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ABSTRACT: Idraparinux is a synthetic O-sulfated, O-methylated pentasaccharide that binds tightly to
antithrombin (AT) and thereby specifically and efficiently induces the inactivation of the procoagulant
protease, factor Xa. In this study, the affinity and kinetics of the interaction of this high-affinity
pentasaccharide withR- andâ-AT were compared with those of a synthetic pentasaccharide comprising
the natural AT-binding sequence of heparin. Dissociation equilibrium constants,Kd, for the interactions
of Idraparinux withR- andâ-AT were approximately 0.4 and 0.1 nM, respectively, corresponding to an
over 100-fold enhancement in affinity compared with that of the normal pentasaccharide. This large
enhancement was due to a∼400-fold tighter conformationally activated complex formed in the second
binding step, whereas the encounter complex established in the first step was∼4-fold weaker. The high-
affinity and normal pentasaccharides both made a total of four ionic interactions with AT, although the
high-affinity saccharide only established one ionic interaction in the first binding step and was compensated
by three in the second step, whereas the normal pentasaccharide established two ionic interactions in
each step. In contrast, the affinities of the nonionic interactions (Kd ∼450 and 90 nM for the binding to
R- andâ-AT, respectively) were considerably higher than those for the normal pentasaccharide and the
highest of all AT-saccharide interactions reported so far. The nonionic contribution to the total free
energy of the high-affinity pentasaccharide binding to AT thus amounted to∼70%. These findings show
that nonionic interactions can play a predominant role in the binding of highly charged saccharide ligands
to proteins and can be successfully exploited in the design of such biologically active ligands.

Antithrombin (AT)1 is the most potent physiological
anticoagulant protease inhibitor in blood through its ability
to efficiently inhibit procoagulant proteases, mainly factor
IXa, factor Xa, and thrombin (1). It is a serine protease
inhibitor belonging to the serpin superfamily of proteins and
is classified as serpin C1 (2). AT inhibits its target proteases
by a suicide mechanism, involving a substantial conforma-
tional change of the inhibitor that leads to trapping of the
inactivated protease in a 1:1 complex in the acyl-enzyme
state with a half-life of 0.5-3 days (3, 4). The inhibitory
activity of AT can be enhanced up to 105-fold by heparin/
heparan sulfate or synthetic analogues, resulting in inhibition
rate constants of 106-107 M-1 s-1 (1). The enhanced
inhibitory activity is partially due to a conformational change

induced by binding of a specific pentasaccharide sequence
found in heparin (5) that allosterically activates the inhibitor
and partially due to a bridging mechanism that brings the
protease and inhibitor into a ternary complex. The bridging
mechanism plays a predominant role in the heparin-induced
inactivation of thrombin by AT, whereas the conformational
change is of major importance for the corresponding
inactivation of factor Xa (1).

The accelerating effects of heparin or synthetic analogues
on the rates of AT-protease reactions make these saccharides
highly useful as anticoagulant drugs. Pentasaccharides that
induce the allosteric activation of AT are attractive in this
respect because they are more specific than longer heparin
chains and selectively enhance the inhibitory activity of AT
toward factor Xa (6). The pentasaccharide binding site of
AT has been elucidated from mutagenesis studies and crystal
structures (7-17).

Not only the protein structure itself but also theN-glycans
attached to AT affect the affinity of heparin or pentasac-
charides for the protein. Two N-glycosylation variants of AT
exist in human blood plasma:R-AT, which is N-glycosylated
at all four potential N-glycosylation sites, andâ-AT, which
lacks one of the fourN-glycans at Asn 135 (18). Heparin
and pentasaccharides bind with higher affinity to theâ-vari-
ant because of theN-glycan at Asn 135 sterically hindering
the conformational change step of the interaction.
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After the discovery of the pentasaccharide sequence of
heparin that binds with high affinity to AT (5), methods to
produce this pentasaccharide by organic synthesis were
developed. TheR-methyl-glycoside form of the natural
pentasaccharide sequence was synthesized first (19). Today,
it is in clinical use as Fondaparinux (20). Attempts to develop
more easily manufactured compounds with improved phar-
macological properties led to a more extensively modified
high-affinity pentasaccharide, Idraparinux (21). The latter has
a prolonged plasma half-life compared with that of the natural
pentasaccharide and is now in a late stage of clinical
development.

