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Abstract
Thrombin inactivation by heparin cofactor II (HCII) is accelerated by ternary complex formation
with heparin. The novel active-site-labeled thrombins, [4′F]FPR-T and [6F]FFR-T, and the
exosite I probe, Hir-(54–65)( ), characterized thrombin exosite I and II interactions with HCII
and heparin in the complex. HCII binding to exosite I of heparin-bound [4′F]FPR-T caused a
saturable fluorescence increase, absent with antithrombin. Heparin binding to exosite II and a
second weaker site caused fluorescence quenching of [6F]-FFR-T, attenuated by simultaneous
Hir-(54–65)( ) binding. Stopped-flow analysis demonstrated ordered assembly of HCII and the
[6F]FFR-T·heparin complex, in agreement with tighter heparin binding to thrombin than to HCII.
Saturating HCII dependences and bell-shaped heparin dependences of the fluorescence change
reported ternary complex formation, consistent with a template mechanism in which the thrombin-
heparin complex binds HCII and allowing for interaction of thrombin·(heparin)2 complexes with
HCII. Hir-(54–65)( ) displacement in reactions with FPR-blocked and active thrombin
indicated a concerted action of the active site and exosite I during ternary complex formation.
These studies demonstrate that binding of HCII to the thrombin·heparin complex is dramatically
enhanced compared with heparin binding alone and that exosite I is still available for ligand or
HCII binding when both heparin binding sites on thrombin are saturated.
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The circulatory serpins (serine proteinase inhibitors),1 heparin cofactor II (HCII) and
antithrombin (AT), inactivate the central coagulation proteinase, α-thrombin (T), in
reactions accelerated by high-molecular-weight (Mr) heparin (Hep), a sulfated
glycosaminoglycan (GAG) on the surface of vascular endothelial cells [1–4]. Thrombin
inactivation by AT is critical in venous thrombosis and disseminated intravascular
coagulation (DIC) [5], whereas HCII inhibits arterial thrombosis [6] and may protect against
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65)( ), Gly-Asp-Phe-Glu-Glu-Ile-Pro-Glu-Glu-Tyr( )-Leu-Gln; [4′F]FPR-T, [4′-{[(acetyl)amino]methyl}fluorescein]- D-
Phe-Pro-Arg-thrombin; [6F]FFR-T, [6-(acetamido)fluorescein]-D-Phe-Phe-Arg-thrombin; F2, fragment 2; S2238, H-D-Ile-Pro-Arg-p-
nitroanilide; Chromozym TH, Tos-Gly-Pro-Arg-P-nitroani-lide; 6-IAF, 6-(iodoacetamido)fluorescein; 4′-IAF, 4′-
([(iodoacetyl)amino]methyl)fluo-rescein; ATA-FPR-CH2Cl, Nα-[(acetylthio)-acetyl]-D-Phe-Pro-Arg-CH2Cl; ATA-FFR-CH2Cl,
Nα-[(acetylthio)acetyl]-D-Phe-Phe-Arg-CH2Cl; SDS, sodium dodecyl sulfate; FPR-CH2Cl, D-Phe-Pro-Arg-CH2Cl; PEG,
polyethylene glycol; pNA p-nitroaniline; DS, dermatan sulfate.
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atherosclerosis [7,8] and DIC associated with inflammatory diseases [9] and certain cancers
[10]. Heparin forms a reversible ternary complex intermediate with thrombin and the
serpins, followed by serpin cleavage and extensive conformational rearrangement of the
covalent thrombin-serpin complex [1,11]. The order of assembly of ternary complexes of
thrombin, heparin, and the serpins depends on the type of heparin and on the differences in
dissociation constants of the binary heparin complexes with thrombin and with the serpins.
Heparin with high affinity for AT contains a specific sulfated pentasaccharide sequence
[12,13] and binds AT with KAT,Hep ∼ 0.02 μM [14], whereas low-affinity heparin, lacking
such a sequence, binds AT 1000-fold weaker, with KAT,Hep ∼ 20 μM [15]. Both types of
heparin bind HCII with similar affinity, with KHCII,Hep = 15 to 40 μM [16,17]. Thrombin
binding by these heparins was reported to be indistinguishable, with KT,Hep = 0.7 to 0.9 μM
[1,15], although binding constants for high-affinity heparin ranging from 0.02 to 0.07 μM
have been observed [16,18].

Thrombin possesses two lysine- and arginine-rich sites, exosites I and II [19,20], with
different specificities of ligand binding. Exosite I binds the natural thrombin substrate,
fibrinogen; the acidic C-terminal region of the thrombin inhibitor, hirudin [21]; and the
hirudin-like Glu53-Asp75 acidic region in the N terminus of HCII, absent in AT [3,4,22-26].
This acidic region in HCII is presumed to be cryptic in the absence of heparin and
hypothesized to become available for interaction with exosite I by a conformational change
triggered by binding of heparin to HCII helix D [3,26]. Thrombin exosite II binds high- and
low-Mr heparins [20,27,28]. High-Mr heparin forms a bridge between thrombin and the
heparin binding sites on HCII [29] and AT [30,31]. The T·Hep·HCII complex, stabilized
both by the exosite I-HCII contact and by heparin bridging, has a tighter affinity than the
T·Hep·AT ternary complex intermediate, as determined indirectly by kinetic analysis
[15,16]. Heparin binding to the serpins and thrombin is assumed to obey rapid equilibrium
kinetics [1,32]. Due to the large difference in affinity of AT and HCII for high-affinity
heparin, the binary AT·Hep intermediate is saturated at heparin concentrations of
approximately 0.2 μM, whereas population of the HCII·Hep intermediate becomes
significant only at much higher heparin concentrations, in the range of KHCII,Hep, resulting
in different preferred pathways of assembly of the ternary complex with thrombin [1,15,16].
Semi-logarithmic, bell-shaped heparin dependences of the inactivation rate constants for the
thrombin-HCII reaction are very similar to those for the thrombin-AT reaction catalyzed by
low-affinity heparin [15-17], with the ascending limb representing saturation of the binary
T·Hep complex, which recruits free serpin, and the descending limb consistent with heparin
saturation of the serpin. The currently accepted mechanism of heparin enhancement of HCII
inhibitory activity proposes that the alloste-ric, heparin-induced release of the HCII N-
terminal tail results in exosite I binding and formation of the ternary complex by binding of
the HCII·Hep binary complex to thrombin. However, the heparin concentration range at
which maximal thrombin inactivation is observed, 1 to 5 μM, is sufficiently high to saturate
binding to thrombin but not to HCII, which argues against a mechanism using the pathway
of the HCII·Hep binary complex recruiting free thrombin to form the ternary complex. The
mechanism is further compounded by the fact that thrombin is capable of binding multiple
heparin molecules, and at least one additional GAG binding site, distinct from exosite II,
was demonstrated by us and by others [16,33-38]. Saturation of an additional heparin
binding site in or near exosite I was suggested to attenuate the rate of thrombin inactivation
by HCII [39]; however, our published data indicate that exosite I of heparin-saturated
thrombin (∼200 μM heparin) is still capable of ligand binding [16].

