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ABSTRACT: Heparin cofactor II (HCII) inhibits thrombin rapidly in the presence of heparin or dermatan
sulfate. The product of the inhibition reaction is a kinetically stable, 1:1 complex between the two proteins.
We recently observed that heparin induces dissociation of complexes containing thrombin and the reactive
site mutant HCII(L444R) to yield active thrombin and cleaved inhibitor (Han, J.-H., Van Deerlin, V. M.
D., and Tollefsen, D. M. (1997)J. Biol. Chem. 272, 8243-8249). In the current study, we have investigated
the mechanism by which heparin induces dissociation of the thrombin-HCII(L444R) complex. Heparin
oligosaccharidesg6 sugars in length induce dissociation, which suggests that dissociation does not depend
on binding of a heparin molecule simultaneously to both proteins in the complex. Binding of heparin to
HCII(L444R) in the complex also does not appear to be required, since the heparin dose response is
unaltered for complexes containing the double mutant HCII(L444R/K173Q), which has decreased affinity
for heparin. By contrast, binding of heparin to thrombin appears to be necessary and sufficient to induce
dissociation. First, heparin fails to induce dissociation of complexes that contain thrombin(K236E), a
variant with decreased heparin affinity. Second, a monoclonal IgG that interacts with the heparin-binding
site of thrombin mimicks heparin in its ability to induce dissociation of the thrombin-HCII(L444R)
complex. Finally, the complex of HCII(L444R) with thrombin(desPPW), which binds normally to heparin
but lacks Pro60BPro60CTrp60D in an insertion loop (“60-loop”) between the heparin-binding site and the
catalytic site, does not dissociate in the presence of heparin. These results suggest that binding of heparin
to thrombin induces an allosteric effect causing destabilization of the thrombin-HCII(L444R) complex
and that the allosteric effect may be mediated by the 60-loop.

Heparin cofactor II (HCII)1 is a plasma glycoprotein that
belongs to the serpin superfamily (1). Most members of this
family are inhibitors of serine proteases. The inhibitory
serpins function as suicide substrates for their target proteases
by providing a bait sequence at the P1-P1′ peptide bond
(reactive site). When the protease attacks the P1-P1′ bond,
it becomes trapped in a kinetically stable, 1:1 complex with
the serpin. HCII inhibits thrombin and chymotrypsin but
not a variety of other proteases (2, 3). Glycosaminoglycans
such as heparin and dermatan sulfate increase the rate of
inhibition of thrombin by HCII>1000-fold (4) but have no
effect on the rate of inhibition of chymotrypsin (3). Rapid
inhibition of thrombin by HCII in the presence of a
glycosaminoglycan depends on the interaction of the N-
terminal acidic domain of HCII with anion-binding exosite
I of thrombin (reviewed in ref5).

HCII inhibits chymotrypsin 3-4 times faster than thrombin
in the absence of a glycosaminoglycan (6), which is
consistent with the presence of Leu444 at the P1 position of

the reactive site (7). Mutation of Leu444 to Arg in recom-
binant HCII (rHCII) increases the rate of inhibition of
thrombin∼100-fold in the absence of a glycosaminoglycan
but abolishes the reaction with chymotrypsin (6). Recently,
we and others reported that the thrombin-rHCII(L444R)
complex is unstable in the presence of heparin and dissociates
to yield active thrombin and the inhibitor cleaved at the
reactive site (8, 9). For example, we find that thrombin is
inhibited rapidly and completely by a 35-fold molar excess
of rHCII(L444R) in the presence of heparin; subsequently,
∼50% of the thrombin activity is regenerated after a lag
phase of∼20 min, during which the excess inhibitor is
cleaved. In the presence of dermatan sulfate or in the
absence of a glycosaminoglycan, however, the thrombin-
rHCII(L444R) complex is stable forg4500 min.

In the current study, we have investigated the mechanism
by which heparin induces dissociation of the thrombin-
rHCII(L444R) complex. Hypothetically, dissociation could
be induced by heparin binding to one or more site(s) on either
the protease and/or the inhibitor portion of the complex. The
heparin-binding site on thrombin has been mapped to amino
acid residues in exosite II, which include Arg93, Arg97, Arg101,
Arg233, Lys236, and Lys240 (10-14).2 Residues in HCII that
are involved in binding heparin include Lys173, Arg184, and
Lys185 (15-17). Experiments utilizing recombinant proteins
with mutations in each of these two sites provide evidence
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that binding of heparin to exosite II of thrombin is necessary
and sufficient to induce dissociation of the thrombin-rHCII-
(L444R) complex. This hypothesis is supported by two
additional observations: (1) heparin oligosaccharides pre-
sumed to be of insufficient length to bind both proteins
simultaneously induce dissociation, and (2) a monoclonal
antibody that binds specifically to Arg233 in exosite II of
thrombin mimicks the effect of heparin. We propose that
binding of a ligand to exosite II induces a conformational
change in the active site of thrombin that destabilizes the
thrombin-rHCII(L444R) complex, and we present evidence
that this conformational change is mediated by the Pro60B-
Pro60CTrp60D insertion loop (“60-loop”), which lies between
exosite II and the active site (18).