Although the different heparins and synthetic analogues
that are clinically used are continuously improving, there are
still limitations to their usefulness. The ultimate goal is to
design small, specific compounds that are easily manufac-
tured and that can be orally administered. In this study, we
have characterized the interaction between the high-affinity
pentasaccharide, Idraparinux, and humanR- andâ-AT. Our
work revealed that a surprisingly large nonionic contribution
(with nonionicKd values in the nanomolar range) accounted
for most of the affinity of the highly negatively charged
pentasaccharide for both AT variants. Nonionic interactions
can thus be of major importance in the binding of highly
ionic saccharide ligands to proteins.

EXPERIMENTAL PROCEDURES

Proteins and Pentasaccharides.TheR- andâ-variants of
AT were purified from fresh frozen human blood plasma
from healthy donors by heparin-Sepharose chromatography,
followed by DEAE-Sephadex ion-exchange chromatography
and Sephacryl S-200 gel chromatography (18, 22). All
chromatographic media were purchased from GE Healthcare
Bio-Sciences, Uppsala, Sweden. The purity of the AT
fractions was analyzed by native PAGE and SDS-PAGE
under reducing conditions. Protein concentrations were
determined from the absorbance at 280 nm with the use of
a molar extinction coefficient of 37 700 M-1 cm-1 (23).
R-AT purified by this procedure is 100% active (22). This
was verified by titrations with full-length high-affinity
heparin of known concentration, which was donated by
Professor Steven Olson, University of Illinois, Chicago (22,
24). The active concentration ofâ-AT was determined from
the stoichiometry of thrombin inhibition (18) and heparin
binding.

Bovine thrombin was prepared from prothrombin that was
donated by Professor Johan Stenflo, Lund University,
Sweden (25). The active thrombin concentration was mea-
sured by titrations with 100% activeR-AT (22).

The synthetic high-affinity pentasaccharide, Idraparinux,
also denoted as SR34006, was supplied by Sanofi-Aventis.
The molar concentration of a stock solution of the pentasac-
charide in water was determined by stoichiometric titrations
against 100% activeR-AT.

Fluorescence Titrations.Equilibrium binding was analyzed
by titrating Idraparinux into a fixed concentration of AT
while monitoring the increase in tryptophan fluorescence
accompanying the interaction (26, 27) in an SLM 4800S
spectrofluorimeter (SLM Instruments, Rochester, NY) as
described previously (24, 28). Stoichiometric titrations were
done at an ionic strength of 0.15 with 1µM protein, whereas

affinity titrations were done at ionic strengths of 0.3 to 0.8
with 100-200 nM protein. Binding stoichiometry and
dissociation equilibrium constants were determined by fitting
the data to the equilibrium binding equation by nonlinear
least-squares analysis (22).

Rapid Kinetics.The kinetics of high-affinity pentasaccha-
ride binding to AT was measured by monitoring the
fluorescence increase accompanying the interaction in an SX-
17MV stopped-flow instrument (Applied Photophysics,
Leatherhead, U.K.) as described previously (10) at ionic
strengths varying between 0.1 and 0.6. Pseudo-first-order
conditions were arranged, with the high-affinity pentasac-
charide concentration being at least 10-fold higher than the
AT concentration, except at the lowest pentasaccharide
concentration (0.1µM) for which a 5-fold excess was used.
Observed pseudo-first-order rate constants,kobs, were ob-
tained by fitting the progress curves to a single-exponential
function by nonlinear regression. Three to five fluorescence
traces were averaged for eachkobs determination, the final
kobsvalues reported representing the mean( SE of 3-5 such
determinations.

Experimental Conditions.All equilibrium binding and
kinetic studies were performed at 25( 0.2 °C in 20 mM
sodium phosphate buffer at pH 7.4, containing 100µM
EDTA and 0.1% (w/v) polyethylene glycol 8000. Sodium
chloride was added to give the final ionic strengths used in
the different experiments.

RESULTS

Homogeneity of the Antithrombin Variants.The prepara-
tions of R- and â-AT were >95% homogeneous in native
PAGE and SDS-PAGE and fulfilled previously reported
migration criteria for the two variants (18, 22). The stoichi-
ometries of heparin binding were 1.0 and 0.90 for the
preparations ofR- andâ-AT, respectively, and the stoichi-
ometry of thrombin inhibition was 0.92 for theâ-AT
preparation. The concentrations used in equilibrium binding
and kinetic experiments were the effective concentrations
determined from the stoichiometries of heparin binding.