The current study attempts to clarify these controversial issues of the HCII mechanism. The
fluorescent thrombins [4′F]FPR-T and [6F]FFR-T, labeled with fluorescein at the active
site, respectively allow selective characterization of exosite I and II contributions to ternary
T·Hep·HCII complex formation, uncoupled from the inactivation chemistry, and report
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quantitatively exosite binding as a result of thermodynamic exosite-active site linkage [40–
42]. Heparin titrations of [6F] FFR-T also measure the affinity of a second heparin binding
site on thrombin. Fluorescence equilibrium binding and stopped-flow experiments with
these thrombins were combined with displacement of the exosite I binding peptide, Hir-(54–
65)( ), during heparin-accelerated thrombin inactivation by HCII, and displacement of
the fluorescently labeled peptide, [5F]Hir-(54–65)( ), from active-site-blocked FPR-
thrombin, to compare exosite I involvement in ternary complex formation and during
thrombin inactivation. These approaches are well-suited for studying the equilibrium
binding steps of reversible ternary T·Hep·HCII complex assembly and quantitative
characterization of the exosite I-HCII interaction. The results suggest that in an ordered
pathway of ternary complex formation from T·Hep and HCII, the affinity of the T·Hep
complex for HCII is dramatically increased compared with that of heparin alone, and
allosteric triggering of HCII binding to exosite I may be facilitated by interaction of throm-
bin-bound, high-Mr heparin with the HCII GAG binding site. The affinity of the HCII N-
terminal acidic domain for exosite I is higher in ternary complexes with active thrombin
compared to active-site-blocked thrombin, consistent with participation of HCII binding to
the active site, linked with exosite I binding. Our data also suggest that saturation of the T·
(Hep)2 complex does not exclude HCII binding to exosite I, and higher order intermediate
complexes may play a role in heparin-accelerated thrombin inactivation by HCII.

Materials and methods
Proteins and materials

HCII, AT, and prothrombin were purified from human plasma [16,42,43]. α-Thrombin,
prepared as described previously [42], was at least 90% active, determined by active site
titration [44]. Prothrombin fragment 2 (F2) was prepared as described previously [41].
Protein concentrations were determined by absorbance at 280 nm with the respective
absorption coefficients and molecular weights of 1.83 (mg/ml)−1 cm−1 and 36,700 for
thrombin [45], 1.25 (mg/ml)−1 cm−1 and 12,900 for F2 [46], 0.59 (mg/ml) −1 cm−1 and
65,600 for HCII [47], and 0.65 (mg/ml)−1 cm−1 and 58,000 for AT [43]. Active HCII and
AT concentrations were determined by stoichiometric titration with active-site-titrated
thrombin. Heparin with Mr = 12,000 from porcine skin and Hir-(54–65)( ) were from
Sigma. Low-Mr heparin (5000) from porcine intestinal mucosa was from Calbiochem. The
monoclonal antibody against human thrombin exosite II was a gift from Douglas Tollefsen
(Washington University) [48]. The chromogenic substrates S2238 and Chromo-zym TH
were from Chromogenix and Roche, respectively. The fluorescence probes 5-
carboxyfluorescein, 6-(iodoacetamido)fluo-rescein (6-IAF), and 4′-
([(iodoacetyl)amino]methyl)fluorescein (4′-IAF) were from Invitrogen. Active site labeling
of thrombin and purification of the labeled species were performed as described previously
[41,42]. Thrombin was inactivated with ATA-FPR-CH2Cl or ATA-FFR-CH2Cl by
alkylation of the active site histi-dine, and the NH2OH-generated thiol was labeled with 6-
IAF or 4′-IAF to form [6F]FFR-T and [4′F]FPR-T, respectively. The purified labeled
thrombins had a probe/thrombin active sites molar ratio of approximately 1 and migrated as
single labeled bands on sodium dodecyl sulfate (SDS) polyacrylamide gels. FPR-thrombin
was prepared by inactivation with FPR-CH2Cl and was inactive in chromogenic substrate
assays. [5F]Hir-(54–65)( ) was prepared by N-terminal labeling of Hir-(54–65)( )
with 5-carboxyfluorescein as described previously [11]. Equilibrium binding and kinetic
studies were performed at 25 °C in 50 mM Hepes, 0.11 M NaCl, 5 mM CaCl2,1 mg/ml PEG
(polyethylene glycol) 8000 (pH 7.4) buffer. Titrations of active-site-blocked thrombins
contained 0.1 μM FPR-CH2Cl.
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Fluorescence equilibrium binding of heparin, HCII, and Hir-(54–65)( ) to active-site-
labeled thrombins

Heparin binding to [4′F]FPR-T and [6F]FFR-T, HCII binding to the labeled T·Hep
complexes, and Hir-(54–65)( ) binding to the [6F]FFR-T·Hep complex were quantitated
by measuring the change in probe fluorescence with an SLM 8100 or PTI
spectrofluorometer, using acrylic cuvettes coated with PEG 20,000 to minimize protein
adsorption. Titrations were performed as described previously [40], at the respective
excitation and emission wavelengths 500 and 521 nm ([4′F]FPR-T) and 498 and 516 nm
([6F]FFR-T), with 8-nm bandpasses. Results were expressed as the fractional change in the
initial fluorescence [(Fobs − Fo)/Fo = ΔF/Fo], or the absolute change of ΔF/Fo (ΔΔF/Fo), as
a function of total titrant concentration and were fit by the appropriate binding equation for
each experiment.

