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ABSTRACT: The interaction of a well-defined pentasaccharide sequence of heparin with a specific binding
site on antithrombin activates the inhibitor through a conformational change. This change increases the
rate of antithrombin inhibition of factor Xa, whereas acceleration of thrombin inhibition requires binding

of both inhibitor and proteinase to the same heparin chain. An extended heparin binding site of antithrombin
outside the specific pentasaccharide site has been proposed to account for the higher affinity of the inhibitor
for full-length heparin chains by interacting with saccharides adjacent to the pentasaccharide sequence.
To resolve conflicting evidence regarding the roles of Lys136 and Lys139 in this extended site, we have
mutated the two residues to Ala or GIn. Mutation of Lys136 decreased the antithrombin affinity for full-
length heparin by at least 5-fold but minimally altered the affinity for the pentasaccharide. As a result, the
full-length heparin and pentasaccharide affinities were comparable. The reduced affinity for full-length
heparin was associated with the loss of one ionic interaction and was caused by both a lower overall
association rate constant and a higher overall dissociation rate constant. In contrast, mutation of Lys139
affected neither full-length heparin nor pentasaccharide affinity. The rate constants for inhibition of thrombin
and factor Xa by the complexes between antithrombin and full-length heparin or pentasaccharide were
unaffected by both mutations, indicating that neither Lys136 nor Lys139 is involved in heparin activation
of the inhibitor. Together, these results show that Lys136 forms part of the extended heparin binding site
of antithrombin that participates in the binding of full-length heparin chains, whereas Lys139 is located
outside this site.

Antithrombin is a plasma serpin that plays a major role in active heparin species bind to antithrombin with a dissocia-
the regulation of blood clotting, primarily by inhibiting the tion constant of 1620 nM at physiological ionic strength
coagulation serine proteinases thrombin and factor Xa and pH through a specific pentasaccharide sequehcé.(

(1, 2. Like other inhibitory serpins, antithrombin inactivates The binding is a two-step process, in which an initial weak
its target proteinases by irreversibly forming stable equimolar interaction between heparin and antithrombin induces a
complexes in which the proteinase active site is nonfunc- conformational change of the inhibito#,(5). This change
tional. Antithrombin inhibition of clotting proteinases is slow |eads to tighter heparin binding and increases antithrombin
but is accelerated up to several thousandfold by the antico-reactivity toward factor Xa. The conformational change in
agulant sulfated polysaccharide hepan Anticoagulantly  antithrombin induced by the specific pentasaccharide ac-
counts for most of the accelerating effect of heparin on the
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with a heparin pentasaccharid®-(18). In addition, several  the § background and the K139Q/S137T variant by an
other basic residues, localized outside the pentasaccharidedditional Lys139 to GIn substitution on thebackground.
binding site, viz., Arg132, Lys133, Lys136, and Lys139, have The antithrombin variants were purified by affinity chroma-
been suggested to bind to saccharide units adjacent to theéography on immobilized heparii§, 18, 20, 2}
pentasaccharide sequence in longer heparin chaislé, The antithrombin preparations were analyzed by SDS
15, 19. This binding most likely accounts for the increased PAGE and nondenaturing electrophoresis with the Tricine
antithrombin affinity for such chains but does not appear to and Laemmli buffer systems, respectiveRb( 26, and by
be involved in the conformational change that activates the rechromatographyroa 1 mLHiTrap Heparin (Amersham
inhibitor (4, 20. However, the roles of Lys136 and Lys139 Pharmacia Biotech, Uppsala, Sweden) colutf).(Protein
in this binding are unclear. Lys136 was originally implicated concentrations of the variants were determined from absor-
in heparin binding by chemical modificatior1), but a bance measurements at 280 nm with the use of a molar
recombinant antithrombin variant with a mutation of this extinction coefficient of 37 700 Mt cm™ (27).
residue was reported to have a normal heparin affirit. ( Heparins Full-length heparin with high affinity for
Moreover, the crystal structure of the pentasaccharide antithrombin and with an average molecular weight8000
antithrombin complex suggests that a contribution of Lys139 and reduced polydispersity was prepared as described earlier
to binding of longer heparin chains, as was proposed from (4, 7, 28. The antithrombin-binding heparin pentasaccharide
studies of a recombinant antithrombin variaft (15, is (29) was a gift from Dr. M. Petitou (Sanofi Recherche,
unlikely (17). Toulouse, France). Concentrations of both saccharide forms
To further investigate the roles of lysines 136 and 139 in were determined by stoichiometric fluorescence titrations
heparin binding to and activation of antithrombin, we have with plasma antithrombind).
individually mutated these residues in a recombinant anti- Experimental ConditionsAll measurements were done at
thrombin, expressed in a baculovirus system. Mutation of 25.0+ 0.2°C in 20 mM sodium phosphate buffer, pH 7.4,
Lys136 reduced the affinity of antithrombin for full-length  containing 100uM EDTA and 0.1% (w/v) poly(ethylene
heparin by at least 5-fold but resulted in only a minor glycol) 8000. NaCl was added to ionic strengths of 6:15
decrease in pentasaccharide affinity. In contrast, mutation0.6.
of Lys139 did not affect the affinity for either full-length Fluorescence TitrationsStoichiometries of full-length
heparin or pentasaccharide. The ionic strength dependencdieparin binding and affinities of full-length heparin or
of the dissociation equilibrium constant for full-length pentasaccharide binding to the antithrombin variants were
heparin binding showed that the decrease in affinity causedmeasured by titrations monitored by the increase in tryp-
by the Lys136 mutation was due to the loss of one ionic tophan fluorescence that accompanies the interaction, as
interaction. The rates of inhibition of thrombin and factor described previously( 7, 18, 20. The results were analyzed
Xa by either variant, both alone and in complex with heparin, by nonlinear least-squares fitting of the data to the equilib-
were normal, indicating that the mutations did not affect the rium binding equationg, 5, 2§.
native antithrombin conformation and that neither Lys136  Kinetics of Heparin BindingThe rates of binding of full-
nor Lys139 is involved in the mechanism of heparin length heparin or pentasaccharide to the antithrombin variants
activation of the inhibitor. Together, these results show that were measured under pseudo-first-order conditions by stopped-
the region outside the high-affinity pentasaccharide binding flow fluorometry, as in earlier work4, 18, 2Q. Values of
site of antithrombin that participates in binding of full-length  kops Were obtained by nonlinear regression fitting of the
heparin chains extends to Lys136 but does not involve progress curves to a single exponential function. Four traces

