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Abstract

In blood coagulation, thrombin converts fibrinogen into fibrin monomers that polymerize into a
clot network. Thrombin also activates Factor XII1 by cleaving the R37-G38 peptide bond of the
Activation Peptide (AP) segment. The resultant transglutaminase introduces covalent crosslinks
into the fibrin clot. A strategy to modify clot architecture would be to design FXIII AP sequences
that are easier or more difficult to be thrombin-cleaved thus controlling initiation of crosslinking.
To aid in this design process, FXII1 V34X (28-41) activation peptides were kinetically ranked for
cleavage by wild-type thrombin and several anticoagulant mutants. Thrombin-catalyzed hydrolysis
of aromatic FXIII F34, W34, and Y34 APs was compared with V34 and L34. Cardioprotective
FXI11 L34 remained the variant most readily cleaved by wild-type thrombin. The potent
anticoagulant thrombins W215A and W215A/E217A (missing a key substrate platform for
binding fibrinogen) were best able to hydrolyze FXIII F34 and W34 APs. Thrombin 1174A and
L99A could effectively accommodate FXI11 W34 and Y34 APs yielding kinetic parameters
comparable to FXIII AP L34 with wild-type thrombin. None of the aromatic FXII1 V34X APs
could be hydrolyzed by thrombin Y60aA. FXIII F34 and W34 are promising candidates for FXIII
— anticoagulant thrombin systems that could permit FXIl1-catalyzed crosslinking in the presence
of reduced fibrin formation. By contrast, FXIII Y34 with thrombin (Y60aA or W215A/E217A)
could help assure that both fibrin clot formation and protein crosslinking are hindered. Regulating
the activation of FXIII is predicted to be a strategy for helping to control fibrin clot architecture
and its neighboring environments.
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1. Introduction

In the latter stages of the blood coagulation cascade, the proteins Fibrinogen (Fbg), Factor
XI (FXII), and thrombin participate in the formation of a blood clot and define its
subsequent architecture [1-6]. Thrombin cleaves off the N-terminal portions of the Aa and
Bp chains of fibrinogen (AaBpy), to release fibrinopeptides A and B. The resultant fibrin
monomers polymerize linearly and laterally to create an ordered fibrin network [1, 2].
Simultaneously, thrombin activates FXII1 by hydrolyzing the R37-G38 peptide bond of the
Activation Peptide (AP) segment [5, 7, 8]. Activated FXIII is then responsible for catalyzing
the formation of y-glutamyl-e-lysyl crosslinks within the fibrin network thereby generating
a more mechanically and proteolytically resistant clot [5, 9]. Besides cleaving fibrinogen and
FXII1, thrombin contributes to anticoagulation by activating Protein C in the presence of
thrombomodulin [3, 10]. Thrombin also activates protease activated receptors (PARs) that
control initiation of platelet aggregation and secretion [3, 11, 12].

Thrombin is a sodium binding, serine protease whose catalytic residues include S195, H57,
and D102 [3, 13]. Thrombin employs a series of surface loops to control substrate
specificity. In addition, the enzyme utilizes two anion binding exosites (ABE I and 1) to
direct the binding of substrates and supporting ligands [14]. The 60-insertion or B-insertion
loop (Y60a-K60f) of thrombin limits substrate access to the catalytic site and includes two
key residues Y60a and W60d (Footnote 1) (Fig 1) [13, 15]. The extended active site region
contains two nonpolar residues L99 and 1174 that assist in accommodating individual
substrate residues [13]. Thrombin residue W215 serves as a key substrate binding platform
within the aryl binding site [13]. When W215 is replaced with an alanine (W215A),
thrombin catalyzed hydrolysis of fibrinogen becomes greatly hindered whereas the
activation of Protein C still occurs [16, 17]. As a result, the anticoagulant functions of
thrombin become more dominant. The double mutant W215A/E217A (WE) exhibits a
collapsed active site cleft and generates an even better anticoagulant thrombin [18, 19].

A critical substrate that thrombin must accommodate is the FXIII AP segment [5, 9]. The
V34 at the P4 position is located just a few residues N-terminal to the FXI11 R37-G38 (P;-

LAmino acid residues of thrombin are designated by single letter abbreviations and chymotrypsin numbering is employed. This
numbering scheme requires accommodations for the thrombin insertion loops. As a result, Y60a corresponds to the tyrosine in the first
residue position of the 60- or B-insertion loop. W60d corresponds to the tryptophan at the fourth or “d” position of this same loop.
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P1") cleavage site (Table 1) [5, 9, 20]. The X-ray crystal structures of the zymogen FXIII A,
dimer show that each AP segment straddles across the dimer interface and protects against
premature access to the opposite FXIII catalytic site [21, 22]. The free FXIII AP 1-37
segment is even more flexible with little defined secondary structure [23, 24]. To be cleaved
by thrombin, the FXIII AP must interact appropriately with the enzyme subsites of this
serine protease. Previous kinetic and NMR studies demonstrated that the Ps-Pq residues
(33GVVPR37) of FXI11 AP (28-41) are most critical for targeting the thrombin active site
region [25]. (Footnote 2) Of particular note are the P4 and P, positions of FXIII AP that
interact with the S, and S, subsites on thrombin [15, 20]. Interestingly, the electron density
for this AP region is often not resolved in FXIII A, crystal structures thus suggesting that
this region is highly flexible [21, 22]. In a physiological environment, the location and
orientation of FXIII AP (1-37) in intact FXIII A may still contribute to accessibility and
optimal binding properties at the thrombin active site.

The common polymorphism FXII1 L34 is found in about 25% of the population and its
presence has been associated with decreases in myocardial infarction and coronary artery
disease particularly when fibrinogen concentrations are elevated to health risk levels [26—
32]. Interestingly, FXIII L34 is activated more readily by thrombin than the more common
FXII1 V34 [27, 33-35]. Kinetic studies with synthetic peptides derived from FXIII AP (28—
41) revealed that the extra methylene group in FXIII AP L34 (28-41) generates a thrombin
substrate with a strong enhancement in ket [33, 36]. NMR studies indicated that L34 and
P36 promote stabilizing P4 to P, interactions that better anchor the AP segment onto the
thrombin active site surface and promote hydrolysis [37]. Additional kinetic studies further
demonstrated the critical role that the 34 (P,4) position can play in controlling thrombin-
catalyzed hydrolysis of the FXII1 (28-41) AP segment [25, 38-40]. Results with
recombinant full length FXI111 variants involving these same AP residues support this
proposal [41, 42].