[4′F]FPR-T and [6F]FFR-T (10 and 20 nM final concentrations, respectively) were titrated
with Mr = 12,000 heparin in pH 7.4 buffer. [4′F]FPR-T (10 nM) was also titrated with F2.
Heparin dependences up to 1 to 2 μM and the F2 dependence were fit by the quadratic
binding equation for binding of a single ligand [41]. Data sets that included higher heparin
concentrations were fit by Eq. (1) for binding of two ligands, with the concentrations of the
T·Hep and T·(Hep)2 complexes calculated by simultaneous solution of the expressions for
the equilibrium constants KT(Hep) and KT(Hep)2 defined by the two-site model and the mass
conservation equations. The fitted parameters were KT(Hep) for heparin binding to thrombin
exosite II, KT(Hep)2 for binding of a second heparin molecule, and the maximum
fluorescence intensity changes ΔFmax,T(Hep)/Fo and ΔFmax,T(Hep)2/Fo:

(1)

[6F]FFR-T (35 nM) was titrated with heparin in the absence and presence of fixed
concentrations (5, 25, and 250 nM) of Hir-(54–65)( ) and with Hir-(54–65)( ) in the
presence of 1.56 μM heparin. The data were analyzed simultaneously by models for two
heparin binding sites on thrombin, in which binding of Hir-(54–65)( ) to thrombin
exosite I is either competitive (Eq. (2)) or nonoverlapping with the second heparin binding
site. Hir-(54–65)( ) binding in the absence of heparin was fluorescently silent. The fitted
parameters for heparin binding to thrombin were as described above, and parameters for
heparin binding to the T·Hir complex were KT(Hir)(Hep) and / ΔFmax,T(Hir)(Hep)/Fo:

(2)

In the non-overlapping binding model, the fluorescence contribution of the T·(Hep)2Hir
complex formed by Hir binding to the T·(Hep)2 complex is given by the term ([T·
(Hep)2·Hir]/ [T]o)ΔFmax,T(Hep)2(Hir)/Fo added to Eq. (2), with fitted parameters KT(Hep)2(Hir)
and ΔFmax,T(Hep)2(Hir)/Fo. Concentrations of the T·Hir·Hep and T·(Hep)2·Hir complexes
were again calculated from the expressions for the equilibrium constants KT(Hir)(Hep) and
KT(Hep)2(Hir) defined by the respective competitive and nonoverlapping models and the mass
conservation equations. The Hir-(54–65)( ) titration of [6F]FFR-T at 1.56 μM heparin
was also analyzed separately by the quadratic binding equation for binding of a single
ligand, with fitted parameters KT(Hep)(Hir) for Hir-(54–65)( ) binding to the T·Hep
complex, and ΔFmax,T(Hep)2(Hir)/Fo.
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Titrations of HCII binding to [4′F]FPR-T (10 nM) and [6F]FFR-T (35 nM) were performed
at fixed heparin concentrations (0.5, 5, 50, 100, and 200 μM heparin for HCII titrations of
[4′F]FPR-T and 1.6, 5.2, 13.5, and 47 μM heparin for HCII titrations of [6F]FFR-T).
[4′F]FPR-T was also titrated with HCII at 5 μM heparin in the presence of saturating anti-
exosite II monoclonal antibody (2.5 μM antibody sites) and at 77 μM low-Mr (5000)
heparin. Titrations of AT binding to both labeled thrombins in the presence of heparin were
included for comparison. Heparin dependences of [4′F]FPR-T, HCII, and heparin binding in
a ternary complex were constructed by titration of [4′F]FPR-T with heparin at fixed
concentrations of 0.36 and 2.6 μM HCII. A heparin dependence of ΔΔF/Fo of ternary
complex formation with [6F]FFR-T and HCII was constructed by single cuvette
measurements of sequential fluorescence changes caused by reacting [6F]FFR-T (72 nM)
with varying heparin concentrations and a fixed concentration of HCII (0.38 μM). The
effect of Hir-(54–65)( ) on ternary complex formation of [6F]FFR-T with heparin and
HCII was measured by HCII titrations of [6F]FFR-T (35 nM) in the presence of 1.6 μM
heparin and 25 and 250 nM Hir-(54–65)( ). All fluorescence measurements were
corrected for dilution and background scattering (<10%). Heparin and HCII dependences of
the fluorescence changes were analyzed by models of ternary T·Hep·HCII complex
formation that respectively included and excluded participation of the quaternary T·
(Hep)2HCII complex. Hir-(54–65)( ) binding to exosite I in the reactions of [6F]FFR-T
with HCII and 1.6 μM heparin was analyzed by the same models, with appropriate fixing of
the binding constants for the quaternary interactions determined by the heparin and HCII
dependences.

[5F]Hir-(54–65)( ) release from FPR-thrombin in presence of heparin and HCII
In separate experiments, [5F]Hir-(54–65)( ) (52 nM) was incubated with 200 nM FPR-
thrombin and 0.9 or 1.5 μM HCII and was titrated with heparin. In a comparison
experiment, 0.5 μM AT was used instead of HCII. The excitation and emission wavelengths
were 491 and 520 nm [49], respectively, with 4-nm band-passes. Measurements were
corrected for dilution and background scattering (<10%). The heparin dependences were
analyzed both by the cubic equation (adapted from Ref. [11]) for competitive binding of
HCII and the peptide to the T·Hep complex, with the concentration of the latter calculated
from the equilibrium and mass balance expressions, and by a hyperbolic dependence of
fluorescence change (Eq. (3)):

(3)

with [HCII]free and [Hep]free calculated from the mass balances and the fitted dissociation
constants KT(Hep) for the T·Hep complex and an apparent dissociation constant
Kapp,T(H)(HCII) for the ternary complex including the effect of competitive [5F]Hir-(54–
65)( ) binding. The fixed parameters Flim and the KD for peptide binding to T·Hep were
determined independently as published previously [16,49].