Lys139. were typically averaged for each rate constant determination,
and reportedkyys values are averages of at least 4 such
MATERIALS AND METHODS determinations.

Stoichiometries and Kinetics of Proteinase Inaation.
Stoichiometries of inhibition of active-site-titrated human
o-thrombin (a gift from Dr. John Fenton, New York State
Department of Health, Albany, NY) by the antithrombin
variants were determined as detailed previous8).(Second-
order rate constants for inhibition of humarthrombin or
factor Xa @0) by the variants alone and in complex with
" full-length heparin or pentasaccharide were measured under
pseudo-first-order conditions at ionic strength 0.15, as in
earlier work (L8, 20, 3). Observed pseudo-first-order rate
constants were obtained by fitting the data by nonlinear
regression to a single-exponential decay function with an
endpoint of zero activity 48). The second-order rate

! Abbreviations: H26, full-length heparin with high affinity for  constants were obtained from these data as described
antithrombin and containing26 saccharide units; H5, antithrombin- . | 1
binding heparin pentasaccharid; dissociation equilibrium constant; previously 81). . L
kobs ODserved pseudo-first-order rate constégy; overall association The effect of the different affinities of the N135A and
rate constank, overall dissociation rate constant; K136A, substitution  K136A/N135A variants for full-length heparin on the rate

of Lys136 by Ala; K139A, substitution of Lys139 by Ala; K139Q, ; ; atinn _
substitution of Lys139 by GIn; N135A, substitution of Asn135 by Ala; of proteinase inactivation in the presence of the pOIysaCCha

S137T, substitution of Ser137 by Thr; SDBAGE, sodium dodecyl ~ ide was shown by incubating 10 nM antithrombin variant
sulfate-polyacrylamide gel electrophoresis. and 1 nM factor Xa with or without 10 nM heparin at ionic

