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Abstract

Thrombin helps to activate Factor X111 (FXIII) by hydrolyzing the R37-G38 peptide bond. The
resultant transglutaminase introduces cross-links into the fibrin clot. With the development of
therapeutic coagulation factors, there is a need to better understand interactions involving FXIII.
Such knowledge will help predict ability to activate FXIII and thus ability to promote/hinder the
generation of transglutaminase activity. Kinetic parameters have been determined for a series of
thrombin species hydrolyzing the FXI11 (28”41) V34X activation peptides (V34, V34L, V34F, and
V34P). The V34P substitution introduces PAR4 character into the FXIII, and the VV34F exhibits
important similarities to the cardioprotective V34L. FXIII activation peptides containing V34,
V34L, or V34P could each be accommodated by alanine mutants of thrombin lacking either the
W60d or Y60a residue in the 60-insertion loop. By contrast, FXIII V34F AP could be cleaved by
thrombin W60dA but not by Y60aA. FXII1 V34P is highly reliant on the thrombin W215 platform
for its strong substrate properties whereas FXIIl V34F AP becomes the first segment that can
maintain its K, upon loss of the critical thrombin W215 residue. Interestingly, FXII1 V34F AP
could also be readily accommodated by thrombin L99A and E217A. Hydrolysis of FXII1 VV34F
AP by thrombin W217A/E217A (WE) was similar to that of FXIIl VV34L AP whereas WE could
not effectively cleave FXIII V34P AP. FXIII V34F and V34P AP show promise for designing
FXII1 activation systems that are either tolerant of or greatly hindered by the presence of
anticoagulant thrombins.
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1. Introduction

Three important players in the later stages of blood coagulation include thrombin (l1a),
Factor XI11 (FXI1I1) and fibrinogen (Fbg)l. The serine protease Ila [1] converts Fibrinogen
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(AaBBy), to fibrin by hydrolyzing the Aa and B chains located in the N-terminal E-
domain of fibrinogen thereby releasing fibrinopeptides A (FpA) and B (FpB). Fibrin
polymerization sites are then exposed that promote formation of a noncovalently associated
fibrin clot network [2, 3]. To help generate a proteolytically stable clot, thrombin cleaves the
N-terminal activation peptide (AP) segment of FXIII at the R37-G38 peptide bond. In the
presence of calcium, the activated FXIlla catalyzes formation of -y-glutamyl e-lysyl covalent
crosslinks in the fibrin network leading to the formation of a proteolytically stable clot [4].
Besides participating in coagulation, thrombin also exhibits other physiological roles.
Thrombin contributes to anticoagulation by activating protein C (PC) in the presence of
thrombomodulin [1, 5]. In addition, thrombin-dependent activation of protease-activated
receptors (PARS) leads to platelet aggregation/secretion and cellular permeability effects
observed during inflammation [6].

Thrombin is a multifunctional enzyme that utilizes several features to control substrate
specificity. This protease is a sodium-activated type 1l enzyme characterized to switch
between a sodium-free (E) and a sodium-bound (E-Na*) form [1, 7]. Recent studies have
focused on better understanding the presence of an earlier E* form that is inactive and
cannot bind Na* [1, 8]. Thrombin also contains an extended active site region, a series of
insertion loops, and two anion binding exosites (Figure 1A) [1, 9, 10]. The insertion loops
limit substrate access to the serine protease active site cleft. Of particular note is the 60-
insertion or B-insertion loop (Y60a — K60f)2 that includes the key amino acids Y60a and
W60d (Figure 1B). W60d is located in the center of the loop and serves as a clamp over the
active site. Y60a is positioned at the start of the loop and its placement influences more
distant substrate binding.

There are several other important residues within the thrombin active site region to consider
(Figure 1B) [9, 10]. Located near Y60a is L99, a residue which is part of the S, site within
the apolar site. Thrombin residue W215 serves as a platform to support several thrombin
substrates. The Na* binding site is located within the 220-loop and is also regulated by the
186-loop [11]. E217 is part of the Na* allosteric network and participates in stabilizing the
S, specificity pocket3. W?215 is critical for binding and hydrolysis of the Fbg Aa chain
whereas PAR1 and PC have less of a reliance on this platform [12, 13]. Replacement of
E217 also generates a thrombin species with less procoagulant activity [14-16]. The double
mutant W215A/E217A (WE) has shown much promise as a potent anticoagulant, and X-ray
crystallography has revealed that this mutant exhibits a collapsed primary specificity pocket
[12, 17, 18]. The structural features of this double mutant are consistent with those of the E*
form. Another proposal denotes that WE exhibits a degree of zymogen-like character that
exists along the continuum from inactive zymogen to stabilized proteinase [19].

Individual substrate residues are also critical in evaluating thrombin specificity. Substrate
amino acids located N-terminal to the scissile bond make important contributions to binding
and hydrolysis rates (Table 1). The Factor XII1 activation peptide, PAR1, and PAR4 each
take advantage of the P4 and P, positions3 to target interactions within the thrombin active
site region. (Figures 2A—-C) [20-23]. By contrast, the fibrinogen A chain is highly reliant on
the Pg position to interact effectively with thrombin [24]. Unlike fibrinogen, FXIII does not

2 Amino acids 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. WT is used
to define wild type thrombin. Y60aA, W60dA, L99A, W215A, and E217A correspond to mutants in which the wild-type residue is
replaced with an alanine. The thrombin double mutant W215A/E217A may be abbreviated as WE thrombin.

The 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 to the left of the hydrolysis site are labeled P2, P3, P4, etc. whereas those to the right
are labeled P2’, P3”, and so on. Likewise, the S nomenclature is used to assign positions on the enzyme. S1 accepts the P1 residue
from the peptide substrate and so on.

