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ABSTRACT: Anticoagulation therapy is a mainstay of the
treatment of thrombotic disorders; however, conventional
anticoagulants trade antithrombotic benefits for bleeding risk.
Factor (f) XI deficiency, known as hemophilia C, rarely causes
spontaneous bleeding, suggesting that fXI plays a limited role in
hemostasis. In contrast, individuals with congenital fXI deficiency
display a reduced incidence of ischemic stroke and venous
thromboembolism, indicating that fXI plays a role in thrombosis.
For these reasons, there is intense interest in pursuing fXI/factor
XIa (fXIa) as targets for achieving antithrombotic benefit with
reduced bleeding risk. To obtain selective inhibitors of fXIa, we
employed libraries of natural and unnatural amino acids to profile
fXIa substrate preferences. We developed chemical tools for
investigating fXIa activity, such as substrates, inhibitors, and activity-based probes (ABPs). Finally, we demonstrated that our ABP
selectively labels fXIa in the human plasma, making this tool suitable for further studies on the role of fXIa in biological samples.

■ INTRODUCTION
Hemostasis (blood coagulation) is a highly regulated process
triggered by damage to the endothelial cell lining of the
vasculature or by foreign or other negatively charged particles,
resulting in a cascade of proteolytic activation events (Figure
1).1,2 This “coagulation cascade” involves several reactions in
which zymogens of serine proteases are sequentially activated,
ultimately resulting in the formation of thrombin, which
deposits fibrin and platelets to form a blood clot.2 Normal
hemostasis (extrinsic pathway) is triggered by the exposure of
blood proteins to the subendothelial space, which is decorated
by tissue factor (TF), which binds to fVIIa, leading to the
activation of fX and fIX.2,3 Alternatively, the exposure of plasma
proteins to negatively charged particles (e.g., kaolin and
polyphosphates) supports the autoactivation of fXII, resulting
in the conversion of fXI to factor XIa (fXIa), which in turn
activates fIX. Both pathways converge on the formation of the
prothrombinase complex, composed of factor Xa (fXa) and fVa,
leading to thrombin generation and clot formation.2,4,5

Thrombin participates in several positive feedback loops to
stimulate its own formation, including the direct activation of
fXI.6,7 Thrombin also participates in a negative feedback loop
when bound to endothelial cell surfaces via thrombomodulin,
promoting the activation of protein C.8 Activated protein C
(APC) proteolytically inactivates fVa and fVIIIa, attenuating
thrombin and fXa generation.9 All procoagulant and anticoagu-
lant factors operate together to maintain a balance between

clotting and blood circulation. Perturbations affecting this
balance may lead to severe disorders such as hemophilia10 and
thrombosis.11 The ability to monitor individual coagulation
factor activities, such as fXIa, in complex biological environ-
ments would improve our understanding of their functions in
both physiological and pathophysiological conditions.
Congenital fXI deficiency, known as hemophilia C, is a rare

condition in the general population (1 per million) but is
relatively common among Ashkenazi Jews with a frequency up
to 8%.12,13 Compared to fVIII deficiency (hemophilia A) or fIX
deficiency (hemophilia B), people with hemophilia C rarely
exhibit spontaneous bleeding but instead bleed excessively after
injury or surgery, implying that fXI plays a limited role in normal
hemostasis.14,15 However, elevated fXI activity is associated with
an increased risk of ischemic stroke,6,16 deep venous thrombosis
(DVT),17,18 and myocardial infarction (MI).19 These data
suggest that fXI plays an important role in thromboembolic
diseases, which are leading causes of mortality, responsible for
one in four deaths worldwide.20 All currently available
anticoagulants act by inhibiting one or more components of
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the extrinsic or common pathways. Since these pathways are
crucial for the initiation of clot formation and generating the
thrombin burst required for hemostasis, drugs targeting them
significantly increase bleeding risk.21,22 FXIa is an interesting
target from the contact (intrinsic) pathway that appears to
contribute to the development of thrombosis but plays a minor
role in hemostasis. Recent clinical studies have demonstrated
that fXIa may be a potential alternative therapeutic target for

achieving antithrombotic benefit with lower bleeding risk than
other treatments.22,23

Despite the intense interest in the role of fXI in hemostasis
and thrombosis, its physiological and pathophysiological
functions are poorly understood compared with those of other
coagulation proteases. This is partly due to its structural
complexity. FXI circulates in the blood as a homodimer
composed of two 80 kDa subunits, which is a unique
configuration among coagulation proteases. Each subunit
contains four repeats called apple domains and a trypsin-like
catalytic domain.10,24 FXI is converted to fXIa by cleavage of the
Arg369-Ile370 bond, either by fXIIa in the early stage of the
intrinsic pathway or by thrombin in the amplification loop.25−27

The sole function of fXIa is thought to be activation of fIX
through cleavage at two sites in its activation peptide: 142Lys-
Leu-Thr-Arg-Ala-Glu-Thr-Val149 and 177Asp-Phe-Thr-Arg-
Val-Val-Gly-Gly184 (P4-P4′).28,29 So far, the substrate specify
profile for fXIa has been determined based on the recognition
motif in physiological substrates30,31 and the crystal structure of
the fXIa catalytic domain.7 However, the previously obtained
substrate preferences were based only on natural amino acids,
which limits the development of selective chemical tools able to
distinguish fXIa from other proteases involved in the coagulation
cascade.
In this work, we used the hybrid combinatorial substrate

library (HyCoSuL) approach32 to identify sequences with high
activity and selectivity for fXIa. This library contains a
combination of natural and unnatural amino acids, which allows
more extensive exploration of the chemical space around the
protease active site. We compared the fXIa substrate specificity
profile with previously obtained data for APC, thrombin, and
fXa.33 Based on these findings, we designed and synthesized
substrates and assessed the catalytic efficiency of fXIa cleavage
and specificity relative to other coagulation factors. The most
selective substrate was then converted into an inhibitor and a
novel activity-based probe (ABP) with BODIPY FL fluoro-
phore. Finally, we demonstrated that our fluorescent ABP
selectively labeled fXIa from a mixture of purified coagulation
factors and in the complex environment of human plasma,

Figure 1. Simplified scheme showing the blood coagulation system.
The cascade can be induced by two stimuli�exposure of blood to
tissue factor (TF) in the subendothelial space (extrinsic pathway) or
through contact with certain surfaces (intrinsic pathway)�before
merging into the common pathway. Protein cofactors are indicated in
gray. Red arrows indicate inhibition, and green arrows indicate
activation in the positive feedback loop.

