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ABSTRACT: Heparin accelerates inhibition of factor Xla (fXIa) by the serpins antithrombin (AT) and C1-
inhibitor (C1-INH) by more than 2 orders of magnitude. The mechanism of the heparin-mediated
acceleration of fXIa inhibition by these serpins is incompletely understood, as heparin appears to interact
with both the catalytic and noncatalytic domains of the protease. We replaced the basic residues of the
fXIa 170 loop (Lys-170, Arg-171, Arg-173, Lys-175, and Lys-179; chymotrypsin numbering) with Ala,
using an expression system that allows separation of the fXIa catalytic domain (CD) from noncatalytic
domains. Heparin-mediated inhibition of 170 loop CD variants with AT was impaired 3—10-fold relative
to that of the wild-type (CD-WT). In reactions with CI-INH, Arg-171 was the most critical residue
contributing ~2—3-fold to heparin-mediated inhibition of CD-WT. A template mechanism did not fully
account for the effect of heparin with either serpin, as the second-order inhibition rate constants did not
exhibit a characteristic bell-shaped dependence on heparin concentration. Further studies revealed that
the C1-INH inhibition of full-length fXIa containing Ala substitutions for basic residues of the 148 loop
is not enhanced by heparin. Inhibition by AT of a full-length fXIa variant containing an Ala substitution
for Arg-37 in the fXIa CD was ~5-fold greater than for wild-type fXIa in the absence of heparin. These
results suggest that basic residues of the fXIa 170 loop form a heparin-binding site and that the accelerating
effect of heparin on inhibition of fXIa by AT or C1-INH may be mediated by charge neutralization and/
or allosteric mechanisms that overcome the repulsive inhibitory interactions of serpins with basic residues

on the fXIa 148 and 37 loops.

Factor Xla (fXIa)' is a plasma serine protease that
catalyzes the conversion of factor IX (fIX) to fIXa in the
intrinsic pathway of blood coagulation (/—4). Hereditary
deficiency of fXlIa precursor factor XI (fXI) is associated
with a mild to moderate bleeding disorder, suggesting that
the protease plays a role in maintenance of normal blood
clots (5). fXIa is a disulfide-linked homodimer with a
molecular mass of ~160 kDa (6). The N-terminal heavy
chain of each fXIa monomer contains four 90—91-amino
acid repeats called apple domains, which facilitate interac-
tions with natural ligands such as fIX, high-molecular mass
kininogen, glycosaminoglycans, and platelet glycoproteins
(6—9). The C-terminal light chain of each monomer contains
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a trypsin-like catalytic domain (3). The proteolytic activity
of fXIa is regulated by several serpin inhibitors. On the basis
of second-order association rate constants, protein Z-depend-
ent protease inhibitor (~3 x 10° M~! s™!), protease nexin I
(~8 x 10* M~' s, C1-INH (~2 x 10* M~!' s7!), and
antithrombin (AT, ~3 x 10> M~' s™') may be physiologic
inhibitors of fXIa in plasma (/0—15). With the exception of
ZPI, inhibition of fXIa by these serpins is dramatically
enhanced by heparin and other glycosaminoglycans (11, 16).

The mechanism by which heparin accelerates fXIa inhibi-
tion by serpins is not well understood. On the basis of the
observation that fXIa inhibition by C1-INH and AT exhibits
a bell-shaped dependence on the concentration of the high-
molecular mass fraction of heparin, it has been hypothesized
that heparin functions as a template facilitating formation
of a noncovalent complex between the protease and serpin
(14). Such a mechanism is possible, as both serpins (17, 18)
and fXIa (/4, 19, 20) have heparin-binding sites. Previous
work indicated that fXIa has two heparin-binding sites
located on the apple-3 domain of the heavy chain (/4) and
the catalytic domain (/9). The basic residues of the apple-3
domain that support the interaction with heparin have been
mapped by a mutagenesis approach (/4), while the evidence
for heparin interacting with the catalytic domain of fXIa is
derived from a competitive binding study which showed that
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a cysteine-constrained a-helical peptide spanning fXIa
residues 527—542 [residues 168—182 in chymotrypsin
numbering (27)] competes with heparin for interaction with
the protease (19).

The relative contribution of the two heparin-binding sites
to fXIa interactions with C1-INH and AT is not known, and
the mechanism by which heparin enhances the reactivity of
fXIa with serpins is poorly understood. To address this, we
used an expression system that allowed us to isolate
monomeric fXIa catalytic domains (CDs) containing alanine
substitutions for the basic residues of the 170 helix (Lys-
170, Arg-171, Arg-173, Lys-175, or Lys-179) individually
or in combination. fXIa CDs were characterized with respect
to their ability to hydrolyze the chromogenic substrate S2366
and to undergo inhibition by AT and C1-INH in the absence
and presence of high-molecular mass heparin or a heparin
pentasaccharide fragment incapable of functioning by a
template mechanism.

