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KINETIC EVIDENCE THAT ALLOSTERIC ACTIVATION OF ANTITHROMBIN BY
HEPARIN IS MEDIATED BY TWO SEQUENTIAL CONFORMATIONAL CHANGES
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Abstract: The serpin, antithrombin, requires allosteric activation by a sequencespecific pentasaccharide unit of heparin or heparan sulfate glycosaminoglycans
to function as an anticoagulant regulator of blood clotting proteases. Surprisingly,
X-ray structures have shown that the pentasaccharide produces similar inducedfit changes in the heparin binding site of native and latent antithrombin despite
large differences in the heparin affinity and global conformation of these two
forms. Here we present kinetic evidence for similar induced-fit mechanisms of
pentasaccharide binding to native and latent antithrombins and kinetic
simulations which together support a three-step mechanism of allosteric
activation of native antithrombin involving two successive conformational
changes. Equilibrium binding studies of pentasaccharide interactions with native
and latent antithrombins and the salt dependence of these interactions suggest
that each conformational change is associated with distinct spectroscopic
changes and is driven by a progressively better fit of the pentasaccharide in the
binding site. The observation that variant antithrombins that cannot undergo the
second conformational change bind the pentasaccharide like latent antithrombin
and are partially activated suggests that both conformational changes contribute
to allosteric activation, in agreement with a recently proposed model of allosteric
activation.
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Introduction
Antithrombin, a member of the serpin superfamily of protein protease inhibitors,
performs a key anticoagulant function in vertebrates by regulating the activity of blood
coagulation cascade proteases [1, 2]. Antithrombin inhibits clotting proteases like other
serpins by an unusual branched pathway suicide substrate mechanism. In this
mechanism the serpin initially binds the protease through an exposed reactive center
loop (RCL) as a regular substrate and proceeds to cleave the RCL to form the acylintermediate [3]. This cleavage triggers the suicide inactivation by inducing the
metastable serpin to undergo a massive conformational change that deforms the
protease catalytic machinery and kinetically traps the acyl-intermediate complex [4, 5].
Antithrombin circulates in blood in a repressed reactivity state, but is activated by
heparin and heparan sulfate glycosaminoglycans on the luminal and subluminal sides of
blood vessels to control and localize the activity of blood coagulation proteases [6, 7].
The glycosaminoglycans bind to antithrombin through a specific pentasaccharide
sequence and induce allosteric activating changes which enable the serpin to inhibit
coagulation proteases at a rapid, physiologically relevant rate [8, 9]. The activating
conformational changes overcome the repressed reactivity state by relieving repulsive
interactions that diminish favorable RCL and exosite interactions of the serpin with two
target proteases, factor Xa and factor IXa [10-15]. Heparin and heparan sulfate
additionally enhance antithrombin reactivity with these proteases as well as with another
target protease, thrombin, by a ternary complex bridging mechanism in which the
binding of the protease to the glycosaminoglycan alongside antithrombin promotes the
serpin-protease interaction [16-20].
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Rapid kinetic studies of heparin pentasaccharide binding to antithrombin have
shown that allosteric activation is a two-step process in which the negatively charged
pentasaccharide recognizes and binds to a positively charged site on the serpin and
then induces the protein into an activated conformational state that is reported by CD,
UV and fluorescence changes [9, 21]. Allosteric activation is driven by an induced-fit
mechanism that shifts the protein into a higher energy activated state because of the
increased pentasaccharide binding energy in this state [22, 23]. X-ray structures of free
and pentasaccharide-complexed antithrombin have shown the nature of the allosteric
activating changes produced by pentasaccharide binding and revealed that such
changes involve both the heparin binding site and the protease binding site with an
allosteric core mediating communication between these sites [24, 25].
More recent studies have suggested that the allosteric activating changes that
are initiated in the heparin binding site and propagated to the protease binding site may
be resolvable into distinct steps. X-ray structures of an intermediate activated state of
native antithrombin have thus been reported in which the conformational changes in the
heparin binding site have occurred without the changes in the protease binding site [26,
27]. Our recent studies support such a two-stage allosteric activation mechanism in
solution from our studies of conformationally altered latent and cleaved forms of
antithrombin that have lost the ability to be activated as protease inhibitors but retain the
ability to bind the heparin pentasaccharide [28]. These conformationally altered
antithrombins thus bind the pentasaccharide through a two-step induced conformational
change mechanism similar to that shown for the native antithrombin-pentasaccharide
interaction, although with reduced affinity. Notably, an X-ray structure of latent
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antithrombin complexed with the pentasaccharide shows a remarkable resemblance to
the intermediate native antithrombin-pentasaccharide complex in showing the same
conformational changes in the heparin binding site without the global changes of fullyactivated native antithrombin [25]. Such findings suggest that pentasaccharide binding
to the conformationally altered antithrombins may reflect an intermediate stage in the
allosteric activation of native antithrombin. The present study was undertaken to assess
whether the kinetics of pentasaccharide binding to native and latent antithrombins could
be reconciled with a 3-step mechanism for allosteric activation of native antithrombin
and allow dissection of the structural, spectroscopic and activating changes associated
with each step of the 3-step mechanism.
Experimental
Simulations of pentasaccharide binding to native and latent forms of antithrombin
by the 2-step mechanism of scheme 1 or the 3-step mechanism of scheme 2 were done
by numerical integration of the differential equations for these mechanisms using
Scientist software (Micromath) and the indicated values for K1, k+2, k-2, k+3, and k-3 in
Table 3. These values were chosen based on apparent kinetic parameters obtained in
kinetic studies of the binding interactions. For the initial binding step, the forward rate
constant, k+1, was set at the diffusion-limited value of 100 M-1s-1 and the reverse rate
constant, k-1, was set at 1000 s-1 to provide a K1 of 10 M close to the measured value
and rapid equilibrium binding (k-1>>k+2). The predicted value for KD was calculated from
the