Proteins. Recombinant antithrombin variants were pro-
duced and expressed in a baculovirus syst&6 18, 2).
The S137Fand N135A antithrombin variants characterized
previously Q0—22) were used as base molecules in this
study. The S137T substitution induces complete glycosyla-
tion of the Asn135-Ser137 glycosylation sit€@), whereas
the N135A substitution prevents glycosylation of this site
producing variants similar to the- and-forms of plasma
antithrombin, respectivel\2@, 24. The K136A/N135A and
K139A/N135A variants characterized in this work were
produced by additional Lys136 and Lys139 substitutions on
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Table 1: Dissociation Equilibrium Constants, Bimolecular Association Rate Constants, and Dissociation Rate Constants for Full-Length
Heparin and Pentasaccharide Binding to the N135A, K136A/N135A, K139A/N135A, S137T, and K139Q/S137T Antithrombin Variants at 25
°C, pH 7.4, lonic Strengths 0.3 and 8.4

ionic heparin antithrombin 107%kon calculated
strength form variant Kq (nM) M~ts™D Kott (S71) Kg (nM)P
0.3 H26 N135A +t1 23+ 0.2 0.3+0.1 13+5
K136A/N135A 50+ 1 10+ 0.4 0.5+ 0.2 50+ 20
K139A/N135A 6+ 2 nd nd
S137T 80+ 10 nd nd
K139Q/S137T 116t 10 nd nd
H5 N135A 40+ 4 28+ 1 15+04 55+ 15
K136A/N135A 84+ 3 24+ 1 1.7+ 04 70+ 20
S137T 340+ 10 nd nd
K139Q/S137T 420 20 nd nd
0.4 H26 N135A 32+ 2 9.8+ 0.2 0.4+0.1 40+ 10
K136A/N135A 170+ 15 4.5+ 0.05 0.76+ 0.05 170+ 10
H5 N135A 130+ 10 11.1+£ 0.2 1.7+ 0.1 150+ 10
K136A/N135A 210+ 2 9.5+ 04 1.7+ 0.3 180+ 40

aThe Kq values are averages SE of at least three fluorescence titrations. Kheandk. values+ SE were obtained by linear regression of
plots of kops VS heparin concentration, comprising-6 points in the 0.050.9 uM concentration range.From k,n and ke € nd, not determined.

strength 0.4. After different reaction times, the chromogenic  Stoichiometric titrations, monitored by tryptophan fluo-
substrate Spectrozyme FXa (American Diagnostica, Green-rescence, of the N135A, K136A/N135A, S137T, and K139Q/
wich, CT) was added to a concentration of 1M, and the S137T antithrombin variants with full-length heparinl at
residual enzyme activity was determined by measuring the 0.15, pH 7.4, and high antithrombin concentrations gave
initial rate of substrate hydrolysis at 405 nm. The data were heparin to antithrombin binding stoichiometries in the range

fitted by nonlinear regression as described above. from 0.66 to 0.82 for the four variants. All these variants
showed the normat35% heparin-induced enhancement of
RESULTS intrinsic fluorescence in the titrations. Correspondingly,

thrombin to antithrombin binding stoichiometries of 0:-54
0.64 were obtained for these variants by titrations monitored
by the loss of thrombin activity in the absence of heparin.
: : : : In contrast with the analyses of these four variants, titra-
done with variants having the wild-type sequence (Asn135/ tions of the K139A/N135A variant gave a heparin binding

Serl37) of the Asn135 glycosylation site. In vivo and also toichi trv of only 0.26 and a fi h i
in most expression systems in vitro, this sequence leads gooroichiometry of only U.26 and a fluorescence enhancemen

the synthesis of a mixture of- andj-forms of the inhibitor Of only abput 15%' As _in previous work With other recom-
with different basal affinities for heparin. Theform, being binant antithrombin variants, all preparations thus contained

fully glycosylated, has a lower heparin affinity than the some inac_tivez probgbly Iatgnt, inhibitofL.E{, 20. Latent .
p-form, lacking carbohydrate on Asn1331-24, 3]). To ?‘”“thfo”_‘b'”’ in- which the_lnta(_:t reactlv_e—bond Io_op 'S
eliminate the influence of this glycoform heterogeneity from INSertéd into the A sheet, is inactive and binds heparin very
our studies, we expressed the Lys136 and Lys139 mutationaVe@kly 82, 33. The heparin affinity is presumably com-
on a pure’ (N135A) background and the Lys139 mutation parable with that of reactive-bond-cleaved antithrombin, in
also on a purea (S137T) background by introducing which the loop is similarly inserted, i.e>1000-fold lower
secondary mutations at positions 135 or 137. than the affinity of the intact inhibitor34). The inactive

