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We used 55 Ala-scanned recombinant thrombin mole-
cules to define residues important for inhibition by the
serine protease inhibitor (serpin) heparin cofactor II
(HCII) in the absence and presence of glycosaminogly-
cans. We verified the importance of numerous basic res-
idues in anion-binding exosite-1 (exosite-1) and found 4
additional residues, Gln24, Lys65, His66, and Tyr71 (using
the thrombin numbering system), that were resistant to
HCII inhibition with and without glycosaminoglycans.
Inhibition rate constants for these exosite-1 (Q24A,
K65A, H66A, Y71A) thrombin mutants (0.02–0.38 � 108

M�1 min�1 for HCII-heparin when compared with 2.36 �
108 M�1 min�1 with wild-type thrombin and 0.03–0.53 �
108 M�1 min�1 for HCII-dermatan sulfate when com-
pared with 5.23 � 108 M�1 min�1 with wild-type throm-
bin) confirmed that the structural integrity of thrombin
exosite-1 is critical for optimal HCII-thrombin interac-
tions in the presence of glycosaminoglycans. However,
our results are also consistent for HCII-glycosaminogly-
can-thrombin ternary complex formation. Ten residues
surrounding the active site of thrombin were implicated
in HCII interactions. Four mutants (Asp51, Lys52, Lys145/
Thr147/Trp148, Asp234) showed normal increased rates of
inhibition by HCII-glycosaminoglycans, whereas four
mutants (Trp50, Glu202, Glu229, Arg233) remained resist-
ant to inhibition by HCII with glycosaminoglycans. Us-
ing 11 exosite-2 thrombin mutants with 20 different mu-
tated residues, we saw no major perturbations of HCII-
glycosaminoglycan inhibition reactions. Collectively,
our results support a “double bridge” mechanism for
HCII inhibition of thrombin in the presence of glyco-
saminoglycans, which relies in part on ternary complex
formation but is primarily dominated by an allosteric
process involving contact of the “hirudin-like” domain
of HCII with thrombin exosite-1.

The blood coagulation cascade is highly regulated with the
serine protease thrombin playing an essential role in both

procoagulant and anticoagulant pathways. As a procoagulant,
thrombin activates platelets, cleaves fibrinogen to fibrin, re-
sulting in the formation of a fibrin clot, activates factors V, VII,
and XI via a feedback mechanism, and also activates factor XIII
(plasma transglutaminase) (for a review, see Ref. 1 and ref-
erences cited therein). By contrast, when thrombin binds to
the endothelial cell surface receptor thrombomodulin, throm-
bin activates the anticoagulant zymogen, protein C (for a
review, see Ref. 2 and references cited therein). Macromolec-
ular substrate recognition by thrombin is partly mediated by
two clusters of positively charged basic amino acids located
on opposite sides of the active site, referred to as anion-
binding exosite-1 and anion-binding exosite-2 (exosite-1 and
exosite-2, respectively)1. Exosite-1 binds fibrinogen, fibrin,
heparin cofactor II (HCII) (3), and hirudin (4), whereas ex-
osite-2 binds heparin, heparan sulfate, and dermatan sulfate
(5–7).

Glycosaminoglycan-accelerated inhibition by the serine pro-
tease inhibitors (serpins) antithrombin (AT; systematic name
SERPINC1) (8), heparin cofactor II (HCII; systematic name
SERPIND1) (9), protein C inhibitor (also known as plasmino-
gen activator inhibitor-3; systematic name SERPINA5) (10),
and protease nexin-1 (systematic name SERPINE2) (11) is one
mechanism for thrombin regulation. Besides thrombin, AT in-
hibits several proteases in the blood coagulation pathway, in-
cluding factor IXa, Xa, XIa, XIIa, plasmin, and kallikerin;
however, HCII is specific for thrombin in this group of serine
proteases. Although both AT and HCII inhibition of thrombin
are accelerated by heparin and heparan sulfate, HCII inhibi-
tion of thrombin is also accelerated by dermatan sulfate (12,
13). The glycosaminoglycan-binding site for AT and HCII is
localized to the D-helix region of these serpins (for a review, see
Refs. 8 and 14–20 and references cited therein). Recent studies
show that HCII acts as a thrombin inhibitor in the arterial
circulation (21) and that dermatan sulfate proteoglycans are
modified during atherosclerotic lesion development to give re-
duced HCII-thrombin inhibition activity (22), suggesting that
HCII is an extravascular thrombin inhibitor.

