldrich, Oslo, Norway), Low
molecular weight urokinase (UPA) (Sekisui, Pfungstadt, Germany), tissue plasminogen
activator  (tPA), (Actilyse, Boehringer Ingelheim, Germany), Factor Xlla
(Haemochrome Diagnostica, Essen, Germany), bovine Factor Xa (NEB, Ipswich, MA,
USA), Plasmin (in-house purified human plasma plasminogen activated with pro-uPA in a

ratio of 100:1).

Structural analysis of FSAP-substrate complexes: A homology model of the FSAP serine

protease domain was generated using SWISS-MODEL server with default settings (28). The

C-terminal 261 residues of the FSAP protease domain sequence was modelled on tPA (PDB
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ID: 1BDA) with which it has a high sequence identity (43% and a QMEAN value of 2.54).
The 3D models of peptide substrates were built using BuildStructure tool in Chimera (29),
and each amino acid was assigned with dihedral torsion angles predicted by ANGLORE (30).
The peptide models were then docked onto the substrate-binding pocket of the FSAP model
using Coot (31) and molecular clashes were refined. The preliminary FSAP-peptide models
were submitted to the high resolution Rosetta FlexPepDock server with default settings (32).
The Rosetta scores for the top 10 models were between -59.8 and -72.3 and the RMSD (root
mean-square deviation) ranges between 3 and 10, indicating the close proximity of the
models. The structures presented here are with the lowest RMSD value of 3-4, as they show a
better fit with the protein in terms of steric clashes and RMSD value. The FSAP-peptide
model structures were visualized and figures were prepared by using PyMOL Molecular

Graphics System; Version 1.7.2.0 (Schrodinger, LLC).

Activation of FSAP in human plasma: Human citrated-plasma was used for these studies and

activation was performed with either dextran sulphate (DS) or histones for 60 min at 37°C.
Activation was also performed in the presence of inhibitors or antibodies as indicated in the
figure legends. Thereafter, the enzymatic activity was determined by direct addition of
fluorescent substrate to the plasma. Turnover of the fluorescent substrates was determined as

described above.

RESULTS

Substrate specificity of FSAP using phage display: To determine the substrate specificity of

FSAP against small peptide substrates a method based on phage display was used as
described before (24). The phage library consisting of 7 amino acid peptides inserted in the
biotinylated plll protein was captured on beads and then released by proteolytic cleavage with

FSAP. After 3 rounds of panning of the library, 500 phage clones were screened in two
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independent experiments for cleavage by FSAP in the phage ELISA. From these, 45
individual phage clones that showed a 20%, or greater, phage release in the presence of
FSAP were identified (Fig. 1A). The observed variation in cleavage in these experiments
was not only due to different peptide sequences but also due to the variable phage titres
as well as the degree of biotinylation in the different phage clones. To test the specificity
of the cleavage by FSAP, 5 of the 45, phage clones were selected randomly and further
characterized. These 5 clones demonstrated a concentration-dependent cleavage by
FSAP (Fig. 1B). The cleavage of these same 5 phage clones could be blocked by
aprotinin which is known to inhibit FSAP activity (Fig. 1C). 45 clones exhibiting bona
fide cleavage by FSAP were sequenced and their alignment (Fig. 2A) indicated a preference
for basic amino acids at the P1 and P2 positions, apolar amino acids at P3 and P4 positions
and Ser at P1” position (Fig. 2B). The consensus sequence obtained was Val-Leu-Lys-Arg-

Ser and the scissile bond is likely to be between the residues Arg-Ser or Lys-Arg.

Substrate specificity of FSAP using PS-SCL: We then used another random peptide library
based method to consolidate these findings and to aid the development of selective synthetic
substrates. This was done using a combinatorial library of synthetic peptide substrates each
consisting of 4 amino acids and the fluorescent leaving group at P1’ position. There was a
strict specificity for basic amino acids (Arg > Lys) at the P1 position, whereas at the P2
position there was a preference for NLe>Asn=Ser=Ala=Met=Lys. In the P3 position there
was a preference for basic residues followed by apolar residues (Lys>Arg=Tyr=Leu=Met)
and in the P4 position there was no clear preference (Fig. 3). Although there was considerable
degeneracy in terms of the consensus sequences deduced it was clear that a cluster of basic
residues would be ideal cleavage sites for FSAP and thus overlaps to some extent with the

prediction through the phage display experiment.
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Pattern of cleavage by FSAP in large protein substrates: A few studies have reported FSAP

cleavage sites in large protein substrates. Cleavage data for PDFG-BB (33), kininogen (34)
TFPI (35), C5 and C3 (36), fibrinogen (37) and FSAP (38) was obtained experimentally. For
uPA and FVII the predicted cleavage site for zymogen activation are shown. However,
beyond the requirement for the basic amino acids Arg or Lys at the P1 site as well as a cluster

of basic amino acids on the prime side no further pattern could be recognized (Fig. 4).