Figure 2. Substrate specificity profile of fXIa at the P1 position. The preference was determined using a defined library treated with fXIa. The substrate
hydrolysis rate was measured as an increase in fluorescence over time (RFU/s) for 30 min (λex = 355 nm, λem = 460 nm). The substrate specificity
profile was established by setting the highest RFU/s value to 100% and adjusting other results accordingly. The average relative activity is presented as a
percentage of that of the best-recognized amino acid (n = 2, where n represents the number of independent experiments).
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Figure 3. Substrate specificity profile of fXIa at the P4-P2 positions. The HyCoSuL library was treated with fXIa, and the substrate hydrolysis rate was
measured as an increase in fluorescence over time (RFU/s) for 30 min (λex = 355 nm, λem = 460 nm). The substrate specificity profile was established
by setting the highest RFU/s value to 100% and adjusting other results accordingly. The average relative activity is presented as a percentage of that of
the best-recognized amino acid (n = 2, where n represents the number of independent experiments).
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supporting its use in studying fXIa activity in normal hemostasis
and thrombosis.

■ RESULTS
Substrate Specificity of fXIa at the P1 Position. The

specificity of fXIa at the P1 position was probed using the same
library as in our previous studies on APC, thrombin, and fXa33�
a tailored library of fluorogenic substrates with a constant P4-P2
motif and various amino acid residues at the P1 position. The
general structure of the library was Ac-Ala-Arg-Leu-P1-ACC
(P1 was an individual natural or unnatural amino acid, ACC was
a fluorescent tag (7-amino-4-carbamoylmethylcoumarin), and
Ac was an acetyl group) (Figures 2 and S1).34 Using this library,
we demonstrated that basic L-Arg (100%) was the best

recognized natural amino acid at this position. This is in
agreement with a crystal structure of the fXIa catalytic domain,
in which the Asp189 residue serves as the recognition site to
accommodate a guanidine group of arginine.7 Additionally, the
preference for arginine at the P1 position was also previously
reported in two physiologically relevant fXIa substrates, the
cleavage sequences in fIX (Lys-Leu-Thr-Arg, Glu-Phe-Ser-
Arg).30,31 We also found that the phenylalanine derivative
with a guanidine group in the para position L-Phe(guan) (22%)
was also recognized, but its activity was five times lower than that
of L-Arg. The fXIa S1 subsite tolerated several other amino acid
residues (mostly phenylalanine derivatives). Based on that
observation, we speculate that the fXIa S1 pocket has dual
properties. It is able to bind basic amino acid side chains;

Figure 4.Design of fXIa ACC-labeled substrates. A general structure of an ACC-labeled substrate and amino acid residues selected for the synthesis of
fXIa selective substrates based on library screening. Substrate sequences are presented in the supplemental section (Table S1).
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however, it can also accommodate large, hydrophobic
derivatives. The analysis of the P1 position demonstrated that
in addition to L-amino acids, fXIa also recognizes several D-
enantiomers. To increase our chances of finding selective
sequences, we compared the fXIa substrate specificity at the P1
positions with the profiles of other serine proteases present in
the coagulation cascade (APC, thrombin, and fXa), which we
previously characterized using the same approach.33 Interest-
ingly, all four proteases exhibited similar preferences at the P1
position; however, APC, thrombin, and fXa interacted
exclusively with positively charged L-Arg.

Substrate Specificity of fXIa at the P4-P2 Positions. To
obtain better insight into the architecture of the fXIa S4-S2
pockets, in the next step of our study, we used the HyCoSuL
approach developed by our group.32 Since fXIa preferentially
accommodates L-Arg in the S1 pocket, we employed the
previously described P1-Arg combinatorial library.34−36 This
library consists of three tetrapeptide sublibraries (Ac-P4-Mix-
Mix-Arg-ACC, Ac-Mix-P3-Mix-Arg-ACC, and Ac-Mix-Mix-P2-
Arg-ACC). HyCoSuL library contains a natural and a large pool
of unnatural amino acid residues at the investigated position
(P4, P3, or P2) and an equimolar mixture of natural amino acids
at remaining positions (Mix). The screening data allowed us to
obtain a highly detailed picture of the active site preferences of
fXIa (Figures 3 and S2).
We found that the fXIa S2 pocket exhibited extremely narrow

substrate specificity. The relative activity of all natural amino
acids was under 15%. D-Amino acids were completely ignored by
fXIa, indicating that the S2 pocket is stereochemically specific.
Aminobenzoic acid residues (2-Abz, 3-Abz, 4-Abz) and all
phenylalanine derivatives also did not seem to be tolerated at
this position. Interestingly, the only amino acids that were well
accommodated in this subsite were those with a bulky benzyl
group in their structure, namely, L-glutamic-acid-gamma-benzyl
ester (L-Glu(Bzl), 48%), 6-benzyloxy-L-norleucine (L-Nle(O-
Bzl), 58%), benzyl-L-histidine (L-His(Bzl), 100%), and benzyl-L-

homoserine (L-hSer(Bzl), 43%). More importantly, on this
basis, it was also possible to distinguish fXIa from APC,
thrombin, and fXa since they reject such derivatives.
The substrate specificity profile of fXIa at the P3 position was

significantly different from those of APC, thrombin, and fXa.
The well-recognized natural amino acids were the bulky L-Phe
(52%), L-Trp (54%), and L-Tyr (37%), as well as the aliphatic
structures of L-Leu (36%) and L-Nle (67%), which is consistent
with the natural cleavage sequences in the fXIa substrate, factor
IX.28,29 From the pool of unnatural analogs, a strong and
selective preference was evident for L-2-aminooctanoic acid (L-
2-Aoc, 100%) and L-dihydrotryptophan (L-Dht, 74%). We also
observed that side-chain elongation enhanced substrate
processing and its selectivity as in the case of L-homoleucine
(L-hLeu, 68%), L-homophenylalanine (L-hPhe, 58%), and L-
homocyclohexylalanine (L-hCha, 86%). Moreover, phenyl-
alanine derivatives, mainly those with halogen substitutions in
the meta position (Phe(3-F) (90%) and Phe(3-Cl) (79%)), had
some of the highest relative activities in the case of fXIa, while
they were poorly recognized by other coagulation factors.
The fXIa S4 pocket had broad substrate specificity but not for