Fibrin clot structure is dependent upon fibrinogen levels, rates of fibrinopeptide cleavage,
and FXIII activity [6, 43—-46]. Clot architecture could be further controlled by designing
FXIII AP sequences that are easier or more difficult to be cleaved by thrombin [27, 41]. As a
result, FXIlla catalyzed crosslinking could be initiated earlier or later in the fibrin clot
assembly process. Moreover, specific FXII1 mutants could be matched with thrombin
species that have either procoagulant or anticoagulant properties [3, 4, 19, 40]. To design
such FXIII variants, more information is needed on how the FXIII AP segment interacts
with specific regions of wild-type thrombin and its potential therapeutic mutants.

Wild-type and mutant thrombin studies have already been carried out with FXII1 AP (28-41)
peptides containing V34, L34, P34, or F34 [36, 40]. The FXIII P34 variant allowed platelet
PAR4 character to be introduced into the FXIII AP sequence (Table 1) [47]. Earlier NMR
studies had revealed that the FXII1 F34 provided the same beneficial P4-P, interactions with
the thrombin surface as L34 [39]. Importantly, the FXII1 F34 AP was demonstrated to be the

2The P nomenclature system is used to assign the individual amino acid positions on the substrate peptides. The scissile bond is
designated by P1-P1”. The substrate amino acids N-terminal of the hydrolysis site are labeled P2, P3, P4, etc. whereas those that are
C-terminal are labeled P2”, P3’, P4’, etc. Likewise, the S nomenclature is used to assign positions on the enzyme. S1 accepts the P1
residue from the peptide substrate and so on.
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first FXI111-based substrate that exhibited little change in K;; upon loss of thrombin residue
W215 [40]. An aromatic residue at the P4 position was proposed to be an effective strategy
for promoting FXIII activation in the presence of an anticoagulant thrombin.

Based on the promising features of FXII1 F34 AP, two additional aromatic residues at the P4
position were explored. With FXI11 W34 AP (28-41), the ability to accommodate the bulkier
indole ring could be probed and thus help map out the S, site on thrombin. FXII1 Y34 AP
(28-41) incorporated a more polar phenol group that was predicted to have difficulties
handling the hydrophobic p-insertion loop and the W215 platform environment. Hydrolysis
of FXI11 W34 and Y34 APs (28-41) were examined with WT thrombin and the mutants
W60dA, Y60aA, L99A, 1174A, W215A, and WE. The kinetic effects were compared with
FXII1' V34, L34, and F34 [36, 40]. Results reveal that FXI11 W34 and F34 are promising
candidates for creating therapeutic FXIII — thrombin mutant systems that contain some
crosslinking ability in an environment of decreased fibrin(ogen) clotting. A combination of
Factor XI11 Y34 and an anticoagulant thrombin would hinder both fibrinogen clotting and
protein crosslinking.

2. Materials and Methods

2.1. Synthetic Peptides

Peptides derived from human FXIII activation peptide (AP) residues 28-41 were
synthesized by New England Peptide (Gardner, MA). The amino acid sequences of the
peptides included: FXIII (28-41) V34 AP, Ac-TVELQGVVPRGVNL-NH,; FXIII (28-41)
L34 AP, Ac-TVELQGLVPRGVNL-NH,, FXIII (28-41) F34 AP, Ac-
TVELQGEVPRGVNL- NHy; FXIII (28-41) W34 AP, Ac-TVELQGWVPRGVNL-NHo;
and FXIII (28-41) Y34 AP, Ac-TVELQGYVPRGVNL-NH,. The purity of the peptides
were determined by analytical reversed phase HPLC and the peptide m/z values were
confirmed using matrix assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry. Peptides were soluble in deionized water to 7mM. The concentrations of
the peptides in solution were determined by quantitative amino acid analysis (AAA Service
Laboratory, Damascus, OR).

2.2. Thrombin Preparation

All human recombinant thrombin was generously provided by Dr. Enrico Di Cera and Ms.
Leslie Pelc, Saint Louis University, St. Louis, MO. These thrombin species were expressed
and purified as described previously [48]. The thrombin variants examined in this project
included wild-type (WT), the single alanine substitutions W60dA, Y60aA, L99A, 1174A,
and W215A, and the double substitution W215A/E217A (WE). Thrombin concentrations
were determined from absorbance measurements at Fggnm®-1% = 1.83 mL/(mg cm) using
MW = 36,500 g/mol.

2.3. Kinetics Procedure

The HPLC-based kinetic assay of Trumbo and Maurer was employed [33]. Briefly, a
solution of peptide in assay buffer (50 mM H3PQO,4, 100mM NaCl, 0.1% PEG, pH 7.4) was
heated to 25 °C in a heat block. The final concentrations of the FXIII APs spanned the
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concentration range of 75-2500 uM. Hydrolysis of each Factor X111 AP was initiated with
the addition of human thrombin (WT or mutant). The thrombin concentrations were between
6 nM and 1 pM depending on the particular FXI11 AP and thrombin mutant being examined.

An aliquot of the reaction mixture was removed at regular intervals and quenched with
12.5% H3PO4. Thrombin concentrations and reaction time points were selected such that
less than 17% of the FXIII V34X APs were hydrolyzed in 30 min. Peptide peaks were
separated by RP-HPLC using a Waters X-Bridge C1g Column on a Waters 2695 or a Waters
600 series HPLC system. For thrombin-catalyzed hydrolysis of FXIII (28-41) F34 and Y34
AP, substrate and product peaks were separated using an acetonitrile based gradient of [15%
CH3CN, 0.09% trifluoroacetic acid in dl water] to [50% CH3CN, 0.09% trifluoroacetic acid
in dl water]. A methanol based gradient of [17% methanol, 0.09% trifluoroacetic acid in dI
water] to [40% methanol, 0.09% trifluoroacetic acid in dl water] was employed for reactions
involving FXI11 W34 AP.