Identification of specific quenched fluorescent FSAP substrates: Based on the above analysis,

and also by taking into account the sequence preferences of other proteases from the
hemostasis system, we designed and tested fluorescent peptide substrates for FSAP. The
substrate with the core sequence Ala-Lys-Nle-Arg showed the highest affinity for FSAP,
whereas other substrates Ala-Leu-Lys-Arg > Val-Pro-Arg > Arg-Val-Arg-Arg > Gly-Gly-Arg
showed decreasing affinity. Catalytic turnover also showed a similar pattern for the above
tested substrates (Fig. 5A). Other plasma proteases were also tested to determine the
specificity of the cleavage of this substrate by FSAP. FSAP was about 10-fold more efficient
(kcat/Ky,) than thrombin, plasmin, FXa, uPA, tPA, FXlla and neutrophil elastase (for the
latter data is not shown). Factor Xlla, plasmin and thrombin could also cleave this
substrate to some extent (Fig. 5B). The kinetic data comparing proteases and substrates
from replicate experiments is summarized in Table 1. The substrate Ala-Leu-Lys-Arg-AMC
showed lower catalytic efficiency for FSAP but an even higher selectivity for FSAP over
FXIlla, thrombin as well as other proteases except plasmin (Fig. 5C and Table 1). These

results confirm the specificity of the designed peptide substrate for FSAP.

Modelling studies to examine the docking of peptide substrates into the active site of FSAP:

In the absence of any experimentally derived structure of FSAP, we modelled the serine

protease domain of FSAP on that of tPA. The overall model of the FSAP serine protease
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domain (SPD), based on tPA, consists of two six-stranded barrel-like sub-domains (Fig. 6A),
as observed in other chymotrypsin family proteins (39). The two six-stranded barrel-like
domains pack against each other at an interface, which forms the catalytic site. The catalytic
triad residues Ser509 (c195), His362 (c57) and Asp41l (c102) show very good alignment
with the catalytic triad residues of tPA (data not shown). The numbers in parenthesis refer
to the chymotrypsin numbering system. The side-chains of the catalytic nucleophile Ser509
(c195) and His362 (c57) are in a configuration that allows the formation a hydrogen bond
between them, with a distance of 2.9 A between their respective O" and N® atoms (Fig. 6A).

In the peptide substrate (Val-Leu-Lys-Arg-Ser), identified by phage display, the
scissile bond is likely to be between the residues Arg-Ser or Lys-Arg. In this model the Arg
has a higher preference at P1 compare to Lys. P2 residue is preferentially Lys rather than Arg,
whereas P3 and P4 residues are more diverse. On the other hand, the P1’ residue is likely to
be Ser rather than an aromatic amino acids. Thus cleavage is likely to be at the Arg-Ser bond
as indicated in Fig. 2.

The peptide was docked into the active site of FSAP using Rosetta FlexPepDock
server to further analyze the protein-peptide interaction (Fig. 6B). The peptide is stabilized by
the coordination with the neighboring residues in the active site of the protease; the two side
chain nitrogens (N1 and N2) of the Arg (P1) residue are stabilized in the S1 pocket by
hydrogen bonds. The N1 coordinates with the side chain of Asp503 and main chain oxygen of
the Glu532 residue with a distance of 3.1 and 2.8 A, respectively. The N2 forms hydrogen
bonds with the side chain oxygen of Thr504 (2.5 A) and the main chain oxygen of Trp529
(2.5 A) (Fig. 6C). On the contrary, the main chain oxygen of Arg shows relatively weak
interaction (3.2 A) with amide nitrogen of the Gly507 residue. The side chain of Ser (P1°)
interacts with the side chain nitrogen of GIn506 at a distance of 2.9 A. All the interactions

collectively hold the peptide substrate in the active site pocket of protease domain (Fig. 6C).

10
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The P2, P3 and P4 residues fit in the pocket but do not show significant interaction with the

neighboring amino acids.