natural amino acids. Here, fXIa effectively recognized only
branched aliphatic residues of L-Ile (43%) and L-Val (35%). We
observed that this pocket could bind bulky amino acid residues
with a benzyl group, namely, benzyloxycarbonyl-L-2,4-diamino-
butyric acid (L-Dab(Z), 40%), 2-chlorobenzyloxycarbonyl-L-
lysine (L-Lys(2-ClZ), 79%), benzyl-L-threonine (L-Thr(Bzl),
45%), and benzyl-L-tyrosine (L-Tyr(Bzl), 66%) with the
champion 2,6-dichlorobenzyl-L-tyrosine (L-Tyr(2,6-Cl2-Z),
100%) being exclusively recognized by fXIa. Interestingly, all
three enzymes other than fXIa ignored the aminobenzoic acid
residues at this position, which also distinguished the specificity
of fXIa from those of other coagulation proteases.

Design and Kinetic Analysis of fXIa Selective Sub-
strates. To validate the library screening results and to develop
active and selective fXIa substrates, we combined the results

Figure 5. Analysis of fXIa substrates. (A) Substrate screening results with APC, thrombin, fXa, and fXIa. The rate of substrate hydrolysis as relative
fluorescence units per second (RFU/s) was monitored for 30 min (λex = 355 nm, λem = 460 nm). The data are presented as the mean values± s.d.; n =
3, where n represents the number of independent experiments. Substrate sequences are presented in the supplemental section (Table S1). (B) Kinetic
parameters (kcat/KM) of the most selective fXIa substrates toward four coagulation factors. The data represent the mean values± s.d.; n = 3, where n is
the number of independent experiments.
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from the P1 library screening with the HyCoSuL approach. To
prevent cross-reactivity with other coagulation factors, we
selected amino acid residues preferred only by fXIa and
synthesized 23 (SMXI1-SMXI23) fluorogenic substrates with
various P4-P2 regions (natural and unnatural amino acids), P1 L-
Arg, ACC as a fluorophore and an acetylated N-terminus
(Figure 4). As a reference, we synthesized one substrate
(SMXI24) with only natural amino acid residues. At the P2
position, we selected amino acids with a benzyl group (L-
His(Bzl), L-Glu(Bzl), L-Nle(O-Bzl), and L-hSer(Bzl)); at P3, we
chose the aliphatic amino acids L-Nle, L-2-Aoc, L-Cha, and L-
hCha and the bulky amino acids L-Phe(3-F), L-Tyr(2,6-Cl2-Z),
and L-Dht; and at the P4 position, we incorporated the tyrosine
and lysine derivatives (L-Tyr(2,6-Cl2-Z), L-Tyr(Bzl), L-Bpa, and
L-Lys(2-Cl-Z)) (Figure 4). To assess selectivity over other
coagulation factors, we performed an initial screening of all
sequences with fXIa, APC, thrombin, and fXa (Figure 5A). For
the most promising substrates, we performed a detailed kinetic
analysis (kcat, KM, kcat/KM) (Figure 5B).
Our initial substrate screening showed that the exchange of

only one amino acid at the P2 position, L-His(Bzl) (SMXI3) for
L-Glu(Bzl) (SMXI7), L-Nle(O-Bzl) (SMXI22), or L-hSer(Bzl)
(SMXI23), caused a significant decrease in activity (1.5-, 2.6-,
and 5.5-fold, respectively) (Figure 5A). These results were in
line with the HyCoSuL data where L-His(Bzl) was the best
amino acid residue. Surprisingly, we noticed that the S3 subsite
preference for longer aliphatic amino acid residues over their
shorter analogs was not reflected in our substrate screening.
Substrate analysis confirmed that sequences with L-Nle
(SMXI1) or L-Cha (SMXI20) at the P3 position were more
efficiently cleaved than those with L-2-Aoc (SMXI3) or L-hCha
(SMXI21) with as much as a sixfold increase in overall activity.
These findings revealed that the S3 pocket is small and plays an
important role in substrate interactions. Additionally, tetrapep-
tides with halide-substituted phenylalanine or tyrosine analogs
at the P3 position demonstrated little to no activity although
library screening suggested that these amino acids were even
better recognized than norleucine. We speculate that this is
probably due to subsite cooperativity, which always needs to be
considered when designing new peptide-based substrates.
Moreover, we discovered that at the P4 position, L-Tyr(Bzl)

(SMXI13) was more active on fXIa than L-Tyr(2,6-Cl2-Z)
(SMXI5) (fourfold); however, the L-Tyr(2,6-Cl2-Z) residue
showed significant selectivity over fXIa, reducing the cross-
reactivity with other coagulation factors. Based on the substrate
screening, we selected two lead sequences with the highest
selectivity ratio toward fXIa, SMXI5 (Ac-Tyr(2,6-Cl2-Z)-Nle-
Glu(Bzl)-Arg-ACC), and SMXI19 (Ac-Tyr(2,6-Cl2-Z)-Dht-
His(Bzl)-Arg-ACC) for detailed kinetic evaluation (Figure
5B). The catalytic rates obtained for all investigated proteases
demonstrated that SMXI19 was highly selective toward fXIa
(kcat/KM = 247,000 ± 5000 M−1 s−1) and was 28- and 80-fold
better hydrolyzed by fXIa than by thrombin (kcat/KM = 8800 ±
200 M−1 s−1) and fXa (kcat/KM = 3100 ± 100 M−1 s−1),
respectively. Furthermore, SMXI19 displayed a very high kcat/
KM selectivity ratio and almost no detectable hydrolysis when
tested with APC (kcat/KM = 91 ± 3 M−1 s−1). SMXI5 was also
poorly recognized by APC, thrombin, and fXa, making both of
these structures good candidates for conversion to inhibitors
and ABPs.

