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ABSTRACT. The N-terminal region residues, Lys11, Arg13, and Arg24, of the plasma coagulation inhibitor,
antithrombin, have been implicated in binding of the anticoagulant polysaccharide, heparin, from the
identification of natural mutants with impaired heparin binding or by the X-ray structure of a complex of
the inhibitor with a high-affinity heparin pentasaccharide. Mutations of Lys11 or Arg24 to Ala in this
work each reduced the affinity for the pentasaccharid®-fold, whereas mutation of Argl3 to Ala led

to a decrease of onkr7-fold. All three substitutions resulted in the loss of one ionic interaction with the
pentasaccharide and those of Lys11 or Arg24 also-iB-Bld losses in affinity of nonionic interactions.

Only the mutation of Lys11 affected the initial, weak interaction step of pentasacharide binding, decreasing
the affinity of this step~2-fold. The mutations of Lys11 and Argl3 moderately;72fold, altered both

rate constants of the second, conformational change step, whereas the substitution of Arg24 appreciably,
~25-fold, reduced the reverse rate constant of this step. The N-terminal region of antithrombin is thus
critical for high-affinity heparin binding, Lys11 and Arg24 being responsible for maintaining appreciable
and comparable binding energy, whereas Argl3 is less important. Lys11 is the only one of the three
residues that is involved in the initial recognition step, whereas all three residues participate in the
conformational change step. Lys11l and Argl3 presumably bind directly to the heparin pentasaccharide
by ionic, and in the case of Lys11, also nonionic interactions. However, the role of Arg24 most likely is
indirect, to stabilize the heparin-induced P-helix by interacting intramolecularly with Glu113 and Asp117,
thereby positioning the crucial Lys114 residue for optimal ionic and nonionic interactions with the
pentasaccharide. Together, these findings show that N-terminal residues of antithrombin make markedly
different contributions to the energetics and dynamics of binding of the pentasaccharide ligand to the
native and activated conformational states of the inhibitor that could not have been predicted from the
X-ray structure.

Antithrombin is a vital plasma regulator of blood clotting unique conformational change mechanism. The proteinase
(). It is a proteinase inhibitor of the serpin superfamily, initially recognizes and processes the reactive bond of the
whose main targets are blood clotting proteinases, primarily serpin to the acyl-intermediate stage, as in a normal substrate.
thrombin, factor Xa, and factor IX&¢6). Proteins of the However, at this stage, the N-terminal part of the severed
serpin family share some typical structural features, most reactive-bond loop inserts as a new strand in the middle of
prominently a large, five-strande@tsheet f-sheet A) and pB-sheet A, dragging the covalently attached proteinase along
a surface-exposed loop containing the reactive b@nd)( the surface to the opposite pole of the serpin. As a result,
Serpins irreversibly inhibit their target proteinases by a the proteinase is inactivated through compression against the

body of the serpin, leading to distortion of its active sBg (
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contributions of these two mechanisms to heparin accelera-and by participating in both steps of the binding mechanism.
tion of antithrombin inhibition vary for different proteinases, Argl3 contributes less affinity and only by making ionic
the conformational change being of major importance for interactions, also presumably directly with the pentasaccha-
factors Xa and 1Xa and the bridging effect dominating for ride, in the second step. Arg24 is also of appreciable
thrombin. Binding of the heparin pentasaccharide occurs in importance in the second binding step by stabilizing the
two steps. An initial weak complex is first formed, followed activated state of the inhibitor, although most likely not by

by the conformational change in the second stEp-(L6). directly binding to the pentasaccharide but by forming
The X-ray structures of antithrombin and its complex with intramolecular interactions with Glu113 and Asp117, located
a synthetic variant of the heparin pentasaccharide 18) in the pentasaccharide-induced P-helix.

indicate that this change involves elongation of the A- and
D-helices, formation of the new short P-helix at the base of MATERIALS AND METHODS

the D-helix, and contraction of the A-sheet. These changes it rombin VariantsRecombinant antithrombin variants
lead to a higher accessibility of the reactive bond and with Lys11 to Ala, Lys11 to His, Argl3 to Ala, and Arg24
thPO?'“r.e of G]:XOSIteS surrounding the loop, thus promoting 1 A5 substitutions were produced by site-directed mutagen-
the bm_dmg of target protelnase3§9( 20). , ) ) esis, expressed in a baculovirus system on an Asnl135Ala
Studies of natural and recombinant ant|.thromb|'n variants, background, and purified by heparin affinity chromatography
as yvell as _the X-ray structure of free antithrombin and the . qescribed previousl2g, 22, 33—35). Certain preparations
antithrombin-pentasaccharide complex, have revealed the required further purification by anion-exchange chromatog-

region of antithrombin to which the heparin pentasaccharide raphy on a MonoQ HR 5/5 column (Amersham Pharmacia
binds with high affinity and specificity (reviewed in réj. Biotech) @3).

This region consists primarily of positively charged lysines The purity of the antithrombin preparations was assessed
and arginines within the A- and D-helices and the N-terminal by SDS-PAGE with the Tris/glycine or Tris/Tricine buffer

region of antithrombin, including Lys11, Argl3, Arg46, s . :
o ystems 36, 37) and by PAGE under nondenaturing condi-
Arga7, Lys114, Lys125, and Arg129. The contributions of oo with the Tris/glycine buffer system. Protein concentra-

Arg46 and Arg47, located in the A-helix, and of Lys114, ions of the antithrombin variants were determined by

It_)_ys d1'25’ r?nd At:glzg Within.th? D- and. P-Qel1i_ches Ito hepﬁrin absorbance measurements at 280 nm from a molar absorption
inding have been extensively examined. e latter t ree - yefficient of 37 700 M* cm-t (39).

residues contribute most of the binding energy and apparently
act cooperatively in the binding mechanisg1{25).