EXPERIMENTAL PROCEDURES

Materials. HumanR-thrombin was purchased from Hae-
matologic Technologies (Essex Junction, VT). Recombinant
thrombin(K236E)2 (11) was provided by Dr. J. Evan Sadler,
Washington University. Recombinant thrombin(desPPW),
in which Pro60B, Pro60C, and Trp60D were deleted from the
B-chain (19), was obtained from Dr. Charles T. Esmon,
Oklahoma Medical Research Foundation. A monoclonal
human IgG that binds to exosite II of thrombin (20)3 was
prepared by Dr. Niall S. Colwell, Washington University.
Bovine lung heparin was purchased from Upjohn (Kalama-
zoo, MI). Porcine intestinal heparin (grade 1-A) and porcine
skin dermatan sulfate were purchased from Sigma (St. Louis,
MO); the dermatan sulfate was treated with nitrous acid to
degrade contaminating heparin or heparan sulfate (4). Other
materials were obtained from the following sources: iso-
propyl â-D-thiogalactopyranoside and deoxyribonuclease-1
from Sigma; poly(ethylene glycol) 8000 from Union Carbide
(Danbury, CT); tosyl-Gly-Pro-Arg-p-nitroanilide (Chro-
mozym TH) from Boehringer Mannheim (Indianapolis, IN);
Sephadex G-10, heparin-Sepharose CL-6B, HiTrap heparin-
Sepharose, and Mono Q and Mono S columns from Phar-
macia Biotech (Piscataway, NJ); Bio-Gel P-10 from Bio-
Rad (Hercules, CA); restriction enzymes from New England
Biolabs (Beverly, MA); and medium for high-density bacte-
rial culture from BIO 101 (Vista, CA).
Partial Depolymerization of Heparin and Fractionation

of Oligosaccharides. Depolymerization of heparin was
carried out by a modification of the procedure described
previously (21). Nitrous acid was prepared by reacting 114
mg/mL Ba(NO2)2‚H2O with an equal volume of 1 M H2SO4
followed by centrifugation to remove the BaSO4 precipitate.
Porcine heparin (500 mg in 5 mL of H2O) was incubated
with an equal volume of nitrous acid (diluted 1:10 in 1 M
H2SO4) for 15 min at-5 °C. The pH was then adjusted to
8.5 with saturated Tris base. The oligosaccharide products
were separated on a Bio-Gel P-10 column (1.0× 200 cm)
equilibrated with 1 M NaCl in 10% ethanol. Fractions were

assayed with carbazole to determine the uronic acid con-
centration (22). The void and total volumes of the column
were estimated with blue dextran and [14C]glucose, respec-
tively. Oligosaccharide peaks were pooled, desalted on a
Sephadex G-10 column, and dried with a Speed Vac
concentrator (Savant). The purity of each oligosaccharide
was assessed by electrophoresis at 150 V for 30 min on a
12% polyacrylamide gel in 0.02 M sodium barbital buffer,
pH 8.6. The gel was stained with 0.1% toluidine blue in
1% acetic acid.
Expression and Purification of rHCII(L444R) and rHCII-

(L444R/K173Q).An expression vector containing the full-
length cDNA for HCII(L444R) in pET-3d (Novagen, Madi-
son, WI) was constructed previously (8). To obtain the
double mutant, the 1113-bpNcoI/XhoI fragment of this
vector, which spans the region encoding the glycosami-
noglycan-binding site, was replaced with theNcoI/XhoI
fragment isolated from a pMON-HCII construct containing
the K173Q mutation (17). The mutation and ligation sites
were verified by dideoxynucleotide sequencing (23). The
plasmid vectors were electroporated intoE. coliBL21(DE3)-
pLysS cells for expression. The cells were grown to an
optical density (600 nm) of∼5-6 in a BioFlo III high-
density fermentor (New Brunswick Scientific, Edison, NJ)
at 37 °C and then induced with 0.4 mM isopropylâ-D-
thiogalactopyranoside for 3 h. The cells were harvested and
lysed at 4°C in 50 mM Tris-HCl buffer, pH 7.4, containing
0.1% (v/v) Triton X-100 and 2 mM EDTA. The lysate was
treated with 10µg/mL deoxyribonuclease-1 and 10 mM
MnCl2, and cellular debris was removed by centrifugation.
The rHCII was purified to homogeneity from the lysate by
chromatography on heparin-Sepharose CL-6B, Mono Q, and
Mono S columns. Typically, 800 mL of lysate was applied
to a 1.4 L heparin-Sepharose column equilibrated with 20
mM Tris-HCl, pH 7.4. The column was washed and then
eluted with a 0-500 mM NaCl gradient. Fractions contain-
ing HCII activity were concentrated by ultrafiltration,
dialyzed against 20 mM Tris-HCl, 50 mM NaCl, pH 7.4,
and applied to a Mono Q HR 10/10 column equilibrated in
the dialysis buffer. The column was eluted with a 50-300
mM NaCl gradient. Fractions containing HCII activity were
dialyzed against 50 mM sodium phosphate buffer, pH 7.4,
and applied to a Mono S HR 10/10 column equilibrated with
the dialysis buffer. The column was eluted with a 0-100
mM NaCl gradient. HCII activity in the column fractions
was determined in a thrombin inhibition assay in the presence
of dermatan sulfate (6). The concentration of purified rHCII
was determined by absorbance at 280 nm using the extinction
coefficient determined for plasma HCII (1.17 mL‚mg-1‚cm-1)
(24).
Time Course of Inhibition of Thrombin by rHCII.Purified