Development and Evaluation of fXIa Biotinylated
ABPs. Biotin-tagged ABPs are chemical tools frequently used in
biological research since they are effective in isolating a protein
of interest by affinity enrichment/purification on appropriate
beads37,38 and have been successfully used to selectively label the
active forms of various proteases in complex samples.39−42 The
fXIa-selective substrate sequences SMXI5 and SMXI19 were
used as scaffolds to create first-generation fXIa ABPs. With a mix
of solid- and solution-phasemethods, we synthesized two biotin-
labeled probes: P-SMXI51 (biotin-PEG(4)-Tyr(2,6-Cl2-Z)-
Nle-Glu(Bzl)-ArgP(OPh)2) and P-SMXI191 (biotin-PEG(4)-
Tyr(2,6-Cl2-Z)-Dht-His(Bzl)-ArgP(OPh)2) (Figure 6A and
Scheme S1). Both probes were equipped with the same affinity
tag (biotin). We used polyethylene glycol (PEG(4)) as a linker
to separate the peptide sequence from the biotin tag and
improve the solubility of our probes. We used a diphenyl
phosphonate as an electrophilic warhead since it is known to
covalently bind in the active site of serine proteases.43 Next, we
characterized the labeling of our biotinylated ABPs by
incubating them separately with four purified coagulation
factors, namely, APC, thrombin, fXa, and fXIa for 30 min
(Figures 6B and S3). The probe/enzyme ratio was kept constant

Figure 6. Biotinylated ABPs. (A) Structure of a biotinylated ABP designed for fXIa. (B) Labeling of purified coagulation factors (APC, thrombin, fXa,
and fXIa) using two biotinylated ABPs. The enzymes (200 nM) were incubated separately with each probe (the probe/enzyme ratio was 1) for 30 min
at 37 °C. Samples were then subjected to SDS−PAGE analysis, transferred to a membrane, incubated with fluorescent streptavidin Alexa Fluor 647
conjugate, and detected at 658 nm using an Azure Biosystems Sapphire Biomolecular Imager. The results are representative of at least three replicates.
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at 1:1. Next, we performed SDS−PAGE, nitrocellulose transfer
and visualization with streptavidin conjugated with a fluoro-
phore. Western blot analysis of P-SMXI51 and P-SMXI191
showed only one signal from a protein between 35 and 40 kDa,
corresponding to a fXIa monomer. This result indicated a very
high degree of selectivity of both ABPs toward fXIa. We
observed that P-SMXI51 was more potent than P-SMXI191,
making this sequence promising for use in further studies.

FXIa Fluorescent ABP and Inhibitor Design and
Characteristics. To create a fluorescent ABP, we exchanged
the biotin tag for the BODIPY FL fluorophore.We synthesized a
second-generation ABP with the general structure of BODIPY-
PEG(4)-Tyr(2,6-Cl2-Z)-Nle-Glu(Bzl)-ArgP(OPh)2 (P-
SMXI52) in addition to nonfluorescent version of the I-
SMXI5 inhibitor (Ac-Tyr(2,6-Cl2-Z)-Nle-Glu(Bzl)-
ArgP(OPh)2) (Figure 7A and Schemes S2 and S3). To evaluate
the selectivity of our chemical tools, P-SMXI52 was incubated
with fXIa and three other relevant serine proteases from the
coagulation pathway (APC, thrombin, and fXa) at a 1:1 probe/
enzyme ratio for 30 min (Figures 7B and S4). As controls, we
used the probe and enzymes alone. One sample of fXIa was also
preinhibited with 5 μM I-SMXI5 for 60 min prior to probe
addition. After SDS−PAGE and western blot analysis, the
membrane was scanned using the 488 nm channel. We observed
only one fluorescent band generated by fXIa labeling and no off-
target signals. Additionally, preblocking the active site of fXIa
with the cold I-SMXI5 inhibitor completely inhibited the
fluorescent signal. These results revealed that our ABP
selectively binds to the fXIa active site of fXIa, supporting the
use of P-SMXI52 for the detection of fXIa activity in complex
biological samples.

Fluorescent ABP and Inhibitor Kinetic Analysis.
Apparent second-order rate constants were determined for
fXIa inhibition (kobs(app)/I) under pseudo-first-order con-
ditions for P-SMXI52 and I-SMXI5 in a concentration-
dependent manner using the optimal substrate (Figure 7C).
Taking into account the KM of the substrate, we then calculated
the substrate-independent kobs/I parameter. We observed that
the exchange of the N-terminal acetyl for the BODIPY FL
fluorophore resulted in a marked decrease in the kobs/I value
from 54,700± 2800M−1 s−1 for I-SMXI5 to 3120± 100M−1 s−1
for P-SMXI52. One of the reasons may be the steric hindrance in
the pockets distant from the enzyme active site caused by the
large size of the BODIPY FL tag. However, P-SMXI52 retained
its selectivity, as indicated by western blot and kinetic analysis of
other enzymes from the coagulation pathway, making this
sequence the first reported selective fluorescent ABP designed
for fXIa.

FXIa Detection in Human Plasma. Previous labeling with
purified coagulation factors showed that P-SMXI52 was potent
for the detection of fXIa and displayed no off-target activity
against other investigated proteases (APC, thrombin, and fXa).
Thus, we assessed the utility of our probe in a more complex
biological sample. For this purpose, we selected human plasma
in which all blood coagulation factors are present.44,45 We
incubated EDTA-chelated plasma with fluorescent ABP (P-
SMXI52) in the 1−20 μM range for 1 h (Figures 8 and S5),
followed by SDS−PAGE, protein transfer to nitrocellulose and
immunostaining with antifXI. We observed a clear band starting
from 2 μM ABP, which remained selective even at a high probe
concentration (20 μM). These results demonstrated that P-
SMXI52 bound to fXIa as confirmed by costaining with the
antifXI antibody and could be used to distinguish fXIa from

Figure 7. Fluorescent ABP and inhibitor. (A) Structures of fluorescent ABP and inhibitor designed for fXIa. (B) Labeling of purified coagulation
factors (APC, thrombin, fXa, and fXIa) using fluorescent ABPs and fXIa inhibition. The enzymes (200 nM) were incubated separately with the probe
(the probe/enzyme ratio was 1) for 30 min at 37 °C. Additionally, fXIa (200 nM) was incubated with its inhibitor (final inhibitor concentration 5 μM)
for 60 min prior to probe addition (the probe/enzyme ratio was 1, 30 min). Samples were then subjected to electrophoresis and membrane transfer.
Visualization was performed with a 488 nm laser using an Azure Biosystems Sapphire Biomolecular Imager. The results are representative of at least
three replicates. (C) Kinetic parameters (kobs/I) of fluorescent ABP and inhibitor determined in the presence of four coagulation factors. The data
represent the mean values ± s.d.; n = 3, where n is the number of independent experiments.
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other coagulation factors in the complex system of human
plasma.