Because of its accelerating effect on antithrombin inhibi-
tion of blood clotting proteinases, heparin is frequently used
for the prevention of venous thromboembolism. Recent
clinical trials have shown that the synthetic pentasaccharide
is even more effective for this purpose than the previously
used heparin form226—28). Nevertheless, the physiological
role of heparin in activating the anticoagulant activity of
antithrombin remains controversid@q), although heparin-
like glycosaminoglycans on the vessel wall have been
suggested to be endogeneous antithrombin activa8is (
31). However, congenital mutations causing a heparin
binding defect in human antithrombin support a biological
role of the interaction, as individuals homozygous for such
defects suffer an increased risk of developing thrombosis

Proteinases and Saccharidddumano-thrombin was a
gift from Dr. John Fenton (New York State Department of
Health, Albany, NY). Human factor Xa was prepared as
described previously3@). The concentrations of the enzymes
were based on active-site titrations, in which thrombin and
factor Xa were shown to be-90% and >70% active,
respectively.

The synthetic antithrombin binding heparin pentasaccha-
ride (40) was a gift from Dr. M. Petitou (Sanofi Recherche,
Toulouse, France). Full-length heparin with high affinity for
antithrombin and with an average molecular mass 8900
Da (i.e., comprising~26 saccharide units) was isolated from
commercial heparinld, 41, 42). Concentrations of the two
saccharides were determined by stoichiometric fluorescence
titrations with plasma antithrombirlL4, 42).

@) Experimental Conditiongll experiments were performed

Iérom the identification of a natural human mutant with a at 25+ 0.2 °C and p_H. 7.4 or 6.0 in 20 mM sodium
h T L phosphate buffer containing 0.1 mM EDTA and 0.1% poly-

eparin binding defect, Arg24 was originally proposed to hvl lycol) 8000. The ionic strength of this buffer in
be directly involved in heparin bindin@2). However, Arg24 (ethylene glyco ' . g
the absence of added salt is 0.05 and 0.025 at the two pH

was found npt t(.) be in close enough proximity to the values, respectively, and NaCl was added to final ionic
pentasaccharide in the crystal structure of the complex to

. . . . strengths of up to 0.7.
establish any interactiori§). The aim of the present work Stoichiometries and Affinities of Heparin Bindingto-
was to resolve this apparent discrepancy and also to clarify. P

the contributions of the adjacent N-terminal region residues, ichiometries and dissociation equilibrium constakls, for

Lys11 and Arg13, to heparin binding. Although these latter the binding of pentasaccharide or full-length heparin to the
residues have be’en implicated to intéract with the pentasac-antithrombin variants were measured by titrations, monitored

charide by the X-ray structure of the compled8), their — — : —
individual roles in the binding have not been established. ' Abbreviations: H26, full-length heparin with a high affinity for

. . . ntithrombin and containing-26 saccharide units; H5, antithrombin
To address these questions, we introduced mutations 0f(ginding heparin pentasaccharid; dissociation equilibrium constant;

Lys1l to Ala or His, Arg13 to Ala, and Arg24 to Ala and k., observed pseudo-first-order rate constéuy; overall association
characterized the effects on the affinity and kinetics of rate constant, overall dissociation rate constant; K11A and K11H,

in hindi ; _ substitution of Lys11 by Ala and His, respectively; R13A and R24A,
heparin binding. We found that Lys11 contributes substan substitution of Argl3 and Arg2d, respectively by Ala: N135A,

tially to the affinity by establishing ionic and nonionic  gypsitution of Asn135 by Ala; PAGE, polyacrylamide gel electro-
interactions, presumably directly with the pentasaccharide, phoresis; SDS, sodium dodecy! sulfate.
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by the fluorescence enhancement induced by the interactionfor uncatalyzed reactions were obtained by dividigg by

of the variants with the saccharides, as described previouslythe inhibitor concentration, whereas those for pentasaccha-
(14, 41, 42). Stoichiometric titrations were performed at pH ride- or full-length heparin-catalyzed reactions were deter-
7.4 and ionic strengths 0.1 or 0.15 with full-length heparin mined from the slope of linear regression fits of the
and with antithrombin concentrations, based on absorbancedependence d,,son the concentration of the antithrombin
measurements, at least 20-fold abdige Affinity titrations saccharide complex3p, 43).

were done at pH 7.4 or 6.0 and ionic strengths- @17 with

pentasaccharide or full-length heparin and with concentra- RESULTS

tions of active antithrombin 2-fold below to 4-fold above L L ) ) i
Ks. The measurements were made in an SLM 4800S or Pur|f|qat|on and C;haractenzauon of Anuthrpmbln Vari-
8000C spectrofluorometer (SLM Instruments, Rochester, ants Antithrombin with an As_n_135 to Ala mutation was used
NY) with excitation and emission wavelengths of 280 and S @ base molepule for additional substitutions of I_.ysl; to
340 nm, respectively. The data were fitted to the equilibrium A& Lys11 to His, Arg13 to Ala, and Arg24 to Ala in this

binding equation by nonlinear least-squares regresdign (  PaPer: The N135A_substitution was inf[roduced becz_iuse it
Kinetics of Heparin Binding The rates of binding of prevents glycosylation of the Asn135 site and thus circum-

pentasaccharide or full-length heparin to the antithrombin VENtS the heparin binding heterogeneity caused by incomplete
variants were determined at pH 7.4 and ionic strengths 0_15glycosylat|on at this 3|te3(§, 35, 44'1).'The N135A \(anant
or 0.3 in a stopped-flow instrument (SX-17MV; Applied resembles thg-form of antithrombin in plasma, which also