: : material is a minor component of the preparations of the
SI37T, and K130QIS137T were more than 95% homoge. NL35A. K136AINI35A, SIS7T. and K139Q/S137T variants,
neous in SDSPAGE and nondenaturing electrophoresis (not but is domlnatmg m_the K139A/N135A preparatlor_L The
shown). The N135A variant had a slightly higher mobility large amount of inactive prpte_ln in the latter preparation also
than the S137T variant in SBFAGE under both reducing accounts for the IOV\.’ hepann-mdgced fluoregcence_enhange—
and nonreducing conditions, consistent with the absence ofment. For t_aach variant preparation, the active antlthror_nbln
one oligosaccharide chain and in agreement with previousC‘.m(’femr"’lt'ons used in the studies of hepar!n and proteinase
work (20). The K136A/N135A and K139A/N135A variants  Pinding presented below were those obtained by the sto-
migrated similarly to the N135A control and the K139Q/ ichiometric heparin and thrombin titrations, respectively.
S137T variant similarly to the S137T control in SBBAGE Heparin Binding Affinity.Dissociation equilibrium con-
under both reducing and nonreducing conditions. However, stants K, for the binding of full-length heparin and penta-
the three Lys variants had a slightly higher mobility than saccharide to the antithrombin variants were determined at
their respective control variants under nondenaturing condi- pH 7.4 and ionic strengths 0.3 or 0.4 by fluorescence titra-
tions at alkaline pH, consistent with the loss of positive tions at low protein concentrations (Table 1). Most interac-
charge. The K136A/N135A variant eluted from immobilized tions at physiological ionic strength were too tight to be
heparin at 2.1 M NaCl, somewhat before the N135A variant accurately quantified. As amply documented in previous
at 2.5 M NacCl. In contrast, no difference in elution between work with plasma and recombinant antithrombids18, 20,
the K139Q/S137T and S137T variants could be detected,full-length heparin bound about 5-fold more tightly than the
both appearing at around 1.8 M NaCl. pentasaccharide to both the N135A and S137T control

Expression and Homogeneity of Antithrombin Variants.
Previous mutagenesis studies on the roles of Lys136 and
Lys139 of antithrombin in heparin bindind4, 195 were
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S5 T j i T Table 2: lonic and Nonionic Contributions to Full-Length Heparin
and Pentasaccharide Binding to the N135A and K136A/N135A
6.0 [ n Antithrombin Variants at 25C, pH 7.4
heparin antithrombin
65 ] form variant Z log K¢’
s H26 N135A 6.4+01  —54+0.1
° 70} ] K136A/N135A 5.3+ 0.2 -5.0+0.1
X s H5 N135A 5.3+0.3 -5.1+40.1
‘_3’ . K136A/N135A 5.0+ 0.2 —49+0.1
] a2 The number of ionic interaction&Z) involved in the binding of
heparin to the antithrombin variants and the nonionic contribution (log
8.0 - b Kd) to the binding were determined from the slopes and intercepts,
respectively, of the plots in Figure 1. Errors represerSE obtained
85 . . L ) by linear regression.
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2

log [Na*] (M) interactions with the pentasaccharide. The nonionic contribu-
9 tions to the binding of full-length heparin and pentasaccharide

cuilbrim sonstants for fullength heparin and pentasacchande © e control and KI36AIN13SA variants were similar.
binding to the N135A and K136A/N135A antithrombin variants at Kinetics of ngarln BindingThe k!netlcs of binding of

25°C, pH 7.4. O) Full-length heparin, N135A[) pentasaccharide, full-length heparin and pentasa_cchar_lde to the N_135A _Control
N135A; (@) full-length heparin, K136A/N135A; andl) pentasac- and K136A/N135A antithrombin variants were investigated