MATERIALS AND METHODS

Proteins and Reagents. Human plasma fXIa and AT were
from Haematologic Technologies, Inc. (Essex Junction, VT).
C1-INH was from Sigma (St. Louis, MO). Human factor
XlIa (fXIIa) was from Enzyme Research Laboratories (South
Bend, IN). Unfractionated heparin (average molecular mass
of ~15 kDa) and the AT-binding pentasaccharide fonda-
parinux sodium (Organon Sanofi-Synthelabo) were from
Quintiles Clinical Supplies (Mt. Laurel, NJ). Fractionated
high-affinity heparin fragments of ~35 and ~64 saccharides
were generous gifts from S. Olson (University of Illinois,
Chicago, IL). S2366 (L-pyroglutamyl-L-prolyl-L-arginine-p-
nitroanilide) was from Diapharma (West Chester, OH).

Mutagenesis and Expression of Recombinant Proteins.
Mutations in the fXIa 170 helix were introduced into a
modified human fXI ¢cDNA (fXI-Ser-362,482), which con-
tains serine substitutions for Cys-362 and Cys-482 [fXI
numbering (22, 23)]. A disulfide bond between these residues
connects the heavy chains and catalytic domains after
cleavage at the activation site, and eliminating the bond
allows the catalytic domain (CD) to separate from the heavy
chain (22). The basic residues of the fXIa 170 helix, Lys-
529, Arg-530, Arg-532, Lys-536, and Lys-540 in the fXI
numbering system (23), were changed to alanine using a
QuickChange kit (Stratagene, La Jolla, CA) (8). These
residues correspond to residues 170, 171, 173, 175, and 179,
respectively, in the chymotrypsinogen numbering system
(21), which will be used hereafter. The recombinant wild-
type fXIa catalytic domain is designated CD-WT, and
mutants are CD-K170A, CD-R171A, CD-R173A, CD-
K175A, and CD-K179A. A CD with residues 170, 171, and
173 changed to alanine is designated CD-KRR/A. cDNAs
in expression vector pJVCMYV were used to transfect HEK-
293 cells as described previously (8). Expression and
characterization of full-length wild-type fXI (fXI-WT); fXI-
R37Q, which contains a Gln substitution for Arg-37 (Arg-
395 in fXI numbering); and the autolysis loop variant fXI-
144-149A (10), which contains Ala substitutions for Arg-
144, Lys-145, Arg-147, and Arg-149 (residues 504, 505, 507,
and 509, respectively, in fXI numbering), were prepared as
described previously (8). Stably expressing clones were
expanded in 175 cm? flasks, and serum free medium (Cellgro
Complete, Mediatech, Herndon, VA) was collected every
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48 h, supplemented with benzamidine (5 mM), and stored
at —20 °C pending purification (22).

All recombinant fXI was purified from conditioned
medium on an anti-fXI IgG 1GS5.12 affinity column (8). After
being loaded, the column was washed with 25 mM Tris-
HCI (pH 7.4) and 100 mM NaCl (TBS) and eluted with 2
M NaSCN in TBS. Protein-containing fractions were pooled,
concentrated, and dialyzed against TBS, and protein con-
centrations were determined with a dye binding assay (Bio-
Rad). XTI (~200—300 pg/mL) was activated with 5 ug/mL
fXIla at 37 °C, and complete activation was confirmed by
SDS—PAGE. Activated preparations were passed over a
1GS5.12 column to separate the protease from fXIla. In the
case of proteins prepared in fXI-Ser-362,482, the catalytic
domains bind to the column, while the heavy chain passes
through the column (22).

fXla Hydrolysis of §2366. The steady-state kinetics of S2366
hydrolysis by fXIa and fXIa CDs (6 nM active sites) was
measured in TBS containing 0.1 mg/mL bovine serum albumin
(TBSA) and 50—2000 uM S2366. We measured rates of
generation of free p-nitroaniline (pNA) in 100 uL reaction
volumes (3 mm path length) by continuously monitoring
absorbance at 405 nm on a SpectraMax 340 microtiter plate
reader (Molecular Devices Corp., Sunnyvale, CA) (22). K;,, and
ko for S2366 hydrolysis were obtained by initial rate analysis
of pNA generation as a function of S2366 concentration.
Nonlinear regression was performed with Scientist Software
(MicroMath Scientific Software, Salt Lake City, UT). Estimates
of error are £ two standard deviations.

Inhibition of fXla and fXla Catalytic Domains by Serpins.
Rates of fXIa inhibition by AT or C1-INH were measured
under pseudo-first-order conditions by a discontinuous assay
in the absence and presence of heparins (/0). In the absence
of heparin, each protease (0.5—1 nM) was incubated at room
temperature (~25 °C) with 100—400 nM AT or CI1-INH in
50 uL reaction mixtures in TBSA containing 0.1% PEG
8000. After incubation for 80 min, 50 uL of S2366 was
added (final concentration of 0.5 mM), and residual fXIa
activity was determined from the rate of S2366 hydrolysis
at 405 nm. The observed pseudo-first-order and second-order
rate constants (k) were calculated as described previously
(10). The same procedure was used to determine k, values
in the presence of fondaparinux except that serpin concentra-
tions were 50—200 nM with incubation times of 30—80 min.