After the time points for the thrombin-catalyzed reactions were run on the HPLC columns,
the FXIII AP (28-37) product peaks were integrated. The peak areas were converted to
concentration using product calibration curves for each FXIII activation peptide. The slopes
of product concentration versus time plots were used to determine the initial velocities (in
uUM/s) for the different thrombin-catalyzed reactions. The results represent experiments
which were done in triplicate. Individual kinetic constants were determined following
nonlinear regression analysis fits to the equation V = V/};,,,/(1 + K;/[S]) using Sigma Plot
(Jandel Scientific) or Kaleidagraph (Synergy). The k.4 values were then calculated knowing
the final thrombin concentrations employed in the assays.

2.4. Expression of Full-Length Recombinant FXIII Variants

A pGEX plasmid vector encoding GST-tagged FXI11-A V34 was kindly provided by Dr.
Helen Philippou, Dr. Robert Ariens, and Dr. Kerrie Smith from the University of Leeds, UK
[49]. Single amino acid V34X substitutions (L, F, W, or Y) were introduced using the
QuikChange Il Mutagenesis kit (Agilent Technologies). The expression vectors for the
FXI-A V34X variants were transformed into £. co/iBL21 (DE3) Gold cells. An auto-
induction approach was employed for the expression of full length FXII1-A variants [50].
Cells were harvested by centrifugation, washed from the remaining culture medium, and
stored in pellets at —20°C. The pellets were resuspended in phosphate buffered saline and
lysed. The cell lysate was cleared by centrifugation and then treated with 1% streptomycin.
After centrifugation and filtration through a 0.22 um membrane filter, the cleared
supernatant was applied to a GST-trap column (GE Healthcare, USA) using an AKTA Prime
FPLC system. FXIII-A protein was cleaved from the GST-tag by in-column digestion
overnight with PreScission protease. The protein was eluted from the column with
phosphate buffered saline. Molar concentration was determined from absorbance readings at
280 nm using e = 125710 M~1cm™1 for L34, F34, and Y34 variants (calculated using
Protparam tool, www.expasy.org). An e = 131210 M~1cm™1 was applied for FXI11-A W34.

Biochim Biophys Acta. Author manuscript; available in PMC 2018 October 01.


http://www.expasy.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jadhav et al. Page 6

2.5. Gel Electrophoresis Assay to Follow Thrombin Cleavage of FXIII

Thrombin-catalyzed cleavage of FXIII APs was monitored using SDS-PAGE. 1 uM FXIII
V34X variant was incubated with 30 nM of WT recombinant human thrombin at 37°C. At
different time points (1, 2, 5, 10, 15, 20, 25, and 30 min), aliquots were withdrawn and
supplemented with 6 UM of the thrombin active site inhibitor PPACK (D-Phe-Pro-Arg
chloromethyl ketone). Samples were then mixed with reducing loading buffer and subjected
to electrophoresis using 8% polyacrylamide gels. Gels were stained with Coomassie Blue.
Cleavage process was monitored by densitometric analysis using GelAnalyzer 2010
(www.gelanalyzer.com).

3. Results

The HPLC based assay proved to be a successful strategy for characterizing the ability of
wild-type and mutant thrombins (W60dA, Y60aA, L99A, 1174A, W215A, and W215A/
E217A [WE]) to hydrolyze a series of Factor X111 AP segments (28-41) containing V34X
substitutions. K, Aat, and kg z/Kp, for the different thrombin and FXI111 V34X AP pairs are
shown in Table 2. Bar chart comparisons across the peptide and thrombin series are
displayed in Fig 2 and 3.

3.1. Kinetics Involving FXIII (28-41) V34X AP Hydrolyzed by WT Thrombin

Prior kinetic studies revealed that FXI11 L34 AP was a better substrate for WT thrombin than
FXII1 V34 AP (Table 2 and Figure 2, 3) due to a 9-fold higher &4 [36]. The aromatic
residue in FXII1 F34 AP resulted in a 1.5-fold increase in K}, relative to FXIII V34 AP;
however, the k.4 value increased 2.4-fold over the FXI111 V34 AP sequence [36, 40]. In the
current work, the bulkier tryptophan indole group found in FXI111 W34 AP led to a 2-fold
increase in K, relative to FXI11 V34 AP. Similar to FXIII F34 AP, the W34 exhibited a 3-
fold increase in k4 relative to FXIII V34 AP. The FXIII Y34 AP exhibited a K, value
comparable to that of FXIII F34 AP, but the &, value was reduced back down to the value
of FXI11 V34 AP. Overall, the Ak.at/ Kiy, values were best for FXI11 L34 AP followed by F34
and W34. Kinetic improvements relative to FXI11 V34 AP were primarily due to increases in
the k.4 values.

3.2. Kinetics Involving FXIII (28—-41) V34X AP Hydrolyzed by W60dA Thrombin

W60d exists in the center of the thrombin 60-insertion loop and is part of the S, enzyme
subsite (Fig 1) [13, 15]. In prior work on FXI1I1 V34 and L34 AP, the K}, values increased 3—
5 fold while k.4 values decreased 3-5 fold [40]. There was an overall 14-fold decrease in
Kea/Km relative to WT thrombin. FXI11 F34 AP binding to W60dA thrombin could handle
the loss of the W60d residue generating a K, similar to that of WT thrombin [40]. By
contrast, the ability to be hydrolyzed had been compromised leading to a 4-fold decrease in
koo Overall, there was a 4-fold decrease in A4t/ Ky relative to wild-type thrombin. In the
current work on FXI11 W34 AP, the K, increased 1.5-fold and the k., decreased 6-fold
relative to WT thrombin. As a result, the &,/ K, value for hydrolysis of FXII11 W34 AP by
W60dA thrombin was 10-fold lower than by WT thrombin. FXI111 Y34 AP hydrolysis rates
were too low at the thrombin stock concentrations available for this project, thus kinetic
constants could not be determined.
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3.3. Kinetics Involving FXIII (28-41) V34X AP Hydrolyzed by Y60aA Thrombin