kinetic

parameters

as

K1K2/(1+K2)

for

the

2-step

mechanism

and

K1K2K3/(1+K2K3+K3) for the 3-step mechanism where K1, K2 and K3 equal k-1/k+1, k-2/k+2,
and k-3/k+3, respectively [29]. Progress curves for pentasaccharide binding to
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antithrombin were generated for pentasaccharide concentrations ranging from 0.25-15
M and fixed antithrombin concentrations of 0.025 M. The curves for formation of the
final complex were fit well by a single exponential function to yield k obs. kobs values were
then plotted against the pentasaccharide concentration and fitted by the rectangular
hyperbolic equation in the text to generate values for K 1,app, k+lim.app, k-lim,app= koff and
k+lim,app/K1,app = kon.
Overlays of X-ray structures of antithrombin-heparin pentasaccharide complexes
available from the Protein Data Bank and RMSD calculations were done using Swiss
PDB viewer software.
Results and Discussion
Kinetics

of

pentasaccharide

binding

to

native

and

conformationally

altered

antithrombins-The kinetics of heparin pentasaccharide binding to native antithrombin
monitored by intrinsic tryptophan or bound TNS fluorescence changes that report the
binding show a saturable dependence of the observed pseudo-first order binding rate
constant on heparin concentration. This dependence is indicative of a two-step induced
conformational change binding mechanism in which the pentasaccharide binds to
antithrombin in an initial rapid equilibrium step characterized by a dissociation constant,
K1, and then induces a conformational change in the protein with forward and reverse
rate constants, k+2 and k-2 (Scheme 1) [21]. This latter step is reported by protein or
TNS fluorescence changes.
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Scheme 1