■ DISCUSSION AND CONCLUSIONS
Thrombotic diseases are a leading cause of preventable
morbidity and mortality in developing and developed countries
and are responsible for approximately 18 million deaths
worldwide each year.20,46 Anticoagulation therapy is a mainstay
of the prevention and treatment of thrombotic disorders;
however, conventional anticoagulants (high- and low-molec-
ular-weight heparins, vitamin K antagonists (VKAs), and direct
fXa and thrombin inhibitors) trade antithrombotic benefits for
bleeding risk.21,47−49 Therefore, there remains an unmet need
for efficacious anticoagulant agents with reduced bleeding
risk.29,48,50 Recent clinical studies implicate intrinsic pathway
proteases located upstream in the coagulation cascade as
alternative targets for safer anticoagulation. Among these
proteases, fXI is of particular interest.51,52 To develop a better
understanding of its role in both physiological and pathophysio-
logical conditions and to aid in the development of novel
therapeutic strategies, we created a set of potent and selective
chemical tools for the easy labeling and detection of fXIa activity
in biological samples.
The fXIa substrate specificity profile has been previously

determined based on the recognition motif in physiological
substrates30,31 and the crystal structure of the fXIa catalytic
domain.7 However, these profiles include only natural amino
acids, which significantly limits the development of selective
chemical tools that can distinguish fXIa from other coagulation
proteases. Therefore, in this work, we applied a defined (P1)
library and the HyCoSuL (P4-P2) approach including a large
collection of unnatural amino acids, which allowed a more
extensive exploration of the chemical space in the P4-P1
positions. Previous studies reported that the fXIa S1 pocket is
wide, deep, highly conserved and able to interact exclusively with
positively charged arginine,7,30,31 which is also observed in the
case of other serine proteases from the coagulation cascade.33

We found that in addition to arginine, the fXIa S1 subsite could
also accommodate an unnatural phenylalanine derivative with a
guanidine group in the para position, that is, L-Phe(guan) and
several other amino acid residues (mostly phenylalanine

derivatives). Our HyCoSuL screening showed that fXIa
exhibited extremely narrow substrate specificity at the P2
position. The most preferred amino acid residues were those
with a bulky benzyl group in their structure with L-His(Bzl) and
L-Glu(Bzl) being the best hit in terms of activity and selectivity.
The fXIa S3 subsite preferences were significantly different from
those of APC, thrombin, and fXa, especially in the case of
unnatural amino acids. The selection of L-Nle and L-Dht for the
construction of tetrapeptide substrates allowed us to reduce
cross-reactivity with other coagulation proteases. In the
substrate sequence, the most preferred amino acid at the P4
position was L-Tyr(Bzl); however, L-Tyr(2,6-Cl2-Z) was the
tyrosine derivative almost exclusively recognized by fXIa.
Equipped with a detailed picture of fXIa active site

preferences, we synthesized a selection of fluorogenic
tetrapeptide substrates better hydrolyzed by fXIa than by
other coagulation factors. All designed selective substrates
shared structural similarities, such as bulky tyrosine and lysine
derivatives at the P4 position, aliphatic and bulky amino acids at
the P3 positions, amino acids with a benzyl group in the P2
position, and arginine at the P1 position. We created two
selective fXIa substrates (SMXI5, Ac-Tyr(2,6-Cl2-Z)-Nle-Glu-
(Bzl)-Arg-ACC and SMXI19, Ac-Tyr(2,6-Cl2-Z)-Dht-His(Bzl)-
Arg-ACC), which displayed very high kcat/KM selectivity ratios
when tested with APC, thrombin, and fXa.
With recent evidence suggesting that the intrinsic pathway

may play a significant role in thrombosis, fXIa has emerged as a
promising target for novel anticoagulants, and focus has shifted
to developing its selective inhibitors.48,53 Several pharmacologic
strategies that aim to target fXIa have been discovered thus far,
including antisense oligonucleotides (ASOs) and monoclonal
antibodies (MAbs), which block fXIa activation or activity, and
aptamers and small molecules (polypeptides, peptidomimetic
active site inhibitors, polymeric GAGs, and their saccharide
mimetics, nonpolymeric, and nonsaccharide GAG mimetics),
which block the active site or induce allosteric modulation of the
protease.29,48,54,55Most of these agents are in early discovery and
development phase; however, some of them have reached
clinical trials. IONIS-416858, a specific fXI ASO was used in
patients undergoing total knee arthroplasty and proved to be
safe and effective against venous thrombosis with a limited risk
of bleeding compared to the treatment with enoxaparin, the
common pathway inhibitor.48,54 Other examples of compounds
in advanced clinical trials are small molecule inhibitors, which
include JNJ-70033093,56 BAY 2433334,57 as well as antibodies,
such as osocimab,58 abelacimab,59 and xisomab.52

In this report, we describe the design and synthesis of P-
SMXI152 (BODIPY-PEG(4)-Tyr(2,6-Cl2-Z)-Nle-Glu(Bzl)-
ArgP(OPh)2), the first fluorescent ABP that is selective for
fXIa over other coagulation proteases. We tested the utility of
our ABP using kinetic assays and simple SDS−PAGE analysis
with a set of purified coagulation factors and confirmed that ABP
was selective for fXIa and not recognized by other coagulation
factors, particularly thrombin, since it has the general trend of
being a more active protease.60 In the last stage of this research,
we used human plasma, a complex mixture of proteases, to test
the selectivity of our fXIa ABP in a more biological setting. We
incubated our fluorescent probe with the plasma sample and
observed a clear band that was confirmed by antibody staining to
be fXIa.
In summary, in this work, we provided in-depth profiling of

fXIa substrate preferences at the P4-P1 positions. We developed
a set of potent and selective chemical tools for fXIa investigation,

Figure 8. Probe concentration optimization assay. Human plasma was
incubated with fluorescent ABP at various probe concentrations
ranging from 1 to 20 μM for 60 min at 37 °C. Samples were then
subjected to SDS−PAGE analysis, transferred to a membrane,
immunostained with antibody, and imaged using an Azure Biosystems
Sapphire Biomolecular Imager at 488 nm for BODIPY detection and at
658 nm for antibody detection. The results are representative of at least
three replicates.
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such as substrates, inhibitors, and biotinylated and fluorescent
ABPs. Current research focuses on understanding the biological
role of the intrinsic system, and our tools may prove useful in
helping to unveil fXIa functions in health and disease.
Compounds described in this work can be applied for the
pharmacological knockdown of fXIa and potentially provide
safer anticoagulation while minimizing the risk of bleeding.
Thus, they may be a viable alternative to vitamin K antagonists,
heparins, and direct thrombin and fXa inhibitors. These
compounds can also be used to monitor and visualize the level
of fXIa in both physiological and pathophysiological conditions.
In future, they may contribute as diagnostic tools and facilitate
the choice of appropriate therapy for diseases like thrombosis,
hemophilia C, ischemic stroke, myocardial infarction, and many
others.