Heparin concentration dependence was determined by
incubating each protease with 25—100 nM serpin and 0—50
uM unfractionated heparin or 0—10 uM fractionated heparin
in 50 uL reaction mixtures in TBSA containing 0.1% PEG
8000. Following 1—10 min incubations at room temperature,
50 uL of S2366 in TBS containing 1 mg/mL Polybrene (to
immediately neutralize heparin) was added to a final
concentration of 0.5 mM. The catalyzed ks values at each
heparin concentration were determined from a first-order rate
equation, and the k, values were calculated by dividing kops
by the serpin concentration. Plots of k, as a function of
heparin concentration yielded maximal k, values and optimal
concentrations of heparin for each reaction.

RESULTS

Expression, Purification, and Activation of Recombinant
Proteins. Isolated fXIa CDs were prepared using fXI lacking
the 362—482 disulfide bond that connects the two fXIa CDs
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FIGURE 1: (A) Nonreducing SDS—polyacrylamide gel of full-length
fXIa and fXIa-Ser362,482 (labeled 362) lacking the disulfide bond.
(B) The first lane contained the 1GS5.12 affinity-purified catalytic
domain (CD-WT) of fXla-Ser362,482, and the second lane
contained the flow-through heavy chain dimer (HC-D). (C) The
top panel is a reducing gel of the Ala substitution mutants of fXIa-
Ser362,482, and the bottom panel is a nonreducing gel showing
purified catalytic domains (CD) of the same mutants, along with
the position of the residual heavy chain dimer (HC-D) and traces
of albumin from conditioned medium. (D) Reducing gel of full-
length fXI (left) and fXIa (right). Shown are wild-type fXI/fXIa
(WT) and tXI/fXIa-R37Q. Abbreviations to the right of the panel
are as follows: Z, zymogen fXI; HC, fXIa heavy chain; CD, fXIa
catalytic domain. Positions of molecular mass standards are shown
to the left of each panel.

to the noncatalytic heavy chain dimer (HC-D) after pro-
teolysis by fXIIa at the activation cleavage site (22) (Figure
1A). The CD of tXIa-Ser362,482 (CD-WT) binds to mono-
clonal antibody 1G5.12 (Figure 1B, first lane), while the
HC-D does not (Figure 1B, second lane). An SDS—PAGE
gel of fXIa-Ser362,482 170 loop mutants is shown in Figure
1C (top panel). The gel was run under reducing conditions
to demonstrate complete conversion of zymogen (~75 kDa
under reducing conditions) to the heavy chain (HC) and CD
of fXIa. The nonreducing gel in the bottom panel of Figure
1C shows purified CDs, along with the position of the
residual heavy chain dimer (HC-D) and traces of albumin
from the medium. A reducing SDS—PAGE gel of zymogen
(left panel) and activated forms (right panel) of full-length
fXI-WT and fIX-R37Q is shown in Figure 1D. Both proteins
migrate with the expected molecular mass.

Amidolytic Activity. Kinetic parameters for hydrolysis of
S2366 by fXIa CDs are listed in Table 1. Mutants exhibited
K., and k., values similar to those of CD-WT for hydrolysis
of this tripeptidyl chromogenic substrate, indicating substitu-
tion for the basic residues in the 170 loop does not adversely
affect the conformation of the active site pocket, and
specifically the P1—P3 residues. This also holds true for full-
length fXIa-R37Q (Table 1). fXIa-R37Q, which was prepared
prior to development of the system for generating isolated
CDs, was included because it provides insight into the
mechanism by which AT inhibits fXIa in the presence of
heparin (see below).

Reaction of fXla CDs with AT. The k, values for inhibition
of fXIa CDs by AT in the absence and presence of heparins
are listed in Table 2. All CDs exhibited similar inhibition to
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Table 1: Amidolytic Activities of Recombinant Factor XIa and Factor
Xla CDs"

protein K (uM) keat (871
fXIa-CD-WT 757 £ 55 119 £ 4
fXIa-CD-K170A 655 + 46 98+3
fXIa-CD-R171A 812 £ 71 115+ 4
fXIa-CD-R173A 810 £ 69 117+ 4
fXIa-CD-K175A 829 + 77 117 £5
fXIa-CD-K179A 764 + 63 116 =4
fXIa-CD-KRR/A 552 4+ 36 115+3
fXIa-WT 943 4+ 40 148 +£3
fXIa-R37Q 993 £+ 51 148 + 4

“The kinetics of S2366 cleavage by fXIa derivatives was determined
in TBSA at room temperature, using 6 nM fXIa active sites as described
in Materials and Methods. All proteases were tested in triplicate, and
values are & two standard deviations.

CD-WT by AT in the absence and presence of fondaparinux
(HS). In contrast, with the exception of CD-K179A, the
unfractionated heparin-catalyzed AT inhibition was impaired
relative to CD-WT for all CD mutants (Table 2). Heparin
enhanced AT inhibition of CD-WT 212-fold, but only
37—94-fold for CD mutants. The level of AT inhibition of
the triple mutant CD-KRR/A was reduced >10-fold in the
presence of heparin compared to CD-WT. The allosteric
effect of heparin contributed 2—3-fold to the enhancement
in AT-mediated inhibition by heparin as demonstrated by &,
values in the presence of fondaparinux (Table 2). The bell-
shaped dependence of k, values on heparin concentrations
suggested a template effect may partly account for the
heparin cofactor activity. However, the bell-shaped distribu-
tion was relatively shallow in amplitude (Figure 2A), with
inhibition of CD-WT showing an only 2—3-fold decline in
k, at an unfractionated heparin concentration of 100 4M (data
not shown). This observation raised the possibility that a
template effect may not represent the primary mechanism
for heparin-mediated inhibition of fXIa CDs.