That the first binding step is in rapid equilibrium is supported by the observation that
progress curves for heparin pentasaccharide binding to native antithrombin show no
lags over a wide range of saccharide concentrations [21]. Surprisingly, the kinetics of
pentasaccharide binding to conformationally altered latent and cleaved forms of
antithrombin show a strikingly similar saturable dependence of the binding rate constant
on heparin concentration. Tables 1 and 2 compare the kinetic and equilibrium binding
parameters we recently measured for pentasaccharide binding to native and latent
antithrombins and the fluorescence changes associated with this binding under identical
experimental conditions [28]. The values determined for the cleaved antithrombin
interaction are not shown, but are similar to those for the latent antithrombin interaction.
Notably, pentasaccharide binding to both forms of antithrombin is reported by
comparable 24-28% fluorescence changes of the extrinsic probe, TNS, but markedly
different tryptophan fluorescence changes of 40% for the native antithrombin interaction
and 6% for the latent antithrombin interaction. Most striking, the kinetic parameters are
experimentally indistinguishable for the initial pentasaccharide binding step (K 1) as well
as for the rate constant, k+2, for the subsequent conformational change step. Since the
overall on-rate constant (kon) for pentasaccharide binding is equal to the ratio of these
parameters, k+2/K1, kon is also the same for the two interactions. The kinetic parameters
differ only in the reverse rate constant for the conformational change step, this being
equal to the off-rate constant for pentasaccharide dissociation (koff) when the initial
binding step is in rapid equilibrium. The latter difference therefore accounts for the 2030-fold greater binding affinity of the pentasaccharide for native antithrombin as
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compared to the latent form. These findings suggest that native and latent antithrombins
bind the pentasaccharide and undergo induced conformational changes that are highly
similar but not identical.
X-ray structures of native and latent antithrombin-pentasaccharide complexes-The
above interpretation is borne out by comparing the X-ray structures of native and latent
antithrombin both free and complexed with the pentasaccharide (Fig. 1) [24, 25]. These
structures are derived from the same crystal because native and latent antithrombins
were crystallized together as a dimer. A closeup of the heparin binding sites in the
native and latent antithrombin-pentasaccharide complex structures in fact show that the
pentasaccharide binds to the same site in latent as in native antithrombin and induces
similar conformational changes in the site (Fig. 2). These changes involve movements
of the three regions that make up the heparin binding site, namely, the N-terminal
region, helix A, and helix D, as well as the formation of a new P helix in the loop
preceding helix D. Together, these changes create a complementary binding site for the
pentasaccharide in which basic residues of the protein are positioned to interact with
negatively charged sulfates and carboxylates of the pentasaccharide [25]. A notable
difference between the two antithrombin-heparin pentasaccharide complex structures
within the heparin binding site is that the pentasaccharide induces an extension of helix
D at its C-terminal end in native antithrombin but not in the latent form. This change
appears to be linked to other conformational changes induced in the protease binding
site that are unique to native antithrombin and that cause full activation of antithrombin
reactivity with proteases. The latter include the closing of a gap in sheet A in which the
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RCL hinge is buried and the expulsion of the RCL from the gap and its extension away
from the serpin body (Fig. 1) [30].
In view of our findings that native and latent antithrombin interactions with the
pentasaccharide show similar binding kinetics and a common set of structural changes
induced in the heparin binding site by binding, the recent reports of two structures of an
intermediate form of native antithrombin complexed with the pentasaccharide is
particularly noteworthy [26, 27]. Remarkably, the intermediate complex bears a striking
resemblance to the latent antithrombin-pentasaccharide complex within the heparin
binding site (Fig. 2). Thus, in both structures the conformational changes in the heparin
binding site have occurred but helix D extension and the activating changes in the
protease binding site have not. Such findings suggest that the latent antithrombinpentasaccharide complex may be a good model for the intermediate complex.
Three-step mechanism for pentasaccharide binding and activation of antithrombinTogether, the similarity in the kinetics of pentasaccharide binding to native and latent
antithrombins and in the structures of native, latent and intermediate antithrombinpentasaccharide complexes imply a three-step mechanism for pentasaccharide binding
and allosteric activation of native antithrombin in which the activating conformational
changes occur in two stages (Scheme 2). In steps one and two of the mechanism, the
pentasaccharide initially binds with dissociation constant, K 1, and then induces the first
stage conformational changes within the heparin binding site with forward and reverse
rate constants, k+2 and k-2, respectively. In step three, the second stage conformational
changes are induced with forward and reverse rate constants, k +3 and k-3, respectively.
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These latter changes involve the extension of helix D and the activating changes in the
protease binding site.
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While such a mechanism was previously suggested based on the observed
intermediate antithrombin-pentasaccharide complex crystal structures [27], we wished
to determine whether the 3-step mechanism could be reconciled with the observed
kinetics of pentasaccharide binding to native antithrombin in solution. Assuming that the
kinetics of pentasaccharide binding to latent antithrombin is a reasonable model for the
two steps leading to the intermediate in the 3-step binding to native antithrombin, we
performed kinetic simulations of the 3-step mechanism. The kinetic parameters, K1, k+2
and k-2, were thus fixed at values of 10 M, 200 s-1 and 2 s-1, respectively, that were
similar to those measured for the latent antithrombin interaction. In keeping with the
rapid equilibrium of the first binding step, we assumed a diffusion-limited on-rate
constant (k+1) of 108 M-1s-1 for binding that required the off-rate constant (k-1) to have a
value of 1000 s-1. Importantly, this set of rate constants satisfied the rapid equilibrium
constraint, k-1 >> k2. We then reasoned that to account for the similar limiting rate
constants measured for latent and native antithrombin interactions at saturation, k+2
must represent a common rate-limiting conformational change step for the two
interactions. We therefore set k+3 for the third step stage II conformational changes to a
value much greater (10-fold) than k+2. We finally constrained k-3 to have a value that
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would result in a calculated overall equilibrium dissociation constant that corresponded
to the measured KD for the native antithrombin interaction given the assumed values for
K1, k+2, k-2 and k+3 [29]. It should be noted that the simulations do not depend on the
exact values chosen for k+3 and k-3 as long as k+3 >> k+2 and the ratio of k+3/k-3 is fixed
at a value that yields the observed overall dissociation constant for binding. The
simulations are also independent of the chosen values for k +1 and k-1 as long as the
ratio k-1/k+1 is fixed at the measured value for K1 and k-1>>k+2 so that rapid equilibrium
conditions prevail. Table 3 summarizes the rate constants used for the simulations.
Progress curves for pentasaccharide binding to native and latent antithrombins
were simulated for two and three-step binding mechanisms by numerical integrations of
the differential equations for the mechanisms under the pseudo-first order conditions
used experimentally. Figure 3 shows the simulated progress curves over the range of
pentasaccharide concentrations used experimentally, concentrations that partially
saturate the initial binding interaction (0.25-15 M), and employing an antithrombin
concentration of 0.025 M to yield pseudo-first order conditions and exponential binding
progress curves. The simulated progress curves were fit by an exponential function as
was done with the experimental progress curves and observed pseudo-first order rate
constants (kobs) for pentasaccharide binding plotted as a function of pentasaccharide
concentration and computer fit by the hyperbolic function for a two-step saturable
binding process:

kobs = k-lim,app + k+lim,app x [H]o/(K1,app + [H]o)
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In this equation, K1,app is the apparent dissociation constant for the initial binding step
and k+lim,app and k-lim,app are apparent forward and reverse rate constants for one or more
subsequent rate-limiting conformational change steps. Figure 4 shows that the
saturable dependence of kobs on pentasaccharide concentration obtained for the
simulations for the native antithrombin interaction resulted in similar fits by the kinetic
equation whether the two-step or three-step mechanisms were used. The parameters
obtained from these fits shown in Table 4 differ insignificantly (within the experimental
error of actual kinetic measurements), indicating that the kinetic data previously
interpreted in terms of a two-step mechanism are also fully consistent with the 3-step
mechanism.
The simulations of 3-step and 2-step mechanisms for pentasaccharide binding to
native and latent antithrombin, respectively, also predict the observed similarity in
values for K1,app and k+lim,app, but differences in values for k-lim,app when these interactions
are assumed to have the first two steps in common. k-lim,app, obtained from the intercept
of the plots of kobs vs. pentasaccharide concentration (fig. 4), represents the overall offrate constant and is equal to k-2 for the two-step latent antithrombin binding mechanism
but is approximated by k-2 x k-3 /k+3 for the 3-step native antithrombin mechanism [31].
The slower off-rate constant for the native as compared to the latent antithrombin
interaction thus suggests that the pentasaccharide interaction with the intermediate is
tightened following the stage II conformational changes that lead to full activation. This
is reflected by the equilibrium constants for the two successive conformational change
steps, K2 and K3 (equal to k-2/k+2 and k-3/k+3, respectively), which indicate that
pentasaccharide binding is enhanced 100-fold by the stage I conformational changes
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leading to the intermediate and a further 20-fold by the stage II conformational changes
resulting in full activation. The two stages of conformational changes are thus both
driven by increases in pentasaccharide binding energy that result from progressively
better fits of the pentasaccharide in the binding site.
Spectroscopic