Affinity of Pentasaccharide Binding.Dissociation equi-
librium constants for the binding of the high-affinity pen-
tasaccharide, Idraparinux, to AT were determined by fluo-
rescence titrations. The results were compared with those
previously reported for the synthetic pentasaccharide that
consists of the heparin sequence that binds with high affinity
to AT, presently named Fondaparinux (18) (Figure 1),
referred to as the normal pentasaccharide in this work. The
observed fluorescence enhancement at saturation of AT with
the high-affinity pentasaccharide was∼40%, as previously
described for the binding of high-affinity heparin and the
normal pentasaccharide to AT (24, 26, 27). Dissociation
constants<∼5 nM could not be determined directly but were
obtained from the dependence ofKd on sodium ion concen-
tration described later. Moreover,Kd values>1 µM were
calculated from the association and dissociation rate constants
(see below). At an ionic strength of 0.15, theKd values of
the high-affinity pentasaccharide binding toR- and â-AT
were 0.44( 0.14 and 0.13( 0.096 nM, respectively, which
reflects an affinity at least 100-fold higher than that of the
normal pentasaccharide (Table 1). The value forR-AT is
comparable with that reported previously (1.4( 0.3 nM)
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(21) for the interaction between the high-affinity pentasac-
charide and AT (presumably theR-variant), when the
experimental errors involved in measuring very low dis-
sociation equilibrium constants by fluorimetry are considered.
As previously found for the normal pentasaccharide and high-
affinity heparin, the high-affinity pentasaccharide had a
higher affinity for â-AT than for R-AT (18) at all ionic
strengths that were compared.

Kinetics of Pentasaccharide Binding.The kinetics of the
interactions between Idraparinux andR- and â-AT were
analyzed by fluorimetry under pseudo-first-order conditions.
The fluorescence traces were monophasic and could be
satisfactorily fit to a single-exponential function in all
experiments. Observed pseudo-first-order rate constants,kobs,
were measured at different pentasaccharide concentrations
at various ionic strengths. In the low concentration range,
0.1-0.5µM, the dependence ofkobs on the concentration of
the high-affinity pentasaccharide was linear at all ionic
strengths (inset of Figure 2). The slope of the plots gives
the bimolecular association rate constants,kon (Table 1), and
the overall dissociation rate constant,koff, can often be
determined from they-intercept. For high-affinity pentasac-
charide binding to bothR- andâ-AT, however, thekoff values
were too small to be satisfactorily determined by this method
(inset of Figure 2) and were instead calculated fromKd and
kon (Table 1). Only at an ionic strength of 0.6 couldkoff for
high-affinity pentasaccharide binding toR-AT be experi-
mentally determined directly with good precision, which gave
a value (0.41( 0.02 s-1) that is similar to the calculated
value. At an ionic strength of 0.15, there was no apparent
difference inkon for the high-affinity versus normal pen-
tasaccharide binding to the AT variants, butkoff was at least
100-fold lower for the interaction with the high-affinity pen-
tasaccharide.kon for the binding of the high-affinity pen-
tasaccharide toâ-AT was only 1.4-fold higher than that for
the binding toR-AT, whereaskoff was approximately 3-fold
lower for â-AT than for R-AT, which is in agreement with
the higher affinity of Idraparinux forâ-AT than for R-AT.

The dependence ofkobs on the concentration of the high-
affinity pentasaccharide was extended to higher pentasac-
charide concentrations at ionic strengths of 0.1, 0.15, and
0.3 forR-AT and at an ionic strength of 0.15 forâ-AT. The
resulting curves observed forR-AT at all ionic strengths were
clearly nonlinear and could be satisfactorily fit to the

rectangular hyperbolic equation described in several previous
reports on high-affinity heparin and pentasaccharide binding
to AT (18, 24, 29) (Figure 2A). Thus, the behavior is in
agreement with the two-step binding mechanism (Scheme
1) established for the binding of high-affinity heparin and
the normal pentasaccharide to AT.