Effect of Hir-(54–65)( ) on heparin-accelerated thrombin inactivation by HCII
Heparin-accelerated thrombin inactivation (1 and 50 μM heparin, 1–10 nM thrombin) by
HCII (0.36 μM) in the absence and presence of increasing concentrations of Hir-(54–
65)( ) was monitored by continuous competitive chromogenic substrate hydrolysis under
first-order conditions of chromogenic substrate, S2238 or ChromozymTH (100 μM)and
HCII. [16,50,51]. Respective Km and kcat values for S2238 hydrolysis were 1.5 μM and 90
s−1 [52], and those for Chromozym TH hydrolysis were 11 μM and 176 s−1 [34]. Under our
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experimental conditions, heparin had no significant effect on chromogenic substrate
hydrolysis. Inactivation reactions were performed in pH 7.4 reaction buffer as described
previously [34], and p-nitroaniline (pNA) formation was monitored continuously at 405 nm
with a Shimadzu 2401 spectrophotometer. Time courses were fit by a two-exponential
equation [16,34], with a fast first-order rate constant kobs describing α-thrombin inactivation
and a very slow rate constant for trace y-thrombin inactivation [4]. The rate constants,
corrected for chromogenic substrate competition, were calculated as k = kobs(1 + [S]o/Km),
with [S]o and Km the concentration and Michaelis constant for the chromogenic substrate.
The Hir-(54–65)( ) concentration dependence of k was analyzed by a model that
excludes simultaneous occupation of exosite I by the peptide and the HCII N-terminal acidic
sequence (Scheme 1).

At 1 and 50 μM heparin, thrombin was respectively present predominantly as T·Hep and T·
(Hep)2 complex. In Scheme 1, only the T·Hepx-HCII complex contributes to the inactivation
reaction. KT(Hep)x(Hir) is the dissociation constant for Hir-(54–65)( ) binding to T·Hepx,
and KT(Hep)x(HCII) is the dissociation constant for binding of T·Hepx to HCII. The fractions
of sites on T·Hepx occupied by either HCII or Hir-(54–65)( ), were expressed in terms of
the free ligand concentrations by simultaneous solution of two cubic equations [53], and the
observed inactivation rate constant was a function of the T·Hepx·HCII concentration. Least
squares fitting of binding and kinetic data was performed with Scientist software
(MicroMath). All reported estimates of error represent ±2 standard deviations.

Stopped-flow kinetics of ternary complex formation between [6F]FFR-T, heparin, and HCII
Time traces (1000 data points, 3–5 s) of heparin binding to [6F]FFR-T, and of ternary
complex formation with HCII, were acquired with an Applied Photophysics SX-18MV
stopped-flow spec-trofluorometer in single mixing mode. Fluorescence changes were
measured with excitation at 485 nm and a 495-nm emission cut-on filter (Melles-Griot). The
reaction volume was 200 μl, the path length was 2 mm, and experiments were performed at
25 °C in reaction buffer. In separate experiments, [6F]FFR-T (87 nM final) was reacted with
buffer, heparin (0.32 μM), or a mixture of heparin (0.32 μM) and HCII (0.54 μM). The
order of addition was reversed by reacting a mixture of [6F]FFR-T and heparin with HCII at
identical final reactant concentrations. Six time traces were averaged for each experiment.
Control reactions containing buffer, heparin, and HCII and buffer and [6F]FFR-T were used
to quantitate background and initial probe fluorescence, respectively, and to permit
transformation of raw data into ΔF/Fo. Time traces were analyzed by the appropriate single-
or two-exponential equations [54].

Results
Fluorescence equilibrium binding of heparin and Hir-(54–65)( ) to active-site-labeled
thrombins

Fitted dissociation constants and changes in fluorescence for binding of heparin and Hir-
(54–65)( ) to the labeled thrombins in their free and complexed forms are summarized in
Table 1. [4′F]FPR-T was previously shown to bind Hir-(54–65)( ) with 50% maximal
fluorescence enhancement and KT(Hir) = 0.15 μM, approximately a 4-fold weaker affinity
than that for unlabeled thrombin due to probe interference [40]. Heparin binding caused only
a modest fluorescence quench, with heparin dependences up to 1 μM being analyzed as
single ligand interactions (Fig. 1A, inset) and dependences up to 200 μM heparin showing
biphasic behavior consistent with the presence of a weaker binding site (Fig. 1A). Similarly,
[4′F]FPR-T exhibited only a 5% fluorescence quench on binding the exosite II ligand, F2
(Fig. 1B), with KT(F2) = 5 ± 2 μM, indicating that the 4′F active site label is minimally
perturbed by exosite II ligand binding.
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[6F]FFR-T reported heparin binding to exosite II accompanied by 28% fluorescence quench.
Binding to a weaker binding site was reported by a smaller 12% quench. Data up to 2 μM
were analyzed as a single ligand interaction (Fig. 2A) and showed biphasic behavior at
higher heparin concentrations (Fig. 2C). The affinity for tight heparin binding to [6F]FFR-T
was modestly higher than that for binding to [4′F]FPR-T, whereas weak heparin binding
was similar (Table 1). Hir-(54–65)( ) binding to exosite I did not alter the fluorescence
intensity of [6F]FFR-T in the absence of heparin, but it caused a reduction in fluorescence
quench, ΔΔF/Fmax = 0.13 ± 0.01, when bound to the [6F]FFR-T·Hep complex, with
KT(HEP)(Hir) = 0.09 ± 0.02 μM (Fig. 2B). Consistent reductions in fluorescence quench were
observed in the heparin dependences at various fixed Hir-(54–65)( ) concentrations (Fig.
2C). Fits by the models allowing (Fig. 2C, solid lines) and excluding (Fig. 2C, dashed lines)
Hir-(54–65)( ) binding to exosite I of the T·(Hep)2 complex were very similar, with
parameters listed in Table 1. Although the data were fit equally well by both models, the
nonoverlapping model is in agreement with our previously published results of Hir-(54–
65)( ) binding to FPR-thrombin at 206 μM heparin, with KT(Hep)2(Hir) KT(Hep)2(Hir)
=0:18 ±0:03 μM [16].