Biochim Biophys Acta. Author manuscript; available in PMC 2013 May 06.
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contain a sequence that can take advantage of thrombin anion binding exosite I. The intact
FXII A structure thus only helps direct the AP segment to the thrombin active site region.

FXI11 V34L is a common polymorphism where the Val at the P4 position is replaced with a
Leu [25]. FXIHI V34L is found in approximately 25% of the Caucasian population and has
been correlated with protection from myocardial infarction [4, 26-29]. The extra methylene
group on Leu 34 produces a FXII1I species which is more easily activated by thrombin [20,
30-32]. Ariens et al. demonstrated that the VV34L polymorphism influences fibrin clot
structure and lysis [30, 33]. Under high fibrin(ogen) conditions, FXII1 VV34L is associated
with thinner fibrin chains and a more permeable clot structure [33]. Kinetic studies with
synthetic models of the FXI1I1 V34 and VV34L activation peptide segment have revealed that
V34L leads to enhancements in k.4 that contribute to improved hydrolysis rates [20, 21, 34—
36]

Fibrin clot structure is largely controlled by Ila catalyzed cleavage of fibrinogen chains and
the FXII1 activation peptide segment [2, 3]. Although much is already known about how to
regulate interactions between thrombin and fibrinogen, less is understood about the
interactions between thrombin and FXIII. Our earlier studies probed the extent to which
recombinant human thrombin mutants W215A, E217A, WE, and L99A could bind and
hydrolyze FXII1 (28-41) AP sequences containing V34 or L34 [37].

For this project, additional features of thrombin and FXII1 AP were examined. FXII1 (28—
41) V34 and VV34L AP kinetic studies were performed with thrombin mutants Y60aA and
WG60dA to assess how these key 60-insertion loop residues influence FXIII AP interactions
within the thrombin active site region. In another series of studies, hydrolysis of FXIII (28—
41) V34F and VV34P AP was performed in the presence of wild type thrombin and the
thrombin mutants Y60aA, W60dA, L99A, W215A, E217A, and WE. FXIII (28-41) VV34P
provides an opportunity to introduce PARA4 character into the FXII1 AP segment. The two
prolines at the P4 and P, positions of PAR4 supply critical anchor points on to the thrombin
surface and enhance kinetic properties. Earlier kinetic and NMR studies with FXIII (28-41)
V34F and thrombin revealed that the aromatic F is the only other residue thus far that can
achieve the stabilizing P4-P, through space interaction observed with L34 [35].

With an interest in designing FXII1 AP segments with altered activation properties, the P
and F are intriguing candidates. Both residues can help promote contact with the active
regions, but their orientations within the FXII1 AP segment and the thrombin active site
region are proposed to be different. F34 is likely directed toward the 60-insertion loop
whereas the P34 is likely oriented in the opposite direction more toward W215 and the
thrombin autolysis-loop. With the current interest in utilizing thrombin mutants for
therapeutic purposes, it will also be important to understand how different FXI11 AP
segments respond to both wild-type and mutant thrombin species.

The thrombin mutants that were examined in the current work reacted to varying degrees
with the FXI11 V34X activation peptides. With WT-thrombin, FXII1 VV34P AP exhibited the
best K;;and FXII1 VV34L the best k., FXIII peptides containing V34, V34L, or V34P could
each be accommodated by thrombin W60dA or Y60aA. Hydrolysis of FXII1 V34F AP was
greatly hindered in the presence of Y60aA suggesting that this thrombin residue is critical
for FXI1I F34 placement. By contrast, FXIII V34F AP was readily hydrolyzed by thrombins
W215A, E217A, L99A, and W60dA, often with little change to K, FXIII V34F AP
becomes the first activation peptide whose K, is preserved upon loss of W215. Unlike
V34F, FXII1 V34P AP was highly reliant on W215 and exhibited greater kinetic differences
among the thrombin mutants. With thrombin W215A/E217A, the k ./ K, for FXII1 VV34F
AP was similar to that of the cardioprotective FXIII V34L AP.

Biochim Biophys Acta. Author manuscript; available in PMC 2013 May 06.
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2. Materials and Methods
2.1. Synthetic Peptides

Peptides based on residues 28-41 of the human FXIII activation peptide were synthesized
by New England Peptide (Gardner, MA) or Synbiosci (Livermore, CA). The amino acid
sequences of the peptides are as follows: FXIII (28-41) V34 AP, Ac-
TVELQGVVPRGVNL-amide; FXIII (28-41) V34L AP, Ac-TVELQGLVPRGVNL-amide;
FXI1I1 (28-41) VV34P AP, Ac-TVELQGPVPRGVNL-amide; FXIII (28-41) V34F AP, Ac-
TVELQGFVPRGVNL-amide.

All the peptides were soluble in de-ionized water to 8 mM. The purity of the peptides was
determined by analytical reversed phase HPLC. Matrix assisted laser desorption time-of-
flight (MALDI-TOF) measurements on an Applied Biosystems VVoyager DE-Pro mass
spectrometer were used to verify the peptide /2 values. 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. The expression of these mutants was
previously described [22]. The thrombins used in this project include: wild type (WT),
W60dA, Y60aA, L99A, W215A, E217A, and the double mutant W215A/E217A (WE).
Thrombin concentrations were determined from absorbance measurements at £ygg = 1.83
mL/(mg cm) and MW = 36,500. The thrombin species were >90% active as determined by
active site titration with hirudin.

