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The sulfated glycosaminoglycan heparin is an impor-
tant anticoagulant, widely used to treat and to prevent
arterial thrombosis. Heparin triggers conformational
changes in, and the functional activation of, the serine
proteinase inhibitor antithrombin. We investigated wa-
ter-transfer reactions during the activation process to ex-
plore the possibility that functional interaction between
antithrombin and sulfated glycosaminoglycans can be
regulated by osmotic potentials. Volume of water trans-
ferred upon heparin binding was measured from differ-
ences in free energy change, �(�G), with osmotic stress, �.
Osmotic stress was induced with chemically inert probes
that are geometrically excluded from the water-perme-
able spaces of antithrombin and from intermolecular
spaces formed during the association reaction. The free
energy change, �G, for the antithrombin/heparin interac-
tion was calculated from the dissociation constant, deter-
mined by functional titrations of heparin with antithrom-
bin at fixed concentrations of the coagulation protease
factor Xa. The effect of osmotic stress was independent of
the chemical nature of osmoticprobes but correlated with
their radius up to radius >17 Å. In mixtures including a
large and a small probe, the effect of the large probe was
not modified by the small probe added at a large molar
excess. With an osmotic probe of 4-Å radius, the �(�G)/�
slope corresponds to a transfer of 119 � 25 water mole-
cules to bulk solution on formation of the complex. Ana-
lytical characterization of water-permeable volumes in
x-ray-derived bound and free antithrombin structures re-
vealed complex surfaces with smaller hydration volumes
in the bound relative to the free conformation. The resi-
due distribution in, and atomic composition of, the pock-
ets containing atoms from residues implicated in heparin
binding were distinct in the bound versus free conformer.
The results demonstrate that the heparin/antithrombin
interaction is linked to net water transfer and, therefore,
can be regulated in biological gels by osmotic potentials.

Antithrombin is one of the more important inhibitors of blood
coagulation proteinases. Deficiencies in antithrombin, either
acquired or congenital, are associated with thrombosis. The
inhibitory activity of antithrombin is markedly increased by

binding with charged glycosaminoglycans (GAGs)1 present on
the vascular wall and extravascular spaces (1–8). Among
GAGs, the heparan sulfates are the most effective antithrom-
bin activators. Stereospecific requirements for maximal inhib-
itory activity have been ascribed to a pentasaccharide sequence
containing four sulfate groups on glucosamine residues and
two carboxylates on uronic acid residues (9, 10). Commercial
preparations of heparin used routinely as anticoagulants are
enriched with these highly charged sequences as compared
with heparan chains that are isolated from the vasculature
(11). In vivo, natural antithrombin ligand(s) are part of com-
plex biopolymer gels and subjected to hydration and dehydra-
tion osmotic forces (12) in the extracellular matrix. The possi-
ble effect of osmotic forces on the functional interactions of
GAGs remains essentially unexplored. In the present study, we
examine the effect of osmotic forces on the heparin/antithrom-
bin interaction.

Antithrombin is a prototype metastable protein, and its ac-
tivation by heparin appears to result from the release of several
structural constraints (6, 7, 13, 14). Considerable evidence
indicates that antithrombin undergoes sequential changes in
conformation during functional interactions with heparin and
its target proteinases (2–4). The conformational changes initi-
ated by heparin propagate throughout the antithrombin struc-
ture in ways that are not completely understood. Kinetically, it
has been shown that the antithrombin/heparin interaction is a
two-step reaction with a strong electrostatic component. An
initial, low affinity step equilibrates very rapidly and induces
the conformational transitions leading to high affinity interac-
tions (8, 14). These antithrombin conformational transitions
improve access of the reactive loop to the target proteinase’s
active site and are responsible for most of the �500-fold in-
crease in antithrombin affinity for coagulation factor Xa (fXa)
(1, 7, 13). The subsequent inhibition of fXa is also a two-step
process (3, 5–8, 13–18), with an initial fast equilibrating step to
form a ternary complex, followed by a slower, first-order reac-
tion resulting in heparin release and formation of an essen-
tially irreversible antithrombin-fXa complex. Proteinase inhi-
bition and heparin release are linked to reinsertion of
antithrombin’s reactive loop into a �-sheet structure in the
protein’s core and translocation of the proteinase from its ini-
tial low affinity interaction site in the exposed reactive loop to
the other end of the antithrombin molecule (5, 6).

Previous studies using the osmotic stress (OS) technique
indicated that the first-order reaction leading to irreversible
antithrombin-fXa complex formation is linked to net water
transfer from the reactants to bulk solution (19). The possibil-
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ity that hydration water is transferred during heparin-induced
conformational transitions has not been investigated before.
The theoretical basis of the OS technique has been described
and validated in detail (20–26) and revised recently (27). Os-
motic stress gives a direct thermodynamic measure of hydra-
tion. Many functional reactions of complex proteins like anti-
thrombin are associated with conformational transitions that
drastically alter the magnitude and distribution of their water-
permeable spaces (19–26). During these transitions, the
change in free energy has a component corresponding to the
work of water transfer. When the transition proceed in the
presence of cosolutes that are excluded from the water-perme-
able spaces, the difference in water activity between the ex-
cluded spaces and bulk solution favor water transfer to bulk
solution. The sensitivity of the free energy change, (�G), to
water activity is a measure of the volume of water transferred
during the transition and reflects differences in hydration be-
tween initial and final states. In the present work, OS is used
with functional titrations to analyze antithrombin activation
by heparin. Results show net water transfer from reactants to
bulk on formation of the heparin-antithrombin complex and
imply that functional GAG interactions are susceptible to os-
motic regulation in vivo.