Biophysics, Leatherhead, UK) by monitoring the fluores- acks an oligosaccharide side chain at Asn135 and has a
cence increase induced by the saccharides, as describefigner heparin affinity than the predominaxform, as the

earlier (L4, 15, 35). The fluorescence was measured with an oligosaccharide at this site in-antithrombin sterically
excitation wavelength of 280 nm and an emission cutoff filter hinders heparin binding@, 35). The baculovirus expression

with ~50% transmission at 320 nm. The experiments were SYS€M was used in this study because it introduces shorter
done under pseudo-first-order conditions (i.e., with heparin 2nd structurally less divergent oligosaccharide chains than
concentrations 5-fold, and in most cases10-fold, higher ~ mammalian expression systems to the remaining three
than concentrations of active antithrombin). Observed pseudo-9!Ycosylation sites and therefore further decreases heparin
first-order rate constant&ss were obtained by nonlinear ~ Pinding heterogeneitydg, 45, 46). Most preparations of the
regression fitting of the progress curves to a single expo- antithrombin variants could be purified to acceptable homo-

nential function. Approximately 16 fluorescence traces were 9€Neity by heparin affinity chromatography. However, the
averaged for each rate constant determination. K11H/N135A variant and some preparations of the R13A/

Stoichiometries and Kinetics of Proteinase Inaation. N135A and R24A/N135A variants required further purifica-

Stoichiometries of inhibition of human thrombin by the tion by anion exchange chromatography. All final antithrom-

; : ; . . . bin preparations used were95% homogeneous in SBS
antithrombin variants were measured essentially as in previ- )
ous work @1, 22, 35). A series of samples of thrombin at a PAGE and nondenaturing PAGE. The K11A/N135A, K11H/

constant concentration of 0.1 or Q81 was incubated for N13$A' R13_A/ N135A, "?‘Ud R24A/N135A variants ShOW.Ed
4-20 h (for 0.1xM thrombin) or +-2 h (for 0.5,M & Slightly higher mobility than the N135A control in
thrombin) with increasing concentrations of antithrombin, nondenaturing PAGE, consistent with the loss of a positive

based on absorbance measurements, at pH 7.4 and ioni€a"9e-

strength 0.15. The residual activity of the enzyme was then ~ The stoichiometry of binding of full-length heparin to the
determined from the initial rate of hydrolysis of the substrate, variants was 0.8 for the K11A/N135A variant, 0.8 for the
S2238 (Chromogenix’ Mnodal, Sweden), monitored as the K11H/N135A variant, 0.75 for the R13A/N135A variant, and
increase of absorbance at 405 nm. The inhibition stoichi- varied between 0.6 and 0.8 for the different preparations of
ometries were derived from the intercept on the abscissa ofthe R24A/N135A variant used. The corresponding stoichi-

plots of the residual enzyme activity versus the molar ratio 0metries of thrombin binding were comparable with those
of antithrombin to proteinasmz)_ of heparin binding, bEing 08, 09, 07, and-6@®8 for the

Second-order association rate constants for inhibition of K1ILA/N135A, K11H/N135A, R13A/N135A, and R24A/
human thrombin or factor Xa by the antithrombin variants N135A variants, respectively. The preparations thus con-
in the absence or presence of pentasaccharide or full-lengtHained some inactive, presumably latent, form of the inhibitor,
heparin were determined under pseudo-first-order conditions@s also seen in previous studies with other recombinant
at pH 7.4 and ionic strength 0.18% 22, 35, 42). Reactions  antithrombin variants1-25, 35). All subsequent analyses
were done with 76200 nM active antithrombin, 10 nM  Of heparin binding or proteinase inhibition by the variants
proteinase, and 08 nM pentasaccharide or full-length Wwere based on concentrations of active protein. All four
heparin. After various times, portions of the reaction mixture Variants showed a normal 3@0% increase in tryptophan
were quenched by dilution into 1@V of the substrates, fluorescence in the heparin stoichiometry titrations.

S2238 for thrombin or Spectrozyme FXa (American Diag-  Affinity of Pentasaccharide and Full-Length Heparin
nostica, Greenwich, CT) for factor Xa. The residual enzyme Binding Dissociation equilibrium constantsy, for the
activity was determined from the initial rate of substrate interaction of the pentasaccharide with most of the anti-
hydrolysis, monitored by absorbance measurements at 40%hrombin variants at pH 7.4 and ionic strengths 0.15 and
nm. Observed pseudo-first-order rate constakys, were 0.3 were measured by fluorescence titrations. However, the
obtained by fitting the time-dependence of the loss of enzyme affinities of the pentasaccharide for the N135A and R13A/
activity to a single-exponential function with an end-point N135A variants at ionic strength 0.15 were too high to be
of zero activity 42). Second-order association rate constants measured directly with good precision but were instead
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Table 1: Dissociation Equilibrium Constants, Bimolecular Association

Rate Constants, and Dissociation Rate Constants for Pentasaccharide and

Full-Length Heparin Binding to the N135A, K11A/N135A, K11H/N135A, R13A/N135A, and R24A/N135A Antithrombin Variants &€ 25