2.3. Kinetics Procedure

The HPLC-based kinetic assay methods were described previously by Trumbo and Maurer
[20]. Briefly, a solution of peptide and assay buffer (50 mM H3PQ,4, 100mM NaCl, 0.1%
PEG, pH 7.4) was heated to 25 °C in a heat block. Hydrolysis was begun with the addition
of WT or mutant human thrombin. At regular intervals, an aliquot of the reaction mixture
was removed and quenched in 12.5% H3PO,4. Peptide peaks were separated by RP-HPLC
using a Brownlee Aquapore octyl RP-300 Cg cartridge column or a Waters X-Bridge Cqg
Column on a Waters 2695 or Waters 600 series HPLC system. The peptide concentrations
for FXIII (28-41) V34, V34L, V34P, and VV34F were within the range of 100-3000 ..M.
Thrombin concentration and time points were chosen such that less than 15% of the peptide
concentration was hydrolyzed in 30 min.

The thrombin concentration for the hydrolysis reactions with WT was 33.6 nM for all FXI1I
peptides. For W60dA thrombin, the enzyme concentration was 0.260 wM for FXIII V34 AP
and V34L AP whereas it was 58.5 nM for V34P AP and 112 nM for V34F AP. For Y60aA
thrombin, the enzyme concentration was 0.84 M for FXI111 V34 AP and 0.28 M for both
V34L and VV34P AP. With FXIII V34F AP, the hydrolysis rates were too low to quantitate
even at 1 pM Y60aA thrombin. For L99A thrombin, the enzyme concentration was 33.6 nM
for the FXI1I1 V34L and V34F peptides whereas it was 0.7 pM for V34 AP and 0.224 pM
for V34P. For W215A thrombin, the enzyme concentration was 33.6 nM for all peptides
except FXI11 V34P AP for which the concentration was 0.214 wM. For E217A thrombin, the
concentration was 33.6 nM for FXI1I V34 and VV34L AP whereas it was 78.4 nM for both
V34P and VV34F AP. For WE thrombin, the concentration was 1M for all peptides except
FXI11 ' V34P AP for which the hydrolysis rates were too low to quantitate.

Biochim Biophys Acta. Author manuscript; available in PMC 2013 May 06.
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After the thrombin-catalyzed kinetic reactions were run on the HPLC columns, the FXIII AP
(28-37) product peaks were integrated and the peak areas converted to concentration using a
calibration curve. The slopes of product concentration versus time plots were used to
determine the initial velocities (in .LM/s) for the different thrombin-catalyzed reactions. The
results represent experiments which were done in triplicate. Kinetic values were calculated
using nonlinear regression analysis fit to the equation V = Va4/(1 + Kiy/[S]) using the
Marquardt-Levenberg algorithm in Sigma Plot (Jandel Scientific). Ky, Vinax, and Keg; Were
calculated from the coefficients of this equation.

An HPLC based assay was successfully employed to monitor thrombin hydrolysis rates for a
series of Factor XIII activation peptide segments [FXII1 (28-41) V34, V34L, VV34P, or
V34F]. Kinetic comparisons were made between WT thrombin and the thrombin mutants
W60dA, Y60aA, L99A, W215A, E217A, and W215A/E217A (WE). The thrombin cleaved
products, FXII1 (28-37) V34X AP, eluted from the reverse phase columns as distinct peaks.
Nonlinear regression analysis values of Ky, Acat, and Agqt! K for the different thrombin and
FXI11 V34X AP pairs are shown in Table 2. Bar chart comparisons across the peptide and
thrombin series are found in Figures 3 and 4.

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

The kinetic values for thrombin-catalyzed hydrolysis of FXII1 V34 AP and V34L AP
revealed that FXIII V34L AP was a better substrate for WT thrombin than FXII1I1 V34 AP
(Table 2 and Figure 3) with k.,+being a key contributor [37]. In the current work, FXIII
V34P AP promoted a 2-fold improvement in K}, leading this peptide sequence to exhibit the
best enzyme-substrate interactions of the series. By contrast, the k.4 value for FXI11 V34P
AP was comparable to that of FXIII1 V34 AP. Unlike FXIII V34P AP, FXIII V34F AP
resulted in a moderate increase in K, relative to FXII V34 AP. The bulkier aromatic
residue had greater difficulty promoting effective enzyme-substrate interactions. Once
bound, the k., value, however, improved 2.4-fold over the FXII1 V34 AP sequence. Taking
the k.,and K, values into account, both FXII1 VV34P AP and FXII1 V34F AP exhibited
some improvements in A/ K relative to FXII V34 AP.

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

W60d is located in the center of the thrombin 60 insertion loop and its alanine mutant
W60dA has not been extensively probed with FXII1 activation peptides [9, 38]. In the
presence of this mutant, the K}, for hydrolysis of FXIII V34 AP increased 4.6-fold and the
koot decreased 3-fold relative to WT thrombin (Table 2 and Figure 5). For the FXIII V34L
AP sequence, the K, increased 3.2-fold and the &, decreased 4.6-fold. These kinetic
changes caused the k.,/ K,; values for both peptides to decrease almost 14-fold.

With the FXI111 V34P AP, the K; underwent a 4.5-fold increase relative to hydrolysis by
WT thrombin whereas the k,,-underwent a smaller 1.3-fold decrease. Overall, a 6-fold
decrease in k.,/ K; had occurred. Interestingly, the K, for hydrolysis of FXII1 V34F AP by
W60dA thrombin was comparable to that of WT thrombin; yet, the k.,; was hindered by 4-
fold. FXI11 V34F AP binding to thrombin could handle the loss of the W60d residue but the
ability to be hydrolyzed had been compromised.

3.3. Kinetics Involving FXIII (28-41) V34X AP Hydrolyzed by Y60aA Thrombin

Residue Y60a is located at the start of the thrombin 60-insertion loop and regulates entrance
into the thrombin active site region [9]. The current work presents the first studies on
examining the influences of the Y60aA substitution on FXIII AP cleavage. With the Y60aA

Biochim Biophys Acta. Author manuscript; available in PMC 2013 May 06.
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mutant, hydrolysis of FXI11 V34 AP led to a 2-fold increase in K}, and a dramatic 54-fold
loss in kg4 Overall, the k. K, value had decreased 121-fold. For the common
polymorphism FXII1 V34L AP, a 2-fold increase occurred to K, a 62-fold decrease
occurred to k. leading overall to a 138-fold loss in A5/ K;;. Replacement of the Y60a
residue of thrombin with an alanine clearly had an impact on the ability of the two
physiological FXIII APs to orient effectively for hydrolysis.