reporters

of

antithrombin

conformational

changes-

The

3-step

mechanism for pentasaccharide binding and allosteric activation of antithrombin has
additional implications for understanding the differential fluorescence changes
associated with pentasaccharide binding to native and latent antithrombins. The
observation

that

TNS

fluorescence

changes

accompanying

pentasaccharide

interactions with the two antithrombins are similar suggests that these changes report
the stage I conformational changes in the heparin binding site. This would be in keeping
with the mapping of a TNS binding site in the serpin, PAI-1, between sheet A and
helices D and E [32]. TNS bound to a comparable site in antithrombin might thus be
expected to sense the stage I conformational changes in the adjacent heparin binding
site. By contrast, tryptophan fluorescence changes reporting the two interactions differ
significantly, with a 6% change for the latent antithrombin interaction and a 40% change
for the native antithrombin interaction. These changes have been deconvoluted for the
native antithrombin interaction by time-resolved fluorescence measurements of single
Phe mutants of each of the four tryptophans of antithrombin [33]. Such studies suggest
that Trp49 and Trp189, the residues closest to the heparin binding site, account for the
6% change observed for the latent antithrombin interaction whereas Trp225 and Trp307
account for the larger changes reporting the native antithrombin interaction. The Trp
fluorescence changes reporting the stage I conformational changes that produce the
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intermediate are thus small relative to the fluorescence changes reporting the stage II
conformational changes. The latter reflect the expulsion of the RCL hinge from sheet A
and closing of the gap in sheet A in the protease binding region.
Activating effects of antithrombin conformational changes- The 3-step mechanism is
supported by the effects of mutations in antithrombin that uncouple the conformational
changes in the heparin binding site from those in the protease binding site. A notable
example is a Lys133Pro mutant that blocks the extension of helix D and the Trp
fluorescence changes that report RCL expulsion from sheet A [34]. A deletion of
residues in the C-terminal loop of helix D produced a similar loss of Trp fluorescence
changes but retained the TNS fluorescence changes that report the stage I
conformational changes in the heparin binding site [35]. Importantly, the Lys133Pro
mutation resulted in a ~20-fold decrease in heparin binding affinity, comparable to the
heparin affinity differences between native and latent antithrombin. Moreover, this
decrease in affinity was solely due to an increase in the apparent off-rate constant, the
initial binding interaction and the limiting conformational change rate constant that
determine the on-rate not being affected at all. This once again parallels the differences
in pentasaccharide interactions with native and latent antithrombins and is consistent
with the mutant antithrombin undergoing only the stage I conformational changes
characteristic of the intermediate.
While the latent antithrombin-pentasaccharide complex appears to be a good
model for the intermediate native antithrombin-pentasaccharide complex, the latent
serpin is inactive as a protease inhibitor and therefore the effects of the stage I
conformational changes on the activation of the intermediate complex cannot be
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assessed with latent antithrombin. These effects can be surmised, however, in the case
of the Lys133Pro variant which provides the best model for the intermediate native
antithrombin-pentasaccharide complex. Significantly, pentasaccharide binding to the
variant causes a partial activation of antithrombin reactivity with factor Xa, as evidenced
by a 30-40-fold pentasaccharide enhancement of the second order inhibition rate
constant for the variant antithrombin-factor Xa reaction as compared to a 100-200-fold
enhancement of the wild-type serpin reaction. This would suggest that the two
conformational changes we have resolved in the allosteric activation pathway both
contribute to activation. This would be in keeping with a recently proposed model of
activation in which two distinct structural changes in the protease binding region, one
that relieves repulsive interactions in an exosite outside the RCL and the other that
extends the RCL away from the serpin body, contribute to enhancing antithrombin
reactivity with factor Xa and factor IXa [14]. It would further imply that the induced-fit
changes in the heparin binding site that occur in the stage I conformational changes are
transmitted to the protease binding region through an allosteric core to partially activate
antithrombin without the RCL activating conformational changes in stage II.
Increases in pentasaccharide interactions drive antithrombin conformational changesComparison of the salt dependence of pentasaccharide interactions with native and
latent antithrombins indicates that the differences in binding affinity result from two
fewer ion pair interactions made in the latent antithrombin-pentasaccharide complex
than in the native antithrombin complex (Table 2) [28]. The contribution of other
hydrogen bonding and van der Waals interactions as well as hydrophobic attractions
that account for more than half of the binding energy of the native inhibitor interaction
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are similar for the two complexes [9]. Assuming that the latent antithrombin interaction is
representative of that in the intermediate complex, the stage II conformational changes
would thus appear to enhance pentasaccharide binding by the formation of two
additional ion pair interactions. Clues to the origin of these additional interactions comes
from comparing the structures of native, latent and intermediate antithrombinpentasaccharide complexes within the heparin binding site (Fig. 5). Clear differences
exist between native and latent structures from overlays of main chain atoms of the
structures as verified by RMSD calculations using four native and three latent
structures. These differences are most pronounced in the C-terminal extension of helix
D, as expected, but are also significant in the P helix region and involve the bound
pentasaccharide. Such differences suggest that rearrangements of the pentasaccharide
occur in the second stage conformational changes to produce the net increase in ion
pair interactions. Because of the cooperativity between antithrombin basic residues in
binding the pentasaccharide, however, it is difficult to ascribe the gain in ionic
interactions to specific residues solely from comparisons of these structures.
Surprisingly, the overlays of two intermediate complex structures reveals a resemblance
more to the native than the latent complex except for the C-terminal extension of helix
D, implying that the so-called intermediate structures may be “frozen” in a state in which
pentasaccharide binding interactions are approaching the fully-activated native structure
before helix D extension and RCL expulsion have occurred.
Contrasting our proposal that the stage II conformational changes are driven by
improved binding interactions of the pentasaccharide in the fully-activated state, an
alternative proposal has suggested that these conformational changes are driven
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instead by the greater thermodynamic stability of the fully-activated state when the
pentasaccharide is bound [26, 27]. However, it is difficult to rationalize this proposal with
the