charide, K136A/N135A. Average values SE of at least three  at pH 7.4 and ionic strengths of 0.3 and 0.4 by stopped-
g%‘grrg'ig?gogsf ";‘rr]z ssh?:’]‘g‘élsE”?Lebagg"gOt” rfgso‘";g 'r'gs‘é":ltp'ﬂntg':r flow fluorescence under pseudo-first-order conditions at low
regression fits. y ' P heparin concentrations. Under these conditions, the pseudo-
first-order rate constank,s increases linearly with heparin
variants. The K136A mutation resulted in an appreciabte (5 concentration, the slope of this plot giving the overall
7-fold) reduction in affinity for full-length heparin, compared association rate constakg,, and the intercept on the ordinate
with the N135A control antithrombin, an affinity difference the overall dissociation rate constaks (4, 18, 20, 3%. The
in agreement with the different elution positions of the two ky values at ionic strength 0.4 are more accurate and thus
variants in heparin affinity chromatography. However, the more reliably reveal possible differences, kag increases
decrease in pentasaccharide affinity was much smaller-(1.5 andk,, decreases with ionic strength, leading to a smaller
2-fold), and the full-length heparin and pentasaccharide error in the intercep4, 20. As shown previously for plasma
affinities of the K136A/N135A variant were therefore nearly and recombinant antithrombid (20, bothk,, andkes were
equal. In contrast, the affinity measured for the binding of lower for full-length heparin than for pentasaccharide binding
full-length heparin to the K139A/N135A mutant was indis- to the two variants (Table 1). The K136A mutation resulted
tinguishable from that for the N135A control. Moreover, the in a ~2-fold lower ky,, and a~2-fold higherkq for the
affinity of the K139Q/S137T variant for both full-length  binding of full-length heparin, in agreement with the
heparin and pentasaccharide was minimally {1.2-fold) observed~5-fold decrease in affinity. A minor, about 1.2-
decreased, compared with the S137T control, consistent withfold, decrease ik, was seen for pentasaccharide binding,
both variants eluting similarly from immobilized heparin. partly accounting for the small measured decrease in affinity,
Because of these negligible effects, heparin binding to the whereas no clear difference kg was apparent. Dissociation
K139A/N135A and K139Q/S137T variants was not charac- equilibrium constants were calculated lkag/k,,, and these
terized in further detail. calculated values agreed well with those measured by the
The ionic and nonionic contributions to the binding of full-  fluorescence titrations (Table 1).
length heparin and pentasaccharide to the N135A and Kinetics of Proteinase InhibitiorSecond-order rate con-
K136A/N135A antithrombin variants at pH 7.4 were evalu- stants for thrombin and factor Xa inhibition by the N135A,
ated from the dependence of the observed dissociationK136A/N135A, S137T, and K139Q/S137T antithrombin
equilibrium constants on sodium ion concentration, as variants and by the complexes of these variants with full-
described previously4( 18, 20, 3%. Plots of logK4 vs log length heparin or pentasaccharide were determined at pH
[Na*] were linear for the binding of both saccharides to the 7.4 and ionic strength 0.15 by discontinuous assays of
two variants (Figure 1). The number of ionic interactions residual proteinase activity. All rate constants for thrombin
involved in the binding and the nonionic contribution to the inhibition measured without heparin were unaffected by
binding were obtained from the slopes and intercepts, Polybrene 18, 20, excluding a possible heparin contamina-
respectively, of these plots (Table 2). About six charge tion of the antithrombin preparations. The rate constant for
interactions participated in full-length heparin binding to the inhibition of thrombin in the absence of heparin was similar
N135A variant, in agreement with previous studi#8, (20, for the N135A and S137T variants, whereas this rate constant
whereas only five such interactions were involved in the for factor Xa inhibition was about 2-fold higher for the
binding to the K136A/N135A variant. In contrast, about five N135A variant than for the S137T variant, as shown
ionic interactions were found to be involved in the binding previously @0, 21 (Table 3). The rate constants for
of the pentasaccharide both to the control N135A variant, proteinase inhibition both by antithrombin alone and by the
as in earlier work 18, 20, and to the K136A/N135A variant.  complexes of the inhibitor with full-length heparin or
The K136A mutation thus resulted in a loss of one ionic pentasaccharide were essentially unaffected by the K136A
interaction with full-length heparin but in no change of ionic or K139Q mutations (Table 3). The pentasaccharide en-
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inhibiti i 3
Table 3: Association Rate Constants for Proteinase Inhibition by factor Xa inhibition (Figure 2), were 2.9 10" and 4.7x