rHCII was incubated with thrombin with or without bovine
heparin at room temperature in 10 mM Tris-HCl, 150 mM
NaCl, 1 mg/mL poly(ethylene glycol), pH 7.5. Thrombin
was added last to initiate the reaction (t0). At specified times
ranging from 0.1 to 2000 min, 100µL of the reaction mixture
was placed in a disposable polystyrene cuvette, 500µL of
100 µM Chromozym TH in the buffer above was added,
and the absorbance at 405 nm was recorded continuously
for 100 s. Residual thrombin activity was estimated from
the rate of substrate hydrolysis (∆A405/min). For short time
points, 100µL incubations were carried out directly in

2 Thrombin residues are identified according to their topologic
equivalence with chymotrypsinogen as suggested by Bode et al. (18).
For residues discussed in this paper, the chymotrypsinogen numbering
corresponds to positions numbered from the N-terminal end of the
B-chain (in parentheses) as follows: Pro60B(48), Pro60C(49), Trp60D(50),
Arg93(89), Arg97(93), Arg101(98), Arg221A(233), Arg233(245), Lys236(248), and
Lys240(252).

3 Colwell, N. S., Blinder, M. A., and Tollefsen, D. M. Manuscript
in preparation.
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cuvettes. Under the conditions of these experiments, heparin
alone did not have a significant effect on the rate of
hydrolysis of Chromozym TH.
Determination of the Second-order Rate Constant for

Inhibition of Thrombin by rHCII(L444R/K173Q).The
second-order rate constant for thrombin inhibition by rHCII-
(L444R/K173Q) in the absence of a glycosaminoglycan was
determined by the discontinuous method under pseudo-first-
order conditions. Purified rHCII (100 nM) was incubated
with thrombin (10 nM) in 10 mM Tris-HCl, 150 mM NaCl,
1 mg/mL poly(ethylene glycol), pH 7.5. At various times
after the addition of thrombin, 100µL of the reaction mixture
was assayed for residual thrombin activity as described
above. The pseudo-first-order rate constant (kobs) was
obtained from the slope of a plot of ln(E) versus time (t)
according to the equation ln(E)t ) ln(E)0 - kobst, in which
(E)t and (E)0 are thrombin activity at timet and time zero,
respectively. The second-order rate constant (k) was deter-
mined by k ) kobs/[I] 0, where [I]0 is the initial rHCII
concentration.

RESULTS

Heparin Fragments Induce Dissociation of the Thrombin-
rHCII(L444R) Complex.To identify the smallest heparin
oligosaccharide that induces dissociation of the thrombin-
rHCII(L444R) complex, we used nitrous acid to randomly
cleave the heparin polymer atR1-4 glycosidic linkages
between N-sulfatedD-glucosamine and uronic acid residues.
This procedure yields a series of oligosaccharides containing
an even number of residues, the smallest of which is a
disaccharide. The products were fractionated on a Bio-Gel
P-10 column (Figure 1A), and peaks containing 4-10
monosaccharide units were judged to be>90% pure based
on polyacrylamide gel electrophoresis (Figure 1B). We then
incubated thrombin with rHCII(L444R) in the presence of
200 µg/mL of intact heparin or each of the purified
oligosaccharides and monitored thrombin activity for∼1200
min. In the absence of heparin or in the presence of the
tetrasaccharide (Figure 1C), thrombin is inhibited rapidly and
remains inactivated for the duration of the experiment. By
contrast, reversible inhibition of thrombin by rHCII(L444R)
occurs in the presence of the hexa-, octa-, and decasaccharide
fragments, although the rate and extent of dissociation of
the complex are somewhat reduced in comparison with intact
heparin. These results suggest that a single heparin molecule
does not need to bind simultaneously to both thrombin and
rHCII(L444R) to induce dissociation of the complex.
Binding of Heparin to rHCII(L444R) Is Not Required To