Thrombin residue Y60a (part of the S, enzyme subsite) is positioned at the beginning of the
thrombin 60-insertion loop and helps control entrance into the thrombin active site region
(Fig 1) [13, 15]. Prior results revealed that hydrolysis of FXI11 V34 and L34 AP both led to
2-fold increases in K, accompanied by 54 to 61-fold decreases in k4 [40]. Unlike the
studies with W60dA thrombin, FXII1 F34 AP could not be hydrolyzed by Y60aA thrombin
at the enzyme concentrations available [40]. In the current project, the same difficulties were
observed with FXI11 W34 AP and Y34 AP. All three aromatic FXIII AP V34X varians (F,
W, and Y) could not handle replacement of thrombin Y60a with the smaller A residue.
Individual Kkinetic values could not be determined.

3.4. Kinetics Involving FXIII (28-41) V34X AP Hydrolyzed by L99A Thrombin

L99 is also a member of the S, enzyme subsite that contributes to the thrombin apolar
binding site (Fig 1) [13, 15]. Thrombin residues L99 and Y60a both function to help
encompass incoming substrates. In prior work with L99A thrombin, FXI1I V34 and L34 AP
exhibited 6-7-fold increases in K, and 3—4 fold decreases in k.4 relative to WT thrombin
[36]. The stronger k.4 value for L34 allowed this FXIII AP to still exhibit a 7-fold advantage
in Kot/ Ky relative to V34. Unlike the Y60aA thrombin studies, the FXI11 F34 AP could be
accommodated by the L99A mutant with only a 1.3-fold increase in K, and 2-fold decrease
in k.4 relative to WT thrombin [40]. The Aqa/ Ky value for FXIII F34 AP in the presence of
thrombin L99A was 10-fold higher than FXI1I V34 AP. For the current work, FXI11 W34 AP
and thrombin L99A exhibited no improvement in K, over WT thrombin, and similar to
FXIII F34 AP, there was a 3-fold decrease in k.4 Still, the Ao/ Ky, value for FXI11 W34 AP
in the presence of thrombin L99A was 7-fold higher than with FXI111 V34 AP. Curiously,
FXI11 V34Y AP could finally be examined with a thrombin mutant. The K, value in the
presence of L99A thrombin was comparable to WT thrombin and the k4 value exhibited a
surprising 6-fold improvement over WT thrombin. Overall, L99A thrombin was best at
hydrolyzing FXIII V34Y AP. There was a 8.5-fold increase in Aqq/ K, relative to FXIII
W34AP in the presence of L99A thrombin and a 90-fold increase relative to FXIII V34AP.

3.5. Kinetics Involving FXIII (28-41) V34X AP Hydrolyzed by 1174A Thrombin

Extending more into the apolar binding site, the 1174 residue borders the S, pocket of
thrombin (Fig 1) [13, 15]. Prior work revealed that with FXII1 V34 AP, thrombin 1174A
leads to a 1.5-fold increase in Kj;; and a 2-fold increase in k4 resulting in a 2.7-fold increase
in ko Ky relative to WT thrombin [36]. By contrast, hydrolysis of FXI1I L34 AP by 1174A
thrombin exhibits a 3.5-fold increase in Kj;; and a 2-fold decrease in k.4 leading to an 8-fold
decrease in A4/ K;; [36]. The influence of thrombin 1174 on other FXI11 V34X substitutions
had not been examined before. In the current work, FXI11 V34F AP also underwent a 2-fold
increase in K, but no change in A, FXII1 V34Y exhibited a 1.4-fold decrease in K;and a
2-fold decrease in k4. FXI V34W AP was the best substrate of the 1174A thrombin series
revealing a 2.4-fold decrease in K,;and a 2-fold increase in k.4 producing a 4.5-fold
increase in kg K. The keqf Ko value for FXIT W34 AP was 2-fold increased relative to
FXII1 V34 AP in the presence of 1174A thrombin.
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3.6. Kinetics Involving FXIII (28—-41) V34X AP Hydrolyzed by W215A Thrombin

The indole ring of W215 provides a thrombin platform to support such critical substrates as
the Fbg Aa chain (Fig 1) [13, 15, 51]. Moreover, the W215 must be in a correct orientation
to help maintain an open serine protease active site region [18, 52]. Because of these
features, there was strong interest in assessing how well FXI11 V34X APs could be
accommodated by a thrombin W215A mutant. Prior studies had revealed that FXI1I1 V34 and
L34 AP were both less efficiently hydrolyzed by W215A thrombin than FXII1 F34 AP [36,
40]. FXI111 V34 and L34 AP exhibited 8 to 11-fold increases in K, with W215A thrombin
and now their k.4 values were similar. By contrast, FXI1I1 F34 exhibited little change in K,
relative to WT thrombin and the k., value underwent a 3-fold decrease [40]. As a result, the
Koad Ky values were reduced 4-fold for FXI111 V34 AP, 49-fold for FXII1 L34 AP, and 3-fold
for X111 F34 AP relative to WT thrombin. Overall, FXI1I F34 AP was the best substrate
sequence for W215A thrombin because the K}, value was preserved and there was a smaller
decrease in kg4 [40].

In the current work, the effects of the indole ring of W and the phenol of Y were compared
to that of the smaller F. Unlike FXIII F34 AP, the FXIII W34 AP with its bulkier indole side
chain experienced a 1.6-fold increase in K, relative to WT thrombin. Moreover, there was a
3-fold improvement in k.4 for FXII1 W34 AP relative to F34 AP. As a result, FXI11 APs
W34, V34, and L34 all have similar k.4 Vvalues. The k. K, values for FXIIl1 APs F34 and
W34 were found to be comparable with F34 providing a better K;; and W34 a stronger A+
Individual kinetic parameters could not be determined for hydrolysis of FXIII Y34 by
thrombin W215A.