■ EXPERIMENTAL SECTION
Reagents. All chemical and biological reagents were purchased

from commercial suppliers and used without further purification. Rink
amide RA resin (particle size 200−300 mesh, loading 0.74 mM/g), 2-
chlorotrityl chloride resin (particle size 100−200 mesh, loading 1.60
mM/g), Fmoc-6-ahx-OH, biotin, 1-[bis(dimethylamino)-methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate
(HATU, peptide grade), piperidine (PIP, peptide grade), diisopro-
pylcarbodiimide (DICI, peptide grade), O-benzotriazole-N,N,N′,N′-
tetramethyluronium hexafluorophosphate (HBTU, peptide grade), and
trifluoroacetic acid (TFA, purity 99%) were purchased from Iris
Biotech GmbH (Marktredwitz, Germany). Fmoc-protected amino
acids (purity >98%)were purchased from various suppliers: Iris Biotech
GmbH, Creosalus (Louisville, KY, USA), P3 BioSystems (Louisville,
KY, USA), and Bachem (Torrance, CA, USA). Triisopropylsilane
(TIPS, purity 99%), 2,4,6-trimethylpyridine (2,4,6-collidine, peptide
grade), and 2,2,2-trifluoroethanol (TFE) were all purchased from
Sigma−Aldrich (Poznan, Poland). N,N-Diisopropylethylamine
(DIPEA, peptide grade) was purchased from VWR International
(Gdansk, Poland). P2O5 (phosphorus pentoxide, purity 98%) was
purchased from Avantor (Gliwice, Poland). N-Hydroxybenzotriazole
(HOBt, monohydrate, purity >98%) was purchased from Creosalus.
The following solvents were purchased from Avantor: N,N′-
dimethylformamide (DMF, peptide grade), dichloromethane (DCM,
pure for analysis), methanol (MeOH, pure for analysis), diethyl ether
(Et2O, pure for analysis), acetonitrile (ACN, HPLC grade), and AcOH
(acetic acid, purity 99%). Streptavidin Alexa Fluor 647 conjugate
(S21374) was purchased from Life Technologies (Eugene, OR, USA).
The BODIPY FL fluorophore was purchased from Lumiprobe GmbH
(Hannover, Germany). AntifXI antibody (sheep, polyclonal, PAHFXI-
S) was purchased from Haematologic Technologies Inc. (Essex
Junction, VT, USA).
Peptide substrates, ABPs, and inhibitor were purified by HPLC

(Waters M600 solvent delivery module, Waters M2489 detector
system, semipreparative Wide Pore C8 Discovery column (25 cm ×
21.2 mm, 10 μm), Waters sp z.o.o., Warszawa, Poland). The solvent
composition was as follows: phase A (water: 0.1% TFA) and phase B
(acetonitrile: 0.1% TFA); gradient, from 95% A to 5% A over a period
of 35 min; flow rate 10 mL/min. The purity of each compound was
confirmed with an analytical HPLC system using a Discovery Bio Wide
Pore C8 analytical column (25 cm × 4.6 mm, 5 μm). The solvent
composition was as follows: water:0.1% TFA for phase A and
acetonitrile:0.1% TFA for phase B; gradient, from 95% A to 5% A
over a period of 15 min; flow rate 1 mL/min. The purity of all
compounds was ≥95%. The molecular weight of each compound was
confirmed by high-resolution mass spectrometry on a WATERS LCT
premier XE with electrospray ionization (ESI) and a time-of-flight
(TOF) module. For P-SMXI51, P-SMXI52, and I-SMXI5, the NMR
analysis was performed using the Bruker Avance Neo spectrometer 600
MHz.

Library Synthesis. Detailed protocols for the synthesis of the
combinatorial library with Arg at the P1 position32,35 and the defined

library Ac-Ala-Arg-Leu-P1-ACC are provided elsewhere.34 The syn-
thesis of the fluorogenic leaving group ACC (7-amino-4-carbamoylme-
thylcoumarin) was carried out according to the method described by
Maly et al.61

Enzyme Preparation. Protein C, factor X, and prothrombin were
purified from fresh frozen plasma and then activated as previously
described.33