In Scheme 1, H is high-affinity heparin or pentasaccharide,
K1 is the dissociation equilibrium constant for the first, rapid-
equilibrium binding step,k+2 is the forward rate constant
for the second binding step that leads to a conformationally
activated state, andk-2 is the reverse rate constant for the
second binding step. Moreover,kon ) k+2/K1 andkoff ≈ k-2

(24). The results at an ionic strength of 0.15 reveal that the
similarity of thekon values for the interactions of the high-
affinity and normal pentasaccharides withR-AT was fortu-
itous because the two components ofkon, that is,K1 andk+2,
were different for the two saccharides.K1 was thus 4-fold
lower andk+2 3-fold higher for the high-affinity pentasac-
charide (Table 2). The value ofk-2 at an ionic strength of
0.15 was>100-fold lower for high-affinity than for normal
pentasaccharide binding toR-AT (Table 2).k+2/k-2, which
is a measure of the equilibrium position of the second binding
step, was 1.9× 105 for the high-affinity and 500 for the
normal pentasaccharide binding toR-AT. The second step
of high-affinity pentasaccharide binding is, therefore,∼400-
fold more shifted toward the final, tight complex than that
of the normal pentasaccharide. A comparison ofK1 andk+2

at ionic strengths of 0.1, 0.15, and 0.3 (Table 2) demonstrated
thatK1 was ionic strength-dependent, whereask+2 was not,
similar to what has previously been reported for both high-
affinity heparin and the normal pentasaccharide (24, 29).

In the case ofâ-AT, the plot of kobs versus high-affinity
pentasaccharide concentration at an ionic strength of 0.15
was linear up to the highestkobs that could be measured
(because of the dead time of the instrument), preventing the
kinetic constants of the two-step mechanism from being
determined (Figure 2B). This behavior indicates that the
interaction between the high-affinity pentasaccharide and
â-AT has a higherK1, a higherk+2, or both compared with
that withR-AT. It is reasonable to believe that the difference
is in the second step because a previous study showed that
the higher affinity of heparin and the normal pentasaccharide
for â-AT than for R-AT is mainly due to a higher forward
rate constant and a lower reverse rate constant of the second
binding step (18).

Ionic and Nonionic Contributions to OVerall Pentasac-
charide Binding.The ionic and nonionic contributions to the
overall binding of Idraparinux toR- and â-AT were
determined from the effect of sodium ion concentration on
the dissociation equilibrium constants, according to the
polyelectrolyte theory (30), as described previously for
heparin and normal pentasaccharide (24, 28). Double-
logarithmic plots ofKd versus sodium ion concentration were
linear for bothR- and â-AT (Figure 3). From these plots,
Kd′, the dissociation equilibrium constant characterizing the
nonionic interactions, and Z, the number of ionic interactions,
could be derived from the ordinate intercept and the slope,

FIGURE 1: Structures of the normal pentasaccharide and Idraparinux.
The normal pentasaccharide, Fondaparinux, is a syntheticR-methyl
glycoside variant of the pentasaccharide sequence in heparin that
binds with high affinity to AT. Idraparinux is an O-sulfated,
O-methylated, synthetic analogue designed to improve the phar-
macological properties as a potential drug.

Scheme 1

AT + H {\}
K1

AT-H {\}
k+2

k-2
AT*-H
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respectively. About four ionic interactions were involved in
the overall binding of the high-affinity pentasaccharide to
both R- and â-AT (Table 3), which is similar to what has
been shown previously for normal pentasaccharide binding
to the two AT forms (18). In contrast, the nonionic
contribution to the affinity was at least 100-fold higher for
the binding of the high-affinity pentasaccharide than for the
binding of the normal pentasaccharide to the two forms
(Table 3) (18). The nonionic dissociation equilibrium con-
stants for high-affinity pentasaccharide binding toR- and
â-AT were 450 and 90 nM, respectively (Table 3). The ratio
of the free energy ofKd′ to that of Kd was calculated
(∆G° ) -RT ln Ka). The nonionic contribution to the free
energy was thus found to correspond to∼70% of the total
free energy of the overall interaction.