the N135A, K136A/N135A, S137T, and K139Q/S137T 104 st for the N135A and K136A/N135A variants,
Antithrombin Variants Alone and in Complex with Full-Length respectively. These values, reflecting about a 6-fold differ-
Heparin or Pentasaccharide at 25, pH 7.4, and lonic Strength ence in heparin-catalyzed inactivation rate, are in good
015 agreement with those expected from the heparin affinities
antithrombin = 1073 x Kyncat 107 x Kips  107° x ks (4, 20.
proteinase variant (M-1s7) M 1sh (M ts?
thrombin  N135A 9.4-04 9.0£05 nad DISCUSSION
K136A/N135A 10.7+0.3 8.9+0.7 nd
%ggg/swﬂ ﬁ-iﬁ 8-1 2-%1 8-2 ng In this work, we have investigated the roles of lysines 136
factor Xa N135A 18502 121004 61t02 anq 139 of antithrombin in heparin binding. These two
K136A/N135A 3.8+ 01 0.94+003 54+02 reS|du'es 'ha\_/e bgen s_uggested to be part of an extended
S137T 2.3 0.1 0.64+0.01 3.8+0.2 heparin binding site adjacent to the specific pentasaccharide
K139Q/S137T 27401 0.90+0.03 4.1+0.1 binding region 14, 15, 17. This site most likely binds

aSecond-order association rate constants for reactions of the un-saccharides outside the pentasaccharide sequence in full-
complexed antithrombin variantswfc) and the complexes of the  |ength heparin chains, thereby being responsible for the

variants with full-length heparink(e) or pentasaccharide(s) with higher affinity of antithrombin for such chains. However,
proteinases were determined as described® [Thekyncarvalues are

averagest SE of at least three determinations. Value$@t andkys an mtera_lctlon with the exf[er_lded binding Slte app_are_ntly IS
+ SE were obtained by linear regression of plotskaf vs heparin not required for the heparin-induced allosteric activation of

concentration, comprising-46 points in the 0.8 nM concentration the inhibitor necessary for the increased rate of factor Xa

range.” nd, not determined. inhibition, nor for the bridging effect involved in acceleration
of thrombin inhibition @, 19, 20.
100 ' ' ' ' "] A study in which lysine residues of antithrombin were

chemically modified initially suggested that Lys136 is
important for heparin bindingl). Moreover, the crystal
structure of antithrombin in complex with a heparin pen-
tasaccharide is consistent with Lys136 participating in
binding of long heparin chaind 7). However, a study of a
recombinant antithrombin variant with a Lys136 to Thr
substitution concluded that this replacement did not affect
heparin affinity, although heparin acceleration of thrombin
inhibition by the variant was slightly impaired4). In an
attempt to resolve this apparent controversy, we have
characterized the affinity and kinetics of full-length heparin
and pentasacharide binding to a recombinant antithrombin
variant with Lys136 replaced by Ala on the N135A
Time (min) background.

FiGurRe 2: Rate of inhibition of factor Xa by the N135A and K136/ Our results show that Lys136 of antithrombin participates
N135A antithrombin variants in the absence and presence of full- in binding of full-length heparin chains but is not critical

length heparin at 25C, pH 7.4, and ionic strength 0.4D] N135A : P T
alone; (0) N135A with heparin: ) K136A/N135A alone: ands) for pentasaccharide binding. The Lys136 to Ala substitution

K136A/N135A with heparin. The antithrombin and heparin con- thus leéd to an appreciable decrease in the affinity of the
centrations were 10 nM and the factor Xa concentration 1 nM. The recombinant antithrombin for full-length heparin, corre-
solid lines represent linear regression fits to a single-exponential sponding to a decrease in binding energy of aboutm&l.
decay function with an endpoint of zero activity. In contrast, only a minor reduction in pentasaccharide affinity
S was observed, and only a small part of this decrease could
hancement of the rate of thrombin |nh|b|t|0|j is m|_n|mal, less pe verified by kinetic analyses. The loss in affinity for full-
than 2-fold @, 20, and therefore was not investigated. length heparin is of such a magnitude that it probably would
The functional consequence of the contribution of Lys136 have been difficult to detect by the solid-phase assay used
to the affinity of antithrombin for full-length heparin was in the previous work14). The glycosylation heterogeneity
illustrated by analyses of the kinetics of factor Xa inhibition and associated heterogeneity in heparin affinity resulting from
by the K136A/N135A and N135A variants in the presence the use of the wild-type Asn1355er137 sequence in the
of the polysaccharide at ionic strength 0.4. At this ionic previous studies may also have obscured the effect of a
strength, the heparin affinities of both variants are sufficiently mutation at Lys136. As a result of the different effects on
low that the concentrations of their complexes with heparin full-length heparin and pentasaccharide binding, the affinities
at the concentrations necessary for reasonable experimentabf the mutant for the two saccharides were nearly compa-
accuracy are governed by these affinities. Due to the higherrable. Moreover, the reduced affinity caused by the Lys136
heparin affinity of the N135A variant, resulting in a higher to Ala mutation was due to the loss of one charge interaction
concentration of the complex with the polysaccharide, this with full-length heparin, whereas the number of ionic
variant inhibited factor Xa considerably faster than the interactions with the pentasaccharide and the nonionic
K136A/N135A variant (Figure 2). The pseudo-first-order rate contributions to either interaction were unaltered. In addition,
constants for the heparin-catalyzed reaction under the condi-the mutation did not influence the rates of inhibition of
tions used, corrected for the contribution of the uncatalyzed thrombin and factor Xa by either uncomplexed antithrombin