3.7. Kinetics Involving FXIII (28-41) V34X AP Hydrolyzed by W215A/ E217A (WE) Thrombin

X-ray crystallography has revealed that replacement of W215 and E217 (S4 enzyme subsite)
with alanines leads to collapse of the thrombin active site cleft (Fig 1) [18]. This double
mutant known as the WE thrombin has shown much promise as a therapeutic anticoagulant
[53-56]. Earlier studies revealed that WE thrombin led to a 2.5-fold increase in K, for
FXI11 V34 AP and 2-fold decreases in Ky, for both L34 and F34 relative to WT thrombin
[36, 40]. Decreases in k., were 22-fold for V34, 90-fold for F34, and 440-fold for L34
relative to WT thrombin. The overall &,/ K, values were similar for FXI11 APs L34 and
F34 in the presence of WE thrombin [36, 40].

In the current work, the K, for FXI11 W34 AP with WE thrombin was comparable to that of
W215A thrombin with both exhibiting a 2-fold decrease over WT thrombin. Similar to
FXI11 V34 AP, the k.4 was reduced 22-fold for FXI11 W34 AP and WE thrombin. When
examining kg a/ K, values of FXII1 V34, L34, F34, W34 APs, the L34 and F34 were the best
of the series and V34 the worst. No significant hydrolysis of FXII1 Y34 AP was observed in
the presence of WE thrombin.

3.8. Thrombin Cleavage of Full Length FXIIl V34X Variants

Studies with synthetic peptides have provided valuable clues about how different FXIII
V34X residues can be accommodated by WT thrombin and its selective active site region
mutants. Verifying that full length FXI111 V34X proteins will generate comparable results is
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important. FXI11 V34, L34, F34, W34, and Y34 were successfully expressed in E. coli and
purified by affinity chromatography. FXI11 V34X variants at a concentration of 1 uM were
individually subjected to cleavage by 30 nM thrombin. The hydrolysis reactions were carried
out at 37°C and halted at 1, 2, 5, 10, 15, 20, 25, and 30 min. Thrombin cleavage at R37-G38
leads to the loss of a 4 kDa fragment, and as seen in Figure 4, the uncleaved and cleaved
FXIII A-subunits can be separated by SDS-PAGE. As predicted from synthetic peptide
studies, FXI11 L34 underwent hydrolysis at the fastest rate with 60% cleavage occurring by 5
min and full cleavage by 20 min. Cleavage of FXIII V34 started to be visible at 2 min and
became 50% cleaved by 10 min. There was almost full cleavage of FXIII V34 by 30
minutes. Rates of cleavage for the other FXIII variants followed the trend of F34 > W34 ~
Y34. These gel electrophoresis studies confirm that Activation Peptide cleavage can be
monitored over time with intact FXII1 proteins and that differences can be detected. More
detailed HPLC kinetic studies could be carried out with full length FXIII variants [27, 57].
However, the FXIII AP (28-41) sequences have some distinct advantages. These smaller
synthetic AP substrates can be obtained at much higher yields and importantly, they produce
better resolved HPLC peaks for kinetic data analysis. Moreover, the synthetic peptides can
be used more readily in assays designed to determine individual kinetic constants [33]. The
synthetic peptide studies thus remain a highly effective approach for comparing individual
kinetic constants for a series of variant FXI1I Activation Peptide sequences.

4. Discussion

Thrombin catalyzed hydrolysis of the FXIII Activation Peptide segment is a key step in
generating an active Factor X111 that can covalently crosslink the fibrin clot network and
other physiological substrates [5, 9]. The common polymorphism FXII1 L34 utilizes its extra
methylene group to produce an AP segment that is better oriented for thrombin-catalyzed
hydrolysis than FXII1 V34 [27, 33, 37]. There is now interest in kinetically characterizing
other FXIII AP V34X (28-41) peptides that interact with WT and mutant thrombins [36,
40]. Specific sets of thrombin and FXII1 V34X variants may later be used to regulate fibrin
clot formation and extent of FXII1-catalyzed substrate crosslinking.

4.1. Interactions between WT Thrombin and FXIII AP (28-41) V34, L34, F34, W34, and Y34

Activation Peptides with F34, W34, and Y34 substitutions were used to explore how well
the extended thrombin active site region could accommodate three different aromatic
residues at the P4 position. FXI1I APs F34, W34, and Y34 could still foster binding
interactions with the thrombin surface and the turnover numbers were at least as good as
those of FXII1 V34 AP (Fig 2, 3). Based on their k4 values, FXIII AP (28-41) sequences
containing W34 and F34 are proposed to be better oriented for thrombin catalyzed
hydrolysis than V34 and Y34. The common polymorphism L34 still remains the dominant
FXIII AP substrate for WT thrombin. Detailed thrombin cleavage studies can be carried out
with synthetic peptides and further supported by work with full-length FXI11 V34X proteins
(Fig 4). Experiments with full-length proteins revealed that FXI11 L34 is cleaved at the
fastest rate followed by V > F > (W = Y). These results are mostly in accord with the
synthetic peptide studies although the FXI11 W34 was cleaved more slowly than expected.
All full-length FXIII species were examined at the same single, initial concentration. Having
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the weakest K, of the V34X series, the overall cleavage rate of the W34 variant may have
been limited by its low concentration. A greater extent of thrombin-catalyzed cleavage
would have occurred with a higher concentration of the FXI11 V34W substrate. From
reviewing all the hydrolysis data, the fast cleaving FXI11 L34 would be poised to introduce
crosslinking earlier in the fibrin clot assembly process than the aromatic FXI11 V34X
candidates.

4.2. Interactions involving thrombin W60dA and thrombin Y60aA

The thrombin residue W60d is located in the center of the 60-insertion loop and is known to
play a vital role in positioning Fbg Aa, Fbg BB, and the thrombin receptor PAR4 within the
thrombin active site surface [19, 48]. Kinetic studies revealed that FXIII F34 AP was the
best of the V34X sequences for promoting binding interactions with W60dA thrombin. The
phenyl side chain of FXIII F34 may find a better way to interact with this new thrombin
environment than V34, L34, or the bulkier indole of FXII1 W34 AP. Kinetic constants could
not be determined for FXII1 Y34 AP. The Y34 polar phenol may cause a steric clash with
the mutated 60-insertion loop.