Analysis of FSAP proteolytic activity in plasma using Ala-Lys-Nle-Arg-AMC: Nucleosome

and histones are the only known physiological activators of pro-FSAP in plasma and in vivo
(2). These are released from injured or inflamed tissue and alter FSAP activity in the plasma.
We tested the turnover of our most sensitive FSAP substrate, Ala-Lys-Nle-Arg-AMC, in
plasma activated with histones. Kinetic studies showed that substrate turnover was
activated almost immediately after addition of histones to plasma. This activation could
not be inhibited by lepirudin, which inhibits thrombin, or by corn trypsin inhibitor
(CT1) which inhibits FXIla (Supplementary Fig. S1A). Kinetic studies on plasma from a
subject homozygous for the MI genotype showed only basal substrate turnover and no
increase in the presence of histones (Supplementary Fig. S1B). These results indicate
that the substrate undergoes FSAP-specific turnover in plasma. The pattern of pro-
FSAP activation by histones in the presence of inhibitors was the same whether we
determined substrate turnover or if we measured FSAP o2 anti-plasmin complexes (40)
as an indirect index of FSAP activation (Supplementary Fig. 2).

Further studies were performed with dextran sulphate (DS), which activates
FXIlla and the contact pathway, as well as pro-FSAP (9). Substrate turnover was about 20-
fold higher in DS-treated plasma compared to histone-treated plasma which confirms that
FXIlla also cleaves this substrate as was observed with purified enzymes (Fig. 7A). CTI
completely inhibited the activation of proteolytic activity by DS, but it did not influence
substrate cleavage in histone-activated plasma. Aprotinin which inhibits FSAP as well as
the proteases in the contact and fibrinolysis pathway inhibited substrate activation with both
activators whereas lepirudin, which inhibits thrombin, had no influence on the effect of either

activator. A specific FSAP-inhibiting Mab-570 inhibited the turnover of the fluorescent

11
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substrate in histone-activated plasma but not in DS-activated plasma whereas a control Mab
had no affect at all (Fig. 7A). This indicates that histones specifically activate the proteolytic
activity of FSAP in plasma, as determined by Ala-Lys-Nle-Arg-AMC turnover, independently
of the contact pathway and thrombin activation.

The above described substrate turnover assay was also compared with two other
assays currently used to measure FSAP activity; the pro-uPA activation assay and the
FSAP-inhibitor complex assay which is an indirect indicator of FSAP activity. For these
tests we mixed FSAP-depleted plasma with defined amounts of purified FSAP. The
substrate turnover assay could detect the activity of 75 nM exogenously activated
plasma but it should be noted that there is probably a rapid inhibition of exogenously
added FSAP by endogenous plasma inhibitors so this value does not reflect the true
sensitivity of this assay. The assay which measured pro-uPA activation after
immunocapture of FSAP could detect about 25-fold lower levels of active FSAP and this
was also the case with the FSAP-a2 anti-plasmin complex ELISA (Supplementary Fig.
4). In the pro-uPA activation assay the immobilization of FSAP and the extensive
washing seems to reduce the influence of endogenous inhibitors leading to a higher
sensitivity of FSAP activity detection.

In order to further consolidate the use of this substrate in determining the activity of
FSAP in plasma we compared normal plasma with FSAP-deficient plasma as well as plasma
from a subject that is homozygous for the MI-SNP. All three plasmas could be activated
equally well by DS but histones failed to induce substrate turnover in FSAP-deficient plasma
as well as in Ml-plasma (Fig. 7B). Thus, in conjunction with a specific FSAP substrate and an
inhibiting antibody it will be possible to accurately measure the activity of FSAP in a

complex biological setting such as plasma.

12
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DISCUSSION

Although human genetic studies and data from knockout mouse models show that
FSAP may play important roles in vivo, to date, no information is available as to the nature of
the substrate specificity of FSAP. In order to provide answers to some of these questions we
have carried out a systematic study of FSAP substrates and have designed substrates that can
be used to measure the proteolytic activity of FSAP in the plasma.

The phage display and PS-SCL method allows a hypothesis-independent prediction of
the peptide substrate around the cleavage site of a protease. However it should be noted that
small peptide substrates behave differently to protein substrates and a direct extrapolation
from peptide to protein is not always possible. At least, for the proteases from the hemostasis
system, substrate interactions with exosites or other regulatory domains in the enzyme play a
major role and this factor is missing in the approaches used here. The simultaneous use of
both methods allows us to overcome limitations of a single method e.g., the PS-SCL approach
is not useful for analysing the cooperative interactions between the residues at the different
positions or to reach any conclusions about the amino acids on the prime side of the cleaved
bond, something which is possible with phage display. One of the goals of this study was to
identify a sequence motif that could be used to describe FSAP substrates. However, the
phage display, PS-SCL approach and alignment of protein substrates did not uncover a
specific pattern except that FSAP prefers a cluster of basic amino acids on the non-prime
side of the cleavage site. Within such a basic cluster there seems to be a preference for a
dibasic motif at the cleavage site.