Dissociate the Complex.We used the double mutant rHCII-
(L444R/K173Q) to investigate whether heparin binding to
the inhibitor portion of the complex induces dissociation.
Previously, Whinna et al. (17) found that rHCII(K173Q)
elutes at a lower ionic strength from heparin-Sepharose and
requires a 30-fold higher concentration of heparin to inhibit
thrombin in comparison with native rHCII. As shown in
Figure 2A, rHCII(L444R/K173Q) elutes from heparin-
Sepharose at a lower ionic strength than rHCII(L444R); the
elution profiles are similar to those reported for rHCII-
(K173Q) and native rHCII, respectively (17). In addition,
the second-order rate constant for inhibition of thrombin by
rHCII(L444R/K173Q) in the absence of a glycosaminoglycan

is 2.5× 106 M-1 min-1 (data not shown), which is similar
to that of rHCII(L444R) (2.1× 106 M-1 min-1) and is∼100
times greater than that of native rHCII. The double mutant,
therefore, has the expected properties, including a decreased
heparin affinity and an increased basal rate of thrombin
inhibition. To characterize the double mutant further, various
concentrations of either rHCII(L444R) or rHCII(L444R/
K173Q) were incubated for 1 min with 10 nM thrombin in
the presence of heparin, and the residual thrombin activity
was determined. As shown in Figure 2B, the stoichiometry
of inhibition of thrombin by both rHCII variants is∼28:1,
which is similar to our previous result (8). Longer incuba-
tions in the presence of heparin showed that the thrombin-

FIGURE1: Inhibition of thrombin by rHCII(L444R) in the presence
of heparin oligosaccharides. Panel A: Partial depolymerization of
heparin was carried out as described in “Experimental Procedures.”
The heparin oligosaccharides were fractionated by gel filtration
chromatography on a Bio-Gel P-10 column. Peaks containing
fragments 4-10 monosaccharide units in length were pooled as
indicated (bars).b, carbazole assay for uronic acid;O, [14C]glucose
standard;V0, void volume;Vt, total volume. Panel B: Approximately
6 µg of the tetra- (4), hexa- (6), octa- (8), and decasaccharide (10)
fractions from panel A were analyzed by polyacrylamide gel
electrophoresis as described in “Experimental Procedures.” Panel
C: Thrombin (10 nM) and rHCII(L444R) (200 nM) were incubated
without heparin (4) or with 200µg/mL of the heparin tetra- (2),
hexa- (9), octa- (0), or decasaccharide (O), or full-length heparin
(b). Thrombin was added last to initiate the reaction. At various
times (0.1-1200 min), the remaining thrombin activity was
determined by hydrolysis of Chromozym TH. Activity is expressed
as a percentage of that present in an incubation containing thrombin
alone. In the absence of rHCII(L444R), thrombin activity was stable
((5%) during the course of the experiment (data not shown).
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rHCII(L444R) and thrombin-rHCII(L444R/K173Q) com-
plexes dissociate with similar time courses and yield similar
plateau levels of thrombin activity (Figure 3A). More
importantly, the concentrations of heparin required to dis-
sociate the two complexes are identical (Figure 3B) despite
the lower affinity of rHCII(L444R/K173Q) for heparin. This
result suggests that binding of heparin to the inhibitor portion
of the complex is not required to induce dissociation.
Thrombin(K236E)-rHCII(L444R) Is Stable in the Pres-

ence of Heparin.If binding of heparin to the protease portion
of the thrombin-rHCII(L444R) complex is necessary to
cause dissociation, then mutation of the heparin-binding site
(exosite II) of thrombin should make the complex resistant
to dissociation. Figure 4 shows an experiment in which
rHCII(L444R) was incubated with either native thrombin or
thrombin(K236E),2 an exosite II mutant with decreased
affinity for heparin but normal catalytic activity (11). In
the presence of heparin,∼45% of the native thrombin-
rHCII(L444R) complexes dissociate, whereas the thrombin-
(K236E)-rHCII(L444R) complexes do not dissociate during
a prolonged incubation. Control incubations performed in
the absence of rHCII(L444R) and heparin demonstrated that
both native thrombin and thrombin(K236E) are stable for
the duration of the experiment (Figure 4). This result
supports the hypothesis that binding of heparin to thrombin
destablizes the thrombin-rHCII(L444R) complex.
A Monoclonal Antibody against Thrombin Exosite II

Dissociates the Thrombin-rHCII(L444R) Complex.We
have isolated, from a patient with multiple myeloma, a

monoclonal IgG that binds to thrombin (20). The epitope
for this IgG has been mapped with a panel of thrombin
surface mutants (14)3 and includes Arg233 in exosite II. In
the experiment shown in Figure 5, we incubated thrombin
with rHCII(L444R) for 5 min to allow complex formation
and then added heparin, the monoclonal IgG, or control
human IgG. The monoclonal IgG induces dissociation of
the thrombin-rHCII(L444R) complex, although the rate of
dissociation is somewhat reduced in comparison with hep-

FIGURE 2: Heparin binding and stoichiometry of inhibition of
rHCII(L444R/K173Q) and rHCII(L444R). Panel A: Samples of
purified rHCII(L444R/K173Q) (b) or rHCII(L444R) (O) were
applied to a 5 mLHiTrap heparin-Sepharose column in 50 mM
Tris-HCl, 50 mM NaCl, pH 7.5, and eluted with a linear NaCl
gradient (- -). Protein was detected by absorbance at 280 nm. Panel
B: Various concentrations of rHCII(L444R/K173Q) (b) or rHCII-
(L444R) (O) were incubated with thrombin (10 nM) for 1 min in
the presence of 50µg/mL heparin, and the remaining thrombin
activity was then determined by hydrolysis of Chromozym TH.