pH 7.4 and lonic Strengths 0.15 and ©.3

ionic heparin antithrombin Kg Kon Kot calculatedKy calculate s
strength form variant (nM) (x1FM1s) (s (nM)P (s e
0.15 H5 N135A 24 1de 70+ 2¢ nd 0.14+ 0.07
K11A/N135A 79+ 8 12+ 04 1.9+0.3 150+ 30 0.95+ 0.1
K11H/N135A 12+ 2 28+ 0.6 0.2+ 0.5 7+ 18 0.34+ 0.06
R13A/N135A 154 54 23+ 0.6 1.0+ 04 43+ 18 0.3+0.1
R24A/N135A 86+ 4 37+ 2 44+ 13 120+ 40 3.2+ 03
0.3 H5 N135A 40+ 4¢° 28+ 1° 15+ 0.4 54+ 16° 1.1+0.1°
K11A/N135A 720+ 23 3.8+ 0.3 3.8+ 0.3 1000+ 200 2.7+0.1
K11H/N135A 160+ 18 8.3+ 0.1 15+0.1 180+ 10 1.3+0.2
R13A/N135A 160+ 11 8.3+ 0.3 2.8+ 0.2 340+ 40 1.3+ 0.1
R24A/N135A 950+ 40 12+ 04 15+ 0.8 1200+ 100 11+ 0.8
H26 N135A 7+ 1° 23+ 0.2 0.3+0.1° 13+ 48 0.16+ 0.02
K11A/N135A 200+ 11 3.8+0.1 0.51+ 0.05 130+ 20 0.78+ 0.06
K11H/N135A 61+ 1 6.6+0.3 0.31+0.15 47+ 25 0.40+ 0.02
R13A/N135A 36+ 3 9.0+0.1 0.5+ 0.1 56+ 12 0.3+ 0.03
R24A/N135A 260 8 9.5+0.1 4.4+ 0.1 460+ 15 25+0.1

a Measuredy values are averages of two to six fluorescence titrations. Errors @M for three or more titrations and range for two titrations.
Measured values d§,, andk. £ SEM were obtained by linear regression of plot&kgt vs heparin concentration comprising five to seven points
in the 0.2-2.6 M concentration range.Fromk,, andke. ¢ Fromk,, andKg. ¢ Obtained by linear extrapolation of values measured at higher ionic

strengths® Taken from ref21. f Not determined.

obtained by extrapolation of values measured at higher ionic
strengths (see next). Dissociation equilibrium constants for
the interaction of full-length heparin with the variants were
only measured at pH 7.4, ionic strength 0.3, as the interaction
at ionic strength 0.15 was too tight for the data to allow any

reasonable interpretation. Full-length heparin bound between<~

~3- and ~6-fold tighter than the pentasaccharide to all
variants (Table 1), an affinity difference comparable with
that seen in previous studies with wild-type antithrombin and
other antithrombin variantd 4, 21—25, 35, 47). The K11A,
K11H, R13A, and R24A substitutions all resulted in a
reduced heparin affinity (Table 1). The K11A/N135A and
R24A/N135A variants both bound the pentasaccharide ap-
preciably,~40-fold, more weakly than the N135A control
at ionic strength 0.15, whereas the corresponding affinity
loss shown by the R13A/N135A variant was lowei7-fold.

The affinity of the K11H/N135A variant for the pentasac-
charide at ionic strength 0.15, althougi®-fold lower than
that of the control, was notably higher than that of the K11A/
N135A variant. The affinity losses for the pentasaccharide
at ionic strength 0.3 were slightly, up to 2-fold, smaller than
at ionic strength 0.15 for all variants, due to the reduction
in the number of ionic interactions caused by the mutations
altering the dependence Kfy on sodium ion concentration,

-6.0[
-6.5
< -70}
8
= @
75k
8.0}

-08 -07 -06 -05 -04 -03

log Nat (M)

Ficure 1: Sodium ion concentration dependence of dissociation
equilibrium constants for pentasaccharide binding to the N135A,
K11A/N135A, K11H/N135A, R13A/N135A, and R24A/N135A
antithrombin variants at 28C, pH 7.4. ) N135A; (@) K11A/
N135A; @) K11H/N135A; (a) R13A/N135A; and ¥) R24A/
N135A. Each value represents the averag8EM of three to six
determinations. Error bars not shown lie within the dimensions of
the symbols. The solid lines represent linear regression fits. The
data for N135A are taken from refL

-1.0 -0.9

as compared with that of the control (see next). The decrease®ound per heparin charge that are released upon heparin

in antithrombin affinity for full-length heparin at ionic

binding [estimated to 0.84()]. Moreover, the ordinate

strength 0.3 caused by the substitutions were comparable withintercept, logKy' (i.e., log Kq at 1 M NaCl), of the plots

the reductions in affinity for the pentasaccharide.

lonic and Nonionic Contributions to Pentasaccharide
Binding The ionic and nonionic contributions to the losses
of antithrombin affinity for the pentasaccharide at pH 7.4
caused by the K11A, K11H, R13A, and R24A substitutions
were determined from the dependence of the dissociation
equilibrium constants on sodium ion concentration. Plots of
log Kq4 versus log [N&] were linear for all antithrombin
variants (Figure 1). Polyelectrolyte theory/4( 35, 41, 48)
states that the slope of such plots is equal'y, whereZ
represents the number of chargeharge interactions in-
volved in the binding, an® is the number of sodium ions

represents the nonionic contribution to heparin binding. The
N135A control variant makes5 ionic interactions with the
pentasaccharid®{, 35), whereas the K11A/N135A, K11H/
N135A, R13A/N135A, and R24A/N135A variants all made
~4 jonic interactions, in consideration of the errors of the
measurements (Table 2). Each substitution thus caused the
loss of~1 ionic interaction, consistent with the loss of one
positive charge. In addition, ldg4 was increased from5.1

for the N135A control to-4.6 for the K11A/N135A variant
and to —4.4 for the R24A/N135A variant (Table 2),
corresponding to~3- and ~5-fold losses in affinity of
nonionic interactions, respectively, for the two variants. In
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Table 2: lonic and Nonionic Contributions to Pentasaccharide control for the KllA/N_lSSA’ KllH/Nl‘?’SA’ RI3A/N135A,
Binding to the N135A, K11A/N135A, K11H/N135A, R13A/N1354A,  and R24A/N135A variants, respectively (Table &y, for

and R24A/N135A Antithrombin Variants at Z&, pH 7.4 and 6.9 both pentasaccharide and full-length heparin binding at ionic
antithrombin K strength 0.3 was similarly affected by the mutations as
pH variant z log(Kd') (uM) pentasaccharide binding at ionic strength 0.15 (Table 1).
74  N135A 53-0.% —5140.1° 842 All mutations also increasekl; from that of the N135A
K11A/N135A  3.6+02 —4.6+0.1 25+ 6 control. However, for most mutants, the measured values of
K11H/N135A  4.2£04  -51+0.2 8+4 kot were somewhat, up te-3-fold, higher than those
R13A/N135A 3.940.1  —5.1+0.05 8+ 1

calculated fromKy and ko, (Table 1). Such a discrepancy

R24A/N135A  3.8+0.1  —4.4+0.1 40+ 9 , : . . .
60  N135A 6105 59401 13403 has also been seen in previous work with other antithrombin
: KIIH/N135A 50+02  —62+01 0601 variants 21—-25) and is most likely due to increased