Fluorescence equilibrium binding of heparin, HCII, and the active-site-labeled thrombins in
ternary or higher order complexes

In HCII dependences at various fixed heparin concentrations, [4′F]FPR-T reported
hyperbolic saturating binding of HCII to exosite I in ternary and higher order complexes
with heparin (Fig. 3A). The 50% fluorescence enhancement was identical to that observed in
Hir-(54–65)( ) binding to thrombin exosite I. Titration with AT at 5 μM heparin did not
produce this enhancement, illustrating that HCII, but not AT, binds exosite I directly in the
ternary complex. The anti-exosite II monoclonal antibody and low-Mr (5000) heparin
significantly decreased the fluorescence enhancement (Fig. 3B), demonstrating the
requirements of an accessible exosite II and a bridging heparin to form the ternary complex.
Semi-logarithmic heparin dependences of the enhancement were bell-shaped, suggesting a
template mechanism (Fig. 3C). [6F]FFR-T titrations with HCII at fixed heparin
concentrations similarly reported saturating ternary and higher order complex formation
(Fig. 4A), with absolute fluorescence intensity changes, reflecting an attenuation of
fluorescence quench, expressed as ΔΔF/Fo. Titration with AT at 1 μM heparin exhibited a
smaller signal, indicating a weaker ternary complex. The heparin dependence of ΔΔF/Fo at
72 nM [6F]FFR-T and 0.38 μM HCII was also bell-shaped (Fig. 4B). The HCII and heparin
dependences were fit adequately by the model including quaternary T·(Hep)2HCII complex
formation, whereas the model excluding this complex produced poor fits, with inconsistent
KD values for T·Hep, T·(Hep)2, and HCII·Hep binding. The binding parameters for the
respective ternary and quaternary complexes are listed in Table 1 and were in good
agreement for both fluorescent thrombins. The difference in spacer arm and fluorescent label
may contribute to modest variations in KD for heparin binding and exosite I interactions.
The HCII dependences exhibited saturation at heparin concentrations far below KHCII(Hep)
for heparin binding to HCII, suggesting an ordered pathway of T·Hep binding to HCII. The
ascending limb of the bell-shaped heparin dependences reflected saturation of the T·Hep
complex and binding to HCII to produce maximal fluorescence change. The descending
limb was the combined effect of T·(Hep)2 binding to HCII and formation of the HCII·Hep
complex, which binds to free thrombin and the T·Hep complex but much less so to the T·
(Hep)2 complex, presumably due to steric hindrance. The fits were consistent with
KHCII(Hep) = 20 ± 5 μM, similar to the values reported independently by us and others
[16,32]. Hir-(54–65)( ) binding attenuated the affinity of the ternary [6F]FFR-T·Hep-
HCII complex in a concentration-dependent manner (Fig. 4C), resulting in apparent
KT(Hep)(HCII) values of 0.25 ± 0.03 and 1.3 ± 0.1 μM at 25 and 250 nM Hir-(54–65)( ),
respectively, compared with 0.15 ±0.02 μM in the absence of peptide. This increase in
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apparent KT(Hep)(HCII) was linear as a function of peptide concentration and illustrated
competitive binding of the peptide and the HCII acidic domain to exosite I.

[5F]Hir-(54–65)( ) release from FPR-thrombin in the presence of heparin and HCII
Binding of 52 nM [5F]Hir-(54–65)( ) to 200 nM FPR-thrombin caused a 22%
fluorescence quench, consistent with published data [49]. The fluorescence quench was
unchanged by the addition of HCII, indicating that the FPR-thrombin interaction with HCII
is weak in the absence of heparin. Titration of the FPR-thrombin/pep-tide/HCII mixture with
heparin resulted in HCII- and heparin-dependent release of the peptide and a reduction of
the fluorescence quench defined by the fractional fluorescence change Δ;F/Fo (Fig. 5A).
This signal change was saturated at heparin concentrations substantially below KHCII(Hep),
again demonstrating that formation of the T·Hep complex is a major pathway toward ternary
complex formation. Analysis by the cubic equation for competitive binding of [5F]Hir-(54–
65)( ) and HCII to the T·Hep complex, with KT(Hep)(Hir) fixed at 0.09 μM, gave KT(Hep)
= 0.50 ± 0.20 μM for heparin binding to FPR-thrombin and KT(Hep)(HCII) = 0.60 ± 0.20 μM,
in good agreement with the values for ternary complex formation reported in Table 1.
Analysis by Eq. (3) gave KT(Hep) = 0.60 ± 0.20 μM and KT(Hep)(HCII) = 0.30 ± 0.10 uM,
derived from the apparent ternary complex KD (0.90 ± 0.10 μM), including the competitive
term (1 + [P]0/Kp) for [5F]Hir-(54–65)( ) binding to the T·Hep complex. This value is an
approximation due to the fact that the concentrations of [5F]Hir-(54–65)( ) and the
T·Hep complex are of the same order of magnitude, whereas the hyperbolic Eq. (3) was
derived for conditions of [enzyme]0 < [P]0, [serpin]0 [1].

The slightly downward curvature of the fit (Fig. 5A, dashed lines) reflects a small decrease
in [HCII]free at higher heparin concentrations due to HCII·Hep complex formation. The
heparin affinity for FPR-thrombin was modestly weaker than that for the fluorescently
labeled thrombins, possibly due to the absence of the probe. Fluorescent peptide release was
also observed in the formation of the ternary complex with AT; however, the signal change
was smaller, suggesting that [5F]Hir-(54–65)( ) bound to exosite I poses less of a steric
hindrance in formation of the encounter/Michaelis complex with AT than with HCII.