To further investigate this possibility, AT inhibition of fXIa
CDs was monitored in the presence of increasing concentra-
tions of a high-affinity fractionated heparin composed of ~64
saccharides. Consistent with a small role for the template
mechanism in inhibition of fXIa-CD, the k, values for
inhibition of CD by AT exhibited a saturable dependence
on heparin concentration up to 20 uM (Figure 2B, shown
up to 10 uM for all CD derivatives). k, values demonstrated
a similar saturable dependence on heparin concentration with
a high-affinity fractionated heparin composed of ~35 sac-
charides, except that the rates were ~2—3-fold slower (Figure
2C). It should be noted that, with the exception of CD-
K179A, the optimal concentration of heparin for maximal
cofactor effect was shifted from ~200 nM for CD-WT to
~1000 nM for the mutants, suggesting a decreased affinity
for heparin (Figure 2A).

The magnitude of the effect of heparin on AT-mediated
inhibition was decreased from >800-fold for full-length fXIa-
WT to ~200-fold for CD-WT (Table 2). This suggests an
~4-fold contribution from the heparin-binding site on the
apple-3 domain in the HC (/4, 20) and is consistent with
data showing a similar extent of impairment in heparin-
enhanced AT inhibition of fXIa with Ala substitutions for
basic residues in the apple-3 domain (/4). The results are
also consistent with the observation that the optimal heparin
concentration for AT inhibition of fXIa-WT is 4-fold lower
[~50 nM (data not shown)] compared to CD-WT [200 nM
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Table 2: Second-Order Rate Constants for Inhibition of Full-Length fXIa and fXIa CDs by AT in the Absence and Presence of Heparins®

without cofactor (x10° M~! s7!)

with H5 (x10* M~! s71)

with heparin (x10° M~! s7!)  with heparin/without cofactor (x-fold)

fXIa-WT 0.26 £+ 0.02 0.62 £+ 0.04
fXIa-Q37A 1.55 £ 0.06 2.62 +£0.04
fXIa-CD-WT 0.25 £0.02 0.60 £+ 0.03
fXIa-CD-K170A 0.23 £0.01 0.61 £ 0.02
fXIa-CD-R171A 0.49 £0.03 1.20 £ 0.05
fXIa-CD-R173A 0.21 £ 0.01 0.56 £ 0.03
fXIa-CD-K175A 0.18 £ 0.01 0.55 £0.02
fXIa-CD-K179A 0.25 £0.02 0.68 £ 0.03
fXIa-CD-KRR/A 0.22 +0.01 0.56 & 0.02

223 + 18 858
180 + 10 116
53+6 212
12+1 52
18+1 37
8£05 38
17+1 94
50£3 200
4+£03 18

“ All second-order inhibition rate constants (k,) were determined by incubation of fXIa or fXIa CD (0.5—1 nM) with AT (50—1000 nM AT) in
TBSA containing 0.1% PEG 8000 for 3—140 min. In AT reactions in the presence of fondaparinux pentasaccharide (HS), 2 uM pentasaccharide was
included in each reaction. k, values in the presence of heparin are derived from Figure 2A at optimal heparin concentrations. Values for k, were
determined by measuring residual enzyme activity in an amidolytic activity assay as described in Materials and Methods. All values are the average of

two or three measurements + the standard deviation.

A

— B
E i
m -
‘T -
by i
o |
- -
x
= - PlaCDWT
o™
i~ - CDK170A
O CD-RI71A
10| .= cpR1738
-+ CDKA75A
- CDK179
~ CD-KRR/A

k, (x 103 M1 §1)

k, (x 103 M1 §)

4 6 8
[Hep-351, uM
FIGURE 2: Heparin concentration dependence of fXla catalytic
domain inhibition by AT. (A) Heparin dependence of k, for AT
inhibition of CD-WT (O), K170A (@), R171A (O), R173A (W),
K175A (»), K179A (a), and the triple mutant KRR/A (V) for
unfractionated heparin. k, values (Table 2) were determined from
the remaining activities of CDs as described in Materials and
Methods. (B) Same as panel A except that k, values for AT
inhibition of fXIla CDs were determined in the presence of
increasing concentrations of a high-affinity fractionated heparin
composed of ~64 saccharides. (C) Same as panel B except that k,
values for AT inhibition of fXIa CDs were determined in the
presence of increasing concentrations of a high-affinity fractionated
heparin composed of ~35 saccharides.

(Figure 2)]. At the highest heparin concentration tested (100
uM), there was still ~40-fold acceleration of AT inhibition
of CD-WT, indicating a significant allosteric effect on the
serpin, the protease, or both. The allosteric effect on AT may
account for a 2—3-fold enhancement of fXlIa inhibition, if
one compares k, values in the absence and presence of

fondaparinux, a pentasaccharide that conformationally acti-
vates AT (Table 2) (24).