FIGURE 3: Time course and heparin dependence of inhibition of
thrombin by rHCII(L444R/K173Q). Panel A: rHCII(L444R/
K173Q) (b) or rHCII(L444R) (O) (360 nM) was incubated with
thrombin (10 nM) in the presence of 50µg/mL heparin. Thrombin
was added last to initiate the reaction. At various times (0.1-2000
min), the remaining thrombin activity was determined by hydrolysis
of Chromozym TH. Activity is expressed as a percentage of that
present in an incubation containing thrombin alone. Panel B: rHCII-
(L444R/K173Q) (b) or rHCII(L444R) (O) (390 nM) was incubated
with thrombin (10 nM) for 1000 min in the presence of various
concentrations of heparin. The remaining thrombin activity was then
determined by hydrolysis of Chromozym TH.

FIGURE 4: Stability of the thrombin(K236E)-rHCII(L444R) com-
plex. rHCII(L444R) (350 nM) was incubated with 10 nM native
thrombin (b) or thrombin(K236E) (O) in the presence of 50µg/
mL heparin. Thrombin was added last to initiate the reaction, and
the activity was determined at various times (0.1-1100 min) with
Chromozym TH. Control incubations without the inhibitor and
heparin are also shown for native thrombin (9) and thrombin-
(K236E) (0).
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arin. By contrast, the control IgG does not cause dissocia-
tion. This result indicates that binding of a ligand other than
heparin to exosite II of thrombin can destabilize the
thrombin-rHCII(L444R) complex.
Heparin Does Not Dissociate the Thrombin(desPPW)-

rHCII(L444R) Complex.Thrombin(desPPW) is a mutant
that lacks the Pro60B, Pro60C, and Trp60D residues in the 60-
loop of thrombin. Deletion of these residues alters the
kinetics of synthetic substrate hydrolysis and interaction with
macromolecular inhibitors (19). Because these residues lie
between exosite II and the active site of thrombin, it is
possible that a ligand bound to exosite II could transmit a
conformational change to the active site through the 60-loop.
Therefore, we were interested in determining whether heparin
induces dissociation of the thrombin(desPPW)-rHCII-
(L444R) complex. As shown in Figure 6A, thrombin-
(desPPW) binds to heparin-Sepharose and elutes at the same
ionic strength as native thrombin, which indicates that the
affinity of thrombin(desPPW) for heparin is normal. Throm-
bin(desPPW) is inhibited rapidly by rHCII(L444R) with a
second-order rate constant of∼1× 107 M-1 min-1, and the
thrombin(desPPW)-rHCII(L444R) complex is stable during
prolonged incubation either in the presence or absence of
heparin (Figure 6B). Under similar conditions,∼50% of
the native thrombin-rHCII(L444R) complexes dissociate.
These results suggest that dissociation of the complex may
depend on a conformational change in thrombin induced by
binding of heparin to exosite II and mediated by the 60-
loop.

DISCUSSION

The inhibitory mechanism of a serpin is generally thought
to involve rapid formation of a tetrahedral or acyl intermedi-
ate (E-I) between the catalytic serine hydroxyl group of the
protease (E) and the carbonyl group of the P1 amino acid
residue of the inhibitor (I) (25, 26). This intermediate has
two alternative fates (reviewed in ref 1): (1) conversion to
a kinetically stable complex (E-I*) brought about by partial
insertion of the reactive site loop intoâ-sheet A of the serpin
and (2) dissociation to yield the free protease (E) and a
modified inhibitor (IM) that has been cleaved proteolytically
at the P1-P1′ peptide bond. Partitioning of E-I between

these two pathways determines the stoichiometry of inhibi-
tion. The kinetically stable E-I* complex generally remains
associated for many hours and can be considered the final
product of the inhibition pathway. However, in some cases
E-I* slowly dissociates to yield E+ IM (27, 28) or
undergoes further modification to yield a nondissociable or
“locked” form of the complex (E-I**) ( 29).
Mutation of Leu444 to Arg at the P1 position of rHCII