Based on both the crystal structure of the thrombin-HCII
complex (23) and biochemical/molecular biology studies (24–
28), a more detailed understanding of thrombin inhibition by
HCII has emerged. In the presence of glycosaminoglycans,
thrombin should bind preferentially to the glycosaminoglycan
and may open the active site for better substrate binding (29).
Binding of HCII to the glycosaminoglycan frees the amino-
terminal acidic domain to be appropriately positioned for
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thrombin interaction (15–17, 28, 30). Thrombin exosite-1 binds
to the first acidic region of HCII to facilitate proteolytic attack
of the P1-P1� Leu-Ser of HCII by the active site of thrombin.
Thrombin is now covalently trapped in a 1:1 stable bimolecular
complex with HCII (23). Although this information further
illustrates the importance of both the acidic domain of HCII
and the exosite-1 of thrombin, the molecular details and the
role of individual surface-derived residues of thrombin are in-
complete. In the current study, we used 55 recombinant throm-
bin mutants in which solvent-accessible residues were substi-
tuted with Ala to determine the residues important for the
thrombin-HCII interaction in the absence and presence of gly-
cosaminoglycans. Our results suggest that thrombin has sev-
eral unique determinants for distinguishing HCII from the
prototypical thrombin inhibitor AT, both in the absence of and
in the presence of glycosaminoglycans. In addition, our data
support a mechanism for thrombin inhibition in the presence of
glycosaminoglycan that involves binding of both proteins to the
glycosaminoglycans but also relies on the interaction of the
amino-terminal acidic domain of HCII with exosite-1 for max-
imal rates of inhibition.

EXPERIMENTAL PROCEDURES

Materials—Human �-thrombin and HCII were purified to homoge-
neity as described previously (31, 32). Expression and purification of
wild-type and recombinant mutant thrombins using Chinese hamster
ovary cells have been described previously (33, 34). Heparin was ob-
tained from Diosynth BV (Oss, the Netherlands), and dermatan sulfate
was purchased from Calbiochem. To remove heparin contaminants,
dermatan sulfate was nitrous acid-treated (35). The thrombin chomo-
genic substrate, Tos-Gly-Pro-Arg-p-nitroanilide, was purchased from
Centerchem, Inc. (Norwalk, CT).

Protease Inhibition—All assays were performed at room temperature
in 96-well microtiter plates. The rates were measured under pseudo-
first order kinetic reaction conditions as described previously (26).
Screening assays were used to compare all the Ala-scanned thrombin
mutants for HCII inhibition. In the absence of glycosaminoglycans, 1

nM wild-type or mutant recombinant thrombin (diluted into 20 mM

HEPES, 150 mM NaCl, 0.1% polyethylene glycol 8000, 0.05% sodium
azide at pH 7.4 (HNPN buffer) containing 1 mg/ml ovalbumin) was
incubated with 350 nM HCII in the presence of 100 �g/ml Polybrene in
HNPN buffer, pH 7.4. In the presence of glycosaminoglycans (5 �g/ml
heparin or 10 �g/ml dermatan sulfate), 1 nM thrombin was incubated
with 10 nM HCII in HNPN buffer, pH 7.4. Incubation times were
established for wild-type thrombin with HCII under these conditions to
give 50% thrombin inhibition (in the absence and presence of glycosami-
noglycans), and all the thrombin mutants were assessed under the
identical reaction inhibition conditions. Residual thrombin activity was
measured by the addition of 150 �M Tos-Gly-Pro-Arg-p-nitroanilide
containing 2 mg/ml polybrene for reactions in the presence of glycosami-
noglycans. Substrate cleavage was measured by color development at
405 nm on a Vmax kinetic microplate reader (Molecular Devices). Assays
were performed at least in triplicate on three or more occasions with the
thrombin mutants. Second order inhibition rate constants (k2) were
calculated as described (25).

A selection of thrombin mutants was also evaluated over longer time
courses of inhibition by HCII in the absence and presence of GAG as
described previously. In the presence of glycosaminoglycans (0.006–2
mg/ml for heparin and 0.05–2 mg/ml for dermatan sulfate), 1 nM throm-
bin was incubated with 10 nM HCII in HNPN buffer, pH 7.4. At various
time intervals, residual thrombin activity was measured by the addi-
tion of 150 �M Tos-Gly-Pro-Arg-p-nitroanilide containing 2 mg/ml poly-
brene for reactions in the presence of glycosaminoglycans.

Molecular Modeling—The file 1JMO (23) was retrieved from the
Research Collaboratory for Structural Bioinformatics Protein Data base
(www.rcsb.org (36)). All manipulations were done using Insight II soft-
ware (Accelrys, Inc.; San Diego, CA).