The FXII1 V34P AP and V34F peptides were also greatly influenced by the loss of this 60-
insertion loop residue. For the FXIII V34P AP, there was a 160-fold reduction in A/ Ky
due to a 6-fold increase in K;; and a 25-fold decrease in k.4 Interestingly, very little
hydrolysis of the FXII1 VV34F AP sequence could be observed at the concentrations of
Y60aA thrombin available for this project (highest tested 1.M). As a result, individual
kinetic parameters could not be calculated for hydrolysis of FXI1I1 V34F AP by Y60aA
thrombin.

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

L99 is part of the thrombin apolar binding site and contributes to the S, enzyme subsite [9].
This leucine acts in concert with Y60a to encompass incoming substrates. With the FXIII
V34 AP [37], the K, value increased 7-fold, the k.4 value decreased 3-fold, and the A,/ Ky,
value decreased 20-fold relative to WT thrombin. With the FXIII V34L AP, similar
increases in K, and decreases in k.4 occurred relative to WT thrombin [37]. A still strong
k.o allowed the FXI V34L AP to remain the better substrate sequence for the L99A
mutant.

The current work introduced the effects of the VV34P and V34F substitutions. For the FXIII
V34P AP, the K, increased 5.6-fold and the k., decreased 19.5-fold. As a result, there was
an 80-fold decrease in k4 K, relative to hydrolysis studies with WT thrombin. The
hindrances in K; and k- Were comparable to what was observed with the Y60aA thrombin
mutant. In contrast to the Y60aA thrombin studies, the FXI1I V34F AP could be
accommodated by the L99A mutant. Modest increases in K}, were observed relative to WT
thrombin and, furthermore, the &, decreased 2-fold.

3.5. Kinetics Involving FXIII (28-41) V34X AP Hydrolyzed by W215A Thrombin

W215 provides a critical platform that supports a number of thrombin substrates [9]. Since
W215A thrombin is already known to exhibit greatly hindered ability to hydrolyze the key
procoagulant substrate Fbg Aa, there was strong interest in exploring the influences of this
thrombin mutant on hydrolysis of FXII1 V34X APs [12, 13]. Replacement of the aromatic
W215 residue with an alanine leads to an 8-fold increase in K}, for FXI11 V34 AP and an
11-fold increase for FXIII V34L AP [37]. Both peptides exhibit similar k., values with the
FXII1 V34L AP segment more affected by the W215A substitution than the FXII1 V34 AP.
As a result, the &,/ K, value decreased 4-fold for FXI11 V34 AP and 49-fold for FXIII
V34L AP relative to WT thrombin [37].

The influence of this thrombin W215A mutation on hydrolysis of FXIII V34P and V34F AP
was also interesting to consider. FXI11 V34P AP displayed a 20-fold increase in K;;and a 2-
fold decrease in k.4 relative to wild-type thrombin. By contrast, FXIII V34F AP exhibited
virtually no difference in K}, values between wild-type and W215A thrombin. For the first
time with a FXII1 activation peptide, a segment had been found that was not reliant on
W215A for further promoting binding within the active site region. Although binding was
preserved, there was a 3-fold loss in k4. Overall, the k ./ K, values for FXI11 V34P AP and
FXII1 V34F AP decreased 44-fold and 3-fold, respectively.

Biochim Biophys Acta. Author manuscript; available in PMC 2013 May 06.
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3.6. Kinetics Involving FXIIl (28-41) V34X AP Hydrolyzed by E217A Thrombin

The next thrombin amino acid to be probed was the neighboring E217 which is part of the
sodium-dependent allosteric network [1, 11]. This residue plays a lesser role than W215A
thrombin in binding and orienting FXI11 V34 and VV34L AP for hydrolysis [37]. The K,
values for FXIII1 V34 AP and V34L AP in the presence of E217A thrombin increased 3-4
fold, and the k,4was hindered at most by 2-fold [37]. In the current work, FXIII V34P AP
was also able to tolerate E217A thrombin better than W215A. The K}, for hydrolysis of
FXI11 V34P AP by E217A thrombin increased 7-fold relative to WT thrombin, and there
was only a minor decrease in k., Further kinetic studies revealed that the K}, for hydrolysis
of FXII1 V34F AP by E217A thrombin remained comparable to the values for WT and
W215A thrombin. The E217A mutant exhibited only a 2-fold loss in k.4 thus showing
improvements relative to W215A.

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

The last thrombin species that was examined was the double mutant W215A/ E217A.
Removal of these two residues leads to collapse of the active site cleft and the resultant
mutant has shown much promise as an anticoagulant (Figure 2) [12, 17] The replacement of
these two residues with alanines led to 2.5-fold increase in K, for FXII1 V34 AP and a 2-
fold decrease in Kj;, for FXI V34L AP relative to WT thrombin [37]. By contrast, the A4
for FXI11 V34 AP decreased 22-fold and the FXIII V34L AP decreased 440-fold, both
relative to wild-type [37]. FXIII V34P AP could be accommodated by the single mutants
W215A and E217A but could not be tolerated by the double mutant WE. The limited
amount of hydrolyzed product hindered ability to determine individual kinetic parameters.
Similar to FXII1 VV34L AP, hydrolysis of FXIII V34F AP by WE thrombin displayed a 2-
fold improvement in K, relative to wild-type thrombin. The k.4 value for FXIII V34F AP
was 94-fold reduced and together with the K, value caused the .,/ K, value to decrease
40-fold. Interestingly, the .,/ K;; values were comparable for FXI11 V34L AP and V34F
AP.