Our modelling studies show that it is possible to predict the configuration of the
active site of FSAP based on tPA in a realistic manner. The P1 Arg shows the strongest
interaction compared to Lys in the S1 pocket. This interaction in FSAP is quite comparable to
the interaction of the Arg residue of the dansyl-Glu-Gly-Arg-chloromethylketone inhibitor

with tPA (39). The overall fit of the Val-Leu-Lys-Arg-Ser peptide shows a similar backbone

13
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orientation as in tPA-inhibitor binding mode. One the other hand, replacement of P1 residue
with Lys shows relatively weaker interaction which matches the results from the phage
display studies. Thus, the modelling confirms that the identified peptide substrate showed a
favorable electrostatic interaction and geometric compatibility with the active site of FSAP.

In designing the FSAP activity probe we also considered the known substrate
specificity of major proteases from the hemostasis system. Using PS-SCL it was reported that
thrombin prefers Ala-Tyr-Pro-Lys-ACC, plasmin prefers Ala-Met/GIn-Phe/Tyr-Arg-ACC,
FXa prefers Ala-Arg-Phe/Gly/Ser-Arg-ACC and urokinase prefers Ala-Gly/Thr/Ser-
Ala/Gly/Ser-Arg-ACC (41). Based on our own results, it was evident that P1 should be Arg,
P2 should be basic or Nle based on phage display and PS-SCL respectively and P3 should be
a basic or hydrophobic amino acid based on both methods. To diminish cleavage by other
proteases we selected Ala-Leu-Nle-Arg-AMC and Ala-Leu-Lys-Arg-AMC for further
analysis. Of the 5 substrates tested Ala-Leu-NLe-Arg-AMC showed the best Kinetic
properties against FSAP and high selectivity over other enzymes except FXlla, plasmin
and thrombin. FSAP had lower activity against Ala-Leu-Lys-Arg-AMC but this
substrate had the best selectivity against other proteases except plasmin. Since many
more proteases exist in plasma, studies with isolated enzymes need to be expanded in the
future. Further modifications could be made to the existing peptide, e.g., by using amino
acid derivatives, to further enhances the selectivity and specificity for FSAP.

Assays in whole plasma that was activated with the known FSAP activator, histone,
confirmed the utility of this probe in a complex setting. A specific monoclonal antibody that
inhibited FSAP could block substrate turnover and FSAP-deficient plasma and homozygous
MI-FSAP plasma exhibited no activity. Thus, the substrate was clearly cleaved in a
FSAP-dependent manner. Use of CTI and lepirudin showed that FXlla and thrombin

enzymes were not involved in the turnover of the substrate. These results are also

14
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important for deciphering the role of histones in the plasma since FSAP activation may
influence the extrinsic pathway (22).

Unexpectedly, the substrate was also activated in dextran sulphate activated plasma
that would indicate cleavage by enzymes from the contact pathway such as FXlla. CTI,
which blocks FXIla, completely reduced substrate turnover completely which was
unexpected considering that the activation of FSAP by dextran sulphate should remain
intact in the presence of CTI (9). This absence of activity is most likely to be due to the
fact that polyanions have been shown to be cofactors for complex formation between
FSAP and various SERPINS found in plasma (42). Thus, dextran sulphate activates
FSAP which is then rapidly inactivated by a dextran sulphate-driven inhibitory
mechanism resulting in no net change in activity.

Through the use of an FSAP inhibitory antibody as well as CTI1 and hirudin it will be
possible to measure FSAP activity in the plasma using this probe with a high degree of
reliability. This possibility to directly measure FSAP activity in the plasma vastly supersedes,
in terms of simplicity, the current method requiring FSAP immunocapture followed by
measuring the conversion of pro-uPA to active uPA using chromogenic substrates (36).
Although this method, as well as the FSAP-inhibitor complex ELISA, can also measure
FSAP activity with high sensitivity, only the fluorescent substrate allows a direct real-
time kinetic measurement of changes in FSAP activity.