MATERIALS AND METHODS

Determination of Functional Binding Parameters—The dissociation
constant of the heparin/antithrombin interaction was determined from
functional titrations under different osmotic stress conditions. The ef-
fect of osmotic stress on binding parameters was analyzed on the basis
of the previously validated (18) kinetic scheme.

AT � H ¢O¡
Kh

AT�H � fXa ¢O¡
Kt

H�AT-fXaOB
k

AT-fXa � H

REACTION 1

Kh is the equilibrium dissociation constant for the antithrombin/hepa-
rin interaction (AT�H). Kt is the dissociation constant for the ternary
interaction between fXa and the AT�H complex, and k is the first-order
rate constant for the stabilization of the inhibitory complex.

The observed pseudo-first-order rate constant, kobs, is a hyperbolic
function of the AT�H complex concentration.

kobs � k�AT�H� / �Kt � �AT�H]) (Eq. 1)

The stabilization of the complex is closely linked to the release of
heparin. Although the mechanism that links heparin dissociation to the
first-order stabilizing step is not clear, detailed kinetic analyses indi-
cate that dissociation occurs either simultaneously or in a faster, sub-
sequent step (18, 28, 29).

Functional Saturation Curves—Functional titration experiments
were performed within a concentration range of antithrombin (20–450
nM), giving Kt [tmt] [AT�H] and kobs � k [AT�H]/Kt, and at fixed and low
heparin (20 nM) and fXa (10 nM). Under these conditions, the change in
kobs with antithrombin concentration reflects the concentration of AT�H
and follows the saturation curve of heparin with antithrombin (18) from
which a functionally determined dissociation constant, Kd, can be
determined.

Antithrombin and heparin were equilibrated in Tris buffer, 25 mM,
pH 7.2–7.4 at 25 °C, with NaCl at either 0.075 or 0.2 N. Osmotic stress
was induced with the following chemically inert cosolutes: polyethylene
glycol, Mr 300 or 8000 (PEG 300 or 8000); dextran, Mr 10,000; or
polyvinylpyrrolidone, Mr 40,000. Standard and “stressed” solutions
were identical in all components except for the added cosolute. The
difference in osmotic pressure generated by the added cosolute was
determined from empirical relationships derived by direct osmotic pres-
sure measurements (24, 25). The change in [AT�H] with antithrombin
was determined from the exponential rate, kobs, of fXa activity decay.
The fXa activity was measured in six sequential samples withdrawn
from reaction mixtures at 5–50-s intervals and diluted immediately in
hexamethrine bromide (100 �g/ml). Residual protease activity was de-
termined from the initial rate of substrate hydrolysis (methoxycarbon-
yl-D-cyclohexylglycylarginine-p-nitroanilide acetate), as described pre-
viously (32). In reaction mixtures without heparin or without

antithrombin, the fXa activity did not change significantly during the
reaction time.

Stoichiometry—The possible effect of OS on the [AT�H]/fXa stoichi-
ometry and changes in proportions of antithrombin branching into the
substrate pathway was also investigated. In these experiments, anti-
thrombin and fXa were incubated at various molar ratios with heparin
at fixed concentration. Reactions were followed under either standard
or OS conditions until completion. The stoichiometry was calculated as
the abscissa intercept of linear regression plots of residual proteinase
activity versus the antithrombin/fXa ratio (18).

Miscellaneous Procedures—The quadratic form of the binding equa-
tion was fitted to data points (18), using the computer program Table-
Curve (SAS Institute, Inc., Cary, NC), and linear regression analyses
were performed with the computer program Stat-View (SAS Institute,
Inc., Cary, NC.). Commercial-grade heparin with average molecular
weight of �17,000 was purchased from Sigma. Fractionated heparin
(molecular weight of 3000) and human antithrombin and factor Xa were
purchased from Enzyme Research Laboratories.

Determination of Water Transfer during Antithrombin/Heparin In-
teractions and Theoretical Considerations—Experimentally, the possi-
bility that a particular interaction is associated with net water transfer
is determined from the difference in free energy change �(�G) with
osmotic pressure. The direction of the water transfer is also deduced
from the �(�G)/� slope. The slope is positive when transfer is from bulk
to reactants. The slope is negative when transfer is from reactants to
bulk. Changes in free energy are calculated from the binding parame-
ters according to classical thermodynamic principles (33).

Osmotic stress theory (20–27) is derived from the theory of dilute
solutions (34, 35), as it explains the indirect effects of cosolutes on
macromolecules. It focuses on the role of hydration water in the region
within and around a macromolecule from which cosolutes, but not
water, are excluded. Detailed commentaries on various cosolute effects,
such as crowding, preferential hydration, and binding, have been pub-
lished (27). Here we summarize the theory only in relation to the
antithrombin activation experiments we present.

To analyze the antithrombin transformation between an F (heparin-
free) and an B (inhibitory, heparin-bound) state, the osmotic stress
technique can give a thermodynamic measurement of the hydration
volume difference.