In contrast to W60d, the thrombin residue Y60a is situated at the start of the 60-insertion
loop and reported to influence the binding of Fbg Aa, hirudin, and thrombomodulin [19, 58,
59]. X-ray crystallography has shown that the FXII1 V34 side chain borders thrombin Y60a
[15]. Thrombin Y60aA could not hydrolyze any of the FXIII AP segments containing F34,
W34, or Y34. Aromatic V34X peptides are proposed to benefit from binding at or near
thrombin Y60a, but not A60a. From reviewing the kinetic data, thrombin W60dA is an
example of a mutant that could modestly hinder cleavage of fibrinogen but still allow for
FXI11 F34 or W34 activation and thus crosslinking activity. Alternatively, thrombin Y60aA
could function to greatly hinder cleavage of fibrinogen and also cleavage of FXIII AP
segments with an aromatic V34X substitution.

4.3. Interactions involving thrombin L99A and thrombin 1174A

Thrombin residues L99 and Y60a both function to help cage the P, residue of thrombin
substrates (Fig 1) [13, 15]. It is already known that FXIII P36 at the P, position interacts
with thrombin L99, Y60aA, and W215 [15]. Unlike Y60aA, the FXIII F34, W34, and Y34
AP segments could each be hydrolyzed by L99A thrombin further supporting the proposal
that the FXIII AP aromatic rings are oriented more toward the thrombin 60-insertion loop
than the S, region near thrombin L99. Unexpectedly, L99A thrombin was best able to
hydrolyze FXII1 Y34 AP relative to the other V34X APs examined (Fig 2, 3). The expansion
of the thrombin S, site upon the L99A substitution must generate a better environment to
accommodate the FXIII Y34 side chain and encourage an orientation that promotes
thrombin cleavage of the R37-G38 peptide bond. Of the FXII1 V34X APs, FXIII V34 was
the worst of the series. Surprisingly, the altered S, subsite may no longer provide an
appropriate surface for binding the smaller-sized FXIII V34,

The thrombin 1174 residue contributes to the S, subsite on this protease [13]. Thrombin 1174
helps surround the F8 residue of Fbg Aa and plays a supporting role in accommodating the
P4 and Ps positions of FXII AP (28-37) (Figure 1) [15, 19, 51]. Kinetic studies with 1174A
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thrombin helped to detect unique differences between F34, W34, and Y34. The loss of the
aliphatic 1174 side chain caused the FXIII F34 AP to only experience a decrease in binding
interactions. Reactions with FXII1 Y34 AP revealed, in addition, a lower substrate to product
turnover. The hydroxyl group of the phenol may cause polar repulsions with the thrombin
surface that ultimately contribute to a non-optimal orientation for R37-G38 hydrolysis.
Intriguingly, FXI11 W34 AP exhibited improvements in both binding interactions and
turnover. The larger space provided by the thrombin A174 is proposed to be most effectively
utilized by the bulkier indole group of FXIII W34,

Hydrolysis of FXI11 W34 AP by 1174A thrombin produced, for the first time, A,/K, values
that approach those of WT thrombin with the strong substrate FXI111 L34 AP (Fig 2, 3).
FXI11 W34 AP and 1174A thrombin could be a promising therapeutic combination. 1174A
thrombin is already known to decrease the k.,#/K, value for fibrinopeptide A release by 22-
fold [19]. Fibrin clot formation could be hindered but FXI11 W34 AP cleavage could be at a
rate comparable to FXI1I L34 AP. Not far behind in kinetic effectiveness would be the
enzyme-substrate pair composed of thrombin L99A and FXII1 Y34 AP. L99A thrombin is
however not as effective in hindering FpA cleavage as 1174A thrombin [19]. There is only a
2-fold decrease in k7K, value for FpA release by L99A thrombin. From an enzyme design
perspective, the thrombin substitutions L99A or 1174A could also be helpful for modifying
the characteristics of the S, and S, enzyme subsites. These alanine mutations might be
utilized to help a more potent anticoagulant thrombin better accommodate certain FXI1I AP
residues within these subsites.

4.4. Interactions involving thrombin W215A and WE

The thrombin mutant W215A has already been proven to be a promising anticoagulant
enzyme that exhibits greatly hindered cleavage of the Fbg Aa chain (500-fold decrease in
keat! Kim) but still allows for Protein C activation [17, 19]. With the W215A substitution, the
Fbg Aa residue F8 loses a key stabilizing side chain interaction from W215 within the
thrombin active site region (Fig 1) [51]. An even more potent anticoagulant thrombin
involves the W215A/E217A (WE) substitution that contains a collapsed primary specificity
cleft [18]. With this double mutant, there is 1900-fold decrease in A4/ Ky, for FpA cleavage
[17, 19]. The WE thrombin has been successfully tested as a therapeutic anticoagulant in
mice and in non-human primates [53-56].

According to X-ray crystal structures, the backbones of FXIII AP V34 and L34 are both
supported by thrombin W215A (Figure 1) [15]. With this thrombin mutant, binding
interactions for FXI11 V34 and L34 are dramatically reduced along with loss of the strong
turnover benefit of L34 [36]. As with W60dA, FXII1 F34 AP was the best at preserving
binding interactions with W215A thrombin [40]. FX111 W34 AP was better at maintaining
the turnover number. The k7K, values for FXI1I F34 and W34 AP were comparable. WE
thrombin studies resulted in the lowest k,,#/K, values; however, ranking trends similar to
those of W215A thrombin were still observed. Unexpectedly, difficulties were encountered
when trying to kinetically characterize hydrolysis of FXIII Y34 AP by thrombin W215A.
Decreased velocities observed at higher peptide substrate concentrations suggest the FXIII
Y34 residue may be causing polar repulsion directed toward the thrombin 60-insertion loop
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region. Proceeding to the more potent anticoagulant WE thrombin, no cleavage of FXIII
Y34 AP was observed. FXIII Y34 AP must rely on a well-positioned thrombin W215
platform to help assure that the phenol ring finds an appropriate binding environment within
the thrombin active site region.