Expression and Purification of Recombinant Human Factor
XI. Full-length cDNA for human factor XI was ligated into the cloning
site of a mammalian expression vector (pCEP4) containing the
cytomegalovirus promoter. HEK293 cells (5 × 107) expressing the
Epstein−Barr virus nuclear antigen (EBNA) were transfected with 40
μg of factor XI/pCEP4 using lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instruction. Transfected cells were
grown in DMEM with 10% fetal bovine serum and Pen/Strep/G418
(100 U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL
amphotericin B, and 250 μg/mL G418) for 48 h and then switched
to the same medium containing 200 μg/mL of hygromycin B. Media
was exchanged every 48−96 h and hygromycin B resistant clones were
transferred to 24-well tissue culture plates on day 10 to 14 of selection,
and culture supernatants were tested for factor XI activity in a modified
activated partial thromboplastin time assay (described below).
Adherent clones expressing the highest level of recombinant protein
were expanded into 525cm2 triple flasks. After reaching confluence,
cells were washed with phosphate-buffered saline and 100 mL of CD-
CHO serum free media (Thermofisher, 10743029) supplemented with
Pen/Strep/G418 and 50 μg/mL hygromycin B was added to each flask.
Media was harvested between 72 and 216 h in serum free expression
media, and conditioned media was supplemented with benzamidine to
5 mmol/L and stored at−20 °C. Three liters of conditioned media was
dialyzed against 50 mmol/L sodium acetate, pH 5.2, 150 mmol/L
NaCl, 1 mmol/L EDTA, and loaded onto a 5 mLHiTrap SP HP cation
exchange column (GE Healthcare). No factor XI activity was detected
in the flow through by clotting assay (described below). The column
was eluted with a linear NaCl gradient (150 to 1000 mmol/L), and
factor XI containing fractions were pooled and dialyzed against 20
mmol/L Tris−HCl, pH 7.4, 100 mmol/L NaCl (Tris-buffered saline
[TBS]). Dialysate was loaded onto a 5 mL HiTrap Heparin Sepharose
affinity column (GEHealthcare) equilibrated with TBS and eluted with
a linear NaCl gradient (100 to 1000 mmol/L). Factor XI containing
fractions were pooled and concentrated to a final volume of 500 μL
using an Vivaspin-20 concentrator (Sartorius). The preparation was
then passed over a Superdex 200 16/60 gel filtration column (GE
Healthcare) equilibrated with TBS, and 2 mL fractions were collected.
Samples of each fraction were run on a 10% polyacrylamide-sodium
dodecyl sulfate (SDS) gel under nonreducing conditions followed by
staining with Coomassie brilliant blue. Fractions with pure factor XI
were pooled, concentrated, and stored at −70 °C. Protein
concentration was determined by measuring absorbance at 280 nm
using an extinction coefficient (1%) for factor XI of 13.4.

Plasma Assay for Factor XI Activity. Conditioned serum-free
media and fractions from purification procedures were screened for
factor XI activity by a modified activated partial thromboplastin time
(aPTT) assay. Fifty microliters of human factor XI-deficient plasma
(Haematologic Technologies) were mixed with 50 μL of the solution to
be assayed and 50 μL of Thrombosil aPTT reagent. The mixture was
incubated for 5 min at 37 °C, 50 μL of 25 mmol/L CaCl2 was added,
and the time to fibrin clot formation was determined using a StartMax
coagulometer (Stago). The factor XI concentration of undiluted pooled
normal human plasma was considered to represent 100% activity (1 U
factor XI/mL).

Preparation and Activity of Recombinant fXIa. Purified
recombinant human factor XI (250 μg/mL) was supplemented with
2.5 μg/mL human factor XIIa (BioVision) in TBS and incubated at 37
°C. Activation was confirmed by demonstrating complete conversion of
the single chain zymogen to the two-chain active form on Coomassie
blue-stained SDS-polyacrylamide gels run under reducing conditions.
Factor XIIa was neutralized by the addition of corn trypsin inhibitor
(CTI). Kinetic parameters for the cleavage of S-2366 (Chromogenix)
by fXIa were determined. Briefly, 20 μL of fXIa at 5 μg/mL in TBS with
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0.1% BSA (TBSA) was mixed with 75 μL of TBSA and 5 μL of 1.0 mg/
mL CTI and incubated for 20 min at room temperature. The mixture
was diluted to 900 μLwith TBSA, and 100 μL of chromogenic substrate
S-2366 at varying concentrations (50 to 1000 μmol/L final
concentration) was added. Cleavage of S-2366 was followed by
measuring the change in absorbance at 405 nm with a SpectraMax
spectrophotometer (Molecular Devices). Michaelis−Menten constants
(KM and Vmax) for the cleavage of the chromogenic substrates were
determined by standard methods. The value for Vmax was converted to
nanomolar para-nitroanaline (pNA) generated/s using an extinction
coefficient for pNA of 9800 optical density (OD) units (405 nm)/mol
pNA. Turn-over number (kcat) was calculated from the ratio of Vmax to
enzyme concentration.

Kinetic Studies. All kinetic assays were performed using a
spectrofluorometer (Molecular Devices SpectraMax Gemini XPS) on
96-well, white, flat bottom, nontreated plates (Corning). The
parameters were as follows: excitation/emission wavelength, 355/460
nm (cutoff, 455 nm); varying concentrations of substrates, ABPs,
inhibitor, and enzymes. The assay buffer (20 mM Tris-base, 150 mM
NaCl, 5 mMCaCl2, pH 7.4) was prepared at room temperature, and the
enzyme kinetic studies were performed at 37 °C. All enzymes were
preincubated in assay buffer for 15 min at 37 °C before addition to the
wells. Each assay was repeated at least twice, and the data represent the
average of these repetitions. The obtained results were analyzed using
SoftMax (Molecular Devices), GraphPad Prism, and Microsoft Excel
software.

Characterization of fXIa P1 Substrate Specificity. To
determine fXIa preferences at the P1 position, we used the Ac-Ala-
Arg-Leu-P1-ACC library of 133 individual fluorogenic substrates.34

The assay conditions were as follows: 0.5 μL of each library substrate
was placed in one well, and 99.5 μL of preincubated enzyme (15min, 37
°C) was added. The final library concentration was 100 μM, and the
enzyme concentration was 8 nM. The release of ACC was measured for
30min (λex = 355 nm, λem = 460 nm), but only the linear portion of each
progress curve was used to determine the substrate hydrolysis rate
(RFU/s, relative fluorescence unit per second). The substrate
specificity profile was established by setting the highest RFU/s value
to 100% and adjusting the other results accordingly.

Characterization of fXIa P4-P2 Substrate Specificity. The fXIa
substrate specificity profile at the P4-P2 positions was determined using
the HyCoSuL P1-Arg library comprising over 100 natural and
unnatural amino acids in each position of three sublibraries (P4, P3,
and P2).32,35 The libraries were each screened as follows: 1 μL of
substrate and 99 μL of preincubated fXIa (15 min, 37 °C) with a final
substrate mixture concentration of 100 μM and a final fXIa
concentration of 8 nM. The substrate cleavage assay was carried out
for 30 min (λex = 355 nm, λem = 460 nm), and the linear part of each
progress curve was used to determine the substrate hydrolysis rate. The
results from screening analysis were based on the obtained RFU/s
values for each sublibrary with the best recognized amino acid at each
position set to 100% and other amino acids normalized accordingly.