The free energy difference from F to B is the free energy difference,
�G between the bound (GB) and unbound forms of antithrombin (Ga)
and heparin (Gh).

�G � �Ga � Gh� � GB (Eq. 2)

and

�G � �RT ln K (Eq. 3)

K is a parameter measuring the ratio between the concentrations (or
probabilities) of states F and B at equilibrium, R is the gas constant
(1.987 cal/mol/degree), and T is the temperature (degrees Kelvin). The
volume of water transfer is calculated from the equivalence: 1 atm 	
(volume of 1 mol of water) � 0.435 cal/mol. Thus, from the measured
ratio �(�G)/�, (cal/mol/atm)/0.435 � mol H2O.

In a multicomponent solution, such as those used to determine equi-
librium parameters, the colligative properties, including the osmotic
pressure, depend on the activity of all components. In our osmotic stress
experiments, the activity of all components was held constant except for
water and the inert cosolute used to induce osmotic stress. The compo-
sition of stressed and standard solutions was identical except for incre-
mental additions of cosolute. The antithrombin and heparin molecules
in the diluted solution used to measure equilibrium parameters are
expected to influence the composition of the region of solution close to
their surface, or sphere of influence (27, 34, 35). Focusing on the inert
cosolute and the water within the antithrombin’s sphere of influence,
the solution will have Nw, and Nc, molecules of water and cosolute,
respectively, whereas in regions outside the sphere of influence the
solution will have nw and nc molecules, respectively. Obviously, the
sphere of influence includes all geometrical spaces within and near
antithrombin, from which the cosolute is sterically excluded. However,
following thermodynamic reasoning, the size of the sphere of influence
is of no importance, because the osmotic stress on the molecule depends
on the disproportion of cosolute and water within and outside the
sphere (25).

The Gibbs-Duhem (34) equation links the changes in chemical po-
tential, d�, within the antithrombin sphere of influence,

d�a � �Nwd�w � Ncd�c, (Eq. 4)
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and at solution regions outside the antithrombin’s sphere of influence,

nwd�w � ncd�c � 0. (Eq. 5)

These relations express the fact that the changes in cosolute, d�c, and
water, d�w, chemical potentials are directly linked. The same argu-
ments apply to the chemical potential of heparin. The change in water’s
chemical potential can also be expressed by considering the change in
osmotic pressure induced by cosolute.

d�w � �Vwd� (Eq. 6)

Vw is the molecular volume of water, and d� is the change in osmotic
pressure induced by changes in cosolute concentration (34, 35).

The change in chemical potential is closely related to Gibbs free
energy and can be defined as the Gibbs free energy per molecule. This
definition of the free energy is frequently used in utilitarian forms of the
Second Law equation, and its derivation is based on Euler identity for
homogeneous functions (34). From Equations 2–6 above, we obtain
Equation 7.

d�G � ��Newd�w (Eq. 7)

New is the excess (or deficit) amount of water in regions within, as
compared with outside, antithrombin’s sphere of influence (27). If New

differs in the F and B states, then the change in the equilibrium
parameter upon incremental additions of cosolute measures the water
molecules transferred in going between the F and B state, as shown in
Equations 8 and 9.

�New
FB � New

F � New
B (Eq. 8)

and

d��GFB�/d� � New
FBVw (Eq. 9)

Therefore, the slope of the difference in free energy change (determined
from changes in equilibrium constant) with osmotic pressure gives the
amount of water transferred as reactants go from the F to the B state.

On the basis of transition-state theory (33), differences in the
changes in free energy of activation with osmotic pressure can also be
used to measure hydration volume changes. In this case, thermody-
namic reasoning is applied to the formation of the activated complex,
and the equilibrium considered is between the reactants and the acti-
vated complex. This activated complex corresponds to an intermediate
transient conformation, the hydration of which is likely to differ from
that of both the initial and final states. Therefore, it is not useful to
correlate volumes with x-ray-derived structures, which are probably
more closely related to the initial and final states. However, because
rate measurements are much more sensitive than equilibrium constant
determinations, the difference in the free energy of activation change is
useful in detecting other possible secondary effects of cosolutes that are
not osmotic.

Calculation of Water-permeable Spaces in AT Structure—Water-per-
meable spaces excluded by the osmotic probes in antithrombin were
analyzed from x-ray-derived structures of bound and free antithrombin
using CAST software (36, 37). CAST is a unique computational method
that provides comprehensive identification and accurate measurement
of surface concavities of various shapes and geometries. It implements
algorithms, developed using analytical computational geometry, and
formalizes intuitive notions to classify concave regions into voids, pock-
ets, and depressions. Briefly, voids are completely buried without access
to the outside. Pockets are connected to the outside through a con-
stricted mouth opening and mouth openings connecting the inside of a
concave pocket with bulk solvent spaces are defined unambiguously
using a triangulation procedure. All pockets and voids on a protein are
identified and their metric properties, including both the pocket and
mouth, determined analytically. The location of all pockets and voids,
their atomic composition, volume, and the area of the mouths collec-
tively describe the shape and specific physicochemical environment of a
protein, providing a unique hydration fingerprint for each protein
structure.