4. Discussion

The kinetic studies performed have provided an opportunity to study substrate specificity
from the perspective of both the enzyme thrombin and the substrate FXII1 (28-41) V34X
AP. The new knowledge gained may be used to design coagulation systems exhibiting
distinct characteristics.

4.1. Interactions between Wild-type lla and FXIIl AP (28-41) V34, V34L, V34P, and V34F

Previous kinetic studies have shown that the common polymorphism V34L leads to a FXIII
that is more readily activated than FXI11 V34 primarily due to an enhancement in 4 [20,
37]. Solution NMR studies have further supported these observations [21, 35, 36]. A
hallmark P4 (L34) to P, (P36) through-space NOE interaction likely contributes to enhanced
binding of the FXIII V34L AP segment on to the thrombin active surface. In addition, an
improved orientation for thrombin-based cleavage is achieved. Such a P4 to P, interaction
has also been documented for PAR1 (38LDPR*1) using NMR and X-ray crystallography
(Figure 2B) [39-41]. Computational docking studies on FXIII suggest that an extended
conformation is energetically favorable for the FXI111 V34L AP segment and may help avoid
steric repulsion within the thrombin apolar site between FXI1I V29 at the Pg position and
FXI11 L34 at the P4 position [42].

In the current project, FXII1 AP (28-41) peptides containing VV34P and VV34F were explored
with recombinant wild-type thrombin (Table 2 and Figure 3). The pyrrolidine ring of P34
led to the best K, of the different FXI11 V34X AP substrates. Interestingly, the human FXIII

Biochim Biophys Acta. Author manuscript; available in PMC 2013 May 06.
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AP (33GPVPR37) segment resembles that of human PAR4 (*3LPAPR*7) and murine PAR4
(®>KPNPR®9) (Table 1 and Figure 2C). Moreover, the Kj;, values for human FXII1 AP (28—
41) V34P and human PAR4 (38-51) are comparable. By contrast, the k4 value is 5-fold
improved for the PAR4 sequence [43]. Both peptide substrates are better able to interact
with the thrombin active site surface than the FXII1 AP (28-41) V34 segment
(33GVVPR?). Introducing PAR4 character into the FXI11 AP segment thus provides a
strategy for enhancing FXII1 interactions with the thrombin active site surface [43, 44]. The
improved k4 value for PAR4 over FXII1 AP VV34P may be due to the presence of PAR4
L43 at the P5 position. Kinetic studies with PAR4 exodomains revealed that a L43A
substitution causes a decrease in k.4 but does not affect K, [45]. The (3LPAPR*") segment
may further promote effective orientation of PAR4 at the thrombin active site. Peptide NMR
studies [43] concluded that the two proline residues on PAR4 (38-51) are positioned gauche
to one another, and this orientation was later confirmed by X-ray crystallography [46]
(Figure 2C). The P34 and P36 residues of FXIII AP (28-41) VV34P are proposed to exhibit a
similar structural arrangement.

The binding interactions (K};) involving FXIII V34F AP and WT lla were not as strong as
those observed with FXI11 V34, L34, and P34 AP. Previous NMR studies, however,
revealed that FXI11 V34F AP peptide exhibits the same hallmark P, to P, through-space
interaction as observed with the cardioprotective FXIII V34L AP sequence [35]. The F34
residue is able to find a thrombin binding site that can accommaodate its bulky aromatic side
chain. The weaker kinetic parameters relative to FXI11 V34L AP suggest that F34 binding
and orientation with WT-1la are not as optimal.

4.2. Interactions Involving W60dA lla and FXIIl AP (28—-41) V34, V34L, V34P, and V34F

W60d is located in the center of the thrombin 60-insertion loop and its mutants (W60dA or
W60dS) markedly hinder cleavage of the Fbg Aa and Bf chains and also the thrombin
receptor PAR4 (Figures 1 and 2) [22, 47]. By contrast, W60dA thrombin has not been
extensively probed with FXIII activation peptides. Philippou and coworkers [38] reported
that l11a-dependent cleavage of plasma FXIII is reduced by 53% in the presence of Ila W50A
(also known with chymotrypsin numbering as W60dA).

The current peptide studies provide an opportunity to determine individual kinetic
parameters and examine the influences of different FXI111 V34X AP substitutions (Table 2
and Figure 4). The K}, values for the FXII1 AP series indicate that the two physiologically
observed residues (V34 and L34) have the greatest difficulty interacting effectively with the
mutated thrombin active site surface, whereas, the V34P AP is more tolerated. Surprisingly,
the K, value for hydrolysis of FXII1 V34F AP by Ila W60dA is virtually unchanged from
that observed with wild-type thrombin. For the k., values, the V34L sequence continues to
dominate followed by F34, P34, and V34 (Table 2 and Figure 4).

If a therapeutic thrombin is designed with residues missing from the upper portion of the
60s-insertion loop (Y60a-K60f), then FXIII V34F could be a promising candidate to help
maintain ability to activate FXIII and still generate transglutaminase activity. Although the
important central residue of the 60-insertion loop has been removed, the F34 can still find an
effective binding site within the thrombin active site region. Di Cera and coworkers have
already explored the influences of removing another key insertion loop called the autolysis
loop and demonstrated that its loss generates a mutant thrombin with anticoagulant
properties [47, 48].
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4.3. Interactions Involving Y60aA lla and FXIIl AP (28-41) V34, V34L, V34P, and V34F

Y60aA is located at the start of the thrombin 60-insertion loop and its placement influences
such ligands as fibrinogen Aa. [47], hirudin [49], and thrombomodulin [50]. An X-ray
crystal structure of FXIII AP (28-37) bound to thrombin reveals that V29 at the Pg position
and V34 at the P4 position are both boarded by Ila Y60a [51]. FXIII V34 and V34L AP
exhibited similar moderate increases in K, values whereas the VV34P was not as well
tolerated. The dramatic decreases in k.4 for hydrolysis of FXIII V34 and V34L AP by
thrombin Y60aA suggests that this thrombin loop mutant causes more of a k4sthan a K,
effect. By contrast, hydrolysis rates of cleavage of FXIII V34F AP were insufficient for
determining kinetic constants. Such effects indicate that FXIII VV34F AP requires the
presence of the Y60a dependent environment. Overall, the Y60aA substitution would
produce a thrombin with a greatly hindered ability to activate FXIII or one of its V34X
mutants. Thrombin Y60aA is also known to highly diminish FpA release from fibrinogen
[47].