RESULTS

Inhibition of Thrombin Mutants by HCII in the Absence of
Glycosaminoglycans—We used an Ala-scanning site-directed
mutagenesis approach to map the residues on thrombin essen-
tial for HCII inhibition. In an initial single time point screening
assay, 25 of 55 thrombin mutants were significantly more
resistant to inhibition by HCII when compared with wild-type
thrombin (�50% thrombin inhibition; Fig. 1, upper panel, and

FIG. 1. Inhibition of thrombin mutants by HCII in the absence and presence of glycosaminoglycans. Thrombin (wild-type) and the
thrombin mutants were incubated with 350 nM HCII in the absence of glycosaminoglycans (upper panel), 10 nM HCII in the presence 10 �g/ml
dermatan sulfate (middle panel), or 5 �g/ml heparin (lower panel). Under the conditions used in these assays, inhibition of wild-type thrombin by
HCII either in the absence of or in the presence of glycosaminoglycans was 50%. All thrombin mutants were normalized to wild-type thrombin (set
to 100%). These data represent the average of 3–5 independent experiments performed in triplicate.
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Table I). 15 mutants were mapped to thrombin exosite-1
(R20A, K21A, S22A/Q24A/E25A, Q24A, R62A, K65A, H66A,
R68A, R70A, Y71A, R73A, K77A, K106A/K107A, K106A,
K107A). Five mutants were localized to residues surrounding
the active site region (E202A) including the 60-insertion loop
(W50A, D51A, K52A) and the autolysis loop (K145A/T147A/
W148A). One mutant was mapped from the 203–206-loop
(N216A/N217A), one thrombin mutant was mapped to ex-
osite-2 (R89A/R93A/E94A), and three thrombin mutants were
associated with the sodium-binding site (E229A, R233A,
D234A).

Full time courses of inhibition by HCII were performed on
seven thrombin mutants (Q24A, K65A, R62A, H66A, Y71A,
R89A/R93A/E94A, and E229A) found resistant to HCII in the
initial screen. The selection of these specific thrombin mu-
tants is representative of the regions identified to be impor-
tant for HCII interaction, and these residues have never been
characterized for their involvement in HCII inhibition (either
in the absence of or in the presence of glycosaminoglycans).
Inhibition rate constants for these thrombin mutants (k2

values) were reduced from 2–6-fold when compared with
wild-type thrombin (k2 � 2.38 � 0.26 M�1 min�1; Table II).
These results suggest that a substantial number of thrombin
residues are involved in the recognition of HCII in the ab-
sence of glycosaminoglycans, in contrast to AT inhibition of
thrombin (37).

Inhibition of Thrombin Mutants by HCII in the Presence of
Glycosaminoglycans—We next studied thrombin inhibition in a
screening assay using HCII with heparin or dermatan sulfate
at a fixed concentration. Fourteen of 25 thrombin mutants
identified above also showed �50% thrombin inhibition activ-
ity when compared with wild-type thrombin inhibition by HCII

in the presence of glycosaminoglycan. They were mapped to
exosite-1 (S22A/Q24A/E35A, Q24A, R62A, K65A, H66A, R68A,
Y71A, K106A/K107A, K106A, K107A); the active site region
(W50A, E202A); and the sodium-binding site (E229A, R233A)
(Fig. 1, middle and bottom panels; and Table I). Interestingly,
10 of the 25 mutants (R20A, K21A, D51A, K52A, R70A, R73A,
K77A, K145A/T147A/W148A, N216A/N217A, D234A) were
“compensated” to �50% of wild-type thrombin inhibition activ-
ity in the presence of HCII and glycosaminoglycans (Fig. 1).

A subset of thrombin mutants was then further assayed to
examine k2 values for inhibition by HCII when compared with
wild-type thrombin over a range of heparin and dermatan
sulfate concentrations (Fig. 2 and Table II). Wild-type recom-
binant thrombin showed the typical bell-shaped dependence on
glycosaminoglycan concentrations for the k2 values of HCII
inhibition for both heparin (�10,000-fold acceleration of the
inhibition rate) and dermatan sulfate (�20,000-fold accelera-
tion of the inhibition rate).

Four exosite-1 thrombin mutants (Q24A, K65A, H66A, and
Y71A) gave maximal k2 values that were all substantially
decreased and ranged from a low of 200-fold (heparin) and
300-fold (dermatan sulfate) accelerated k2 values for Y71A to
Q24A that had 5000- (heparin) and 7000-fold (dermatan sul-
fate) accelerated k2 values (Fig. 2 and Table II). The sodium-
binding mutant E229A thrombin had 9500- and 11,000-fold
accelerated k2 values for inhibition by HCII with heparin and
dermatan sulfate, respectively (Fig. 2 and Table II).