Hydration fingerprints of antithrombin conformers were calculated
from x-ray-derived atomic coordinates in the Brookhaven Protein Data
Bank files 2ant (30) and 1azx (29). The general characteristics of these
structures and their putative functional significance have been consid-
ered previously (29–31). The 2ant file includes atomic coordinates of
antithrombin in an L (latent) and I (inhibitory) conformation in the
absence of ligand. In the L conformer, the reactive loop is fully inserted
as strand 4 of �-sheet A, whereas in the I conformer, the reactive loop

is partially inserted. The 1azx file includes the coordinates of the same
two conformers bound to an oversulfated heparin analog, pentasaccha-
ride. In this structure, the reactive loop of the I conformer is not
inserted.

The water-permeable pockets stressed by PEG 300 were defined in
the structures as pockets with mouth areas 
 � (4 Å)2. The section of
PEG 300 was modeled from a sphere of 4-Å radius. This value is an
average of several similar values available in the literature (39–41).
For CAST calculations, the structures were prepared by separating the
I and L conformers and removing the pentasaccharide manually. Pocket
structures corresponding to the heparin-binding region were defined as
those containing atoms from residues demonstrated previously to be
important in heparin binding by mutational analyses (15, 29). Residues
used in the search were Lys11, Arg13, Arg24, Arg47, Lys125, Arg129,
Arg145, Glu113, Arg132, Arg133, and Arg136.

RESULTS

Changes in Binding Parameters with Osmotic Stress—The
possibility that net water transfer is linked to antithrombin
activation by heparin was investigated using functional titra-
tion and OS technique. Binding parameters were determined
by titration of 20 nM heparin with 0–350 nM antithrombin in 25
mM Tris buffer, 0.2 N NaCl, pH 7.4, at 25 °C. The fraction of
bound heparin was determined as a function of antithrombin
concentration from the exponential rate of fXa inhibition. The
rate, kobs, increased with antithrombin concentration ap-
proaching asymptotically to a maximum (Fig. 1A). Parameters
Kd and Vsat (kobs at saturation) were determined by fitting the
quadratic form of the binding equation to data. In titrations
with PEG 300, �4-Å radius, the dissociation constant de-
creased significantly, indicating water transfer from reactants

FIG. 1. Titration of heparin with antithrombin under osmotic
stress. A, heparin at a fixed concentration, 20 nM, was equilibrated
with antithrombin at concentrations ranging from 0 to 300 nM. At each
antithrombin concentration, the fraction of total heparin in antithrom-
bin-heparin complexes was determined by measuring the exponential
decay rate in fXa activity added at 10 nM. E, standards were in Tris
buffered at pH 7.2–7.4 with NaCl at 0.2 N. ● , stressed solutions were
identical but included PEG 300 at a concentration of 10% weight. B, the
difference in free energy change with pressure was calculated from Kd
values determined in titrations at different OS levels. The osmotic
pressure difference, ��, was calculated from empirical relationships
derived using direct osmotic pressure measurements (25, 45).
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to bulk solution on formation of the antithrombin-heparin com-
plex. The free energy change for the interaction decreased
linearly with OS, and the slope, �(�G)/�, was 52 � 11 corre-
sponding to a transfer of 119 � 25 water molecules on forma-
tion of the complex (Fig. 1B).

Effect of Osmotic Probe Size—To explore the size of volumes
formed between antithrombin and heparin during activation,
titration experiments were repeated, using polymers of various
sizes to induce OS. With all probes, the dissociation constant
decreased, and the volume measured was correlated to probe
size for probes with radii between 4 and 17 Å up to a maximum
of �2000 molecules of water (Table I).

Effect Induced with Chemically Different Probes—Titrations
were repeated in solutions stressed with probes having physi-
cochemical properties different from PEG. Results indicate
that the effect was independent of the chemical nature of the
osmotic probe. Normalized relative to osmotic pressure, the
magnitude of changes in binding parameters measured in re-
actions stressed with polymers of either dextran or polyvi-
nylpyrrolidone were not significantly different from those
measured with the polyethylene glycols (Table I). These find-
ings exclude the possibility that the observed decrease in Kd

reflects specific molecular interactions between the PEG
probes and reactants.

Effect of Salt Concentration on Parameters Measured under
OS—For these comparative experiments, functional binding
parameters were measured in two sets of reaction mixtures
that were identical except for the NaCl concentration that was
at either 0.075 or 0.2 N. Decreasing the salt concentration in
nonstressed control solutions resulted in significantly lower Kd

values. In contrast, the Vsat was essentially independent of
ionic strength (Table II), which should be expected from the
known dependence of the heparin/antithrombin association
rate on electrostatic forces. Measured from this base line, OS
with small probes did not decrease but rather slightly in-
creased Kd values. When induced with large probes, OS in-
creased Kd values by severalfold relative to the baseline values
measured at low ionic strength (Table II). These results indi-
cate that osmotic stress and ionic strength influence the same
initial step of the antithrombin/heparin interaction. The differ-
ences between small and large probes are consistent with ad-
ditional OS effects on subsequent reaction steps.

Effect of OS on Stoichiometry—The stoichiometry of anti-
thrombin/fXa interaction did not change significantly with OS
when measured either at high or low ionic strength. The stoi-
chiometry determined in reaction mixtures with 0.2 N NaCl
was 1.26 � 0.03 versus 1.23 � 0.05 in stressed and nonstressed
reactions, whereas the stoichiometry measured in reaction

mixtures with 0.075 N NaCl was 1.29 � 0.11 and 1.21 � 0.04 in
stressed and nonstressed solutions, respectively. These results
also exclude the possibility that osmotic stress at either low or
high ionic strength induced aggregation or precipitation of
reactants.