4.4. Interactions Involving L99A lla and FXIIl AP (28-41) V34, V34L, V34P, and V34F

The L99 residue is part of the thrombin apolar binding pocket and together with Y60aA
serves to cage the P, residue of incoming substrates. A review of the X-ray crystal structure
of FXIII (28-41) V34 AP indicates that the Pro36 at the P, position interacts with thrombin
L99, Y60a, and W215 [51]. Replacement of lla L99 with the smaller amino acid alanine will
generate a larger S, pocket. Such a widening may impair stabilization of the enzyme-
substrate transition state as reported previously for Ila L99G and Fbg Aa [52].

The individual FXI11 AP segments responded differently to the loss of the long aliphatic
chain of L99. FXIII V34 and VV34L AP both exhibited the highest K, values of the Ila L99A
series clearly indicating that these residues were taking advantage of this neighboring
thrombin active site region to bind effectively [37]. Although a better binding surface could
be found for the FXI11 V34P AP residue, the substrate orientation was less well optimized
for thrombin cleavage as reflected by the decrease in k5. The P34 must contribute to proper
positioning of the 3*PVPR37 segment and must have difficulties dealing with the widening
of this thrombin cage. The aromatic F34 is also important to consider. In contrast to kinetic
studies with Y60aA, thrombin L99A could still bind and hydrolyze FXIII VV34F AP with
moderate changes to K;; and k4 These results may suggest that F34 is positioned closer to
Y60a than L99.

4.5. Interactions Involving W215A lla and FXIII AP (28-41) V34, V34L, V34P, and V34F

There are numerous examples where W215 serves as a platform to support one or more of
the thrombin substrate/inhibitor residues [1, 53]. For example, F8 of the Fbg Aa chain
exhibits a critical interaction with thrombin W215 and a Phe to Ala substitution is quite
detrimental to Fbg Aa hydrolysis [13, 54]. The FXII1 AP segments can handle this loss
better. Removing the W215 platform causes the K}, values for thrombin catalyzed
hydrolysis of both FXII1 V34 and VV34L AP to increase an average of 9-fold and now both
peptides have similar k.4 values [37]. A review of X-ray crystal structures [51] suggests that
the W215 plays a role in supporting the main chain backbone of FXIII V34 and V35 AP
(Figure 2A). Both FXI11 V34 and VV34L AP can find an appropriate environment for binding
with the 1la W215A active site. FXI11 V34L AP has a greater dependence on the aromatic
platform to orient for proper hydrolysis.

The effects of FXII1 V34P and V34F on thrombin W215A binding and hydrolysis should
also be evaluated. With the related murine PAR4 segment ((PNPR59), the Pro56 makes
contact with thrombin residues L99, 1174, and W215 [46]. This Pro56 initiates a strong edge
to face interaction with thrombin W215 (Figure 2C). Disruption of such a conformational
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feature may help to examine why FXIII V34P AP exhibits the weakest &,/ K, of the FXIII
AP series probed with Ila W215A. With FXII1 V34F AP, replacement of W215 with A215
leads to virtually no change in K, relative to wild-type thrombin. Such results further
support the notion that F34 is not highly dependent on W215 and may instead be taking
advantage of a binding region within the start of the 60-insertion loop. These observations
suggest that FXI11 V34F AP might serve as a promising mutant transglutaminase that could
still function in the presence of the anti-coagulant thrombin W215A.

4.6. Interactions Involving E217A lla and FXIIl AP (28-41) V34, V34L, V34P, and V34F

Thrombin E217 is part of the sodium dependent allosteric network. The E217A mutant
disrupts a valuable H-bond network and destabilizes the S1 pocket [11]. Similar to W215A,
E217X mutants have been screened for ability to shift thrombin from procoagulant to
anticoagulant substrates [16]. For the FXIII AP series, increases in K, values were observed
for FXI11 V34 and VV34L AP relative to wild-type thrombin, but the losses in binding
interaction were not as severe as with W215A [37]. As might be predicted from earlier
W215 studies, the FXI11 V34P AP is the most hindered. The FXI11 V34F AP is once again
most tolerant following substitution at the P4 position.

4.7. Interactions Involving W215A/E217A (WE) lla and FXIII AP (28-41) V34, V34L, V34P,

and V34F

With the double mutant WE, important polar interactions involving E217, T172, and K224
are lost leading to collapse of the primary specificity pocket of thrombin [17]. In addition,
the D189 that accommodates the P Arg is not oriented properly. An X-ray crystal structure
of PPACK-WE [17, 18] suggests that an inhibitor can help correct the non-optimal
arrangement of the mutant thrombin active site. However, the WE thrombin remains a poor
enzyme for procoagulant substrates such as fibrinogen [12]. By contrast, Protein C function
remains possible. WE has thus been tested as an anticoagulant in non-human primates and
demonstrated to have desirable properties associated with potency and efficacy [55-57].
Furthermore, WE exhibits cytoprotective effects [58], acts as an antithrombotic by
antagonizing Gplb interactions with von Willebrand factor [59], and suppresses
development of collagen-induced arthritis in mice [60].