In the absence of glycosaminoglycan, exosite-2 mutant R89A/
R93A/E94A thrombin had a 2-fold reduction in inhibition rate
by HCII but showed essentially normal rate acceleration in the
presence of heparin (11,000-fold) and dermatan sulfate (28,000-
fold) (Fig. 2 and Table II). Intriguingly, exosite-2 mutant

TABLE I
Thrombin mutants with �50% thrombin inhibition during HCII inhibition in the absence and presence of glycosaminoglycans

The data summarized below are the relative thrombin inhibition activity for the various thrombin mutants compared to wild-type recombinant
thrombin in the absence and presence of glycosaminoglycans (using a one-point time assay that gave 50% thrombin inhibition, which was then
normalized to 100%). The values represent the mean � S.D. of three to five separate determinations performed in triplicate. All assays were
performed as described under “Experimental Procedures.”

Mutations (thrombin numbering) a Mutations (using chymotrypsinogen
numbering) a Thrombin location

% Relative thrombin inhibition by HCII in
screening assay

No GAG c � Heparin � Dermatan sulfate

R20A R35A Exosite-1 49 � 17 76 � 12 79 � 12
K21A K36A Exosite-1 49 � 19 89 � 15 82 � 11
S22A/Q24A/E25A S37/Q38/E39 Exosite-1 14 � 5.7 49 � 3.9 43 � 10
Q24A Q38A Exosite-1 32 � 6.1 40 � 5 37 � 4.4
R62A R67A Exosite-1 43 � 3.8 64 � 6 48 � 12
K65A K70A Exosite-1 33 � 9.6 30 � 8 20 � 9
H66A H71A Exosite-1 36 � 17 27 � 7 17 � 7
R68A R73A Exosite-1 30 � 8.5 61 � 8 47 � 19
R70A R75A Exosite-1 5.4 � 0.6 56 � 4 66 � 9
Y71A Y76A Exosite-1 34 � 12 0.5 � 0.07 9 � 3
R73A R77AA Exosite-1 50 � 2.9 82 � 5 70 � 18
K77A K81A Exosite-1 50 � 6.0 87 � 9 70 � 9
K106/K107 K109A/K110A Exosite-1 42 � 5.6 23 � 4 13 � 9
K106 K109A Exosite-1 30 � 4.8 44 � 3 33 � 4
K107 K110A Exosite-1 27 � 7.7 38 � 3 31 � 6
R89A/R93A/E94A R93A/R97A/97AA Exosite-2 40 � 5.6 31 � 8 56 � 12
R98A R101A Exosite-2 92 � 2 44 � 4.4 59 � 9
R245A/K248/Q251A R233A/K236A/Q239A Exosite-2 103 � 10 30 � 7 63 � 4
E229 E217A Na�-binding site �0.01 37 � 12 15 � 2
R233A R221A Na�-binding site 16 � 8.2 52 � 7 47 � 7
D234A D222A Na�-binding site 45 � 5.2 75 � 5 75 � 9
W50A W60DA 60-insertion loop �0.01 35 � 5 12 � 9
D51A D60EA 60-insertion loop 18 � 2.7 101 � 7 80 � 5
K52A K60FA 60-insertion loop 22 � 6.5 70 � 9 53 � 7
E202 E192A Active site region 18 � 8.0 30 � 4 47 � 16
K145A/T147A/W148A K145A/T147A/W148A Autolysis loop 40 � 16 87 � 8 87 � 10
N216A/N217A N204BA/N205A Loop 203–206 24 � 5.3 78 � 6 74 � 7

a The numbering of thrombin is based on �-thrombin. The letter “a” denotes the A-chain, and shown above are residues located in the B-chain.
b The numbering system is compared to the crystallographic convention with respect to bovine chymotrypsinogen (Bode’s reference).
c GAG, glycosaminoglycan.
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R245A/K248A/Q251A thrombin remained slightly more active
than wild-type thrombin both in the absence of and in the
presence of glycosaminoglycan (Fig. 2 and Table II).

