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ABSTRACT: The anticoagulant polysaccharide heparin binds and activates the plasma proteinase inhibitor
antithrombin through a pentasaccharide sequence. Lys114, Lys125, and Arg129 are the three most important
residues of the inhibitor for pentasaccharide binding. To elucidate to what extent another positively charged
side chain can fulfill the role of each of these residues, we have mutated Lys114 and Lys125 to Arg and
Arg129 to Lys. Lys114 could be reasonably well replaced with Arg with only~d%-fold decrease in
pentasaccharide affinity, in contrast to ai(®-fold decrease caused by substitution with an noncharged
amino acid of comparable size. However, a loss of approximately one ionic interaction on mutation to
Arg indicates that the optimal configuration of the network of basic residues of antithrombin that together
interact with the pentasaccharide requires a Lys in position 114. Replacement of Lys125 with Arg caused
an even smaller,-3-fold, decrease in pentasaccharide affinity, compared with that400-fold caused

by mutation to a neutral amino acid. An Arg in position 125 is thus essentially equivalent to the wild-
type Lys in pentasaccharide binding. Substitution of Arg129 with Lys decreased the pentasaccharide affinity
an appreciable~100-fold, a loss approaching that e#400-fold caused by substitution with a neutral
amino acid. Arg is thus specifically required in position 129 for high-affinity pentasaccharide binding.
This requirement is most likely due to the ability of Arg to interact with other residues of antithrombin,
primarily, Glu414 and Thr44, in a manner that appropriately positions the Arg side chain for keeping the
pentasaccharide anchored to the activated state of the inhibitor.

Antithrombin is a plasma serine proteinase inhibitor that pole of the latter, where it is inactivated due to its structure
is a major regulator of blood clotting and thereby is essential being extensively distortedi{-9).
for life (1, 2). It belongs to the serpin superfamily of proteins  The rate of antithrombin inhibition of target proteinases
(3) and inhibits a number of coagulation proteinases, most is greatly enhanced by the sulfated, highly negatively charged
importantly, thrombin and factor Xa, by a mechanism polysaccharide heparin, which in this manner acts as an
specific for inhibitors of this family. The target proteinase effective anticoagulant4( 5, 10). Heparin-like glycosami-
initially recognizes and attacks a reactive bond, located in a noglycans on the surface of vascular endothelial cells may
surface-exposed loop of the serpin, as in a regular substratesimilarly function as physiological activators of antithrombin
However, instead of this bond being fully hydrolyzed, the (11). The accelerating effect of heparin on antithrombin
N-terminal part of the loop with the covalently linked proteinase reactions is exerted by two different mechanisms.
proteinase inserts as a sixth strand in the middle of the majorin one of these, a specific pentasaccharide sequence, found
B-sheet of the serpin, the A sheet, at the acyl intermediatein only approximately one-third of the chains in commercial
stage of normal proteolysis. As a consequence, the proteinaséeparin preparations, binds to and allosterically activates
is transported along the surface of the serpin to the oppositeantithrombin by a conformational change. The binding occurs
in two steps, an initial weak complex being formed in the
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Several studies of natural and recombinant antithrombin Concentrations of the antithrombin variants were determined
variants, as well as the X-ray structures of antithrombin, free from the absorbance at 280 nm with the use of a molar
and in complex with a pentasaccharid&8( 19), have absorption coefficient of 37 700 M cm™? (34).
delineated the heparin binding site of the inhibitor (reviewed Proteinases and Saccharidgsumana-thrombin was a
in ref 20). A number of residues in the A and D helices and gift from J. Fenton (New York State Department of Health,
the N-terminal region, including Lysl11, Argl3, Arg46, Albany, NY), and human factor Xa was prepared as de-
Arg47, Lys114, Lys125, and Argl29, form a basic site to scribed previously35). The concentrations of the enzymes
which the negatively charged pentasaccharide binds. Lys114were based on active site titrations, which showed that throm-
Lys125, and Arg129 are the most important of these residues bin and factor Xa were-90 and~70% active, respectively.
with Lys114 contributing the most binding energi{-23). The synthetic antithrombin-binding heparin pentasaccha-
The three residues constitute the core of a network of amino ride (]_2) was a g|ft from M. Petitou (Sanoﬁ-Syn’thﬂ)o
acids that act COOperatively in the binding, Contributing both Recherche’ Tou|ouse, France)_ Fu”_'ength heparin with a
ionic and nonionic interactions. Lys125 is of appreciable high affinity for antithrombin and with an average molecular
importance for the first step of heparin binding, whereas mass 0f~8000 Da (i.e., containing-26 saccharide units)
Lys114 and Arg129 predominantly participate in the second was isolated from commercial heparin, as previously de-
step. The X-ray structures further reveal that the conforma- scribed (3, 17, 36). Concentrations of both saccharides were
tional change induced by the binding involves elongation determined by stoichiometric fluorescence titrations of
and tilting of the D helix, formation of a new short P helix plasma antithrombin with the saccharidd$)(
at the base of the D helix, and rearrangements of the  gyperimental Conditionsll experiments were performed
N-terminal end of the A helix and the N-terminal region of 5; 554 0 2°C in 20 mM sodium phosphate buffer (pH 7.4)
the protein. These_changes lead to contraction of the _A containing 0.1 mM EDTA and 0.1% (w/v) poly(ethylene
p-sheet and expulsion of the reactive bond loop from this gvcol) 8000. In the absence of added salt, the ionic strength