— — — contributions of the preequilibrium pathway of heparin
_ *The ionic €) and nonionic (logy) contributions to pentasaccha-  inging 1o these variants. In the preequilibrium pathway,
ride binding were determined from the slopes and intercepts, respec- . . . . :
tively, of plots of logKs) vs log [Na'] (Figure 1 and similar plots, not ~ Neparin binds to a small amount of antithrombin that is
shown, at pH 6.0), as described in the Results. Errors represent thedlready conformationally activated and in equilibrium with
SEM obtained by linear regressidtiraken from re21. ¢ Taken from the unactivated inhibitorl®). A small contribution by this
ref 22 pathway, which is normally negligible as compared with the

predominant induced-fit pathway, can result in measkggd

contrast, logky for the K11H/N135A and R13A/N135A  values being too high withou, values being appreciably
variants was the same as that of the control. The K11A and affected 21). The calculatedk values therefore are presum-
R24A mutations thus each caused losses of both one ionicably more correct than the measured ones and were taken to
interaction and nonionic interactions, whereas the K11H and represent the true values. The increas&gjnfor pentasac-
R13A mutations each caused the loss of essentially only onecharide binding at ionic strength 0.15 was small to moderate
ionic interaction. for the K11A/N135A, K11H/N135A, and R13A/N135A

The dependence f; for pentasaccharide binding to the variants, ~7-, ~2.5-, and~2-fold, respectively, but ap-
K11H/N135A variant on sodium ion concentration was also preciably larger,~25-fold, for the R24A/N135A variant
assessed at pH 6.0. No differences in either the number of(Table 1). At ionic strength 0.3, the increasesky for
ionic interactions made or the affinity of the nonionic binding of both the pentasaccharide and the full-length
interactions from the values of the N135A control were heparin to the variants in general were slightly lower than
evident at this pH (Table 2). The ionic interaction indicated for pentasaccharide binding at ionic strength 0.15 (Table 1).
by the data to be lost at pH 7.4 was thus apparently regainedHowever, for both saccharides, the pattern was similar to
at pH 6.0, where His is positively charged. Moreover, the that observed for the pentasaccharide at the lower ionic
results at pH 6.0 support the conclusion that the K11H strength (i.e., the R24A substitution had the largest effect
substitution did not lead to any loss of nonionic interactions. on Ko, followed by the K11A substitution).

Kinetics of Heparin BindingThe kinetics of pentasac- The heparin concentration dependencekgf for the
charide or full-length heparin binding to the antithrombin interaction of the pentasaccharide with the antithrombin
variants at pH 7.4 and ionic strengths of 0.15 or 0.3 were variants at ionic strength 0.15 was also analyzed at higher
evaluated under pseudo-first-order conditions in a stopped-saccharide concentrations. Under these conditions, the result-
flow instrument by monitoring the increase in tryptophan ing plots were hyperbolic (Figure 2), as has been shown
fluorescence induced by the interaction. The fluorescencepreviously for the binding of both the pentasaccharide and
change could be well-fitted to a single-exponential function the full-length heparin to plasma antithrombin and other
for all interactions studied. The dependence of the observedantithrombin variants 14, 21—25, 35). Such nonlinear
pseudo-first-order rate constakdys obtained from these fits ~ behavior is indicative of a two-step binding mechanism, in
on saccharide concentration was linear in the low concentra-which a weak interaction with the saccharide is formed in
tion range (from 0.2uM to at most 2.6uM). These plots  the first step, followed by a conformational change in the
yielded the bimolecular association rate constagi, and second step that increases the binding affinity (eqlB). (
the overall dissociation rate constaky;, from the slope and
ordinate intercept, respectively. Valueskgf andk for the K Ko
interaction of the pentasaccharide with most antithrombin AT +H=AT-H Ko AT*H @)
variants could be determined in this manner at ionic strengths
of both 0.15 and 0.3, but,; for the interaction with the  In this binding mechanisni; is the dissociation equilibrium
N135A variant at ionic strength 0.15 was too low to be constant for the initial weak interaction step, aag and
experimentally accessible. Insteddy for this interaction k_, are the forward and reverse rate constants for the second,
was calculated fronk,, andKy (Table 1). Values ok,, and conformational change, step. Moreovey,andky are equal
kot for the binding of full-length heparin to the variants were to ki./K; andk-,, respectively. Values of; andk,, were
only measured at ionic strength 0.3, due to the tight binding derived by nonlinear regression fits of the dependence of
at ionic strength 0.15 resulting Ky values being too low  ko,s On pentasaccharide concentration to the rectangular
to be satisfactorily evaluated either experimentally or by hyperbolic function describing the dependence (Figurd 2) (
calculation. 14). The K11A substitution increaséd for pentasaccharide

kon for the interaction with the pentasaccharide at ionic binding ~2-fold from the value for the N135A control and
strength 0.15 was decreased by all substitutions, befg caused a~3-fold decrease ok., (Table 3). The K11H
~2.5-, ~3-, and ~2-fold lower than that of the N135A  replacement had an opposite effectandecreasing it-2.5-
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FiGure 2: Pentasaccharide concentration dependence of observeq
pseudo-first-order rate constants for pentasaccharide binding to the

N135A, K11A/N135A, K11H/N135A, R13A/N135A, and R24A/
N135A antithrombin variants at 28C, pH 7.4 and ionic strength
0.15. 0) N135A; @) K11A/N135A; @) K11H/N135A; (a) R13A/
N135A; and ) R24A/N135A. Values are averagées SEM of

~16 individual measurements. Error bars not shown lie within the
dimensions of the symbols. The solid lines represent nonlinear

Schedin-Weiss et al.

antithrombin and the N135A variant4, 35) and therefore
was not investigated. At most, minor effects on the uncata-
lyzed or catalyzed rate constants for inhibition of thrombin
or factor Xa by the antithrombin variants were evident (Table
4).