We also compared R62A with R62Q mutant thrombin since
Arg62 (as R62Q) had previously been shown to be a key residue

for the HCII-thrombin inhibition (38). There was a more pro-
nounced loss of heparin- and dermatan sulfate-catalyzed HCII-
thrombin inhibition with R62Q mutant thrombin when com-
pared with R62A mutant thrombin (Fig. 3, top and middle
panels; Table II). By contrast, heparin-catalyzed AT inhibition
of R62Q and R62A mutant thrombins was similar, confirming
that exosite-1 is not critical for thrombin inhibition by AT (Fig.
3, bottom panel).

Collectively, these results indicate a more extensive require-
ment of thrombin exosite-1 for HCII inhibition than previously
known. None of the exosite-2 mutants examined were drastically
resistant during glycosaminoglycan-dependent HCII inhibition
reactions, and although the sodium-binding site mutations per-
turb the active site of thrombin, the glycosaminoglycan-depend-
ent acceleration of the HCII-thrombin inhibition reaction is sep-
arate and independent from the active site defect.

DISCUSSION

Use of Ala-scanned Mutants for Thrombin Structure-Activity
Relationships—Thrombin is a multifunctional serine protease
that is critical for hemostasis and inflammatory processes. In
the present study, we used 55 thrombin mutants in which �2/3
of the surface-accessible residues were mutated to alanine.
Recently, these and other Ala-scanned thrombin mutants have
proven invaluable in understanding the interaction of throm-
bin with macromolecular substrates, including: fibrinogen (39);
AT and AT-heparin (37); thrombomodulin (33, 40); protein C
(33); thrombin-activable fibrinolysis inhibitor (33); factor V
(34); protease-activated receptors (41); glycoprotein Ib� (42);
factor VIII (43); factor XI (44); and the sodium-binding site (45).
We used this library of thrombin mutants to identify surface
residues important for the thrombin-HCII interaction both in
the presence of and in the absence of glycosaminoglycans (Fig.
4). The HCII inhibition mechanism of thrombin is novel for a
serpin-protease interaction in part due to its unique amino-
terminal acidic domain and to its atypical (for a thrombin
inhibitor) Leu444-reactive center residue. Combined with its
putative pathophysiological role in arterial thrombosis (21) and
extravascular thrombin regulation (22, 46–48), our results de-
scribed here offer a biochemical perspective to the HCII-throm-
bin inhibition reaction.

HCII-Thrombin Exosite-1 Interactions—As anticipated,
many of the residues that displayed the most dramatic effects
were localized to thrombin exosite-1. Our results complement a
study that showed that the interaction between HCII and
thrombin used the basic residues of exosite-1 for “electrostatic
steering” interactions for complex formation (38). We also show
a role for several non-charged residues in exosite-1 that could

TABLE II
Effect of thrombin mutants during HCII inhibition in the absence and presence of glycosaminoglycans

All assays were performed as described under “Experimental Procedures.” The k2 values represent the mean � S.D. of at least three separate
determinations performed in triplicate.

Mutations
(thrombin numbering)

Thrombin
location

k2 	 104

(no GAG)a
k2

mutant/k2
rIIa

k2 	 108 �
Heparinb

Heparin
acceleration

k2
mutant/k2

rIIa
k2 	 108 �

DSa
DS

Acceleration
k2

mutant/k2
rIIa

M
�1min�1

M
�1 min�1 -fold M

�1 min�1 -fold

Wild-type 2.38 � 0.26 1.00 2.36 � 0.33 9916 1.00 5.23 � 0.38 21975 1.00
Q24A Exosite-1 0.75 � 0.11 0.32 0.38 � 0.05 5067 0.16 0.53 � 0.08 7067 0.10
R62A Exosite-1 1.4 � 0.09 0.58 0.91 � 0.10 6500 0.39 0.62 � 0.2 4429 0.12
R62Q Exosite-1 0.88 � 0.08 0.37 0.011 � 0.02 125 0.005 �0.01 71 0.001
K65A Exosite-1 0.96 � 0.04 0.40 0.20 � 0.03 2083 0.08 0.18 � 0.04 1875 0.03
H66A Exosite-1 0.95 � 0.11 0.40 0.18 � 0.04 1894 0.08 0.31 � 0.01 3263 0.06
Y71A Exosite-1 0.97 � 0.13 0.41 0.02 � 0.008 206 0.01 0.03 � 0.005 309 0.01
R89A/R93A/E94A Exosite-2 1.12 � 0.08 0.47 1.26 � 0.06 11250 0.53 3.18 � 0.2 28393 0.61
R245A/K248A/Q251A Exosite-2 2.71 � 0.44 1.14 2.98 � 0.3 10996 1.26 8.82 � 0.24 32546 1.68
E229A Na� site 0.37 � 0.11 0.16 0.35 � 0.05 9459 0.14 0.41 � 0.25 11081 0.16

a GAG, glycosaminoglycan.
b Rates at peak concentration of heparin or dermatan sulfate.