Reaction Rates in Solutions Stressed Simultaneously with
Large and Small Osmotic Probes—Experiments were designed
to test the possibility that the differential effect observed with
large and small PEG probes at high and low ionic strength
reflects causes other that osmotic. Because rate measurements
are much more sensitive than Kd determinations, they were
used to test for secondary effects. For these experiments, reac-
tion mixtures contained heparin at 40 nM and fXa 10 nM in Tris
buffer, pH 7.4, with NaCl at 0.075 N with antithrombin at 100
nM. Antithrombin concentration was chosen on the basis of
titration experiments indicating, that under these conditions,
the dissociation constant in the presence of large probes is
99.0 � 7.7 nM. Therefore, at antithrombin concentrations near
this Kd value, changes in either Kd or Vsat are reflected in the
pseudo-first-order rate constant, kobs.

Reaction rates were measured in two sets of reaction mix-
tures, each set including six different probe concentrations.
One set, with PEG 3400 at 0–5%, corresponded approximately
to a 0–16 10�3 M concentration range and to a 0–0.7646 atm
pressure range. The other set had identical concentrations of
PEG 3400 but, in addition, contained 8.5% PEG, corresponding
to �28 10�2 M and to a pressure of 8.5 atm. The change in free
energy of activation was determined from the relationship (33),
shown in Equation 10.

�G‡ � �RT ln kh/kBT (Eq. 10)

k is the rate (s�1), R is the gas constant (1.987 cal/mol/degree),
T is the temperature (degrees Kelvin), h is Plank’s constant
(1.584 	 10�34 cal s�1), and kB is Boltzmann’s constant (3.29 	
10�24 cal/degree). The difference in the free energy of activation
change induced with PEG 3400 in the presence or absence of
PEG 300 is shown in Fig. 2A. At molar excesses of over 20-fold,
the small PEG probe did not influence the effect measured with
the larger probe (Fig. 2B). This confirms that the difference
between effects observed with large and small probes reflects
primarily the size of the geometrical volumes excluded by each.
Results also indicate that changes in the dielectric constant
and or viscosity of solutions do not influence the �(�G)/� slope.
These results further exclude the possibility that the effects
observed are the result of direct binding interactions between
the PEG probe and the reactants.

Osmotic Stress Effects in Reactions with Fractionated Hepa-

TABLE I
Water transfer measured by OS with polymers of different sizes and chemical structure

The value of Kd was determined as indicated in the legend to Fig. 1. The osmotic probes were present at concentrations of 5–8% wt. Osmotic
pressure differences between standard and stressed solutions (i.e. with the OS probes) were calculated using empirical relationships derived from
direct osmotic pressure measurements (24, 25, 45). Molecular masses indicated are the average values provided by suppliers. The values indicated
for the probe radius correspond to published values of the radius of gyration derived from gel-filtration experiments (38). For PEG 300, the value
used is the average of several published values (39–41). The number of water molecules transferred from excluded spaces to bulk solution during
the interaction was determined from the thermodynamic equivalence, volume of 1 mol of water � 0.435 cal/mol/atm. The �(�G)/� values are mean
and standard errors from three to six determinations.

OS
probe Mr Radius

Kd
�(�G)/� Net transfer

Standard Stressed

Å nM cal/mol/atm mol H2O

PEG: 300 4 68.4 � 7.5 22.4 � 3.8 �51.6 � 9 107 � 18
600 7 51.2 � 0.1 20.4 � 7.5 �118 � 39 271 � 88

3000 17 58.5 � 5.9 18.0 � 5.6 �782 � 68 1798 � 157
8000 26 62.8 � 2.8 15.6 � 2.7 �871 � 79 2002 � 187

Dextran 10,000 24 68.5 � 2.8 30.6 � 3.6 �943 � 169 2149 � 402
PVPa 40,000 NA 56.3 � 2.1 19.1 � 2.0 �718 � 92 1652 � 212

a Polyvinylpyrrolidone.
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rin—To determine the possible effects of heparin heterogene-
ity, fractionated and unfractionated heparin preparations were
used in parallel osmotic stress experiments. For these experi-
ments, reaction mixtures were stressed with PEG 8000 in
buffer solutions containing 0.075 N NaCl. Heparin concentra-
tion was fixed at close to the Kd value: 2 �M and 20 nM for
fractionated and unfractionated preparations, respectively.
The osmotic effect determined from reaction rates was 688 �
6.7 and 653 � 57 cal/mol/atm in mixtures with fractionated and

commercial-grade heparin, respectively. These two values are
the mean and standard deviation obtained from three different
rate determinations, and their difference is not statistically
significant. This observation indicates that heparin heteroge-
neity is not likely to influence the results of osmotic stress
experiments.