DISCUSSION

The N-terminal region of antithrombin is longer and more
basic than the corresponding region of other serpins and is
considerably flexible X7, 49, 50). This region has been
suggested to be important for the binding of heparin from
observations that the reduction of the Cy€8/s128 disulfide
bond or cleavage of the Lys2®la30 peptide bond leads
to decreased heparin affinitypl, 52). Moreover, several
individual residues in the N-terminal region have been
mplicated to participate in heparin binding. Arg24 was
originally proposed to be involved in this binding from the
identification of a natural human Arg24Cys variant with
reduced heparin affinity32). In apparent contrast to this
proposal, the crystal structure of the complex between
antithrombin and a synthetic variant of the antithrombin

regression fits of the data to the rectangular hyperbolic function Pinding heparin pentasaccharide showed that Arg24 is located

characterizing the binding mechanism in eqlB, (14). The data
for N135A are taken from re2l.

Table 3: Kinetic Constants for the Two-Step Mechanism of
Pentasaccharide Binding to the N135A, K11A/N135A, K11H/
N135A, R13A/N135A, and R24A/N135A Antithrombin Variants at
25°C, pH 7.4 and lonic Strength 0.15

antithrombin Ky Kio k-2
variant (uM) (s (s
N135A 28+ 4° 2100+ 300 0.144+0.07
K11A/N135A 59+ 3 680+ 30 0.95+ 0.1
K11H/N135A 11+ 04 330+ 4 0.34+ 0.06
R13A/N135A 33+ 3 840+ 60 0.3+ 0.1
R24A/N135A 32+ 7 1500+ 300 3.2+0.3

a2 The dissociation equilibrium constants of the first st&p, and
the forward rate constants of the second step, were obtained by

nonlinear regression fits of the data in Figure 2 to the equation

describing the mechanism in eq 13( 14). The reverse rate constants
of the second stefk—, , were taken from Table 1 as the calculated
value ofke. Errors represent the SEMTaken from ref21.

fold, and resulted in a largefry6-fold, decrease ik, than
the mutation to Ala (Table 3). The lowks;, values for these

too far from the latter in the complex to establish any
interaction (8). However, the X-ray structure instead sug-
gested two other N-terminal region residues, Lysll and
Arg13, to interact with the pentasaccharide. The importance
of Argl3 for the binding was recently supported by the
discovery of a natural Arg13Trp antithrombin variant having
a decreased heparin affinity3). The purpose of the present
study was to identify the individual contributions of Lys11,
Arg13, and Arg24 to heparin binding and to elucidate the
apparent discrepancy concerning the role of Arg24 in the
interaction. To this end, we expressed recombinant anti-
thrombin variants with Lys11Ala, Lys11His, Arg13Ala, and
Arg24Ala substitutions on an Asn135Ala background in a
baculovirus expression system. The resulting variants all had
reduced heparin affinities that were similar for pentasaccha-
ride and full-length heparin, indicating that the three N-
terminal residues are important for binding the specific
pentasaccharide region of the polysaccharide. All variants
showed normal tryptophan fluorescence enhancement on
heparin binding and normal uncatalyzed and heparin-
catalyzed rate constants for inhibition of thrombin and factor

two variants than for the control were thus due to altered X These observations imply that the substitutions only
characteristics of both steps of the binding mechanism. In &ffected the heparin affinity of antithrombin without altering
contrast, the R13A and R24A replacements did not changethe oyeraII conformation of th.e native or heparlnjactlvated
Ky and only affected the second step of the interaction, the Protein, as was also the case in our previous studies of other
reducedk,, caused by these substitutions being essentially '€combinant antithrombin variant2-25, 35, 47).

fully accounted for by decreases kg, of ~2.5- and<2-
fold, respectively (Table 3). All mutations also increakeg
which is equal tok.s, to the same extent as the latter
parameter (i.e., by~7-, ~2.5-, ~2-, and~25-fold for the
K11A, K11H, R13A, and R24A mutations, respectively).
Kinetics of Proteinase InhibitiarSecond-order rate con-

Substitution of Lys11 by the shorter and noncharged Ala
decreased the affinity of antithrombin for the heparin
pentasaccharide-40-fold at physiological pH and ionic
strength. This affinity decrease corresponds to a loss in
binding energy of approximately9 kJ mol? (i.e., ~18%
of the total free energy of binding of the pentasaccharide to

stants for the uncatalyzed and full-length heparin-catalyzedthe antithrombin control). Lys1l is thus of appreciable
inhibition of thrombin and the uncatalyzed, pentasaccharide-, importance for pentasaccharide binding, being responsible
and full-length heparin-catalyzed inhibition of factor Xa by for maintaining comparable binding energy as Arg47,
the K11A/N135A, K11H/N135A, R13A/N135A, and R24A/  although less than Lys114, Lys125, or Arg12924). The
N135A antithrombin variants were determined at pH 7.4 and reduced affinity was due to the loss of approximately one
ionic strength 0.15. The pentasaccharide enhancement of théonic interaction, consistent with the mutation abolishing one
rate of thrombin inhibition is less than 2-fold for plasma positive charge, as well as to~a3-fold decrease in affinity
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Table 4: Association Rate Constants for Uncatalyzed and Pentasaccharide- or Full-Length Heparin-Catalyzed Inhibition of Proteinases by the
N135A, K11A/N135A, K11H/N135A, R13A/N135A, and R24A/N135A Antithrombin Variants at’€5 pH 7.4 and lonic Strength 0.45