fact

that

the

native

antithrombin

conformation

is

considerably

more

thermodynamically stable than the fully-activated conformation, based on the ~5 degree
higher melting temperature of native versus activated forms of antithrombin [36, 37] and
the equilibrium between these forms that favors the native over the activated state by at
least 100:1[38]. This differential stability reflects the greater stability of antithrombin
forms in which the RCL is inserted into sheet A, implying that the intermediate state of
antithrombin in which the RCL is buried in sheet A and the fully-activated state in which
the RCL is expelled are likely to have similar differential stabilities. That
pentasaccharide binding does not reverse the relative stabilities of these states is
indicated by the observation that mutations of positively charged heparin binding site
residues to neutral or negatively charged residues which could be considered to mimic
pentasaccharide binding fail to activate antithrombin [39]. It thus seems more likely that
the stage II conformational changes are intrinsically unfavorable and are driven by the
coupling of these changes to changes in the heparin binding site, i.e., helix D extension,
that result in an improved fit of the pentasaccharide in the site. That there is an
energetic cost to inducing the second stage conformational changes that is paid for by
increases in pentasaccharide binding energy is supported by the observation that
changes in antithrombin structure that reduce this energetic cost enhance heparin
binding affinity [38, 40].
Conclusions
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In summary, kinetic data comparing pentasaccharide binding to native and latent
antithrombin together with kinetic simulations and X-ray structures of native, latent and
intermediate antithrombin-pentasaccharide complexes support a three-step mechanism
for heparin pentasaccharide binding and conformational activation of antithrombin. In
this mechanism an initial weak binding of the pentasaccharide induces two sequential
conformational

change

steps

that

are

driven

by

progressive

increases

in

pentasaccharide binding energy and that result in progressive activation of the serpin.
The first set of conformational changes involve an induced-fit of the pentasaccharide
with the heparin binding site that cause partially activating changes in the protease
binding site transmitted through an allosteric communication network. These changes
are reported by TNS fluorescence changes and changes in Trp49 and Trp189
fluorescence. The changes are common to native, latent and Lys133Pro variant
antithrombins and account for the similar on-rate constants for pentasaccharide binding
to these antithrombin forms. The second set of conformational changes involve further
improvements in the fit of the pentasaccharide with the heparin binding site due to the
extension of helix D that are linked to sheet A closure and RCL extension away from the
sheet in the protease binding site that cause full allosteric activation. These changes are
reported by changes in Trp225 and Trp307 fluorescence. This second set of
conformational changes are unique to native antithrombin and account for the reduced
off-rate constant for pentasaccharide dissociation from native as compared to latent and
Lys133Pro variant antithrombins.
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Table 1: Kinetic and equilibrium parameters for heparin pentasaccharide binding
to native and latent antithrombins at I 0.15, pH 7.4, 10oCa