Ionic Contribution to the First Step of Pentasaccharide
Binding. The ionic contribution to the initial binding step
was resolved in a manner similar to that of the overall
binding. Becausekon ) k+2/K1 andk+2 is independent of ionic
strength (Table 2), the salt dependence ofkon should represent
the salt dependence ofK1. Double-logarithmic plots ofkon

versus [Na+] were linear for both AT variants (Figure 4),
and the number of ionic interactions made in the first binding
step could be obtained from the slope of the plots (Table 3).
Surprisingly, although about four ionic interactions were
involved in the overall binding of both the high-affinity and
normal pentasaccharides toR- and â-AT, only ∼1 ionic
interaction was established in the first step of high-affinity
pentasaccharide binding to the two forms, in contrast to the
two ionic interactions shown previously for the normal
pentasaccharide (18). This reduced number of ionic interac-
tions in the first step of high-affinity pentasaccharide binding,
therefore, must be compensated for by an increased number
of such interactions in the second binding step.

DISCUSSION

This work is an in-depth characterization of the molecular
background of the high-affinity binding of a highly negatively

charged pentasaccharide, Idraparinux, toR- and â-AT.
Idraparinux is a variant of the natural AT-binding pentasac-
charide of heparin, in which the four sulfate groups that are
essential for the interaction have been essentially maintained.
These groups are a 6-O-sulfate group on residue D, a 3-O-
sulfate group on residue F, an N-sulfate group on residue F,
and an N-sulfate group on residue H. The N-sulfate groups,
however, have been replaced by 2-O-sulfate groups
(Figure 1) (31). Additionally, all OH-groups, one N-sulfate
group on residue D, and one O-sulfate group on residue G
have been replaced by O-methyl groups. Finally, in com-
parison with the normal pentasaccharide, one additional
3-O-sulfate group on residue H has been introduced.

Introduction of a 3-O-sulfate group to H-residues of other
pentasaccharides has previously been shown to enhance their
affinity for AT by increasing the contribution from ionic
interactions and hydrogen bonds (32). It was, therefore,
unexpected that the affinity of Idraparinux,>100-fold higher
than that of the normal pentasaccharide for AT, was found
to be due mainly to nonionic interactions, whereas the ionic
contribution to the overall interaction was the same. The
additional nonionic interactions must be established pre-
dominantly in the second step of binding of the high-affinity
pentasaccharide to AT because the complex formed in the
first step is somewhat weaker than that for the normal
pentasaccharide. Both rate constants of the second step
presumably are affected by these enhanced nonionic interac-
tions. The moderate∼3-fold increase in the forward rate
constant is thus most likely a consequence of these interac-
tions because the ionic-strength independence of this rate
constant indicates that it is entirely governed by nonionic
contacts. Moreover, the∼100-fold decrease in the reverse
rate constant of the second step indicates that nonionic
interactions also contribute substantially to this decrease.
Previous studies have provided strong evidence that the non-
reducing end trisaccharide, composed of residues D, E, and
F of the normal pentasaccharide, initially recognizes the low-
affinity state of AT and subsequently induces and stabilizes

Table 1: Dissociation Equilibrium Constants, Bimolecular Association Rate Constants, and Dissociation Rate Constants for the Interactions of
Idraparinux and Normal Pentasaccharide withR- andâ-AT at 25 °C and pH 7.4

pentasaccharide
AT

form
ionic

strength
Kd

(nM)
10-6 × kon

(M-1 s-1)
koff

(s-1)

Idraparinux R-AT 0.1 0.09( 0.04a 53 ( 1 0.005( 0.002b

0.15 0.44( 0.14a 32 ( 0.5 0.013( 0.003b

0.3 5.0( 1.6 16( 0.04 0.08( 0.03b

0.5 49( 3 8.8( 0.3 0.4( 0.04b

0.6 69( 6 5.9( 0.06 0.4( 0.04b

â-AT 0.1 0.03( 0.03a 63 ( 2 0.002( 0.002b

0.15 0.13( 0.096a 45 ( 2 0.005( 0.004b

0.3 1.5( 0.6a 21 ( 0.3 0.03( 0.01b

0.5 8.3( 1.4 8.9( 0.5 0.07( 0.02b

0.6 20( 0.8 5.6( 0.3 0.11( 0.01b

normal R-AT 0.15 63( 10 32( 1 1.5( 0.4
0.3 610( 40 9.5( 0.4 8.9( 0.4
0.5 5800( 250c 2.5( 0.1 14.5( 0.3