antithrombin Kuncat Kns K26
proteinase variant (x1PM1s™ (x1PM s (x1PM1s™Y
thrombin N135A 9.4+ 0.4 nd° 9.0+ 0.5
K11A/N135A 10+ 0.1 nd 12+ 1
K11H/N135A 13+ 2 nd 15+ 1
R13A/N135A 104+ 0.1¢ nd 11+ 0.9
R24A/N135A 9.6+ 0.2 nd 11+1
factor Xa N135A 4.8+ 0.2 6.1+ 0.2 1.24+0.04
K11A/N135A 4.9+ 0.3 4.9+ 0.3 0.80+ 0.09
K11H/N135A 5.8+ 0.8 4.8+ 0.1 2.0+ 0.1
R13A/N135A 6.7 0.1 6.0+ 0.6 1.5+ 0.1
R24A/N135A 4.8+ 0.1 6.8+ 1.3 1.5+ 0.1

a Second-order association rate constants for uncatalyzeg) ( pentasaccharide-catalyzédd), and full-length heparin-catalyzekis) reactions
of the antithrombin variants with proteinases were determined as described in the Materials and Methods. Uncatalyzed rate constants are averages
+ SEM of at least three determinations. Valuesef andkus = SEM were obtained by linear regression of plotkgf vs the concentration of
the antithrombir-saccharide complex, comprising four to five points in the80hM concentration range. Complex concentrations were calculated
from Ky values at ionic strength 0.15 that were either measured directly, or in the case of full-length heparin binding to the K11A, K11H, or R13A
variants, were estimated from the measufgat ionic strength 0.3 together with the ionic-strength dependenkg fafr pentasaccharide binding.
b Taken from ref21. ¢ Not determined? Measured in the presence of B§/mL polybrene. In the absence of polybrene, the measured rate constant
was 1.2-fold higher, indicating a minor heparin contamination, corresponding to a molar ratio to antithrombin of less than 0.001. Since polybrene
appreciably (1530%) enhances the rate of antithrombfactor Xa reaction, the corresponding rate constant for factor Xa was measured with a
further purified preparation of the R13A/N135A antithrombin variant. The uncatalyzed rate constants for the K11A/N135A, K11H/N135A, and
R24A/N135A variants were unaffected by the presence of polybrene, indicating that no heparin contamination was present.

of nonionic interactions (i.e., hydrogen bonds, van der Waal's the substitution to Ala. The Lys11 to His replacement caused
bonds, and hydrophobic interactions). Lys11 thus provides the loss of approximately one ionic interaction at pH 7.4,
both ionic and nonionic interactions with the pentasaccharide.like the Ala substitution, but in no loss of nonionic
Rapid kinetics analyses showed that the Lys11Ala variant interactions. The His side chain can thus provide nonionic
had a~2-fold higher dissociation equilibrium constant of interactions with the pentasaccharide of comparable strength
the first step of the two-step mechanism of pentasaccharideas Lys11, accounting for the lower decrease in overall affinity
binding to antithrombin than the control inhibitor, indicating caused by the His mutation. The finding that the Lys11His
that Lys1l is involved in the initial recognition of the substitution resulted in no loss of ionic interactions at pH 6,
pentasaccharide. Lys125 has previously been shown to bewhere the His side chain is positively charged, indicates that
of primary importance for this recognition step4j. Both the positive charge at position 11 necessary for optimal
the Lys11 and the Lys125 side chains are directed towardinteraction with the pentasaccharide is not specific for a Lys
the same region in the X-ray structure of free antithrombin side chain. In contrast to the mutation of Lys 11 to Ala, which
and also interact with the same carboxylate group of the E results in nearly total removal of the Lys side chain,
unit of the pentasaccharide in the X-ray crystal structure of replacement of this residue with His increased the affinity
the antithrombir-pentasaccharide complex (Figure 3A, B) of the first step of pentasaccharide binding at pH~#25-

(17, 18). These two regions of antithrombin and the pen- fold from that of the control, in addition to moderately
tasaccharide therefore presumably are important for the firstaffecting both rate constants of the second step. This higher
contact between the two reactants to be established. Theaffinity of the initial recognition step may be due to the
involvement of the E residue of the pentasaccharide in the nonionic interactions provided by the His side chain being
initial recognition is in agreement with a previously proposed established to a larger extent in the first step, and conse-
mechanism of pentasaccharide bindidg)( In addition to quently to a lower extent in the second step, than those
affecting the first step of pentasaccharide binding, the provided by the Lys side chain.

Lys11Ala substitution also caused a small reduction in the The Argl3 to Ala antithrombin variant had only~a7-
forward rate constant and a somewhat larger increase in thefold lower affinity for the pentasaccharide than the control,
reverse rate constant of the second step. Lys11 is thereforecorresponding to a loss in binding energy of approximately
of importance both for inducing the conformational change —5 kJ mol?! (i.e., ~10% of the total free energy of
of antithrombin on binding of the pentasaccharide and for pentasaccharide binding). Argl3 is thus of only modest
locking the antithrombifn-pentasaccharide complex in the importance for this binding, appreciably less so than Lys11.
activated state. Like Lys125, Lys11 thus participates in both The decreased affinity was due to the loss of one ionic
pentasaccharide binding steps, although it is of less impor-interaction, whereas the nonionic interactions were unaf-
tance for both these steps than the former resid4. (  fected, indicating that Arg13 only participates in the binding
Cleavage of the neighboring Cys&ys128 disulfide bond by its positive charge. The Argl3Ala substitution did not
may primarily perturb these interactions of Lys11 with the affect the initial recognition of the pentasaccharide but
pentasaccharide, accounting for the decreased heparin affinitynoderately affected both the forward and the reverse rate