Faxtor Xa activity (% of initial)

0 20 40 60 80 100
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or the complexes of the inhibitor with pentasaccharide or tionally altered state by decreasing the rate of reversal of
full-length heparin, suggesting that it did not affect the native the conformational changd (18, 20, although this contri-
antithrombin conformation and also that Lys136 is not bution is also small. This effect is presumably due to the
required for the heparin-induced allosteric activation of the helix D extension positioning Lys136, and the other residues
inhibitor or for the bridging effect. Together, these data in the extended binding site, for optimal interaction with full-
indicate that Lys136 of antithrombin is located in the length heparin, as discussed above.

extended binding site outside the pentasaccharide binding Lys139 has been implicated in binding of long heparin
region that accounts for the increased affinity of the inhibitor chains by studies of a recombinant variant in which this
for long heparin chains. In contrast, Lys136 can at most exertresidue was changed to Glh4, 15. This substitution was

a very weak, long-range effect on pentasaccharide binding.reported to result in a large decrease in affinity for heparin
As demonstrated by kinetic analyses, the contribution of as well as in a pronounced defect in the heparin-accelerated
Lys136 to the affinity of antithrombin for full-length heparin  rate of thrombin inhibition 14) but to have no effect on

is of appreciable functional importance for heparin accelera- pentasaccharide acceleration of factor Xa inhibiti@s)(
tion of proteinase inhibition under conditions at which the These results are surprising given that Lys139 is located in
concentration of the heparin-antithrombin complex is criti- strand 2A at the edge of the A-sheet, at an appreciable
cally dependent on this affinity. distance 20 A) from the Arg132-Lys133-Lys136 cluster