Future development of FSAP as a therapeutic target will require the development of
specific inhibitors. Based on the substrate specificity data it is possible to attach an inhibitory
group, such as chloromethylketone, instead of the AMC leaving group in order to design a
specific inhibitor. Although we did not design any specific inhibitors of FSAP in this study
we did test a commercially available inhibitor for furin (Kex2) (43), decanoyl-Arg-Val-Lys-
Arg-CMK that also is rich in basic amino acids and quite similar to the FSAP substrates

identified in this study. This inhibitor could inhibit the proteolytic activity of FSAP with
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comparable kinetics (ICso= 0.155 + 0.032 uM, n=6) to aprotinin (ICsp= 0.066 + 0.013 uM,
n=6) (data not shown). This detailed study on the characterization of FSAP substrates will
provide the basis for developing inhibitors, identifying novel substrates and for designing

activity-based probes for diagnostic purposes.

Acknowledgments
We thank M. Micogullari for some of the preliminary experiments that were part of his MSc
project at the University of Giessen as well as Nis Valentin Nielsen for his help with the data

analysis and Brian Kay (University of Illinois, Chicago, USA) for providing the phage library.

16



Page 17 of 33 Thrombosis and Haemostasis

©CoO~NOUTA,WNPE

References

1. Leiting S, Seidl S, Martinez-Palacian A, et al. Transforming Growth Factor-beta (TGF-beta)
Inhibits the Expression of Factor VIll-activating Protease (FSAP) in Hepatocytes. The Journal of
biological chemistry 2016; 291: 21020-8.

2. Yamamichi S, Fujiwara Y, Kikuchi T, et al. Extracellular histone induces plasma hyaluronan-
binding protein (factor VII activating protease) activation in vivo. Biochem Biophys Res Commun
2011, 409: 483-8.

3. Hunfeld A, Etscheid M, Konig H, et al. Detection of a novel plasma serine protease during
purification of vitamin K-dependent coagulation factors. FEBS Lett 1999; 456: 290-4.

4. Choi-Miura NH, Saito K, Takahashi K, et al. Regulation mechanism of the serine protease
activity of plasma hyaluronan binding protein. Biol Pharm Bull 2001; 24: 221-5.

5. Romisch J, Vermohlen S, Feussner A, et al. The FVII activating protease cleaves single-chain
plasminogen activators. Haemostasis 1999; 29: 292-9.

6. Etscheid M, Hunfeld A, Konig H, et al. Activation of proPHBSP, the zymogen of a plasma
hyaluronan binding serine protease, by an intermolecular autocatalytic mechanism. Biol Chem 2000;
381: 1223-31.

7. Wygrecka M, Morty RE, Markart P, et al. Plasminogen activator inhibitor-1 is an inhibitor of
factor Vll-activating protease in patients with acute respiratory distress syndrome. The Journal of
biological chemistry 2007; 282: 21671-82.

8. Muhl L, Nykjaer A, Wygrecka M, et al. Inhibition of PDGF-BB by Factor Vll-activating
protease (FSAP) is neutralized by protease nexin-1, and the FSAP-inhibitor complexes are internalized
via LRP. Biochem J 2007; 404: 191-6.

9. Roemisch J, Feussner A, Nerlich C, et al. The frequent Marburg | polymorphism impairs the
pro-urokinase activating potency of the factor VII activating protease (FSAP). Blood Coagul
Fibrinolysis 2002; 13: 433-41.

10. Etscheid M, Muhl L, Pons D, et al. The Marburg | polymorphism of factor VII activating
protease is associated with low proteolytic and low pro-coagulant activity. Thrombosis research 2012;

130: 935-41.

17



©CoO~NOUTA,WNPE

Thrombosis and Haemostasis Page 18 of 33

11. Willeit J, Kiechl S, Weimer T, et al. Marburg | polymorphism of factor VII--activating
protease: a prominent risk predictor of carotid stenosis. Circulation 2003; 107: 667-70.

12. Wasmuth HE, Tag CG, Van de Leur E, et al. The Marburg | variant (G534E) of the factor VII-
activating protease determines liver fibrosis in hepatitis C infection by reduced proteolysis of platelet-
derived growth factor BB. Hepatology 2009; 49: 775-80.

13. Trompet S, Pons D, Kanse SM, et al. Factor VII Activating Protease Polymorphism (G534E)
Is Associated with Increased Risk for Stroke and Mortality. Stroke Res Treat 2011; 2011: 424759.

14. Ahmad-Nejad P, Dempfle CE, Weiss C, et al. The G534E-polymorphism of the gene encoding
the factor Vll-activating protease is a risk factor for venous thrombosis and recurrent events.
Thrombosis research 2012; 130: 441-4.

15. Reiner AP, Lange LA, Smith NL, et al. Common hemostasis and inflammation gene variants
and venous thrombosis in older adults from the Cardiovascular Health Study. J Thromb Haemost
2009; 7: 1499-505.