FIG. 2. Inhibition of selected thrombin mutants by HCII in the
presence of heparin and dermatan sulfate. Wild-type thrombin (�)
or thrombin mutants (Q24A (Œ), K65A (f), H66A (‚), Y71A (�), R89A/
R93A/E94A (�), R245A/D248/Q251 (�), E229 (E)) were incubated with
10 nM HCII at increasing amounts of heparin (top panel) and dermatan
sulfate (bottom panel). The insets represent HCII-heparin and HCII-
dermatan sulfate inhibition curves for thrombin mutants (Q24A, K65A,
H66A, and Y71A) with a smaller range of y axis values. These data
represent the average of at least 3 independent experiments done
in triplicate.
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allow for short range hydrophobic interactions between throm-
bin and HCII as proposed for another exosite-1-dependent
thrombin inhibitor, hirudin (49).

The role of thrombin exosite-1 has been partially character-
ized using dysthrombin Quick 1 (R62C) (50), �T- and �-throm-
bins (27, 30, 51), exosite-1 mutants R68E and R70E (5), and 10
basic exosite-1 residues changed to Gln (38). In the current
study, we measured the inhibition of 22 different Ala-scanned
exosite-1 thrombin mutants. Remarkably, 15 mutants were
significantly resistant to inhibition by HCII in the absence of
glycosaminoglycans, and 9 of them remained significantly re-
sistant when in the presence of HCII and glycosaminoglycans.
Of notable interest, a large decrease in k2 value was found for
Y71A (118-fold for heparin, 174-fold for dermatan sulfate),
H66A (13-fold for heparin, 17-fold for dermatan sulfate), K65A
(12-fold for heparin, 29-fold for dermatan sulfate), and Q24A
(6-fold for heparin, 10-fold for dermatan sulfate) during HCII-
glycosaminoglycan inhibition when compared with wild-type
thrombin. These results confirm that the structural integrity of
exosite-1 is critical for interactions between the acidic domain
of HCII and thrombin (Fig. 4). All four exosite-1 thrombin
mutants retained some modest HCII-glycosaminoglycan-accel-
erated inhibition rates (bell-shaped logarithmic curves of inhi-
bition with respect to k2 values and glycosaminoglycan concen-
trations), which supports the concept that glycosaminoglycan
binding to both reactants is a feature of the inhibition mecha-
nism (especially without a fully functional exosite-1 region).
These exosite-1 residues are located in the same plane of ex-
osite-1, spatially close to one another and very near Arg62 and
Arg73 previously identified to be involved in the exosite-1 inhi-

bition process for HCII-thrombin (38). Inspection of the HCII-
thrombin encounter complex structure shows that Tyr71 and
Gln24 of exosite-1 “sandwich” Leu61 of the HCII acidic domain,
which suggests that their mutation to Ala directly alters an
HCII-thrombin interaction. In contrast, Lys65 and His66 are on
the backside of this portion of exosite-1; it is likely that these
mutations alter the overall loop structural dynamics during the
recognition of the acidic domain of HCII. Finally, our results
show a slightly larger alteration of the inhibition rates in the
presence of dermatan sulfate when compared with heparin,
implying a larger dependence on exosite-1 for the HCII-derma-
tan sulfate inhibition reaction.