With the ongoing therapeutic interest in W215A, WE, and their recently improved versions
[47], it will also be important to know how FXII1 responds to WE. There may be scenarios
where decreased levels of both fibrin formation and fibrin cross-linking are desired. By
contrast, there may be cases where FXII1 dependent cross-linking of other substrates may
still be needed. Curiously, the K}, values for WE-dependent hydrolysis of FXII1 V34 and
V34L AP improve significantly relative to the W215A studies [37]. The V34L K}, is
actually lower than the wild-type thrombin suggesting that the extra methylene group on Leu
has helped this peptide segment to find an effective and likely alternative binding surface on
the collapsed thrombin. The k.4 values for both sequences undergo a major drop with L34
more affected than V34 [12, 37].

While the single 11a mutants containing W215A or E217A could bind and hydrolyze FXIII
V34P AP, the double mutant WE caused far greater difficulties hence individual kinetic
parameters could not be calculated. These results further emphasize the critical nature of
W215 and the important interplay of E217 in accommodating a P34-containing FXII1 AP
segment in the thrombin active site. A FXI11 V34P mutant could not be readily activated by
the anticoagulant thrombin WE. A combination of WE thrombin and FXI111 VV34P could help
assure that fibrin levels are greatly reduced along with a major loss in cross-linking
capability.

Biochim Biophys Acta. Author manuscript; available in PMC 2013 May 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jadhav et al.

Page 11

In contrast to V34P, FXIII V34F AP could be hydrolyzed by both the single and the double
mutants of thrombin (W215A, E217A, and WE). Similar &,/ K, values were observed in
the presence of the thrombin mutants W215A and E217A. The double mutant WE then
exhibited modest improvement in K, but a critical drop in Ay Interestingly, the Az Ki
value for FXII1 V34F AP was comparable to that of FXI11 V34L AP. FXIII VV34F may be a
promising candidate for creating a therapeutic system in which there is reduced fibrin
formation but FXIII based transglutaminase activity can be utilized. Of the FXII1 V34X AP
mutants, the V34F segment could best handle the loss of the W215 platform and thus could
likely still be activated by thrombin. Pairing FXI11 V34F with a thrombin W215X mutant
may help preserve the k.4 value that was diminished with the double mutant WE.

4.8. Conclusions

The individual kinetic parameters determined in this project clearly demonstrate that each
FXI11 V34X AP exhibits distinct features. For WT-lla, FXII1 V34P AP contributed the
strongest K, whereas VV34L AP succeeded the greatest in enhancing the k.. All the FXIII
APs could be accommodated by thrombin W60dA. By contrast, loss of Y60a was
detrimental for FX111 V34F AP. Thrombin L99A generated a larger S, pocket that could
best be tolerated by FXIII V34F and VV34P AP.

Thrombin W215A removed an important substrate platform often compromising K, values.
FXI11 V34P AP had great difficulties accommaodating this loss whereas FXII1 VV34F AP
provided the first example of an FXIII AP segment whose K}, underwent little change in
this environment. Typically, the thrombin E217A mutation was less detrimental for the
kinetic properties of the FXIII V34X AP series. FXII1 V34, VV34L, and VV34F AP each
exhibited improved K}, values and drastically hindered k4 values with the double thrombin
mutant WE relative to the single mutant W215A. By contrast, FXI11 V34P AP could not
tolerate the loss of both W215A and E217A.

Significant progress is being made to design thrombin species that may be directed to
procoagulant or anticoagulant functions. As these studies continue, there will be a need to
know how well the FXI11 AP segment can be accommodated by these changes and how the
interaction can be manipulated to regulate FXII1 activation. FXII1 V34P AP provides an
opportunity to introduce PAR4 character into a FXII1 AP segment. The greatest benefit of
the V34P substitution is that the pyrrolidine ring helps promote binding interactions with the
wild-type thrombin active site surface. The V34P is however highly reliant on the thrombin
W215 platform. Utilizing FXI1I1 V34P in conjunction with an anticoagulant such as WE may
help diminish both fibrin formation and transglutaminase based crosslinking. FXI11 V34F
provides an intriguing alternative candidate within the clotting environment. Similar to the
common polymorphism V34L, VV34F exhibits the beneficial P4 to P, interaction with the
thrombin active site surface. The F provides the added benefit that its binding interactions
are well maintained with such thrombin mutants as W60dA, W215A, E217A, and WE.
FXI11 V34F may be a promising candidate for generating a therapeutic system that possesses
some transglutaminase cross-linking ability in the presence of much reduced clotting of
fibrinogen. From these different studies, new knowledge is being gained on how to design
novel FXII1 species whose activation may be selectively controlled by wild-type and mutant
thrombins.
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Figure 1. X-ray crystal structures highlighting major regions of thrombin

(A) A contour representation of thrombin (PDB entry 1PPB) is displayed. The B- or 60-
insertion loop hangs over the serine protease active site and restricts substrate access. Anion
binding exosite Il is located to the left of the active site whereas anion binding exosite | is
located to the right. The sodium binding site serves an allosteric role. (B) The same
thrombin structure is displayed in cartoon format. The five residues that are mutated are
highlighted in stick form. W60d andY60a are members of the 60-insertion loop and L99 is
part of the S, pocket. W215 serves as an important platform for substrates. E217 participates
in the Na* allosteric network and stabilizes the S; site.
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Figure 2. Conformational features associated with segments of FXI11 AP, PARL, and PAR4
bound to the active site of thrombin