Antithrombin
form
Native

K1
(M)
6±0.4

k+2
(s-1)
200±5

kon = k+2/K1
(M-1 s-1)b
33±1

k-2 = koff
(s-1)b
0.3±0.9

Latent

9±1

200±15

30±4

3±1

KD
(nM)
4±2
150±50

a

Kinetic parameters, taken from Schedin-Weiss et al. [28], were measured by rapid
kinetic analyses of pentasaccharide binding to native and latent antithrombins
monitored by tryptophan or TNS fluorescence changes. Parameters for the two-step
mechanism of scheme 1 were obtained by fitting the dependence of the observed
pseudo-first order binding rate constant on pentasaccharide concentration to a
hyperbolic saturation function. Dissociation constants were obtained by equilibrium
binding titrations of antithrombin with pentasaccharide monitored by tryptophan or TNS
fluorescence changes.
b
Values measured from the slope and intercept of the initial linear dependence of kobs
versus pentasaccharide concentration. Deviations between the k on obtained from the
slope and that calculated from the ratio, k+2/K1, reflect the greater experimental error in
the latter.
Table 2: Equilibrium binding constants, fluorescence changes and ionic and
nonionic contributions to binding for the interactions of the heparin
pentasaccharide with native and latent antithrombins at I 0.15, pH 7.4, 25oCa
Antithrombin
form

KD (nM)

Native
Latent

45±7
1200±200

% Trp
fluorescence
change
40
6

a

% TNS
fluorescence
change
28
24

Number of
ionic
interactions
3.8±0.9
1.7±0.2

Non-ionic
KD (M)
15±17
18±7

Equilibrium binding parameters for heparin pentasaccharide interactions with
antithrombin, taken from Schedin-Weiss et al. [28], were measured by fluorescence
titrations performed as a function of ionic strength.
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Table 3: Kinetic constants used to simulate two- and three-step mechanisms of
pentasaccharide binding to native and latent antithrombinsa

Latent
2-step
Native
2-step
Native
3-step

K1
k+1
k-1
-1
(M) (M-1 s-1) (s )
10
100
1000

k+2
(s-1)
200

k-2
(s-1)
2

k+3
(s-1)
--

k-3
(s-1)
--

KD
(nM)
100

10

100

1000

200

0.1

--

--

5.0

10

100

1000

200

2

2000

100

4.8

a

Kinetic constants were chosen to approximate measured values in Table 1 for 2-step
mechanisms. For the 3-step native antithrombin binding mechanism, kinetic constants
for the first two steps were assumed to be identical to those for the latent antithrombin
interaction. Kinetic constants for the third step were chosen to make k+3 >> k+2 and to
constrain k-3/k+3 to a value that yielded an overall KD equal to that for the 2-step native
antithrombin mechanism. KD was calculated from individual rate constants based on the
equations given in Methods. Since the assumed rate constants conform to the
conditions, k-1 >> k+2, k+3 >> k+2, and k+2 >> k-2, kon is approximated by k+2/K1 for both 2and 3-step mechanisms and koff is approximated by k-2 for the 2-step mechanism and
k-2 x k-3/k+3 for the 3-step mechanism [31].
Table 4: Apparent kinetic parameters obtained from analyses of simulated
binding progress curves by a two-step saturable binding mechanisma