â-AT 0.15 18( 1 54( 1 0.98( 0.07b

0.3 190( 7 19( 0.4 3.6( 0.3
0.5 1030( 180c 5.9( 0.3 6.1( 0.7

a Obtained by extrapolation of the linear dependence of logKd on log [Na+]. b Calculated fromKd andkon. c Calculated fromkon andkoff. Dissociation
equilibrium constants,Kd, were determined by fluorescence titrations and bimolecular association rate constants, and dissociation rate constants (kon

andkoff) were determined by stopped-flow fluorimetry as described in Experimental Procedures. The values forKd are the means( SE of at least
three titrations.kon andkoff were determined from the slopes andy-intercepts of linear plots of observed pseudo-first-order rate constants,kobs, vs
pentasaccharide concentration (inset of Figure 2).kon andkoff values( SE were calculated by linear regression. The data for the normal pentasaccharide,
shown for comparison, are taken from ref 18 (18).
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the conformational change in the second binding step. In
contrast, the two reducing-end residues G and H only serve
to stabilize the activated conformation in the second step
(33, 34). The enhanced forward rate constant of the second
step, which reflects a faster conformational change, presum-
ably is due to an increase in nonionic interactions that involve

the non-reducing end trisaccharide. However, the reduced
reverse rate constant of this step, which results in a greater
stability of the conformationally activated state, may arise
from such tighter interactions involving either or both ends
of the pentasaccharide.

The increased nonionic binding contribution is most likely
largely due to augmented intermolecular interactions between
the high-affinity pentasaccharide and AT, for example, by
methyl groups establishing direct hydrophobic contacts with
the protein surface. However, the contribution may also be
due to an indirect effect. A previous study has thus shown
that Phe 122 in the pentasaccharide binding site of AT
contributes appreciable free energy of nonionic interactions
of high-affinity heparin with AT (11), although it does not
directly contact the heparin pentasaccharide (13). Instead, it
is believed to be involved in intramolecular interactions that
are necessary for the formation and maintenance of the
activated AT conformation (11). The binding of the high-

FIGURE 2: Dependence of observed pseudo-first-order rate constants
of the interaction between Idraparinux andR- and â-AT on
Idraparinux concentration in low (inset) and high concentration
ranges at 25°C, pH 7.4, and different ionic strengths. (A)R-AT;
(B) â-AT. Pseudo-first-order rate constants (kobs) were measured
in a stopped-flow instrument as described in Experimental Proce-
dures. The data points represent the mean( SE of 3-5 kobsvalues,
each derived from three to five fluorescence traces. Data were fit
by linear regression to givekon and koff (Table 1) in the low
concentration range or by nonlinear regression to give the kinetic
constants for the two-step binding mechanism,K1 and k+2
(Table 2) in the high concentration range as described in the Results
section. The error bars that are not shown are hidden within the
symbols.O, I 0.1; b, I 0.15; 0, I 0.3 ; 9, I 0.5; 4 I 0.6.

Table 2: Kinetic Constants for the Two-Step Mechanism of
Idraparinux and Normal Pentasaccharide Binding toR-AT at 25 °C
and pH 7.4a

pentasaccharide
ionic

strength
K1

(µM)
k+2

(s-1)
k-2

(s-1)

Idraparinux 0.1 43( 9 2200( 400 0.005( 0.002
0.15 84( 30 2500( 750 0.013( 0.003
0.3 110( 40 1900( 520 0.08( 0.03

normal 0.15 22( 2 750( 50 1.5( 0.6
a Dissociation equilibrium constants for the first binding step,K1,

and forward rate constants for the second binding step,k+2, were
determined by stopped-flow fluorimetry by fitting the data from the
plots in Figure 2 to the rectangular hyperbolic equation (18, 24, 29).
The reverse rate constant for the second binding step,k-2, was taken
askoff, calculated fromKd andkon (Table 1). The data for the normal
pentasaccharide, shown for comparison, are taken from ref 18 (18).
Errors represent SE.

FIGURE 3: Double-logarithmic plots of observed dissociation
equilibrium constants vs sodium ion concentration for the interac-
tions between Idraparinux andR- or â-AT at 25 °C and pH 7.4.
Dissociation equilibrium constants,Kd, were measured by fluores-
cence titrations at different ionic strengths as described in Experi-
mental Procedures. The data for the normal pentasaccharide, shown
for comparison, are taken from ref 18 (18). Each data point
represents the mean( SE of 3-5 titrations. Data were fit by linear
regression to give the ionic and nonionic contributions to the
interaction from the slope and they-intercept, respectively
(Table 3), as described in the Results section. The error bars that
are not shown are hidden within the symbols.O, R-AT and
Idraparinux;b, R-AT and normal pentasaccharide;0, â-AT and
Idraparinux;9, â-AT and normal pentasaccharide.