16. van Minkelen R, de Visser MC, Vos HL, et al. The Marburg | polymorphism of factor VII-
activating protease is not associated with venous thrombosis. Blood 2005; 105; 4898.

17. Ngeow J, Eng C. HABP2 in Familial Non-medullary Thyroid Cancer: Will the Real Mutation
Please Stand Up? J Natl Cancer Inst 2016; 108.

18. Gara SK, Jia L, Merino MJ, et al. Germline HABP2 Mutation Causing Familial Nonmedullary
Thyroid Cancer. N Engl J Med 2015; 373: 448-55.

19. Borkham-Kamphorst E, Zimmermann HW, Gassler N, et al. Factor VII activating protease
(FSAP) exerts anti-inflammatory and anti-fibrotic effects in liver fibrosis in mice and men. J Hepatol
2013; 58: 104-11.

20. Joshi AU, Orset C, Engelhardt B, et al. Deficiency of Factor VII activating protease alters the
outcome of ischemic stroke in mice. Eur J Neurosci 2015; 41: 965-75.

21. Daniel JM, Reichel CA, Schmidt-Woell T, et al. Factor VIl-activating protease deficiency
promotes neointima formation by enhancing leukocyte accumulation. J Thromb Haemost 2016; 14:

2058-67.

18



Page 19 of 33 Thrombosis and Haemostasis

©CoO~NOUTA,WNPE

22. Subramaniam S, Thielmann I, Morowski M, et al. Defective thrombus formation in mice
lacking endogenous factor VII activating protease (FSAP). Thromb Haemost 2015; 113: 870-80.

23. Loset GA, Bogen B, Sandlie I. Expanding the versatility of phage display I: efficient display
of peptide-tags on protein VI of the filamentous phage. PloS one 2011; 6: e14702.

24, Scholle MD, Kriplani U, Pabon A, et al. Mapping protease substrates by using a biotinylated
phage substrate library. Chembiochem 2006; 7: 834-8.

25. Katoh K, Toh H. Parallelization of the MAFFT multiple sequence alignment program.
Bioinformatics (Oxford, England) 2010; 26: 1899-900.

26. Colaert N, Helsens K, Martens L, et al. Improved visualization of protein consensus sequences
by iceLogo. Nature methods 2009; 6: 786-7.

217. Schneider EL, Craik CS. Positional scanning synthetic combinatorial libraries for substrate
profiling. Methods Mol Biol 2009; 539: 59-78.

28. Biasini M, Bienert S, Waterhouse A, et al. SWISS-MODEL: modelling protein tertiary and
quaternary structure using evolutionary information. Nucleic acids research 2014; 42: W252-8.

29. Pettersen EF, Goddard TD, Huang CC, et al. UCSF Chimera--a visualization system for
exploratory research and analysis. Journal of computational chemistry 2004; 25: 1605-12.

30. Wu S, Zhang Y. ANGLOR: a composite machine-learning algorithm for protein backbone
torsion angle prediction. PloS one 2008; 3: e3400.

31. Emsley P, Lohkamp B, Scott WG, et al. Features and development of Coot. Acta
crystallographica Section D, Biological crystallography 2010; 66: 486-501.

32. London N, Raveh B, Cohen E, et al. Rosetta FlexPepDock web server--high resolution
modeling of peptide-protein interactions. Nucleic acids research 2011; 39: W249-53.

33. Shibamiya A, Muhl L, Tannert-Otto S, et al. Nucleic acids potentiate Factor VIl-activating
protease (FSAP)-mediated cleavage of platelet-derived growth factor-BB and inhibition of vascular
smooth muscle cell proliferation. Biochem J 2007; 404: 45-50.

34. Etscheid M, Beer N, Fink E, et al. The hyaluronan-binding serine protease from human plasma

cleaves HMW and LMW kininogen and releases bradykinin. Biol Chem 2002; 383: 1633-43.

19



©CoO~NOUTA,WNPE

Thrombosis and Haemostasis Page 20 of 33

35. Kanse SM, Declerck PJ, Ruf W, et al. Factor VIl-activating protease promotes the proteolysis
and inhibition of tissue factor pathway inhibitor. Arteriosclerosis, thrombosis, and vascular biology
2012; 32: 427-33.

36. Kanse SM, Gallenmueller A, Zeerleder S, et al. Factor VIl-activating protease is activated in
multiple trauma patients and generates anaphylatoxin C5a. Journal of immunology (Baltimore, Md :
1950) 2012; 188: 2858-65.

37. Choi-Miura NH, Yoda M, Saito K, et al. Identification of the substrates for plasma hyaluronan
binding protein. Biol Pharm Bull 2001; 24: 140-3.