affects several steps in the mechanism outlined above.
Consequently, the rate of inhibition of thrombin by rHCII-
(L444R) is∼100-fold greater than that of native rHCII in
the absence of a glycosaminoglycan (6). Furthermore, the
stoichiometry of inhibition of thrombin is several-fold higher
for rHCII(L444R) than for native rHCII in the presence of
heparin (8, 9), indicative of increased partitioning of E-I
into the substrate pathway. Perhaps the most striking effect
of this mutation is that it enables heparin to induce dissocia-
tion of the thrombin-rHCII(L444R) complex, releasing the
active protease and the cleaved inhibitor (8, 9). Dissociation
occurs after partitioning of E-I to E-I* and is best explained
by accelerated conversion of E-I* to E + IM (discussed in
ref 8). Thus, heparin appears to increase the rate at which
the cleavage of rHCII(L444R) by thrombin proceeds to
completion after being temporarily arrested at an intermediate
stage of the proteolytic reaction.
In this study, we investigated the mechanism by which

heparin induces dissociation of the thrombin-rHCII(L444R)
complex. Initially, we asked whether a heparin molecule
must bind simultaneously to sites on both thrombin and

FIGURE 5: Antibody-induced dissociation of thrombin-rHCII-
(L444R). rHCII(L444R) (350 nM) was incubated with thrombin
(10 nM) for 5 min followed by the addition of heparin (50µg/mL)
(0), monoclonal IgG against exosite II of thrombin (90µg/mL)
(b), or control IgG (90µg/mL) (O). Thrombin activity was
determined at various times by hydrolysis of Chromozym TH. The
activity is expressed as a percentage of that determined in the
absence of rHCII(L444R).

FIGURE 6: Heparin binding of thrombin(desPPW) and stability of
the thrombin(desPPW)-rHCII(L444R) complex. Panel A: Samples
of purified native thrombin (O) and thrombin(desPPW) (b) were
applied to a 1 mLHiTrap heparin-Sepharose column and eluted
with a linear NaCl gradient (- -). The activity of each fraction was
assayed with Chromozym TH. Panel B: rHCII(L444R) (350 nM)
was incubated with thrombin(desPPW) (10 nM) in the presence
(b) or absence (O) of 50 µg/mL heparin or with native thrombin
(10 nM) in the presence of 50µg/mL heparin (0). Thrombin was
added last to initiate the reaction, and the activity was determined
at various times (0.3-1300 min) with Chromozym TH. The activity
is expressed as a percentage of that determined in the absence of
rHCII(L444R).
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rHCII(L444R) to induce dissociation. It is known that
heparin oligosaccharides containingg18 monosaccharide
units are necessary to form a bridge between thrombin and
antithrombin (30). By analogy, fragments of heparin shorter
than this are unlikely to bind to HCII and thrombin
simultaneously (9). We found that heparin oligosaccharides
containing as few as six monosaccharide units induce
dissociation of the complex (Figure 1C), which argues against
a bridging mechanism for dissociation. Our results differ
from those of Ciaccia et al. (9), who reported that heparin
oligosaccharides<16 units in length do not induce dissocia-
tion of thrombin-rHCII(L444R). This discrepancy is most
likely explained by differences in the concentrations of
oligosaccharide used in the experiments. Thrombin binds
to heparin hexasaccharides with aKd≈ 6-10µM (31). The
concentration of oligosaccharide employed by Ciaccia et al.
(1.4 µM) was well below theKd, whereas we used∼100
µM oligosaccharide. Both sets of results, therefore, are
consistent with the hypothesis that binding of short oligosac-
charides to thrombin induces dissociation of the complex.
Binding of heparin to rHCII(L444R) does not appear to

be involved in dissociation of the thrombin-rHCII(L444R)
complex. As shown in Figures 2B and 3, the stoichiometry
of inhibition, time course of dissociation, and heparin dose
response are unaltered for complexes containing the double
mutant rHCII(L444R/K173Q), even though rHCII(L444R/
K173Q) has a decreased affinity for heparin-Sepharose
(Figure 2A) and rHCII(K173Q) requires a 30-fold higher
concentration of heparin to stimulate thrombin inhibition in
comparison with native rHCII (17). By contrast, binding of
heparin to thrombin appears to be necessary and sufficient
to induce dissociation of the thrombin-rHCII(L444R)
complex. In agreement with Ciaccia et al. (9), we observe
that complexes which contain a thrombin variant with a
mutation in the heparin-binding site are stable in the presence
of heparin (Figure 4). Furthermore, a monoclonal IgG that
interacts with Arg233 of thrombin mimicks heparin in its
ability to induce dissociation of the thrombin-rHCII(L444R)
complex (Figure 5). Arg233occurs in exosite II and has been
shown by mutagenesis to be involved in binding of both
heparin and dermatan sulfate to thrombin (32). It is
important to note that dermatan sulfate does not induce
dissociation of thrombin-rHCII(L444R) (8), suggesting that
interaction of heparin or the monoclonal IgG with additional
residues in the vicinity of Arg233 is required to induce
dissociation.
Recent data support the idea that thrombin is an allosteric