Previously, it was reported that heparin causes a confor-
mational change in the catalytic pocket of fXIa (25). To
determine whether the interaction of heparin with CD-WT
changes the active site pocket, the amidolytic activity of CD-
WT was monitored in the presence of different heparin
concentrations. In contrast to the published results for full-
length fXIa (25), heparin or fondaparinux had a minimal
effect on CD-WT cleavage of S-2366, suggesting the S3—S1
substrate binding sites are unaffected (data not shown). The
results are consistent with a report that did not observe an
effect of heparin on S2366 cleavage by fXIa (/4). It has
been observed that residues of the 37 loop of coagulation
proteases contribute to the interaction with AT at the
C-termini of the serpin reactive center loop (26, 27). In fXIa,
this loop contains Arg at position 37 [Arg-395 in fXI
numbering (23)]. Inhibition of full-length fXIa-R37Q by AT
(ky = 1.6 x 10> M~!' s7') was enhanced ~7-fold in the
absence of heparin (Table 2), raising the possibility that
heparin modulates the 37 loop of fXlIa to improve its
reactivity with AT.

Inhibition of fXla and fXIa CDs by C1-INH. k; values for
C1-INH-mediated inhibition of fXIa-WT and fXIa CDs are
listed in Table 3. All fXIa-CDs were inhibited similarly in
the absence of a heparin. Interestingly, the rate constant for
C1-INH inhibition of CD-WT was enhanced by 1 order of
magnitude in the presence of fondaparinux (Table 3), and a
similar enhancement was observed for all 170 helix CD
mutants, including the triple mutant CD-KRR/A. This
suggests that binding of fondaparinux to the serpin, but not
the protease, is responsible for the rate enhancement. Similar
to reactions with AT, the concentration dependence of
unfractionated heparin-mediated rate enhancement (Figure
3A) exhibited a bell-shaped distribution with a shallow
amplitude that largely disappeared with CD-R171A and CD-
RRK/A. The same studies with ~64- and ~35-saccharide-
fractionated heparins did not result in a bell-shaped curve;
however, at 10 uM heparin (the highest concentration used
in the assay), the accelerating effect of heparin on C1-INH-
mediated inhibition of CD-RRK/A was decreased ~4-fold
with both heparin fractions (Figure 3B shown for ~64
saccharides only), suggesting either a direct effect or a
template-mediated role for the basic residues of the interac-
tion of the 170 helix with C1-INH. Both high-affinity heparin
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Table 3: Second-Order Rate Constants for Inhibition of Full-Length fXIa and fXIa CDs by C1-INH*

with cofactor (x10° M~! s71)

with H5 (x10° M1 s7h)

with heparin (x10° M~' s™!)  with heparin/without cofactor (x-fold)

fXIa-WT 1.9+£02 9.1£0.38
fXIa-CD-WT 1.0£0.1 9.0£0.7
fXIa-CD-K170A 1.2+£0.1 10.0 £0.7
fXIa-CD-R171A 0.6+£0.1 50£03
fXIa-CD-R173A 1.3+£0.1 9.1£05
fXIa-CD-K175A 1.0£0.1 73£04
fXIa-CD-K179A 1.1 £0.1 88+0.5
fXIa-CD-KRR/A 0.8+£0.1 63+03
fXIa-144—149A 192+ 1.8 195+ 2.1

536 4+ 32 282
750 &+ 54 750
734 £ 58 612
261 + 18 435
667 & 35 513
730 & 49 730
778 £ 53 707
430 £ 23 525
206 £1.9 1

“ All second-order inhibition rate constants (k;) were determined by incubation of fXIa or fXIa CDs (0.5—1 nM) with CI1-INH (25—200 nM) in
TBSA containing 0.1% PEG 8000 for 2—30 min. In reactions in the presence of fondaparinux pentasaccharide (HS), 2 uM pentasaccharide was included
in each reaction. k, values in the presence of heparin are derived from Figure 3A at optimal heparin concentrations. Values for k, were determined by
measuring residual enzyme activity in an amidolytic activity assay as described in Materials and Methods. All values are the average of two or three

measurements =+ the standard deviation.
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FIGURE 3: Heparin concentration dependence of fXla catalytic
domain inhibition by C1-INH. (A) Heparin dependence of k, for
CI1-INH inhibition of CD-WT (O), K170A (@), R171A (O), R173A
(), K175A (&), K179A (A), and the triple mutant KRR/A (V)
for unfractionated heparin. k, values (Table 3) were determined
from the remaining activities of CDs as described in Materials and
Methods. (B) Same as panel A except that k, values for C1-INH
inhibition of CD-WT (O) and CD-KRR/A (V) were determined in
the presence of increasing concentrations of a high-affinity fraction-
ated heparin composed of ~64 saccharides.

fractions accelerated the reactivity of C1-INH with fXIa to
a similar extent (data not shown).