38. Altincicek B, Shibamiya A, Trusheim H, et al. A positively charged cluster in the epidermal
growth factor-like domain of Factor Vll-activating protease (FSAP) is essential for polyanion binding.
Biochem J 2006; 394: 687-92.

39. Renatus M, Engh RA, Stubbs MT, et al. Lysine 156 promotes the anomalous proenzyme
activity of tPA: X-ray crystal structure of single-chain human tPA. The EMBO journal 1997; 16:
4797-805.

40. Stephan F, Hazelzet JA, Bulder I, et al. Activation of factor VIl-activating protease in human
inflammation: a sensor for cell death. Crit Care 2011; 15(2): R110.

41, Gosalia DN, Salisbury CM, Maly DJ, et al. Profiling serine protease substrate specificity with
solution phase fluorogenic peptide microarrays. Proteomics 2005; 5: 1292-8.

42, Muhl L, Galuska SP, Oorni K, et al. High negative charge-to-size ratio in polyphosphates and
heparin regulates factor VIl-activating protease. Febs J 2009; 276: 4828-39.

43. Angliker H. Synthesis of tight binding inhibitors and their action on the proprotein-processing

enzyme furin. J Med Chem 1995; 38: 4014-8.

20



Page 21 of 33 Thrombosis and Haemostasis

©CoO~NOUTA,WNPE

Legends to Figures

Figure 1. Identification of phage clones cleaved by FSAP: After 3 rounds of panning 500
individual phage clones were selected for further analysis. These were immobilized on
neutravidin-coated plates and incubated in the absence or presence of FSAP (30 nM) or
control buffer for 18 h at 37°C. Thereafter the wells were washed and developed with
peroxidase-coupled anti phage Mab M13. Loss of absorbance indicates cleavage and
release of phage by FSAP. (A) Results are shown for 45 clones that showed a greater
than 20% cleavage by FSAP compared to buffer control. These results represent 2
independent replicates of the experiment performed in singlet. (B) Five positive clones
from (A) were further tested using different concentrations of FSAP (0-150 nM) for 4 h at
37°C. (C) The same five clones from (B) were incubated with FSAP (50 nM) in the absence
or presence of aprotinin (50 ug/ml). Experiments were performed in singlet and similar results

were obtained in 2-independent replicates of the experiment (mean + SEM, n=2).

Figure 2. Sequence of preferred FSAP peptide substrate as determined by phage
display: (A) 45 phage clones cleaved by FSAP were sequenced and the variable insert
peptide sequence was aligned by Mafftws. (B) The fold enrichment of amino acids in each
position is represented as an iceLogo. Dashed lines indicate the probable scissile bond based

on the modelling studies below.

Figure 3. Sequence of preferred FSAP substrate as determined by PS-SCL: An arrayed
synthetic tetrapeptide library with quenched fluorescence was subjected to proteolysis by
FSAP (30 nM). (A) Y-axis represents fluorophore released per time unit converted to a % of
maximum for the best amino acid at the specified position in the tetrapeptide. X-axis indicates

the amino acid held constant at each position respectively (P1-P4) in the tetrapeptide (n
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represents norleucine). Each bar represents the mean + SEM (n=3). (B) The fold enrichment

of amino acids in each position is represented as an iceLogo.

Figure 4: Comparison of the sequence of native macromolecular FSAP substrates:
Sequences of known FSAP protein substrates were aligned at the cleavage site (A) and are
depicted as an iceLogo (B). Dashed line indicates the scissile bond between P1 and P1°.
Cleavage data for all proteins was obtained experimentally except for uPA and FVII where

the predicted cleavage site for zymogen activation is shown.

Figure 5: Comparison of the kinetic properties of fluorescent peptide substrates: (A) The
kinetic properties of FSAP using various peptide substrates were determined using Michaelis-
Menten analysis. The concentration of FSAP was 20 nM and the substrate concentration was
varied between 0-1250 puM and the initial velocity was measured. Experiments were
performed in duplicate and data is shown as mean. Enzyme Kkinetic analysis was
performed using Graphpad Prism. (B) Same as above except that different plasma proteases
were tested using the lead substrate, Ala-Lys-Nle-Arg-AMC. Enzyme concentrations were as
follows: FSAP (18 nM), thrombin (17 nM), plasmin (10 nM), FXa (15 nM), uPA (20 nM),
tPA (20 nM), FXlla (7 nM). (C) Same as above except that different plasma proteases
were tested against the substrate Ala-Leu-Lys-Arg-AMC. The complete kinetic data,

including the number of replicates is in Table 1.