resulting from such cleavag&1). constants of the second, conformational change step. The
Replacement of Lys11 by His, which is more polar and ionic interaction provided by Arg13 is thus involved only
more similar in size to Lys than Ala, resulted in&-fold in the second step of pentasaccharide binding, contributing

reduction of pentasaccharide affinity at physiological pH and somewhat both to the induced conformational change and
ionic strength, appreciably less than the decrease caused byo keeping the saccharide anchored to the activated inhibitor.
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! interactions in the second step is primarily to stabilize the
! pentasaccharide-induced activated state of antithrombin, as
evidenced by the substantial25-fold, increased reverse rate
constant of this step caused by the substitution. Although
Arg24 does not interact directly with the pentasaccharide in
the X-ray structure of the antithrombipentasaccharide
complex (L8), these observations can nevertheless be satis-
factorily interpreted from this structure. In the complex,
Arg24 is seen to interact with two other antithrombin
residues, Glul13 and Aspl117, located in the region at the
base of the D-helix, which rearranges to form the short
P-helix on pentasaccharide binding (Figure 3C,D). In con-
trast, these interactions are not made in free antithrombin,
in which this region is more unstructured. The role of Arg24
in pentasaccharide binding thus appears to be to stabilize
the P-helix, which is formed as an essential component of
the pentasaccharide-induced conformational chahgelg).

Its creation serves primarily to position the pivotal Lys114
residue, which contributes most of all antithrombin residues
studied so far to the pentasaccharide-induced conformational
change 23), for optimal binding to the saccharide. The losses
of ionic and nonionic interactions with the pentasaccharide
and the resulting loss in overall affinity observed on mutation
of Arg 24 are therefore most likely due to alterations of the
interactions involving Lys114. Cleavage of the neighboring
Lys29—-Ala30 peptide bond would be expected to affect the
ability of Arg24 to stabilize the P-helix. Consequently, this
cleavage would change the mode of interaction of Lys114
with the pentasaccharide, leading to the observed increased
dissociation rate constant and decreased affinity of heparin
binding 62).

The three N-terminal region residues characterized in this
work appear to act noncooperatively in pentasaccharide
binding, as the mutations, which each abolished one positive
FiGure 3: Close-up of the heparin binding site of antithrombin. charge, also each reSL_JIte_d in the_ loss of one ion_ic_interaction
(A and B) Interactions involving Lys11 and Arg13 and (C and D) ©Nn pentasaccharide binding. This behavior is similar to that
interactions involving Arg24. (A and C) Free antithrombin and (B 0f Arg47 but in contrast to that of the three antithrombin
and D) pentasaccharide-bound antithrombin. Antithrombin residues residues contributing most to heparin affinity, Lys114,

G_dz“:’ha”g 11%1365 'cl?cated in ap]d aromanoll_thet N-tterminal regigln Lys125, and Arg129, which were found to act cooperatively
an e D- an -nelices, are snown. Relix structures are In olue . . . . . ..
and coil structures in gray. The side-chains of Lys11, Arg13, Arg24, 1 the binding @1-24). This cooperativity accounts for the

Glu113, Asp117, and Lys125 are drawn in red. The pentasaccharide/inding that the sum of the_losses in pentasacchari_de bindi_ng
denoted DEFGH from the nonreducing end, is shown in green. energy caused by mutation of the different antithrombin

Dotted lines represent proposed interactions with distarce8 residues substantially exceeds the total binding enespy (
A. Drawn from PDB structures 1E03 and 1EQE/,(18). In conclusion, the N-terminal region of antithrombin is
critical for high-affinity pentasaccharide binding, being
involved in both the initial recognition of the saccharide in
. . the first binding step and the induction and stabilization of
sulfate group on the F-unit of the natural heparin pentasac- e jnqyced conformational change in the second step. Lys11
charide (Figure 3A,B)18). and Arg24 in this region are responsible for maintaining a
Substitution of Arg24 by Ala resulted in a similar40- similar overall binding energy, whereas Argl3 is less
fold reduced affinity for the pentasaccharide as the Lys11Ala important. Lys11 is the only one of the three residues that
mutation, corresponding to a decrease in binding energy of participates in recognizing the heparin pentasaccharide in the
approximately—9 kJ mol? (i.e., ~18% of the total binding initial complex. Lys11, Arg13, and Arg24 subsequently all
energy). Arg24 and Lys11 are thus of comparable importanceaid in promoting the conformational change and stabilizing
for pentasaccharide binding. The lower affinity was due to the high-affinity complex by a substantial rearrangement of
the loss of one ionic interaction as well as to~&-fold their side chains (Figure 3). Lys11 and Arg13 interact directly
decrease in the strength of nonionic interactions, indicating with the pentasaccharide by providing ionic, and in the case
that Arg24 is responsible for maintaining both types of of Lysl1 also nonionic, interactions. In contrast, Arg24 is
interactions with the pentasaccharide. These interactions musbf importance for the stabilization of the complex by forming
be made exclusively in the second binding step, as theintramolecular ionic and nonionic interactions with Glu113
dissociation equilibrium constant of the first step was and Aspl17, located in the pentasaccharide-induced P-helix.

A ~ B unaffected by the mutation. Moreover, the role of the
;-".'

\

D helix

N-temlinla'l )
region

The crystal structure of the antithrombipentasaccharide
complex indicates that this ionic interaction is to thé&l2-



Lys11, Argl3, and Arg24 of Antithrombin and Heparin Binding

Collectively, these results illustrate how contact and non- 23.

contact residues participating in a proteligand interaction
can play very different roles in the energetics and dynamics
of binding of the ligand and in the conformational changes
induced by this binding.
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