Water-permeable Spaces in X-ray-derived Antithrombin
Structures—Previous structural analyses of x-ray-derived an-
tithrombin models identified differences between structures
believed to represent conformations with high and low affinity
for heparin. In particular, the redistribution of positively
charged residues and dissipation of the surface charge density
in the heparin binding region was correlated with low heparin
affinity (30). Our results using OS suggest additional struc-
tural correlations on the basis of volume differences. The link
between water transfer to bulk and formation of the antithrom-
bin-heparin complex predicts smaller hydration volumes in
bound versus free antithrombin. To explore this prediction and
to gain further insight into the functional significance of anti-
thrombin structures, the water-permeable spaces in x-ray-de-
rived models were computed analytically, using CAST software
(36, 37). Water was modeled as a spherical probe of 1.4-Å
radius (Fig. 3A). The four conformers analyzed (2ant I, 1azx I,
2ant L, and 1azx L) had very complex surface structures com-
posed of 70, 66, 53, and 59 distinct water permeable pockets,
respectively. The location, atomic composition, and metric
characteristics of the water-permeable pockets differed among
conformers, particularly at the heparin-binding region. The
heparin pockets were identified as those containing atoms from
residues Lys11, Arg13, Arg24, Arg47, Lys125, Arg129, Arg132, and
Arg145, previously implicated in heparin binding by mutational
analyses (15). Total volumes in the structures and in pockets
with atoms from heparin-binding residues in 1azx I and 2ant I
conformers are listed in Tables III and IV. The surface of the
heparin-binding region includes eight distinct pockets. This
topological complexity indicates that shape complementarity
between the ligand and the receptor surfaces contributes to the
interaction’s specificity (Fig. 3B). The volume of the pockets in
the heparin-binding region, measured after removing the pen-
tasaccharide, was significantly larger in the 1azx I than in the
2ant I conformer. Analysis of the surface structure of the 1azx
I conformer with the pentasaccharide analog in place indicated
a very close fit of the ligand in the pockets. This observation
suggests that the excess volume measured in the unoccupied
heparin-binding site is largely displaced upon binding. How-
ever, the volumes displaced by heparin cannot be calculated
from the available bound structure, as the ligand pentasaccha-
ride is smaller and occupies only a fraction of the known hep-
arin-binding region (29, 15). An estimate of the total volume

TABLE II
Functional titrations under osmotic stress: effect of ionic strength and probe size

Heparin at a fixed concentration of 20 nM was titrated with 40–300 nM antithrombin in either standard solutions or solutions containing OS
probes of the indicated radius size and NaCl at the indicated concentration. The probes were PEG 300 and PEG 8000 at 10 and 8% wt, respectively.
The fraction of heparin bound as a function of antithrombin concentration was determined from the exponential decay rate of fXa activity added
at a fixed 10 nM concentration to preequilibrated antithrombin-heparin solutions. The rate in standard and stressed solutions was measured in
parallel reaction mixtures at the same dilutions. Parameters Kd and Vsat were calculated by fitting the quadratic form of the binding equation to
rate/concentration data points (24).

Radiia NaCl
Kd Vsat Second-order rate coefficientb

Standard Stressed Standard Stressed Standard Stressed

Å nM s�1 	 103 �M
�1 s�1

4 0.20 67.8 � 5.3 23.6 � 2.9 42 � 3 46 � 4 2.1 � 0.2 2.3 � 0.2
4 0.075 17.2 � 2.0 21.6 � 5.0 44 � 5 60 � 7 2.2 � 0.1 3.0 � 0.4
26 0.20 62.7 � 2.8 15.7 � 2.7 36 � 6 91 � 5 1.8 � 0.3 4.5 � 0.3
26 0.075 17.2 � 2.9 33.1 � 5.4 49 � 4 109 � 4 2.4 � 0.2 5.4 � 0.2

a The radii of the OS probes are from published values (38–41).
b Second-order rate coefficients for the formation of the ternary H � AT-fXa complex were calculated from the Vsat and the concentration of AT �

H at saturation.

FIG. 2. Osmotic stress effects of large and small probes in
mixed solution. The change in free energy of activation was evaluated
from the first-order rate constant, determined in reaction mixtures
stressed with either PEG 3400 and PEG 300 (A) or PEG 3400 alone (B).
Data in panel A are from experiments where the PEG 300 concentration
was fixed at 0.26 M, whereas PEG 3400 concentration ranged from 0 to
0.016 M. Data in panel B are from experiments with only PEG 3400 at
0–0.016 M. Reaction mixtures included 100 nM antithrombin, 40 nM

heparin, and 10 nM fXa in 25 mM Tris, pH 7.2, with 0.2 N NaCl. The
initial slopes determined from the first coefficient of a second degree
polynomial fitted to data points were 0.959 � 0.2 and 0.991 � 0.11
cal/mol/atm, and not significantly different, in A versus B, respectively.
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difference between bound and unbound conformers was ob-
tained by assuming that the volume displaced upon heparin
binding is similar to the difference in the heparin pockets’
volumes in free versus bound conformers. Using this assump-
tion, the estimated hydration volume change upon binding is
1100 Å3, corresponding to �36 water molecules. Considering
only the volumes in pockets that exclude the 4-Å probe, the
difference is 45 water molecules.

DISCUSSION

Conformational transitions between different functional
states of proteins in aqueous solutions are linked to water
transfer either from the protein to bulk solution or from bulk to
the protein (20–27). The osmotic stress technique provides a
thermodynamic measurement of the changes in hydration as-
sociated to the transition. Measurement of hydration changes
during biological reactions is important both for understanding
mechanisms and predicting reactants’ behavior in hydrated
biological matrixes that are subjected to osmotic forces (12, 23,
26, 27, 44).