Figure 6: The FSAP-peptide complex: (A) The model of the serine protease domain of
FSAP is shown in blue and the catalytic triad residues are show as sticks where the nitrogen
atoms are blue and the oxygen atoms red. The residues Ser509 (c195), His362 (c57) and
Asp411 (c120) are shown in a zoomed configuration. The numbers in the brackets indicate

the chymotrypsin numbering system. The O" of Ser509 and N° atom of His362 form a
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hydrogen bond at a distance of 2.9 A. (B) The overall model FSAP- Val-Leu-Lys-Arg-Ser
complex where FSAP is shown as a solid surface and the peptide is shown as a ball-stick
model. In FSAP, the positively charged residues and the negatively charged residues are
colored as blue and red, respectively. For the peptide, the carbon atoms are shown in orange,
the nitrogen atoms in blue, the oxygen atoms in red. (C) The active site residues of FSAP are
shown in blue sticks and the Val-Leu-Lys-Arg-Ser peptide is shown in orange sticks and the
interacting residues are numbered accordingly. The yellow dotted lines indicate the hydrogen

bonds and the numbers indicate the corresponding distances in A.

Figure 7: Measurement of FSAP activation in the plasma: (A) Normal human plasma
(1:20 dilution) was incubated with corn trypsin inhibitor (CTI, 50 ug/ml), aprotinin (50
pg/ml), lepirudin (25 pg/ml), Mab570 or control Mab (100 ug/ml), in addition to histones
(100 pg/ml) or dextran sulphate (DS) (100 ug/ml). Ala-Lys-Nle-Arg-AMC substrate (40 uM)
was added and the proteolytic activity monitored for 1h at 37°C. (B) Same conditions as
above except that normal plasma was compared to plasma from a subject homozygous for the
MI-SNP as well as FSAP-deficient human plasma which was prepared by adsorption over an
FSAP-antibody column. Results are mean + SD of duplicate wells and similar results were

obtained in 2 independent experiments.
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Table 1: Comparison of the kinetic properties of different substrates and proteases. All values

are mean + SEM. Numbers in parenthesis indicate the number of independent

experiments. Top panel depicts comparison of different substrates against FSAP. Middle

panel and lower panel depict comparison of different enzymes against Ala-Lys-Nle-Arg-

AMC and Ala-Leu-Lys-Arg-AMC respectively.

FSAP Kmn (nM) Keat (Min™) Keat/Km
Ac-Ala-Lys-Nle-Arg-AMC (n=3) 45+ 12 71+24 1.58
Ac-Ala-Leu-Lys-Arg-AMC (n=3) 96 + 30 40+ 9 0.42

Boc-Val-Pro-Arg-AMC (n=3) 578 + 183 38+9 0.12 + 0.06
Boc-Arg-Val-Arg-Arg-AMC (n=3) very high unreliable unreliable
Z-Gly-Gly-Arg-AMC (n=3) very high unreliable unreliable
Ac-Ala-Lys-Nle-Arg-AMC Km (1M) Keat (Min™) Keat/Km
FSAP (n=3) 45+ 12 71+24 1.58
Thrombin (n=3) 298 + 6 49 + 15 0.16
Plasmin (n=3) 537 + 142 58 + 17 0.11
FXa (n=3) 137+ 35 35+4 0.025
uPA (n=1) 1434 5.6 0.004
tPA (n=1) 621 2.0 0.003
FXlla (n=4) 355+ 96 103 + 28 0.29
Ac-Ala-Leu-Lys-Arg-AMC K (LM) Keat (Min™) Keat/Km
FSAP (n=3) 96 + 30 40 +9 0.42
Thrombin (n=2) 223 + 27 0.6+0.2 0.002
Plasmin (n=3) 1353 + 317 71+ 29 0.052
FXa (n=2) 118 +9 12+12 0.01
uPA (n=5) 974 + 139 9+22 0.009
tPA (n=5) 346 + 32 0.3+0.14 0.0009
FXlla (n=3) 193 +19 0.4+0.04 0.002
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What is known about the topic?
1. A role for FSAP in thrombosis, stroke, cancer, atherosclerosis and liver cancer is predicted.

2. No information is available about the substrate specificity of FSAP.

©CoO~NOUTA,WNPE

3. Sensitive and specific assays for FSAP activity in plasma are not available.

What does this paper add?

20 1. The substrate specificity of FSAP is characterized in detail.

22 2. A novel substrate was designed to measure FSAP activity in plasma.

o5 3. Histone-mediated activation of pro-FSAP in plasma was demonstrated with this

27 substrate.
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