enzyme. For example, binding of a Na+ ion in the vicinity
of Arg221A converts thrombin from a form that preferentially
cleaves protein C (“slow” form) to a form that preferentially
cleaves fibrinogen (“fast” form) (33, 34). Alterations in the
catalytic activity of thrombin can be detected after binding
of thrombomodulin or other ligands to exosite I (35-37).
Binding of prothrombin fragment 2 to exosite II of thrombin
(38) also produces a conformational change that can be
detected with active site-directed fluorescence probes (39).
Interaction of substrates and inhibitors with the active site
is controlled, in part, by two prominent insertion loops (i.e.,
the 60-loop and the 148-loop) that border the active site cleft
of thrombin (18, 19, 40). The 60-loop restricts access of
macromolecules to the active site, and deletion of part of
this loop in thrombin(desPPW) increases the affinity for

bovine pancreatic trypsin inhibitor∼3000-fold (19). By
contrast, the affinity (Km) of thrombin(desPPW) for the
fibrinogen AR chain is unaffected, although thekcat for
cleavage of this substrate is decreased∼50-fold (19). The
60-loop, therefore, appears to be important for the proper
orientation of the scissile bond relative to the catalytic triad.
Deletion of part of the 60-loop in thrombin(desPPW) or

substitution of alanine for Trp60D decreases the rate of
inhibition of thrombin by antithrombin∼200-fold (41, 42).
By contrast, the rate of inhibition of thrombin(desPPW) by
protease nexin-1 is essentially normal, which indicates that
the interactions of the 60-loop with antithrombin are
somewhat specific (41). Inhibition of thrombin by anti-
thrombin is characterized by low-affinity binding in the initial
encounter complex followed by rapid formation of the stable
complex. Studies with thrombin(W60A) indicate that the
presence of Trp60D in the 60-loop weakens the affinity of
the encounter complex but accelerates stable complex
formation (42). Although the 60-loop has been considered
to be a relatively rigid structure, recent crystallographic
studies indicate that this loop can move a considerable
distance (∼2-8 Å) when the active site is occupied by a
substrate or an inhibitor (43, 44). Because of its mobility
and its position between the active site and exosite II on the
surface of thrombin, the 60-loop could potentially mediate
allosteric effects of ligands that bind to exosite II. This idea
is consistent with our observation that heparin does not
induce dissociation of the thrombin(desPPW)-rHCII(L444R)
complex even though thrombin(desPPW) binds normally to
heparin (Figure 6A).
In summary, the results of our study are compatible with

a model in which binding of heparin or the monoclonal IgG
to exosite II of thrombin induces an allosteric effect that
destabilizes the thrombin-rHCII(L444R) complex. Al-
though the molecular basis for the destabilization remains
to be determined, the data suggest that the allosteric effect
may be mediated by the 60-loop of thrombin.

ACKNOWLEDGMENT

We wish to thank Evan Sadler and Chuck Esmon for their
generous gifts of recombinant thrombin(K236) and thrombin-
(desPPW), respectively. We also thank Niall Colwell for
preparation of the monoclonal human IgG, Mauro Pava˜o for
electrophoresis of the heparin oligosaccharides, and Jayne
Marasa for assistance with the bacterial fermentations.

REFERENCES

1. Gettins, P. G. W., Patston, P. A., and Olson, S. T. (1996)
Serpins: Structure, function and biology, R. G. Landes Co.,
Austin, TX.

2. Parker, K. A., and Tollefsen, D. M. (1985)J. Biol. Chem. 260,
3501-3505.

3. Church, F. C., Noyes, C. M., and Griffith, M. J. (1985)Proc.
Natl. Acad. Sci. U.S.A. 82, 6431-6434.

4. Tollefsen, D. M., Pestka, C. A., and Monafo, W. J. (1983)J.
Biol. Chem. 258, 6713-6716.

5. Tollefsen, D. M. (1995)Thromb. Haemostasis 74, 1209-1214.
6. Derechin, V. M., Blinder, M. A., and Tollefsen, D. M. (1990)
J. Biol. Chem. 265, 5623-5628.

7. Griffith, M. J., Noyes, C. M., Tyndall, J. A., and Church, F.
C. (1985)Biochemistry 24, 6777-6782.

8. Han, J.-H., Van Deerlin, V. M. D., and Tollefsen, D. M. (1997)
J. Biol. Chem. 272, 8243-8249.

3208 Biochemistry, Vol. 37, No. 9, 1998 Han and Tollefsen



9. Ciaccia, A. V., Willemze, A. J., and Church, F. C. (1997)J.
Biol. Chem. 272, 888-893.

10. Church, F. C., Pratt, C. W., Noyes, C. M., Kalayanamit, T.,
Sherrill, G. B., Tobin, R. B., and Meade, J. B. (1989)J. Biol.
Chem. 264, 18419-18425.

11. Sheehan, J. P., and Sadler, J. E. (1994)Proc. Natl. Acad. Sci.
U.S.A. 91, 5518-5522.

12. Gan, Z.-R., Li, Y., Chen, Z., Lewis, S. D., and Shafer, J. A.
(1994)J. Biol. Chem. 269, 1301-1305.

13. Ye, J., Rezaie, A. R., and Esmon, C. T. (1994)J. Biol. Chem.
269, 17965-17970.

14. Tsiang, M., Jain, A. K., Dunn, K. E., Rojas, M. E., Leung, L.
L., and Gibbs, C. S. (1995)J. Biol. Chem. 270, 16854-16863.