In the present studies, osmotic stress was exploited to ana-
lyze functional hydration changes in antithrombin during bind-
ing to heparin. Osmotic stress shifted the equilibrium of the

antithrombin/heparin interaction toward complex formation.
The free energy change decreased linearly with the osmotic
pressure induced by probes excluded from the water-permeable
spaces of antithrombin. Using a small osmotic probe with �4-Å
radius, we measured transfer of �100 water molecules from
reactants to bulk upon formation of the complex.

The volumes measured increased with the size of the probe
up to probes with radius of �17 Å. This result was as expected
from geometrical consideration of the solution volumes ex-
cluded by the probes. For probes smaller than the protein-
heparin complex, the volume of excluded spaces increases with
probe size. Large probes are completely excluded from all pro-
tein spaces as well as from all the spaces that may be defined
by antithrombin and heparin during their association in the
initial encounter complex.

The experimentally observed linearity of difference in �G
with � indicates that the difference in the excess amount of
water between the two states of antithrombin is well defined
and remains constant within the range of the cosolute concen-
tration used. However, several factors can contribute to non-
linearity at higher solute concentrations (27). First, for any
given set of conditions, the experimentally accessible differ-

FIG. 3. Spaces in the antithrombin structure permeable to
water but inaccessible to osmotic probes with 4-Å radius. A, the
molecular surface of antithrombin was generated from the x-ray-de-
rived structure of conformer I in PDB file 1azx. The surface generated
with a spherical probe of 4 Å radius (blue) was superimposed on the
water-accessible surface generated with a 1.4 Å radius probe (yellow/
orange). The difference between volumes bounded by the two surfaces
represents volumes inaccessible to the probe. These spaces, distributed
throughout the antithrombin structure, are subjected to OS in solutions
containing cosolutes with radius � 4 Å. Arrows point to some of these
surface pockets seen in profile. B, detail of the surface in the heparin-
binding region of 1azx I (right) and of the electrostatic potential surface
of the ligand (left). The surface accessible to water within a 6-Å distance
from the ligand but excluding the ligand is rendered in purple, whereas
the surface accessible to water and PEG 300 is rendered in gray. The
background structure is a line rendition of bonds in 1azx I. The elec-
trostatic potential on the ligand was mapped to its water-accessible
surface after calculating charges using the Gasteiger-Huckel method
implemented with Sybyl. The more electronegative regions are darker
blue. The ligand is an oversulfated analog of the heparin pentasaccha-
ride sequence and induces maximal antithrombin activity in functional
assays. Surfaces were calculated by the Connolly method (42) imple-
mented with MOLCAD, assigning a radius of 1.4 Å to the water probe.

TABLE III
Volumes of pockets found in different antithrombin conformers

The volume of pockets in four different x-ray-derived antithrombin
structures were identified and measured using �-shape-based analyti-
cal computational geometry implemented with the computer program,
CAST. Pockets in 1azx I and L were computed after removing the
pentasaccharide from the PDB file. All volumes are in Å3. The 2ant I
model structure contains residues 1–29 and 43–432. The 2ant L struc-
ture contains residues 7–26, 43–395, and 405–432 (30). These struc-
tures were analyzed directly from the coordinates in the PDB file.

Totala H-B regionb Excluding 4-Å probec

2ant I 4750 723 2500
1azx I 4443 1523 1954
2ant L 3984 745 2269
1azx L 5402 1138 1801

a The total volume of water-permeable pockets was calculated by
adding the volumes of each individual pocket identified and measured
using a probe with radius � 1.4 Å.

b The volume of pockets in the heparin-binding region (H-B) was
calculated by adding the volumes of all pockets containing atoms from
residues known to be implicated in direct heparin binding (15).

c The volume of pockets permeable to water but excluding probes with
radius � 4 Å. The difference in the total volumes indicates that some of
the water-permeable pockets have openings or mouths, with area �� (4
Å)2.

TABLE IV
Pockets in the heparin-binding region of antithrombin conformers
Shape determinants in the heparin-binding region were evaluated by

analyzing the distribution of key heparin-binding residues among the
water-permeable pockets of free and bound antithrombin conformers.
Heparin-binding pockets are those containing atoms from residues pre-
viously implicated in heparin binding on the basis of mutational anal-
yses and published by others (15). Pockets are ranked according to
volume. Heparin-binding residues contributing atoms are included in
parenthesis for each pocket. Note the differences in both the volume and
the residue distribution in H-B pockets in the bound versus the free
conformer.

Rank
Volume

2ant I 1azx I

Å3

1 251 (Arg129, Arg132) 1192 (Arg132, Arg145)
2 209 (Arg145) 81 (Arg24, Glu113)
3 114 (Arg13) 78 (Arg145)
4 76 (Arg13) 60 (Lys11, Asn45, Lys125)
5 34 (Lys114) 58 (Lys125, Arg129, Arg132)
6 16 (Arg13, Lys125) 33 (Arg145)
7 15 (Arg24) 12 (Lys125)
8 9 (Arg13) 8 (Arg145)
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ences in �G, reflecting the work of water transfer, have a finite
value and increasing osmotic pressure would not detect
changes beyond this value. For example, whereas a decrease in
Kd from 20 to 10 nM could be detected, an additional decrease
from 10 to 5 nM would fall below the experimental resolution of
Kd determinations. Second, increasing the osmotic pressure
may eventually distort the protein’s structure and change the
hydration volumes of the initial and/or final states. Third, at
very high concentrations, the cosolute may interact directly (i.e.
bind) with the macromolecule surface, displacing some of the
hydration waters. For these reasons, and to better approach
the dilution assumptions implicit in solution theory, osmotic
stress measurements are best restricted to low cosolute
concentrations.