(A) Selected residues of human thrombin that surround FXIII AP (34-37), (B) selected
residues of human thrombin that surround PAR1 (38-41), and (C) selected residues of
murine thrombin that surround murine PAR4 (56-59). The X-ray PDB codes include 1DE7
(human), 3LU9 (human), and 2PV9 (murine), respectively. For each panel, the thrombin
residues are in cyan, P4 residue of the substrate is in orange, and the P3-P; residues of the
substrate are in purple.
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Figure 3. Bar charts displaying Ky, and ket values for hydrolysis of FXI11 V34X peptides by
wild-type thrombin

(A) Visual comparison of the K, values for FXII1 (28-41) V34 (white), VV34L (dotted),
V34P (gray), and VV34F (dark gray) AP in the presence of thrombin. (B) Visual comparison
of the k.4 values for FXII1 (28-41) V34 (white), V34L (dotted), VV34P (gray), and V34F
(dark gray) AP in the presence of thrombin. (B) Visual comparison of the k., Vvalues for
FXIII (28-41) V34 (white), V34L (dotted), V34P (gray), and VV34F (dark gray) AP in the
presence of thrombin. An HPLC assay described in Experimental Procedures was used to
obtain data to calculate these individual kinetic parameters. The results shown represent
averages from at least three independent experiments.
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Figure 4. Ky, and k¢gt values for hydrolysis of FXI11 V34X peptides by thrombin mutants

(A) Visual comparison of the K, values for FXII1 (28-41) V34 (white), VV34L (dotted),
V34P (gray), and VV34F (dark gray) AP in the presence of the thrombin mutants W60dA,
Y60aA, W215A, E217A, and WE. (B) Visual comparison of the k4 values for FXII1 (28—
41) V34 (white), V34L (dotted), V34P (gray), and V34F (dark gray) AP in the presence of
the thrombin mutants W60dA, Y60aA, W215A, E217A, and WE. An HPLC assay described
in Experimental Procedures was used to obtain data to calculate these individual kinetic
parameters. The results shown represent averages from at least three independent
experiments.

Biochim Biophys Acta. Author manuscript; available in PMC 2013 May 06.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Jadhav et al.

Table 1

Substrate sequences that target the thrombin active site”

Factor X111 (28-41) V34 AP
Factor XIII (28-41) V34L AP
Factor XIII (28-41) V34P AP
Factor X111 (28-41) V34F AP
Thrombin Receptor PAR1 (32-45)
Thrombin Receptor PAR4 (38-51)
Fibrinogen Aa (7-20)

Fibrinogen Bp (5-18)

Pg oo Pyl P ...

2TVELQGVVPRGVNL#
2BTVELQGLVPRGVNL4
2TVELQGPVPRGVNLA!
2TVELQGFVPRGVNLA!
32KATNATLDPRSFLL4
3BSTPSILPAPRGYPGSL
"DFLAEGGGVRGPRV?
SDNEEGFFSARGHRP!®

aHuman sequences of FXIII, PAR1, PAR4, and fibrinogens Aa and Bp are displayed.
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Kinetic Constants for hydrolysis of FXIII (28-41) V34, V34L, V34P, and VV34F Activation Peptides with

different I1a mutants®

FXI11 (28-41) V34 AP K (£M) Keat (571 Keat!Km (RM™Ls72)
WT a2 298 + 42 2.5740.005 86x103+10x1073
W60dA Ila 13754422  0.86+0.046 63x10%4+19x10™
Y60aA lla 678 120  0.048 £0.0032 7.1x105+13x1075
LogA Na? 2074414  0.89+0073 43x10%+10x10™
W215A 1122 23744372  553+0017 23x10%+4.0x 107
E217A 11a? 1242 £392  2.84+0014 23x103+7.0x10™
WE (W215A/E217A) ||ab 745 £ 98 0.117 £ 0.008 15x104+2.0x 1075
FXII (28-41) V3AL AP Ky (M) Keat (1) Keat/Km (WM ™L572)
WT a2 315442 22940003 7.3x102+1.2x1072
W60dA Ila 1000 £201 5.07+0021 51x103+1.0x 1073
Y60aA lla 696+161 0.37+0.012 53x104+12x10™
LogA na? 1930 £354 5944002 31x103+20x10™
W215A 11a? 3619+470 531+0.002 1.5x103+2.0x 107
E217A na? 1025+121  993+0.02 97x103+1.0x1073
WE (W215A/E217A) ||ab 142 + 28 0.052+0.003 36x104+1.0x10*
FXIIN (28-41) V34P AP Kp (M) Keat (579 Keat! K (RM1571)
WT lla 133+10 217400021 1.6x102+1.3x 1073
W60dA Ila 605+97  1.61+0.127 27x103+7.9x10™
Y60aA lla 810+144  0.085+0.002 1.0x10%+2.0x 1075
L99A lla 749+118  0.111+0.010 20x104+3.0x 1075
W215A lla 2662 +193 0.947 +0.0365 3.6x10%4+3.0x 1075
E217A lla 947+93  1.69+0.079 18x103+19x10™
WE (W215A/E217A) lla N/A N/A N/A

EXIN (28-41) V34F AP Ky (M) Kt (579 Keat/Km (M ™17

WT lla 442+93  627+054 14x102+30x1073
W60dA Ila 435+98  146+015 34x103+80x10™
Y60aA lla N/A N/A N/A

L99A lla 5704125  273+03  50x103+1.0x 1073
W215A lla 43781  197+014 45x103+90x10™
E217A lla 454+102 3.36+0.34 7.4x103+20x1073
WE (W215A/E217A) lla 190+43  0.067+0.005 3.5x 1074 +8.0 x 1075
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a, .. . . . . T .

Kinetic constants for the thrombin-catalyzed hydrolysis reactions were determined from an HPLC assay as described in Materials and Methods.
The results shown here represent averages of at least three independent experiments. Kinetic values were calculated using nonlinear regression
analysis methods using SigmaPlot. The error values correspond to standard error of the mean (SEM).

blsetti and Maurer [37].
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