15. Blinder, M. A., and Tollefsen, D. M. (1990)J. Biol. Chem.
265, 286-291.

16. Ragg, H., Ulsho¨fer, T., and Gerewitz, J. (1990)J. Biol. Chem.
265, 5211-5218.

17. Whinna, H. C., Blinder, M. A., Szewczyk, M., Tollefsen, D.
M., and Church, F. C. (1991)J. Biol. Chem. 266, 8129-8135.

18. Bode, W., Mayr, I., Baumann, U., Huber, R., Stone, S. R.,
and Hofsteenge, J. (1989)EMBO J. 8, 3467-3475.

19. Le Bonniec, B. F., Guinto, E. R., MacGillivray, R. T. A., Stone,
S. R., and Esmon, C. T. (1993)J. Biol. Chem. 268, 19055-
19061.

20. Colwell, N. S., Tollefsen, D. M., and Blinder, M. A. (1997)
Br. J. Haematol. 97, 219-226.

21. Maimone, M. M., and Tollefsen, D. M. (1988)Biochem.
Biophys. Res. Commun. 152, 1056-1061.

22. Bitter, T., and Muir, H. (1962)Anal. Biochem. 4, 340-344.
23. Sanger, F., Nicklen, S., and Coulson, A. R. (1977)Proc. Natl.

Acad. Sci. U.S.A. 74, 5463-5467.
24. Tollefsen, D. M., Majerus, D. W., and Blank, M. K. (1982)J.

Biol. Chem. 257, 2162-2169.
25. Matheson, N. R., van Halbeek, H., and Travis, J. (1991)J.

Biol. Chem. 266, 13489-13491.
26. Lawrence, D. A., Ginsburg, D., Day, D. E., Berkenpas, M.

B., Verhamme, I. M., Kvassman, J.-O., and Shore, J. D. (1995)
J. Biol. Chem. 270, 25309-25312.

27. Jesty, J. (1979)J. Biol. Chem. 254, 10044-10050.
28. Danielsson, A° ., and Björk, I. (1983)Biochem. J. 213, 345-

353.
29. Cooperman, B. S., Stavridi, E., Nickbarg, E., Rescorla, E.,

Schechter, N. M., and Rubin, H. (1993)J. Biol. Chem. 268,
23616-23625.

30. Danielsson, A° ., Raub, E., Lindahl, U., and Bjo¨rk, I. (1986)J.
Biol. Chem. 261, 15467-15473.

31. Olson, S. T., Halvorson, H. R., and Bjo¨rk, I. (1991)J. Biol.
Chem. 266, 6342-6352.

32. Sheehan, J. P., Tollefsen, D. M., and Sadler, J. E. (1994)J.
Biol. Chem. 269, 32747-32751.

33. Wells, C. M., and DiCera, E. (1992)Biochemistry 31, 11721-
11730.

34. Di Cera, E., Guinto, E. R., Vindigni, A., Dang, Q. D., Ayala,
Y. M., Wuyi, M., and Tulinsky, A. (1995)J. Biol. Chem. 270,
22089-22092.

35. Ye, J., Esmon, N. L., Esmon, C. T., and Johnson, A. E. (1991)
J. Biol. Chem. 266, 23016-23021.

36. Parry, M. A. A., Stone, S. R., Hofsteenge, J., and Jackman,
P. (1993)Biochem. J. 290, 665-670.

37. De Christofaro, R., De Candia, E., Picozzi, M., and Landolfi,
R. (1995)J. Mol. Biol. 245, 447-458.

38. Arni, R. K., Padmanabhan, K., Padmanabhan, K. P., Wu, T.-
P., and Tulinsky, A. (1993)Biochemistry 32, 4727-4737.

39. Bock, P. E. (1992)J. Biol. Chem. 267, 14974-14981.
40. Le Bonniec, B. F., Guinto, E. R., and Esmon, C. T. (1992)J.

Biol. Chem. 267, 19341-19348.
41. Le Bonniec, B. F., Guinto, E. R., and Stone, S. R. (1995)

Biochemistry 34, 12241-12248.
42. Rezaie, A. R. (1996)Biochemistry 35, 1918-1924.
43. Malkowski, M. G., Martin, P. D., Guzik, J. C., and Edwards,

B. F. P. (1997)Protein Sci. 6, 1438-1448.
44. van de Locht, A., Bode, W., Huber, R., Le Bonniec, B. F.,

Stone, S. R., Esmon, C. T., and Stubbs, M. T. (1997)EMBO
J. 16, 2977-2984.

BI9722195

Dissociation of the Thrombin-rHCII(L444R) Complex Biochemistry, Vol. 37, No. 9, 19983209