The effect of osmotic stress on the heparin/antithrombin
interaction was independent of the probes’ chemical character-
istics. Osmotic pressure induced with polyethylene glycol, dex-
tran, or polyvinylpyrrolidone decreased the interaction’s free
energy change and the transfer volumes calculated from the
respective �(�G)/� ratios were similar. This indicates that New

FB,
the difference in the number of water between the F and B
state, represents a real physical volume with structural mean-
ing. The result also indicates that other possible secondary
effects of polymers, such as polymer/protein binding and
changes in solution properties such as viscosity and/or dielec-
tric constant, did not contribute significantly to the observed
difference in free energy change. Although the possibility of
binding interactions between cosolute and antithrombin can-
not be strictly excluded, the data indicate that if there is bind-
ing, it does not differ between the F and B state.

The exclusive dependence of observed effects on osmotic
stress was also demonstrated by rate measurements in binary
mixtures of probes with radii of 4 and 17 Å. In the presence of
a 20–200-fold molar excess of PEG 300 (�4-Å radius), effects
on reaction rates measured with PEG 3400 (�17-Å radius)
were not significantly different from effects measured in solu-
tions without PEG 300. This result excluded the possibility
both that the differential effects between the large and small
PEG probes are due the dielectric constant of the solution and
that they are related to a preferential binding interaction be-
tween the antithrombin-heparin complex and PEG.

The effect of osmotic stress on the dissociation constant was
influenced by the solution’s ionic strength, consistent with the
previously demonstrated electrostatic nature of the antithrom-
bin/heparin interaction (16–18, 43). At low ionic strength, the
forward association rate is very fast approaching the collision
limit (43). Under these circumstances, the OS effect in this
reaction step is muted and the kinetically determined dissoci-
ation constant increases relative to that measured in control
solutions. We interpret this observation to indicate that OS,
particularly when induced with large probes, accelerates the
rate at which antithrombin and proteinase surfaces approach.
This approach either corresponds to or precedes the first-order
rate inhibitory step, k, and is mechanistically linked to heparin
dissociation (17). Thus, the dissociation rate and the Kd value,
increase in stressed relative to nonstressed solutions.

The volume differences measured by computational geome-
try in the conformers are qualitatively consistent with the
actual transfer volumes calculated from the sensitivity of Kd to
water activity. Approximately one third of the volume transfer
can be accounted for by differences in the volume of water-
permeable pockets containing atoms from residues implicated
in heparin binding. However, with a probe of radius �4 Å, the
volume differences measured in the structures correspond to
�55 fewer water molecules than the volume measured in so-
lution by OS. The difference suggests that not all the spaces

excluding cosolute during the reaction are included in the x-ray
models. The additional volumes may reflect heparin hydration
and/or solvent spaces defined by antithrombin and heparin in
the initial complex, consistent with the observed correlation
between probe size and volume transfer up to probes with sizes
similar to, or larger than, antithrombin.

The difference between the volumes measured by OS and
computational geometry in the x-ray-derived structures may
also reflect experimental and modeling biases. For example,
the volumes excluded by the probe are calculated on the as-
sumption that the polymer behaves as a solid sphere, whereas
polymers in solution are more like randomly coiled structures
(40). In addition, biases in the volume and shape of water-
permeable spaces may have been introduced during analyses of
x-ray diffraction patterns to model the structures. This applies
in particular to the 2ant model structures where some key
residues are not resolved (29, 30). Another possibility is that
the bound and free conformations in the crystal do not corre-
spond to the initial and final functional conformations of bound
and free antithrombin in solution. The models may simply
reflect the more populated conformations under the conditions
used to generate the crystals. In this regard, we should note
that the structures used for analytical computational geometry
in this study are derived from crystals formed under OS (�� �
4 atm) and include nonphysiologic molecular contacts between
the loop inserted and loop exposed conformers (29, 30).

Nevertheless, the observed qualitative correlation between
the functionally measured volumes and the water-permeable
pockets in the structures is very significant and consistent with
a heparin-induced transition between two states with different
hydration volumes. Osmotic stress simply slows or accelerates
reactions predetermined by the protein’s structural design but
does not override the conformational pathways triggered by
heparin.

Taken together, the results presented in this paper demon-
strate that formation of the functional complex between the
sulfated GAG heparin and the serine proteinase inhibitor an-
tithrombin is linked to net water transfer from reactants to
bulk solution. The transfer volumes measured correlate with
volume differences in the water-permeable pockets of x-ray-
derived models of free and bound antithrombin conformers.
The observed sensitivity of the heparin/antithrombin interac-
tion to osmotic stress also indicates that the function of GAGs
can be locally regulated by the osmotic potentials that maintain
hydration volumes of extracellular gel matrix in vivo.
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