The observation that inhibition of CD-K170A and CD-
R173A by C1-INH was slightly enhanced compared to that
of CD-WT, and that inhibition of CD-R171A was impaired
~2-fold, suggested an interaction between the reactive center
loop of C1-INH and the protease 170 helix. Analysis of
maximum k, values derived from Figure 3A (shown in Table
3) indicated that these mutations have a minimal effect on
heparin-mediated inhibition. In the presence of heparin, C1-
INH inhibition of CD-WT and CD-RRK/A was enhanced
780- and 530-fold, respectively. These results, and the order
of magnitude enhancement of C1-INH-mediated inhibition
of CD-WT by fondaparinux, raise the possibility that an
allosteric effect of heparin on C1-INH and/or the protease
is involved. Alternatively, heparin could enhance the produc-
tive interaction of CD-WT with C1-INH by charge neutral-

1.8
1.6
1.4
1.2

FXla-144-149A

k, (x 10° M- §-)

0.8
0.6

0.01 0.1 1
[Heparin], uM

FIGURE 4: Heparin concentration dependence of AT inhibition of
fXIa. Shown is the dependence of k, for AT inhibition of full-
length fXIa-WT (O) and the autolysis loop mutant fXIa-144—149A
(@) on heparin concentrations using unfractionated heparin. k,
values were determined from the remaining fXIa activity as
described in Materials and Methods.

ization, which has been hypothesized on the basis of the
crystal structure of an N-terminal deletion mutant of C1-
INH (28).

To further investigate this issue, we analyzed the reactivity
of a full-length fXIa variant, fXIa-144—149A, in which the
four basic residues of the protease autolysis loop have been
replaced with alanine (/0). The putative heparin-binding sites
on the apple-3 domain and 170 loop of the protease domain
should be intact in this mutant, and we showed that inhibition
of this mutant by C1-INH is enhanced > 15-fold compared
to that of fXIa-WT in the absence of heparin (/0). Heparin
accelerated AT inhibition of fXIa-WT and fXIa-144—149A
(Figure 4) to a similar extent, with a maximal k, of ~2 x
10° M~! s7! at an optimal heparin concentration for both
proteases. This indicates that fXIa-144—149A binds normally
to heparin. However, neither heparin nor fondaparinux
enhanced inhibition of fXIa-144—149A by C1-INH (Table
3), indicating that heparin enhances C1-INH inhibition of
fXIa primarily through an interaction with the serpin. Heparin
binding to basic residues on CI-INH may overcome the
inhibitory interaction between the serpin and basic residues
of the fXIa autolysis loop by charge neutralization. Alter-
natively, heparin may optimize docking of the CI1-INH
reactive center loop with the fXIa catalytic pocket by an
allosteric effect on the serpin, reminiscent of the mechanism
by which heparin enhances AT inhibition of factor Xa (24, 27).
Similar to fXIa, the autolysis loop of factor Xa contains
several basic residues, and heparin binding to AT allosteri-
cally exposes a cryptic exosite on the serpin that is recognized
by the residues on factor Xa (29). Alanine substitutions for
the basic residues in the factor Xa autolysis loop (particularly
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Lys-175 Lys-179

Residues 144-149

FIGURE 5: Structure of the catalytic domain of fXIa. Shown is the
peptide backbone for the crystal structure of the factor Xla catalytic
domain in complex with p-aminobenzamidine. The side chains of
basic residues in the 170 helix, 220 loop, and Arg-37 are colored
blue. The active site serine residue (Ser-195) is colored green. The
backbone of autolysis loop residues 144—149 is colored red. The
coordinates (Protein Data Bank entry 1ZHM) of the catalytic
domain of fXIa were used to prepare this figure (30).

Arg-150) largely eliminate the interaction of this loop with
the heparin-activated conformation of AT (29).

To test the hypothesis that basic residues on C1-INH and
the fXIa autolysis loop are involved in repulsive interactions,
we studied inhibition of fXIa-144—149A (10) by C1-INH.
CI1-INH inhibited fXIa-144—149A with a 3-fold higher &,
than wild-type fXIa (0.6 x 10° M~ s7! vs 0.2 x 10* M™!
s~ 1) in the absence of heparin. This is consistent with results
for autolysis loop mutants of factor Xa, where the effect of
heparin on C1-INH-mediated inhibition was decreased from
~35-fold for wild-type factor Xa to ~4-fold for the factor
Xa mutants with substitutions for basic residues in the
autolysis loop (data not presented). These results strongly
suggest that heparin enhances C1-INH inhibition of fXIa and
factor Xa through a charge neutralization mechanism that
overcomes an inhibitory interaction between basic residues
on the protease autolysis loops and a complementary site
on CI1-INH. In contrast to the results with AT, inhibition of
fXIa-R37Q by C-INH was impaired ~2-fold in the absence
and presence of fondaparinux. This suggests that, unlike the
inhibitory role of basic residues of the autolysis loop, Arg-
37 contributes to the fXIa-C1—INH interaction (data not
presented).