HCII-Thrombin Exosite-2 Interactions—An important and
major distinction between AT and HCII has been data showing
the critical role of thrombin exosite-2 for glycosaminoglycan-
accelerated inhibition of thrombin by AT and less of a role for
exosite-2 during HCII inhibition reactions. Some exosite-2
thrombin mutants have been examined previously for effects
on HCII glycosaminoglycan-dependent inhibition reactions, in-
cluding R89E, R245E, K248E, K252E, and R89A/R93A/R98A
(5, 52, 53). In the current study, we measured the inhibition of
11 different exosite-2 thrombin mutants (containing 20 differ-
ent mutations) with HCII in the absence and presence of gly-
cosaminoglycans. Only three exosite-2 thrombin mutants
showed major differences during the HCII-thrombin inhibition
reaction, and in the absence of glycosaminoglycan, only mutant
R89A/R93A/E94A thrombin was resistant to inhibition. At a
fixed dose of glycosaminoglycan, thrombin mutants R89A/
R93A/E94A, R98A, and R245A/K248A/Q251A had reduced
thrombin inhibition by HCII-heparin/dermatan sulfate. Closer
examination of the reaction properties of R89A/R93A/E94A and
R245A/K248A/Q251A thrombin mutants showed that at opti-
mal concentrations of glycosaminoglycans with HCII, R89A/
R93A/E94A (2-fold decreased k2 for heparin, 1.6-fold for der-
matan sulfate) was only slightly less active than wild-type
thrombin. The R245A/K248A/Q251A mutant was slightly more
active than wild-type thrombin (1.3-fold increased k2 for hep-
arin, 1.7-fold for dermatan sulfate), although the maximal ac-
celeration occurred at a higher glycosaminoglycan concentra-
tion, indicating a decreased affinity of glycosaminoglycan. This
is in stark contrast to the vital importance of these residues
and others in exosite-2 during the AT-heparin-thrombin inhi-
bition reaction (5–7, 37, 54, 55). Interestingly, Arg89, Arg93, and
Glu94 are located immediately adjacent to the 60-insertion loop
of thrombin, and these residues may influence 60-insertion
loop interaction with HCII-thrombin and AT-thrombin and
possibly explain the diminished thrombin inhibition rate in the
absence of glycosaminoglycan (Fig. 4). By contrast, the region
of exosite-2 defined by Arg245, Lys248, and Gln251 is quite dis-
tant from Arg89, Arg93, and Glu94, and although these residues
are important for the AT-heparin-thrombin inhibition reaction,
they are apparently not essential for any HCII-thrombin inter-
action. Overall, the exosite-2 residues that are essential for
glycosaminoglycan-accelerated inhibition by AT are apparently
not required for the HCII-glycosaminoglycan-catalyzed inhibi-
tion reaction. These results also imply that the residues to
support thrombin-glycosaminoglycan binding for ternary com-
plex formation with HCII remain to be identified.

HCII-Thrombin Active Site Region Interactions—Residues
located around or near the active site, particularly residue
Trp50 (56, 57), are critical for the thrombin-HCII interaction
(this study), thrombin-AT interaction (37, 56, 57), activation of
factor V (34), protein C activation (33), and TAFI activation and
the thrombin-thrombomodulin interaction (33). Logically,
these results suggest that mutating residues in the active site
region disrupts the interaction of thrombin with macromolec-

FIG. 3. Inhibition of R62A and R62Q thrombin mutants by
HCII and AT in the presence of glycosaminoglycans. Wild-type
thrombin (�), thrombin mutant R62A (E), or R62Q (�) was incubated
with 10 nM HCII and increasing amounts of heparin (top panel) and
dematan sulfate (middle panel) or with AT and increasing concentra-
tions of heparin (bottom panel). These data represent the average of at
least 3 independent experiments done in triplicate.
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ular substrates. Other residues in or near the 60-insertion loop
(Asp51 and Lys52) and Glu202 (located above and below the
active site, respectively, as depicted in Fig. 4) are also critical
for the rate of thrombin inhibition by HCII in the absence but
not in the presence of glycosaminoglycans, suggesting that
glycosaminoglycans are able to compensate for this altered
60-insertion loop/active site interaction (Fig. 4). These results
further suggest the intimate role of the 60-insertion loop above
the active site cleft to regulate macromolecular substrates and
their attempt to dock/interact with the active site catalytic
triad, and our data show that HCII is similar to most
thrombin substrates.

HCII-Thrombin Interactions and the Sodium-binding Site of
Thrombin—We studied the role of the sodium-binding site of
thrombin (for a review, see Refs. 45 and 58 and references cited
therein) during HCII inhibition in the absence and presence of
glycosaminoglycans using three sodium-binding site thrombin
mutants. As seen previously with other macromolecular sub-

strates, E229A, R233A, and D234A thrombin mutants were all
resistant to HCII in the absence of glycosaminoglycans, but
E229A remained greatly resistant to inhibition by HCII in the
presence of heparin or dermatan sulfate. However, a detailed
inhibition profile of E229A thrombin with HCII-glycosamin-
oglycans showed an almost normal -fold acceleration with hep-
arin (�9500-fold) and dermatan sulfate (11,000-fold), yet the
absolute k2 values were greatly reduced when compared with
wild-type thrombin. An inspection of the HCII-thrombin en-
counter complex reveals that Glu229 of thrombin is in proximity
to Phe441 of the reactive site loop of HCII, showing that this
region of HCII directly encounters elements of the sodium-
binding site of thrombin (Fig. 4). The results imply that dis-
ruption of the sodium-binding site does not alter the integrity
of thrombin exosite-1 since inhibition by HCII is normally
accelerated in the presence of glycosaminoglycans. The func-
tional independence of the exosite-1 of thrombin from its sodi-
um-binding site is consistent with previous findings showing