Effect of Hir-(54–65)( ) on the kinetics of heparin-accelerated thrombin inactivation by
HCII

Hir-(54–65)( ) caused a hyperbolic decrease of the first-order inactivation rate constant k
(Fig. 5B), approaching zero at high Hir-(54–65)( ) concentrations, suggesting negligible
simultaneous peptide and HCII binding to exosite I during thrombin inactivation. Analysis
of the data by Scheme 1 gave similar fitted KT(Hep)(HCII) values of 0.04 ± 0.01 μM for the
inactivation reactions at 1 and 50 μM heparin, demonstrating that the weak heparin binding
did not interfere significantly with exosite I binding of the peptide or the HCII N-terminal
acidic domain and suggesting that the lower k value in the reactions at 50 μM heparin,
compared with 1 μM, is rather the result of a decrease in free HCII species required for
ternary complex formation. Binding of HCII to the active T·Hep complex was 4- to 15-fold
tighter than that to active-site-blocked T·Hep complexes, illustrating the concerted
tightening action of HCII binding to the thrombin active site and exosite I, consistent with
the tight binding of the ternary complex determined previously by kinetic analysis [16].

Stopped-flow kinetics of ternary complex formation between [6F]FFR-T, heparin, and HCII
Under our experimental conditions, stopped-flow traces of heparin binding to [6F]FFR-T
were single exponentials with kobs = 26 ± 1 s−1, resulting in a 26% quench of the
fluorescence intensity, consistent with the quenches observed in fluorescence equilibrium
binding at similar heparin concentrations (Fig. 6). Reacting the binary complex of [6F]FFR-
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T and heparin with HCII produced a single exponential with 15% fluorescence increase and
kobs = 3.9 ±0.1 s−1, whereas ternary complex formation by mixing [6F]FFR-T with a
mixture of HCII and heparin was clearly biphasic, with the initial phase of the progress
curve mirroring heparin binding to [6F]FFR-T with kobs1 = 32 ± 2 s−1 and the second phase
mirroring that of the T·Hep complex binding HCII with kobs2 = 2.2 ± 0.2 s−1, consistent with
the phases for both processes determined separately. These results suggest an ordered
assembly of the ternary complex from the T·Hep binary complex and HCII and indicate that
heparin binding to thrombin can be considered as a rapid equilibrium process. Our previous
findings of a relatively slow limiting rate of approximately 0.1 s−1 for conversion of the
Michaelis complex to the stable acyl-enzyme form [16] suggest that binding of active
thrombin to heparin, and formation of the ternary complex with active thrombin, can indeed
be considered as rapid equilibrium processes.

Discussion
This work presents quantitative binding studies characterizing the pathway of assembly of
HCII, thrombin, and high-Mr heparin in ternary and higher order complexes. The
catalytically inactive thrombin derivatives, [4′F]FPR-T and [6F]FFR-T, fluorescently
labeled at the active site, respectively detected ligand interactions with exosites I and II
while remaining essentially silent in reactions with the alternate exosite. This property
greatly facilitated the analysis of fluorescence equilibrium binding and enabled selective
monitoring of changes in each exosite environment on ligand binding in arrested encounter
and Michaelis complexes, uncoupled from the chemical reactions of HCII cleavage and
subsequent conformational changes associated with thrombin translocation in the acyl-
enzyme. [6F]FFR-T also reported heparin binding to a second site on thrombin, and unlike
free [6F]FFR-T, its complex with heparin did detect Hir-(54–65)( ) and HCII binding by
comparable decreases in fluorescence quenching. Hir-(54–65)( ) and HCII binding to
exosite I of [4′F]FPR-T caused comparable (∼50%) fluorescence enhancements.
Fluorescence intensity changes of the probes were the result of thermodynamic linkage
between the thrombin active site and the exosites [41,42]. [6F]FFR-T was superior to the
previously used probe, [6F]FPR-T, which detects both heparin and Hir-(54–65)( )
binding but with much smaller opposite fluorescence intensity changes [16].

The binding affinities of HCII and thrombin for heparin determine the order of assembly of
ternary and higher order complexes. Heparin binding to HCII is 15 to 40 μM [16,17,32],
significantly weaker than heparin binding to thrombin reported here and in previous work
[1,15,16,18]. This results in thrombin saturation at heparin concentrations lower than
KHCII(Hep), assuming rapid equilibrium binding of heparin to thrombin, illustrated by our
stopped-flow results, and to HCII, as published previously [32]. The unique interaction of
HCII acidic residues in the N-terminal 56-to-72 sequence with thrombin exosite I, absent in
the throm-bin-AT reaction, has been demonstrated by X-ray crystallography [26] and is
described as the result of an allosteric mechanism in which heparin binding to HCII triggers
a conformational change in the otherwise sequestered HCII N terminus [3,26]. Our
equilibrium binding data demonstrate specific binding of HCII to exosite I under conditions
where thrombin is saturated with heparin, suggesting that the allosteric reaction takes place
in the pathway of T·Hep complex binding to HCII, with approximately a 100-fold higher
affinity than HCII binding to heparin alone. The fluorescence stopped-flow results of
alternate mixing are consistent with this hypothesis. This affinity of the T·Hep complex for
HCII is increased even further, 4- to 15-fold, in reactions with active thrombin due to the
concerted action of HCII binding to the active site and exosite I, as shown by our kinetic
data of Hir-(54–65)( ) displacement during thrombin inactivation. Binding of the HCII
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N-terminal sequence to thrombin exosite I in complexes with heparin was comparable to
binding of Hir-(54–65)( ) to thrombin.

The affinity of a secondary weaker binding site for GAGs on thrombin was determined to be
5 to 6 μM for Mr 12,000 heparin and is likely to be dependent on the chain length and
degree of sulfation [34,38]. Whereas the major binding site of heparin was identified in
exosite II, the localization of the weaker binding site is unclear and was suggested to be in or
near exosite I [21,36]; in a second subsite of exosite II, as illustrated by a recent crystal
structure of sucrose octasulfate-bound thrombin [38]; or possibly identical to the GAG
binding site we identified on the thrombin precursor, meizothrombin(des-fragment 1), in
which exosite II is partially covered by fragment 2 [16].