DISCUSSION

Heparin-like glycosaminoglycans regulate the catalytic
activity of fXIa during interactions with macromolecular
substrates and inhibitors (4, 11, 16, 20). Previous work
indicates that both the catalytic and noncatalytic domains of
fXTIa interact with heparin. The heparin-binding site on the
noncatalytic fXIa HC is located in the apple-3 domain (74, 20).
Competitive binding studies with peptides containing se-
quence from the fXIa 170 helix indicate that the basic
residues of this region also interact with heparin (/9). To
understand the contributions of each of these sites to the
mechanism of regulation of fXIa by plasma serpins, we
expressed and isolated the wild-type fXIa catalytic domain
(CD) and several CD variants with alanine substitutions for
basic residues in the 170 helix. The relative orientations of
the side chains of these residues in the three-dimensional
fXI CD structure (30) are shown in Figure 5.
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For AT, k, for inhibition of CD-WT was enhanced 212-
fold by heparin, and all mutants exhibited some defect in
inhibition with the exception of CD-K179A. Specifically, the
effect of heparin was reduced 4-fold for CD-K170A, 6-fold
for both CD-R171A and CD-R173A, and 2-fold for CD-
K175A. The level of inhibition of the triple mutant CD-
KRR/A was reduced 10-fold in the presence of heparin,
suggesting that these 170 helix residues make the greatest
contribution to the affinity of the CD for heparin. A
comparison of the effects of heparin on inhibition of full-
length fXIa-CD and CD-WT and consideration of published
results (/4) indicate the fXIa apple-3 domain contributes ~4-
fold to acceleration of the protease inhibition by AT, probably
through a template mechanism. It is interesting to note that
unlike factor IXa, factor Xa, and o-thrombin, which have
basic C-terminal helices that interact with heparin (37/—33),
the C-terminal helix of fXIa is acidic and not expected to
interact with heparin (34). However, fXIa CD has two basic
residues on the 220 loop (Arg-222 and Arg-224) that,
together with basic residues on the 170 helix, form a patch
capable of interaction with heparin (34). The observation that
heparin still enhances AT inhibition of the CD-KRR/A 18-
fold suggests that heparin interacts with other residues on
the CD, such as those of the 220 loop. The 220 loop of
thrombin and vitamin K-dependent coagulation proteases
harbor a functionally critical Na*-binding site, with the basic
residues of this loop contributing to the coordination of Na™
(35). The corresponding loop in factor XIa does not bind
Na™ (35) but may interact with heparin (34). If this is true,
this makes the heparin interaction with fXIa CD quite
different from interactions with the protease domains of other
coagulation factors and may account for the inability of
heparin to enhance AT inhibition of CD-WT by a template
mechanism.

At first glance, the bell-shaped dependence for unfrac-
tionated heparin-mediated AT inhibition of CD-WT may
suggest a template effect, even though the contribution
appears to be relatively small. However, as full-length fXIa-
WT and CD-WT exhibit similar affinities for heparin (25),
one might expect the heparin cofactor effect to be greatly
reduced or eliminated at high heparin concentrations if a
bridging mechanism was important (/5). Our studies with
full-length fractionated heparin indicate that a template
mechanism contributes minimally to heparin enhancement
of AT inhibition of CD-WT. The shallow bell-shaped
dependence on heparin could be due to the heterogeneity of
unfractionated heparin, where less active small fragments
may compete with larger molecules at high heparin concen-
trations for binding to serpin and/or protease. Given this,
the reported bell-shaped distribution of rate constants for AT
inhibition of fXIa in the presence of heparin should be
interpreted with caution. Heparin allosterically enhances
interactions of AT with factors IXa and Xa (24, 36). The
analysis of AT inhibition of fXIa with the AT-binding
pentasaccharide fondaparinux suggests this mechanism con-
tributes 2—3-fold to the cofactor effect of heparin on fXIa,
consistent with data reported in the literature (15).

We did not observe, in contrast to a previous study (25),
an effect of heparin on CD-WT cleavage of S2366, indicating
that heparin does not allosterically modulate the fXIa S1—S3
substrate binding subsites. Nevertheless, further studies are
required, as the crystal structure of fXIa CD in complex with
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ecotin (34) indicates the heparin binding residues on the 170
helix are part of the S4 loop which may be involved in
determining the specificity of the S4 subsite. Since tripeptidyl
substrates such as S2366 do not possess a P4 residue, our
amidolytic activity assays may not be sensitive to heparin-
mediated allosteric changes in the fXIa catalytic pocket.

Residues of the 37 loop of coagulation proteases can
influence interactions with AT in the absence and presence
of heparin (26, 27). Interestingly, the level of inhibition of
full-length fXIa-R37Q by AT was increased 7-fold relative
to that of fXIa-WT in the absence of heparin. Furthermore,
the enhancing effect of heparin was decreased to the same
extent, resulting in similar rates of inhibition for heparin-
catalyzed AT inhibition of XIa-R37Q and fXIa-WT. Heparin
may overcome an inhibitory interaction between Arg-37 and
AT by an allosteric effect on Arg-37, which is located on a
surface loop surrounding the protease active site pocket
(Figure 5). Therefore, unlike the case of factor Xa, which
has a negatively charged 37 loop, Arg-37 in fXIa may
contribute to poor inhibition by AT in the absence of heparin.
Previous studies indicated that residues in the 37 loop
influence the protease specificity for the primed sites (in
particular the P3’ site) on substrates and inhibitors (26, 37),
and the amidolytic activity of fXIa toward substrates that
lack a P’ residue (such as S2366) may not accurately report
a modulating effect of heparin through the 37 loop on the
protease catalytic site.