Latent
2-step
Native
2-step
Native
3-step

K1,app
k+lim,app
(s-1)
(M)
12.4±0.1 206±1

kon
(M-1s-1)
16.5±0.1

k-lim,app = koff
(s-1)
1.65±0.04

12.2±0.1 202±1

16.5±0.1

0.05±0.03

11.8±0.1 192±1

16.3±0.2

0.10±0.07

a

Kinetic constants were determined by fitting the dependence of kobs values obtained
from simulated progress curves on pentasaccharide concentration to the hyperbolic
saturation function in the text.
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FIGURE LEGENDS
Figure 1: X-ray structures of native and latent antithrombins with and without
bound pentasaccharide- Ribbon models of native (upper panel) and latent (lower
panel) antithrombins are shown in the free state (left-hand side, pdb 1E05) and
complexed with pentasaccharide (right-hand side, pdb 1E03). The RCL is colored
yellow, sheet A is red, helix D is blue and the heparin pentasaccharide is shown in stick
and colored magenta. The extension of helix D that accompanies pentasaccharide
binding and activation of native antithrombin is colored in cyan. The P14 RCL hinge
residue that is buried in sheet A in free native antithrombin and expelled from the sheet
in

pentasaccharide-activated

native

antithrombin

is

shown

in

space-filling

representation.
Figure 2: Close-up of the heparin binding site in native, latent and intermediate
antithrombin-pentasaccharide complex structures- The N-terminus, helix A and
helix D regions of the heparin binding site from X-ray structures of pentasaccharide
complexes with native (pdb 1E03), latent (pdb 1E03) and native intermediate (pdb
1NQ9) forms of antithrombin are shown in light gray ribbon representation. Basic
sidechains that interact with the pentasaccharide are shown in stick representation with
carbons in black, nitrogens in blue and oxygens in red. The pentasaccharide is shown in
stick representation with all atoms colored magenta. The insets for the native and latent
antithrombin structures show the uncomplexed forms of the protein (pdb 1E05) and
reveal the significant changes in side-chain orientation involved in the induced-fit
binding of the pentasaccharide.
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Figure 3: Simulated progress curves for pentasaccharide binding to native and
latent antithrombins by two-step and three-step induced-fit binding mechanismsSimulations of pentasaccharide binding to native and latent antithrombins by the twostep mechanism of scheme 1 or the three-step mechanism of scheme 2 were generated
by numerical integration of the differential rate equations for the binding models using
the kinetic constants in table 3. A series of binding progress curves were calculated for
an antithrombin concentration of 0.025 M and pentasaccharide concentrations ranging
from 0.25-15 M (circles) to duplicate the pseudo-first order experimental conditions
and pentasaccharide concentrations used to measure the binding kinetics. Progress
curves were fit by a single exponential function (solid lines) to obtain the observed
pseudo-first order binding rate constant.
Figure 4: Dependence of kobs for pentasaccharide binding to native and latent
antithrombins on pentasaccharide concentration for two and three-step binding
mechanisms- kobs values were obtained from fits of progress curves in figure 3 for twostep (diamonds) and three-step (squares) binding mechanisms of the native
antithrombin-pentasaccharide interaction and for the two-step (circles) mechanism of
the latent antithrombin-pentasaccharide interaction and plotted as a function of
pentasaccharide concentration. Data were fit by the hyperbolic saturation curve given in
the text to obtain the kinetic parameters, K1,app, k+lim,app and k-lim,app, shown in table 4.
The left-hand panel shows the full range of pentasaccharide concentrations examined
and the right-hand panel shows the low pentasaccharide concentration range that
reveals the different ordinate intercepts corresponding to k-lim,app.
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Figure 5: Overlay of the heparin binding site for native, latent and intermediate
antithrombin-pentasaccharide complex structures- Residues 6-20 of the Nterminus, 45-57 of the A-helix and 112-137 of the P- and D-helix regions are shown in
ribbon presentation for crystal structures of pentasaccharide complexes of native (pdb
1E03), latent (pdb 1E03) and intermediate (pdb 1NQ9) antithrombin variants in black,
red and blue, respectively. The pentasaccharide is shown in stick in the same colors as
the respective antithrombin form. The figure was prepared in swiss PDB viewer after
structural alignment based on the main chain residues of the pentasaccharide-binding
region including residues 7-25, 44-50 and 112-133. Native antithrombin (pdb 1E03-I)
was used as a reference. Similar differences between structures were observed when
overlays of the 1E03 native structure were done with 1TB6, 2GD4, 3KCG native
structures, 1NQ9, 3EVJ

intermediate structures and 1E03, 1NQ9, 3EVJ

structures as assessed from RMSD calculations.
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