In previous studies, mutation of either Arg132 or Lys133 on helix D, in the crystal structure of the antithrombin
of antithrombin was shown to have similar consequences pentasaccharide complet7). Because of this location, it
for heparin affinity as the Lys136 to Ala substitution in this is unlikely to be involved even in the interaction with full-
work (19). Each of the two former mutations thus resulted length heparin chains.
in a substantial decrease in affinity for full-length heparin ~ We found that substitution of Lys139 by Ala on the
but in a much smaller reduction in pentasaccharide affinity. N135A 5 background did not detectably affect the affinity
Accordingly, the affinity of each mutant for full-length  of antithrombin for full-length heparin. However, this variant
heparin was only somewhat higher than that for the pen- had a low heparin binding stoichiometry and a low fluores-
tasaccharide. Each mutation also led to the loss of one ioniccence increase on heparin binding, indicative of an ap-
interaction with full-length heparin, thereby reducing the preciable amount of inactive, latent antithrombin being
number of such interactions to that observed for the pen-formed due to a decreased stability of the native protein.
tasaccharide. These findings are consistent with Argl132, We therefore also characterized a more stable variant, in
Lys133, and Lys136 all being located in the extended heparinwhich Lys139 was replaced by GIn on the S13@T
binding site of antithrombin, as previously concluded for background. A similaco. isoform presumably was the main
Arg132 and Lys133%9, 32. In this site, the three positively  species in the previously studied Lys139 to GIn mutant,
charged residues appear to act cooperatively, togethemwhich was expressed with the wild-type sequence of the
providing one effective charge interaction with a negatively Asn135 glycosylation siteld). In contrast to the previous
charged group in a saccharide unit close to the pentasacwork, we found that the Lys139 to GIn replacement caused
charide sequence in long heparin chains, or possibly with only a negligible about 1.2-fold reduction in antithrombin
several cooperatively acting such groups. Because of theaffinity for both pentasaccharide and full-length heparin. The
cooperativity, the absence of only one of the three positively different results of the two studies may be due to the fact
charged side chains is sufficient to abolish all or most of that the dissociation constants for heparin binding in the
the binding energy contributed by this interaction. Moreover, previous work were measured by a nonequilibrium, solid-
removal of all three charged side chains would not be phase assay, in which the coating of the mutant on the walls
expected to decrease the binding energy to a greater extentf plastic wells may have adversely affected heparin affinity.
than removal of only one of them. The location of Arg132, Our binding data thus show that Lys139 is not involved in
Lys133, and Lys136 in the extended heparin binding site antithrombin binding of either pentasaccharide or full-length
and their apparent cooperativity are supported by the crystalheparin, in agreement with its location away from both the
structure of the antithrombirpentasaccharide complek7). pentasaccharide and the extended heparin binding sites, as
This structure shows that all three residues are located indiscussed previously. The similar rate constants for inhibition
the one and one-half turn extension of the D-helix induced of thrombin and factor Xa by the Lys139 to GIn mutant and
by pentasaccharide binding. They form a positively charged the control in complex with pentasaccharide or full-length
surface on the outward-facing side of this extension that is heparin also indicate that Lys139 is not involved in the
appropriately positioned to interact with a heparin chain just heparin-induced conformational change of antithrombin and
beyond the pentasaccharide region. in the bridging effect.

A kinetic characterization showed that the decrease in The substitution of K136 was done on the N135A
affinity for full-length heparin caused by the Lys136 to Ala S-antithrombin background, in which the carbohydrate side
mutation was due to both a lower bimolecular association chain on Asnl135 is lacking, whereas substitution of K139
rate constantk,, and a higher dissociation rate constant, was done both on thg background and on the fully
kott. The decrease iR,n was sufficiently small to preclude  glycosylated S137@ background. Several lines of evidence
an assessment whether it was caused by a higher dissociatiomdicate that the use of the two differently glycosylated
equilibrium constant of the initial heparin binding step or antithrombin forms has not influenced the results. Such an
by a lower forward rate constant of the conformational influence would have been possible if the N135 carbohydrate
change step4(, 18, 20. However, the increasedy shows side chain had affected the interaction of full-length heparin
that, when long heparin chains bind to antithrombin, Lys136 with the extended binding site. Most importantly, however,
participates in maintaining the inhibitor in the conforma- identical results were obtained for substitution of K139 on
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both backgrounds. Moreover, previous observations have
shown that the oligosaccharide side chain on Asnl135
decreases the affinities of antithrombin for full-length heparin
and pentasaccharide to the same extent, by affecting the
forward and reverse rate constants of the conformational
change induced in the second binding s&@).(Such similar
effects of the two saccharides on the affinity, arising only
from effects on the conformational change, are inconsistent
with the carbohydrate side chain interfering with the binding
of full-length heparin in an extended binding site. In addition,
the oligosaccharide on Asnl135 has been shown not to
influence the number of charges participating in the interac-
tion with either pentasaccharide or full-length hepa#f)(
which also would not be the case if the oligosaccharide side
chain affects the ionic interaction with full-length heparin
chains in an extended site. Therefore, our results strongly
indicate that Lys136 participates in the binding of full-length
heparin chains and Lys139 does not interact with such chains,
regardless of the presence of a carbohydrate side chain on
Asn135.

In conclusion, the results of this work further define the
extended heparin binding site of antithrombin, showing that
Lys136 is located in this site whereas Lys139 is not. They
also suggest that Lys136 acts in concert with Arg132 and
Lys133 to provide one effective charge interaction with one
or more negatively charged groups in saccharide units outside
the pentasaccharide sequence of long heparin chains. Thereby
Lys136 contributes to increasing the affinity of antithrombin
for such heparin species and thus to increasing the heparin-
accelerated rate of proteinase inhibition at low antithrombin
and heparin concentrations. However, Lys136 does not have
a critical role in the conformational change or the bridging
effect that are involved in heparin acceleration of proteinase
inhibition.
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