Taken as a whole, the results suggest that full-length
heparin accelerates AT inhibition of fXIa ~800-fold, with
heparin binding to a specific site on the apple-3 domain
contributing ~4-fold to acceleration of AT inhibition of fXIa
(14), and an allosteric effect on the AT reactive center loop
contributing ~3-fold. The remaining 50-fold accelerating
effect of heparin in enhancing the AT inhibition of fXIa may
be mediated primarily through an allosteric mechanism that
appears to involve binding of heparin to basic residues on
the catalytic domain, including those of the 170 helix. Such
an allosteric effect may partly involve overcoming an
inhibitory interaction of the basic 37 loop of fXIa with the
AT reactive center loop.

The studies with C1-INH suggest that, with the exception
of a small decrease for CD-R171A, substitutions for basic
residues of the fXIa CD 170 loop do not significantly affect
heparin-mediated inhibition (Table 3). These results, in
combination with the observation that the level of inhibition
by CI-INH was increased by nearly 1 order of magnitude in
the presence of fondaparinux, suggest that heparin does not
enhance CI1-INH inhibition of fXIa CD by a template
mechanism. Recently, we showed that replacing basic
residues in the fXIa autolysis loop (148 loop) with Ala (fXIa-
144—149A) enhances inhibition by C1-INH 15—20-fold (0).
To determine if the cofactor function of heparin involves
overcoming an inhibitory interaction between C1-INH and
the fXIa autolysis loop, we studied inhibition of fXIa-
144—149A by C1-INH in the presence of heparin. Heparin
did not affect inhibition at concentrations up to 100 uM,
suggesting that heparin interacts with a basic site on the
serpin to overcome a repulsive interaction with charged
residues on the autolysis loop. This hypothesis is consistent
with structural data for the latent form of a recombinant
N-terminal deletion mutant of C1-INH (28), where basic
residues on strands s2C, S3c, and s4C form a large
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contiguous electropositive area with a 35 A diameter at the
top of the serpin (28). On the basis of structural homology
with other serpins, this patch may overlap an area on the
reactive center loop that interacts with the protease to form
a noncovalent Michaelis-type complex (27, 38). Thus,
heparin binding to this region may enhance fXIa inhibition
through charge neutralization. The observations that heparin
does not enhance C1-INH inhibition of fXIa-144—149A and
that replacement of basic residues in the autolysis loop does
not mimic the cofactor effect of heparin suggest that other
mechanisms such as an allosteric effect of heparin on either
the serpin or the protease may also contribute to accelerated
inhibition of fXIa by C1-INH.

A template effect is not likely to contribute significantly
to acceleration of fXIa inhibition by C1-INH, based on the
observation that heparin interacts with fXIa-144—149A
normally, enhancing the AT inhibition of the mutant in a
manner similar to that of fXIa-WT (Figure 4). Furthermore,
while the optimal heparin concentration for inhibition of CD-
KRR/A by C1-INH is shifted from 2 to 10 4M, the maximal
k> value for this mutant decreases ~2-fold and is not affected
by increasing heparin concentrations. An allosteric effect for
heparin on C1-INH that enhances fXIa inhibition has not
been previously supported (28). Hypothetically, the cofactor
effect of heparin in C1-INH inhibition of fXIa may be
mediated through (i) heparin interacting with the basic patch
near the serpin reactive center loop, resulting in charge
neutralization, (ii) heparin binding to fXIa allosterically
optimizing the active site pocket for interaction with CI1-
INH, and (iii) a “sandwich” mechanism (28) in which the
heparin-bound serpin makes productive interactions with
basic residues on the protease. The observation that mutations
in the fXIa 170 helix have a minimal effect on heparin-
mediated enhancement of inhibition by C1-INH would not
support the second mechanism unless heparin binds to
another site on the fXIa CD; however, the structural data
(28), together with the heparin-independent enhancement of
C1-INH inhibition of fXIa-144—149A, provide strong sup-
port for the first mechanism. The inability of heparin to
accelerate C1-INH inhibition of fXIa-144—149A also is
consistent with the third option, a model which predicts that
the basic autolysis loop of fXIa could provide an interactive
site specifically for the heparin-bound serpin. In such a
ternary complex, the response to different concentrations of
heparin would not assume a bell-shaped distribution, as the
basic residues of the autolysis loop do not constitute an
independent heparin-binding site. In this mechanism, the
cofactor effect of heparin is primarily directed at relieving a
repulsive interaction that downregulates factor XIa inhibition,
rather than enhancing the rate of an otherwise efficient
reaction. If the heparin-bound serpin actually makes a
productive interaction with basic residues on the autolysis
loop, then replacing these residues with acidic ones may
produce an effect similar to that on the cofactor activity of
heparin and result in a dramatic enhancement (greater than
that of fXIa-144—149A) in the reactivity of the protease with
the serpin that is independent of the polysaccharide. Ad-
ditional mutagenesis-based studies will also be required for
exploring the possibility that distinct binding sites on fXIa
are utilized in a serpin-dependent manner.
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