FIG. 4. Stereo views of the thrombin-HCII encounter complex interactions. Upper panel, the Connolly solvent-accessible surface of
thrombin (in green except for the following residues: pink, active site triad; orange, Gln24; yellow, Tyr71; dark red, Lys65; dark pink, His66; dark blue,
Arg89/Arg93/Glu94; light green, Arg245/Lys248/Gln251; purple, Glu229) is shown as solid. The active site cleft is in the center of the molecule, and
exosite-1 is on the lower right. Stick renditions of residues Asp57-Phe67 and Val439-Thr446 of HCII are shown in red, and the Connolly
solvent-accessible surfaces of these residues are shown as lines. Lower panel, the backbones of �-thrombin (green) and HCII (cyan) are depicted as
ribbons, and the residues are colored as listed above. The residues listed above are shown as sticks, and the Connolly solvent-accessible surfaces
of these residues are shown as solid. The molecules are rotated forward 90° around the x axis when compared with the upper panel.
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that E229A thrombin binds normally to fibrin clot and inter-
acts normally with the DNA-based thrombin aptamer, both of
which are mediated by a similar subset of residues within
exosite-1 that is important in HCII interaction (39, 59).

Mechanism for HCII-Thrombin Inhibition in the Presence of
Glycosaminoglycans—The mechanism of glycosaminoglycan-
accelerated thrombin inhibition by HCII is unique among
thrombin-inhibiting serpins (5, 9, 13, 15, 16, 23–28, 60, 61).
HCII appears to use a novel allosteric process in which glyco-
saminoglycan binding to the D-helix region allows a more per-
missive acidic domain to act as a “tethered ligand” for binding
to exosite-1 of thrombin (5, 9, 16, 24, 30, 38, 51, 52, 61, 62).
There have been two similar mechanisms proposed, with the
only difference being the role of glycosaminoglycan acting as a
secondary bridge between HCII and thrombin (28, 30, 38, 51,
62) versus a purely allosteric model without the need for ter-
nary complex formation between HCII-glycosaminoglycan-
thrombin (5, 6, 23–26, 52).

The thrombin mutant data from the current study reinforce
the view that the interface between HCII and thrombin is quite
different and more complex than other serpin-protease com-
plexes (23). As shown in the HCII-thrombin encounter complex
(23), our results with this library of thrombin mutants demon-
strate that thrombin offers important contact points with HCII
in at least three regions of the protease (Fig. 4): (a) a dominant
role of exosite-1 (both in the absence of and in the presence of
glycosaminoglycans); (b) an active site/60-insertion loop region/
sodium-binding site (in some instances, this loss is compen-
sated by glycosaminoglycans); and (c) an autolysis loop (in the
absence of glycosaminoglycans). By contrast, none of the ex-
osite-2 thrombin mutants are drastically reduced in activity
during HCII-glycosaminoglycan interactions. However, inspec-
tion of the thrombin structure shows exosite-2 to be quite
expansive with at least 12 basic amino acid residues available
to bind negatively charged ligands (data not shown). Although
our results indicate that no specific region of thrombin ex-
osite-2 is critical for maximal glycosaminoglycan-accelerated
inhibition by HCII (at least from studying 20 different amino
acid mutations), this does not eliminate ternary complex for-
mation as a component of the thrombin inhibition in the pres-
ence of glycosaminoglycans. In fact, the distinct bell-shaped
logarithmic curves in the Fig. 2 inset for the exosite-1 thrombin
mutants and the rates of inhibition given in Table II imply
ternary complex formation, even if the allosteric component
is defective.

Taking into account the inhibition data for the library of
thrombin mutants with HCII-glycosaminoglycans, our results
support the double bridge mechanism that is composed of a
lesser function of ternary complex formation (1–2 orders of
magnitude acceleration) mediated by glycosaminoglycans bind-
ing to both HCII and thrombin (presumably via exosite-2)
coupled with a dominant role for the allosteric process (2–3
orders of magnitude acceleration) driven through HCII binding
to thrombin exosite-1 (30, 38). Thus, our results emphasize the
vital importance of the allosteric mechanism for HCII-throm-
bin inhibition in the presence of glycosaminoglycans and imply
that this process is promoted both by electrostatic steering of
the basic exosite-1 region optimally aligning the HCII acidic
domain and by hydrophobic contacts, which is reminiscent of
the hirudin carboxyl-terminal tail/thrombin exosite-1 interac-
tion (63).
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