Synthesis of Individual Substrates. ACC-labeled fXIa tetrapep-
tide substrates were synthesized and purified as described elsewhere.33

Screening of Individual Substrates. All potentially selective fXIa
substrates were tested for their selectivity against four coagulation
factors, APC, thrombin, fXa, and fXIa at a concentration of 1 μM. The
assay conditions were as follows: 1 μL of each substrate was placed in
separate wells on the plate followed by the addition of 99 μL of
preincubated enzyme (15min, 37 °C) in assay buffer. To obtain reliable
results and a robust fluorescence signal, the final enzyme concentration
was 120 nM for APC, 20 nM for thrombin, 70 nM for fXa, and 5 nM for
fXIa. Substrate hydrolysis was measured for 30min (λex = 355 nm, λem =
460 nm), and the linear part of each progress curve was used to
determine the substrate hydrolysis rate (RFU/s). The obtained RFU/s
were then adjusted to represent the value corresponding to the same
enzyme activity.

Determination of Kinetic Parameters (kcat, KM, and kcat/KM)
for Individual Substrates. The kinetic parameters (kcat, KM, and kcat/
KM) of selected ACC-labeled substrates were determined using
Michaelis−Menten nonlinear regression according to the protocol

described by Poreba et al.62 Each substrate was serially diluted until the
eighth well to obtain substrate concentrations ranging from 1.16 nM to
111 μM depending on the substrate used. Next, each enzyme was
preincubated (15 min, 37 °C) in assay buffer to a final enzyme
concentration of 425 nM for APC, 70 nM for thrombin, 200 nM for fXa,
and 5 nM for fXIa and was added to the wells containing eight different
substrate concentrations. The release of ACC was measured for 30 min
(λex = 355 nm, λem = 460 nm). The linear part of each progression curve
was used to calculate the kinetic parameters using GraphPad Prism and
Microsoft Excel software.

Synthesis of the Inhibitor and ABPs. Irreversible inhibitor,
biotin-labeled, and fluorescently labeled probes for fXIa were
synthesized and purified as described previously for APC, thrombin,
and fXa by Modrzycka et al.33

Determination of Inhibition Kinetics (kobs/I) for the Inhibitor
and Fluorescently Labeled ABP. The kobs/I parameters for APC,
thrombin, fXa, and fXIa were measured under pseudo-first-order
conditions. Inhibitor and ABP were serially diluted in assay buffer until
the seventh well to obtain concentrations ranging from 308 nM to 50
μM. Then, 20 μL of selected substrate (154 μM SMA5 for APC, 100
μMSMA4 for thrombin, 50 μMSMII18 for fXa, and 100 μMSMX1 for
fXIa)33 was added to the wells containing 20 μL of seven different ABP/
inhibitor concentrations. Next, 60 μL of APC, thrombin, fXa, or fXIa (at
a concentration of 10 nM) preincubated at 37 °C was added, and the
fluorescence increase over time was measured (λex = 355 nm, λem = 460
nm) for 30 min. The kobs/I parameters were calculated in GraphPad
Prism and Microsoft Excel software.41

Detection of fXIa with ABPs Based on SDS−PAGE Analysis.
To determine biotin-labeled ABPs selectivity, four purified coagulation
factors (APC, thrombin, fXa, and fXIa) with a constant concentration of
200 nM were incubated separately with each probe (the probe/enzyme
ratio was 1) in assay buffer for 30 min at 37 °C. Each enzyme was
incubated with each probe in a volume of 40 μL followed by reduction
with 20 μL of 3 × SDS/DTT for 5 min at 95 °C. The first well was
loaded with 0.5 μL of the protein marker PageRuler Prestained Protein
Ladder (Thermo Scientific), and then 10 μL of each sample was run on
a 12% (w/v) 15-well gel. SDS−PAGE separation was performed at 200
V for 39 min followed by a wet tank transfer to a nitrocellulose
membrane (0.2 μm, Bio-Rad) at 10 V for 60 min. The membrane was
blocked with 2.5% BSA in TBS-T (Tris-buffered saline with 0.1% (v/v)
Tween 20) for 60 min at room temperature. Next, the membrane was
incubated with fluorescent streptavidin Alexa Fluor 647 conjugate
(dilution 1:10,000 in TBS-T with 1% BSA) for 60 min. The biotin-
labeled ABPs were detected at 658 nm using an Azure Biosystems
Sapphire Biomolecular Imager and Azure Spot Analysis software.
For fluorescently labeled probe sample preparation, electrophoresis

and membrane transfer were performed as described above. When
testing the inhibitor utility, 200 nM fXIa was incubated with inhibitor
(final inhibitor concentration 5 μM) for 60 min prior to probe addition.
After the membrane was blocked with 2.5% BSA in TBS-T (60 min),
the labeled proteins were directly imaged with a 488 nM laser using an
Azure Biosystems Sapphire Biomolecular Imager and Azure Spot
Analysis software.

Detection of fXIa in Human Plasma. Human plasma (collected
in tubes containing anticoagulant EDTA) was isolated from whole
blood as described elsewhere33 and incubated with a fluorescently
labeled probe at probe concentrations ranging from 1 to 20 μM.
Incubation was carried out in assay buffer for 60 min at 37 °C. Plasma
was incubated with the probe in a total volume of 40 μL (20 μL of
plasma and 20 μL of probe) followed by reduction with 20 μL of 3 ×
SDS/DTT for 5 min at 95 °C. The first well was loaded with 0.5 μL of
the protein marker PageRuler Prestained Protein Ladder (Thermo
Scientific), and then 5 μL of each sample was run on a 12% (w/v) 15-
well gel. SDS−PAGE separation was performed at 200 V for 39 min
followed by transfer to a nitrocellulose membrane (0.2 μm, Bio-Rad) at
10 V for 60 min. The membrane was blocked with 2.5% BSA in TBS-T
for 60 min at room temperature. Next, the membrane was treated with
sheep antihuman polyclonal fXI antibody (Haematologic Technologies
Inc., PAHFXI-S, 1:1000) for 7 h followed by incubation with Alexa
Fluor 680 donkey antisheep secondary antibody (Life Technologies,
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A21102, 2:10,000) for 1 h (both at room temperature). The membrane
was then scanned using an Azure Biosystems Sapphire Biomolecular
Imager and Azure Spot Analysis software for fXIa at 488 nm (for
BODIPY detection) and 658 nm (for antibody detection).

Safety Statement.No unexpected or unusually high safety hazards
were encountered.
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