Table 3: Ionic and Nonionic Contributions to the Interactions of
Idraparinux and the Normal Pentasaccharide withR-AT and â-AT
at 25°C and pH 7.4a

overall binding
first binding

step

pentasaccharide AT form Z Kd′ (µM) Z1

Idraparinux R-AT 4.3 ( 0.3 0.45( 0.08 1.4( 0.06
â-AT 4.1 ( 0.6 0.09( 0.02 1.5( 0.1

normal R-AT 4.4 ( 0.3 62( 2 2.4( 0.3
â-AT 3.9 ( 0.1 10( 1 2.1( 0.2

a The number of ionic interactions involved in the overall binding,
Z, and in the first binding step,Z1, was obtained from the slopes of
plots of logKd and logkon, respectively, vs log[Na+] (Figures 3 and
4). The dissociation equilibrium constant characterizing the nonionic
interactions,Kd′, was calculated from they-intercept (logKd′) of the
log Kd plots. The slopes and intercepts( SE were obtained by linear
regression. The data for the normal pentasaccharide, shown for
comparison, are taken from ref 18 (18).
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affinity pentasaccharide to AT may involve enhanced in-
tramolecular contacts that lead to an increase in the nonionic
contribution to the affinity.

Although a total of four ionic interactions are established
upon binding of both the high-affinity and normal pentasac-
charides to AT, one less ionic interaction is formed in the
first step of high-affinity pentasaccharide binding, which
most likely is the main reason for the weaker initial complex
formation. This loss may reflect the absence of the N-sulfate
group present on residue D in the normal pentasaccharide
(33, 34). However, this N-sulfate has been reported not to
be essential for the interaction with the protein (31).
Alternatively, a different orientation of the high-affinity
pentasaccharide in the binding site during the first step may
prevent one of the essential anionic groups of residues D,
E, or F from making optimal interactions with AT in the
initial complex. The fact that one more ionic interaction is
formed in the second step of binding of the high-affinity
pentasaccharide than that of the normal pentasaccharide,
thereby aiding the nonionic interactions in reducing the
reverse rate of the conformational change, presumably is due
to the presence of the additional 3-O-sulfate group on residue
H. This functional group enhances the affinity of other
pentasaccharides for AT (32) and is located in the pentasac-
charide reducing-end that participates in stabilizing the
activated AT conformation in the second step (13, 32, 34).

The similar fluorescence changes upon interaction of the
high-affinity and normal pentasaccharides as well as high-
affinity heparin with AT (24, 26, 27) must reflect identical
or highly similar conformational changes that are induced
by these saccharides. This conclusion is supported by
previous results showing that the three saccharides also
enhance the rate of AT inhibition of factor Xa to the same
extent (1). The higher pharmacological efficiency of the high-
affinity pentasaccharide (21, 35), therefore, must primarily
reflect the enhanced affinity of this pentasaccharide for AT,
which results in a more stable activated complex.

CONCLUSIONS

The highly sulfated, methylated pentasaccharide,
Idraparinux, binds tightly to bothR- and â-AT with an
affinity (Kd 0.1-0.4 nM at physiological ionic strength) that
is >100-fold higher than that of the normal pentasaccharide.
The encounter complex formed in the first binding step is
∼4-fold weaker than that for the latter saccharide, due to
only one ionic interaction formed, instead of two. In contrast,
the activated AT conformation is∼400-fold more stable than
that induced by the normal pentasaccharide, as a result of
both substantially enhanced hydrophobic interactions and one
additional ionic interaction. The hydrophobic interactions
increase the forward rate constant of the conformational
change, whereas both the hydrophobic interactions and the
additional ionic interaction aid in locking AT in the activated
conformation. The total nonionic contribution to the overall
binding is as high as 70%. This study thus shows that
nonionic interactions, in addition to ionic interactions, can
play a major role in the binding of charged saccharides to
proteins and emphasizes the importance of characterizing this
nonionic component of binding. Such work will substantially
promote the understanding of the nature of glycosaminogly-
can-protein interactions and will have major implications
for the design of optimal synthetic interaction partners of
high medical importance.
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