Based on their individual kinetic constants, FXIII F34 AP and W34 AP are both examples of
sequences that may still be accommodated by anticoagulant thrombins W215A and WE.
With such mutant thrombin — FXI111 combinations, Fbg Aa cleavage would be greatly
reduced but FXIII activation would still prevail. As a result, other physiological substrates
could still be crosslinked by FXIII. These protein combinations may permit crosslinking
activities in an environment with diminished fibrin clot formation. Unlike W34 and F34,
FXI11'Y 34 remains the best variant of the series for assuring minimal FXII1 activation. With
W215A and WE thrombin, clot formation and FXIlI-catalyzed crosslinking activity would
definitely be hindered.

4.5. Conclusions

A series of FXIII V34X (28-41) activation peptides was kinetically characterized for
cleavage by WT and mutant thrombins. FXIII L34 AP remained the variant most readily
cleaved by WT thrombin and would be expected to initiate crosslinking activities the earliest
of the V34X AP series (Fig 3). FXIII F34 and W34 AP showed much promise as FXIII
species that could still be activated in the presence of the potent anticoagulant thrombins
W215A and WE. In a localized therapeutic environment, fibrin clotting would be greatly
hindered but crosslinking of other physiological substrates would still be permitted.
Intriguingly, the 1174A and L99A thrombin mutants helped to improve hydrolysis of FXIII
W34 and Y34 APs leading to kinetic properties approaching those of FXII1 L34 AP with
WT thrombin (Fig 3). Such substitutions could be used to generate milder anticoagulant
thrombin — FXI1I1 combinations. Alternatively, 1174A and L99A could be used to further
optimize the thrombin binding environments for different FXII1 AP residues. Interestingly,
none of the aromatic FXIII AP residues could be effectively hydrolyzed by Y60aA
thrombin. Moreover, W215A and WE thrombin had the greatest difficulties cleaving FXIII
Y34 AP (Fig 3). Such mutant FXIII-thrombin combinations would hinder fibrin clot
formation and FXII1-catalyzed crosslinking.

To achieve different FXIlI-related goals, mutant FXII1 A and thrombin species could be
introduced into a localized environment. The amounts applied would be sufficient to out
compete endogenous counterpart levels for a therapeutic period of time. Recombinant WT
FXIII A, has already been used successfully as a prophylaxis in FXI11 A-deficient patients
[60-62]. The administered FXIII A becomes readily complexed with endogenous FXIII B-
subunits. These B-subunits mediate FXII1 interactions with fibrinogen and protect FXIII A
from premature degradation [60, 61]. Additional control studies could assess how
combinations of mutant FXIII A,B5 V34X and mutant thrombin species function in FXIII-
deficient plasma. From the current work, it is already encouraging to learn that there are full-
length FXI111 A, V34X variants that can be cleaved by WT thrombin with rankings
comparable to those of FXII1 V34X (28-41) AP. Overall, our kinetic results on hydrolysis of
FXI11 V34X activation peptides by WT and mutant thrombins reveal novel strategies to

Biochim Biophys Acta. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jadhav et al. Page 13

regulate FXIII activation and thus its ability to initiate crosslinking reactions. These
approaches may be used to further control fibrin blood clot structure and its surrounding
architectures.
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FXII blood coagulation Factor XIlII

FXII AP Factor XI1I Activation Peptide
ABE-I1 anion-binding exosite-I

ABE-II anion-binding exosite-11

Fbg fibrinogen

PAR protease activated receptor

PPACK D-Phe-Pro-Arg chloromethyl ketone
WE thrombin W215A/E217A thrombin
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Highlights

1. Thrombin activates Factor XI1I by cleaving R37-G38 bond of the Activation
Peptide

2. A strategy to modify fibrin clots is to design FXIII APs that are easier or more
difficult to cleave.

3. Combinations of FXI11 APs and mutant thrombins were screened for cleavage
ability.

4, FXI111 F34 and W34 are predicted to permit crosslinking in presence of
reduced fibrin.
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A B

B-insertion

Y60a W60d

P2
.99

P4
1174 %
W215

E217

P, P, P,P,..

FXIII AP *VVPR”

X-ray crystal structure of thrombin highlighting key residues that surround the bound
structure of FXIII AP (34-37). A) Ribbon diagram of thrombin (gray) showing selected
residues as colored sticks (PDB ID: 1DE7Y). Residues include the catalytic triad (red), Y60a
and W60d (blue), L99 and 1174 (cyan), W215 and E217 (green). B) The enzyme-bound
FXIII AP segment (34V orange, 35VPR37 purple) surrounded by thrombin residues that were
mutated to alanines for the kinetic studies (PDB ID: 1DET7).
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Figure 2.
The kinetic constants K, and k.4 for hydrolysis of FXI11 V34X AP (28-41) peptides by WT

and mutant thrombins. A) A comparison of the K, values for FXI11 V34 AP (yellow), L34
AP (red), F34 AP (purple), W34 AP (light blue), and Y34 AP (green) in the presence of WT
thrombin and the single site mutants W60dA, Y60aA, L99A, 1174A, W215A, and WE. B) A
comparison of the k.4 values for FXII1 V34 AP (yellow), L34 AP (red), F34 AP (purple),
W34 AP (light blue), and Y34 AP (green) in the presence of WT thrombin and the single
site mutants W60dA, Y60aA, L99A, 1174A, W215A, and WE. The individual kinetic
parameters were derived from an HPLC assay described in Materials and Methods. Results
represent data from at least three independent trials, and error bars correspond to standard
error of the mean.
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Figure 3.