Hir-(54–65)( ) binding to exosite I of heparin-saturated thrombin was characterized by
KT(Hep)(Hir) = 0.09 μM and K(Hep)2(Hir) = 0.15 μM (this study), comparable to 0.18 μM for
[5F]Hir-(54–65)( ) binding to FPR-thrombin in the presence of 206 μM heparin [16].
These results indicate that exosite I is available for ligand and HCII binding when both
heparin sites on thrombin are occupied. Similarly, analysis of the Hir-(54–65)( )
displacement from the T·Hep and T·(Hep)2 complexes during thrombin inactivation by HCII
suggested that the Hir-(54–65)( ) affinity was insignificantly affected by heparin binding
to thrombin. The subtle weakening effect of heparin on peptide binding in the complexes
with active-site-blocked thrombins may be related to conformational changes in exosite I
caused by active site blocking, although active and active-site-blocked thrombins bound Hir-
(54–65)( ) with similar affinity in the absence of heparin [11]. Whether heparin binding
plays a role in invoking conformational changes in exosite I of active-site-blocked thrombin
remains to be elucidated.

Whereas the uncatalyzed thrombin-AT reaction can still proceed at a 40 to 60% reduced rate
in the presence of saturating Hir-(54–65)( ) [11], the heparin-accelerated thrombin-HCII
reaction was decreased to approximately 5% of its original rate by 10 μM Hir-(54–65)( )
under our experimental conditions, strongly suggesting a competitive mechanism of Hir-
(54–65)( ) and HCII binding to exosite I given the largely overlapping binding sites
identified for Hir-(54–65)( ) and HCII on exosite I [24,26,55]. However, the lowest rates
were still consistent with a second-order rate constant of approximately 0.2 μM−1 s−1, so it
might be possible to have a small population of complexes in which simultaneous less
efficient binding of Hir-(54–65)( ) and HCII binding to exosite I occurs. Tight binding
of the T·Hep·HCII complex by high-Mr heparin bridging may favor the competitive
mechanism given that the rate for thrombin reacting with sucrose octasulfate and HCII in a
ternary complex decreased to approximately 33% of its original value at maximal
experimental Hir-(54–65)( ) [34].

Data of [4′F]FPR-T and [6]FFR-T equilibrium binding to HCII and heparin in ternary and
higher order complexes at high heparin concentration, where T·(Hep)2 and HCII·Hep
complexes are significantly and partially populated, respectively, were analyzed more
consistently and produced better fits with the model that allows for HCII binding to T·
(Hep)2 and HCII·Hep binding to T and T·Hep but not to T· (Hep)2. These observations
challenge the suggestion that binding of heparin to two binding sites on thrombin may
impair HCII binding to exosite I [39]. [6F]FFR-T also reported a 15% fluorescence quench
for binding of high-Mr dermatan sulfate (DS) to exosite II [16], and its combination with
[4′F]FPR-T may be equally useful for studying the assembly of thrombin and HCII in
ternary and higher order complexes with DS. Heparin and DS bind different subsites in
exosite II [56], and the geometry of DS bridging of thrombin and HCII may be different
from that of heparin bridging, a hypothesis that was confirmed by a recently published
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template model for DS binding [57]. These findings are consistent with previous studies of
selective exosite II mutagenesis and exosite II ligand binding showing decreased efficiency
of the heparin-catalyzed thrombin inactivation by HCII but lacking an effect on thrombin
inactivation in the presence of DS [16,39,58]. The model reconciles a previous hypothesis of
exclusively allosteric action of DS [39] with a template mechanism of DS for which we
previously demonstrated evidence by kinetic and equilibrium binding studies [16]. Our
binding studies with meizothrombin-(des-fragment 1) also suggested a DS binding site with
KD ∼ 6 μM, on the periphery or perhaps outside of exosite II, which may be identical to, or
overlapping with, the weak heparin binding site [16]. This binding site may be of
importance in the DS-catalyzed mechanism given that no exosite II mutations that
drastically decrease the DS-catalyzed inactivation by HCII have been identified. The
quantitative mechanism-based analysis presented here will aid in further understanding the
subtle differences in the thrombin-HCII interaction accelerated by diverse GAGs.
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Fig.1.
Fluorescence equilibrium binding of heparin and F2 to [4′F]FPR-T. (A) Fractional change
in fluorescence (ΔF/Fo) of 10 nM [4′F]FPR-T as a function of total heparin concentration
([Heparin]o). The solid line represents least squares fits of the data by Eq. (1). Inset: ΔF/Fo
as a function of total heparin concentration, up to 1 μM, analyzed by the quadratic equation
for binding of a single ligand. (B) Fractional change in fluorescence (ΔF/Fo) of 10 nM
[4′F]FPR-T as a function of total F2 concentration ([F2]o), analyzed by the quadratic
equation for binding of a single ligand. Fitted parameters are listed in Results and in Table 1.
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Fig.2.
Fluorescence equilibrium binding of heparin to [6F]FFR-T and the effect of Hir-(54–
65)( ). (A) Fractional change in fluorescence (ΔF/Fo) of 20 nM [6F]FFR-T as a function
of total heparin concentration up to 2 lM ([Heparin]o). (B) Absolute fractional change in
fluorescence (ΔΔF/Fo) of 35 nM [6F]FFR-T in the presence of 1.56 lM heparin as a
function of total Hir-(54–65)( ) concentration ([Hir-(54–65)( )]o). Solid lines
represent least squares fits of the data by the quadratic equation for binding of a single
ligand. (C) Fractional change in fluorescence (ΔF/Fo) of 35 nM [6F]FFR-T in the presence
of 0 (●), 5 (○), 25 (▲), and 250 (Δ) nM Hir-(54–65)( ) as a function of total heparin
concentration ([Heparin]o), reflecting tight and weak heparin binding sites of heparin on
thrombin. Solid and dashed lines represent least squares fits of the data respectively by
models for nonoverlapping and competitive binding of Hir-(54–65)( ) to exosite I and
heparin to the weak binding site. Fitted parameters are listed in Table 1.
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Fig.3.
Fluorescence equilibrium binding of heparin and F2 to [4′F]FPR-T. (A) Fractional change
in fluorescence (ΔF/Fo) of 10 nM [4′F]FPR-T as a function of total heparin concentration
([Heparin]o). The solid line represents least squares fits of the data by Eq. (1). Inset: ΔF/Fo
as a function of total heparin concentration, up to 1 μM, analyzed by the quadratic equation
for binding of a single ligand. (B) Fractional change in fluorescence (ΔF/Fo) of 10 nM
[4′F]FPR-T as a function of total F2 concentration ([F2]o), analyzed by the quadratic
equation for binding of a single ligand. Fitted parameters are listed in Results and in Table 1.
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Fig.4.
Fluorescence equilibrium binding of [6F]FFR-T, heparin, and HCII in ternary and
quaternary complexes. (A) Absolute fluorescence change (ΔΔF/Fo) of 35 nM [6F]FFR-T as
a function of total HCII concentration ([HCII]o), with HCII dependences at 1.6 (●), 5.2 (○),
13.5 (▲), and 47 (Δ) μM heparin and a titration with AT at 0.22 μM heparin (◆). (B)
Heparin dependence of ΔΔF/Fo of 72 nM [6F]FFR-T in the presence of 0.38 μM HCII.
Solid lines represent least squares fits by the model for ternary and quaternary complex
formation, with parameters listed in Table 1. (C) Effect of 25 (○) and 250 (Δ) nM Hir-(54–
65)( ) on the HCII dependence at 1.6 μM heparin (●, from panel A). Solid lines
represent fits by the ternary complex formation model, predominant at 1.6 μM heparin, with
parameters listed in Results.
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Fig.5.
Displacement of Hir-(54–65)( ) from FPR-thrombin and active thrombin during ternary
complex formation with HCII and heparin. (A) Fractional fluorescence change (ΔF/Fo) of
the complex of [5F]Hir-(54–65)( ) with FPR-thrombin (45 nM complex) as a function of
total heparin concentration ([Heparin]o) in the presence of 0.9 (●) and 1.5 (○) μM HCII
and 0.5 μM AT (▲). Solid lines (HCII) are fits by the cubic equation for competitive
binding of the peptide and HCII to the T·Hep complex and by the quadratic equation for the
heparin dependence of the AT reaction. Dashed lines are fits by Eq. (3). (B) Hir-(54–
65)( ) dependence of the decrease of the first-order inactivation rate constant k of
thrombin inactivation by HCII at 1 (●) and 50 (○) μM heparin. Experiments were analyzed
as described in Materials and Methods, and parameters are listed in Results.
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Fig.6.
Order of assembly of [6F]FFR-T, HCII, and heparin in a ternary complex. Stopped-flow
traces of [6F]FFR-T reacting with heparin (a), of a [6F]FFR-T/heparin mixture reacting with
HCII (b), and of [6F]FFR-T reacting with an HCII/heparin mixture (c). Curves were
analyzed as mono- and biexponential time dependences of fluorescence change, as described
in Materials and Methods.
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Scheme 1.
Competition of HCII and the peptide for exosite I. Mutually exclusive binding of HCII and
Hir-(54–65)( ) to the thrombin·(heparin)x complex. HCII and Hir-(54–65)( ) (Hir)
compete for binding to exosite I of the thrombin·(heparin)x complex (T·Hepx) in which x
represents 1 or 2 molecules of heparin bound to thrombin. The dissociation constants for the
higher order complexes with HCII or Hir-(54–65)( ) are KT(Hep)x(HCII) and KT(Hep)x(Hir),
respectively.
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Table 1