Three dimensional representation of k7K, values as a function of thrombin mutant and
FXI11 V34X AP. The thrombin species examined include WT and the single site mutants
W60dA, Y60aA, L99A, 1174A, W215A, and WE. The different FXIII V34X AP (28-41)
peptides consisted of FXII1 V34 AP (yellow), L34 AP (red), F34 AP (purple), W34 AP
(light blue), and Y34 AP (green). The individual kinetic parameters were derived from an
HPLC assay described in Materials and Methods. The * symbols correspond to peptide-
thrombin combinations whose rates of hydrolysis were too low to be characterized. Results
represent data from at least three independent trials, and error bars correspond to standard
error of the mean.
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Figure 4.
SDS-PAGE analysis of thrombin cleavage of FXIII activation peptide by thrombin. A) 1 uM

FXI11 V34X variant was incubated with 30 nM recombinant thrombin at 37°C. At defined
time points, the aliquots were removed, quenched with PPACK and then reducing loading
buffer, and finally quickly frozen at —80°C. Samples were later subjected to electrophoresis
on 8% gels and stained for proteins using Coomassie blue. Intact FXIII appears at 83kDa
whereas cleavage of the Activation Peptide (1-37) results in a protein band at 79kDa. B)
Cleavage progress for FXI11 L34 (red), V34 (yellow), F34 (purple), Y34 (green), and W34
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(blue) was monitored by densitometric analysis using GelAnalyzer 2010
(www.gelanalyzer.com) for the time points 1, 2, 5, 10, 15, 20, 25, and 30 min
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Substrate sequences that target the thrombin active site 4

Table 1

Factor XI1I (28-41) V34 AP
Factor X111 (28-41) L34 AP
Factor X111 (28-41) F34 AP
Factor X111 (28-41) W34AP
Factor X111 (28-41) Y34 AP
Factor X111 (28-41) P34 AP
Fibrinogen Aa (7-20)

Thrombin Receptor PAR1 (32-45)
Thrombin Receptor PAR4 (38-51)

Po...Pa P1.
28TVELQGVVPRGVNL 4!
28TVEL QGLVPRGVNL 4
28TVEL QGFVPRGVNL 4!
28TVEL QGW/PRGVNL 4!
28TVELQGYVPRGVNL 4
28TVEL QGPVPRGVNL 4!
"DFLAEGGGVRGPRV?0
32KATNATLDPRSFLL45
38STPSI LPAPRGYPG?

Page 23

aSequences of human FXIII, fibrinogen Aa and Thrombin Receptors (PAR1 and PAR4) are displayed. The residues are aligned along the P4

position.
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Table 2

Kinetic Constants for Hydrolysis of FXIII (28-41) F34, W34, Y34, V34, and L34 Activation Peptides with
Different Thrombin (I1a) Mutants? L34 is a Common Polymorphism
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FXIII (28-41) F34 AP Km (UM) Keat (571 Keat! K (UM ™1 s71)
WT I1ab 442+93  627+054  14x1072+3.0x10°°
W60dA 11a? 435+98  146%015  3.4x1073+8.0x10"
Y60aA l1af NA NA NA
L99A I1a? 570 + 125 2.71+03 4.8x1073 + 1.2x1074
1174A lla 920 + 88 6.08 +0.25 6.6x1073 + 6.9x1074
W215A 116 437+81 197014  45x1073+9.0x10
WE (W215A/E217A) I1a? 190+43 0070007  3.6x107+8.0x10™

FXIII (28-41) W34 AP K (UM) Keat (571) Keat! K (UM72 s71)
WT lla 637 £ 56 7.62+0.3 1.2x1072 + 1.2x1073
W60dA Ila 976 + 89 1.21+0.05 1.2x1073 + 1.2x107*
Y60aA lla NA NA NA
L99A lla 719 £ 97 23+0.17 3.2x1073 + 4.9x1074
1174A lla 256 + 24 13.9+0.52 5.4x1072 + 5,5x1073
W215A lla 1030 + 57 5.76+0.14 5.6x1073 + 3.4x1074
WE (W215A/E217A) lla 1281 + 161 0.35+0.03 2.7x1074 £ 3.5x107°

FXIII (28-41) Y34 AP K (M) Keat (57H) Keat! Ky (WML 572)
WT lla 484 + 88 2.23+0.18 4.6x1073 + 9.0x1074
W60dA Ila NA NA NA
Y60aA lla NA NA NA
L99A lla 347 £ 80 135+14 3.9x1072+9.8x1073
1174A lla 349 £ 120 1.17+0.16 3.3x1073 £ 2.0x1073
W215A lla NA NA NA
WE (W215A/E217A) lla NA NA NA

FXIII (26-41) Vi34 AP K, (UM) Keat (579 Keat! Ky (WML 572
WT 11a€ 298 + 42 2.57 +0.005 8.6x1073 + 1.0x1073
W60dA 1120 1375+422  0.86+0.046  6.3x1074+1.9x1074
Y60aA l1at 678+120  0.048+0.0032 7.1x1075+1.3x107
L99A 11a 2074 + 414 0.89 +0.07 4.3x1074 + 1.0x1074
1174A 11a€ 204+36 537001  26x10721,0x10™
W215A I1a¢ 2374 £ 372 5.53 £0.017 2.3x1073 + 7.0x1074
WE (W215A/E217A) [1aC 745+98  0.117+0.008  1.6x107*+2.0x107

FXIII (28-41) L34 AP [common polymorphism] K, (ULM) Keat (571 Kead K (WM~ 571)
WT 11a¢ 315+42 2290003  7.3x1072#1.2x107
W60dA 1120 1000+201  5.07+0.021  51x1073+1.0x1073
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Y60aA lla? 696 £116  0.37%0.012
L99A I1a 1930 +354  5.94+0.02
1174A 11€ 1109 +247  10.2+0.04
W215A 11a€ 3619 +470  5.31+0.002
WE (W215A/E217A) l1a¢ 142 + 28 0.052 £ 0.003

5.3x1074 + 1.2x107*
3.1x1073 £ 2.0x107*
9.1x1073 +2.0x1073
1.5x1073 + 2,0x107*

3.7x107* + 1.0x107

Page 25

aThe results shown here represent averages of at least three independent experiments. Kinetic values were calculated using nonlinear regression

analysis methods using SigmaPlot or Kaleidagraph. The error values correspond to standard error of the mean (SEM).

bJadhav, M. et al. [40]

“isetti, G. et al [36]
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