Parameters for heparin, Hir-(54-65)( ),and HCII binding to fluorescent thrombins.

KD (μM) ΔFmax/Fo (%)

[4′F]FPR-T

 Heparin binding KT(Hep) 0.10 ±0.02a,b −5 ± 1

0.40 ± 0.06c −6 ± 1

KT(Hep)2 3±4b −4 ± 1

7±1c −4 ± 1

 Hir-(54–65)( ) binding
KT(Hir) 0.15 ±0.02a,d 50 ± 2

 T·Hep·HCII complex KT(Hep)(HCII) 0.23 ± 0.03c,e 54 ± 2

0.20 ± 0.02c,f 51 ± 2

 T·(Hep)2 HCII complex KT(Hep)2(HCII) 0.60 ±0.14c,e 66 ± 6

0.60 ± 0.10c,f 54 ± 6

[6F]FFR-T

 Heparin binding KT(Hep) 0.03 ±0.01a,b −28 ± 1

KT(Hep)2 6±2b −12 ± 2

7±2c −7 ± 2

7±2g −12 ± 1

5±1h −13 ± 1

KT(Hir(Hep) 0.20 ± 0.05g −13 ± 6

0.09 ± 0.02h −14 ± 1

 Hir-(54–65( ) binding
KT(Hir) 0.03 ±0.01g,h 0

KT(Hep)(Hir) 0.10 ±0.02a −15 ± 2

KT(Hep)2(Hir) 0.15 ± 0.05g −16 ± 2

 T·Hep·HCII complex KT(Hep)(HCII) 0.15 ± 0.02c,e −5 ± 1

0.30 ± 0.06c,f −6 ± 1

 T·(Hep)2·HCII complex KT(Hep)2(HCII) 0.14 ±0.03c,e,f −7 ± 2

Note. Dissociation constants (KD) and fluorescence intensity changes (ΔFmax/Fo) for heparin and Hir-(54–65)( ) binding to [4′F]FPR-T and

[6F]FFR-T, and for the ternary and quaternary complexes with HCII, were determined by equilibrium binding. Experiments were performed and
analyzed as described in Materials and Methods. Errors represent ±2 standard deviations.

a
Quadratic binding of a single ligand.

b
Eq. (1).

c
Model of ternary and quaternary complex formation with HCII.

d
Published data [40].

e
From the HCII dependence.

f
From the heparin dependence.

Anal Biochem. Author manuscript; available in PMC 2013 February 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Verhamme Page 23

g
Nonoverlapping second heparin and Hir-(54–65)( ) binding.

h
Competitive second heparin and Hir-(54–65)( ) binding.
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