sheet, into which the loop is partially inserted in native f this'pyffer is 0.05. NaCl was added to total ionic strengths
antithrombin. As a result, the reactive bond becomes more ¢ up to 0.5.

accessible and the electrostatic surface surrounding the loop
is altered, which together promote the binding of target
proteinasesi@8, 19, 24, 25).

Recent clinical trials have shown the synthetic heparin

Stoichiometries and Affinities of Heparin Bindingtoi-
chiometries and equilibrium binding constarksg, of pen-
tasaccharide or full-length heparin binding to the antithrom-

: . _ bin variants were measured by titrating the saccharides into
pentasaccharide to be more effective than other heparin formsa solution of antithrombin and monitoring the fluorescence

for prevention of venous thromboembolis@6-28). More- enhancement induced by the interaction, as described previ-

over, a synthetic hexadecasaccharide, containing a proteinasec—)usly (L3, 17, 36). Stoichiometric titrations were done with

binding_region Iinked_ to the pentasaccharide, appears to havefull-length heparin at an ionic strength) (of 0.15 with
further improved antlcoagu_lant prope_rUé’;QX. Development antithrombin concentrations, based on absorbance measure-
of even better such .ant|thror.nbot|.c agents, as well as ments, at least 20-fold abo¥g. Affinity titrations were done
elucidation of the putative physiological role of vessel wall with pentasaccharide or full-length heparin atlasf 0.1—
heparin-like glycosaminoglycans in preventing thrombus 0.5 with active antithrombin concentrations ie. those
formation, requires a detailed understanding of the mecha-o'btained from the heparin binding stoichion{et}ie”s, from

nism of binding of heparin to antithrombin. In the study 5-fold below to 3-fold abovéy. The fluorescence increase
presented here, we have introduced Arg to Lys and Lys to was measured in an SLM 4800S spectrofluorometer (SLM
Arg sqbstitutic_)ns of the three major heparin-binding re_sidues Instruments, Rochester, NY) with excitation and emission
of antithrombin, Lys;14,' Ly5125_, and Arglz_9 . to clarify to wavelengths of 280 and 340 nm, respectively. The data were
yvhat extent one basic _5|de chain can substitute for ar‘Otherﬁtted to the equilibrium binding equation by nonlinear least-
in the interaction. We find that Lys114 and Lys125 can be squares regression analysasy

acceptably replaced with Arg, although at both sites, in Kinetics of Heparin BindingRate constants for pentasac-

particular in position 114, Lys is still optimal for heparin . i T . ;
binding. In contrast, Arg129 cannot be similarly well replaced Ch"i?”de or full-length heparin b'”d'T‘g fo the anpthrombm
variants were measured by monitoring the increase in

with Lys. The requirement for Arg in position 129 is fluorescence accompanying the interaction in a stopped-flow
presumably due to this residue specifically interacting not . panying PP

only with the pentasaccharide but also with other residuesInStrument (S.X'HMV' Applled Blop_hy5|cs, Leatherhead,
in antithrombin. U.K)), essentla_lly as described _preV|ousI§8,(2_1, 2_2, 32

37). The experiments were carried out at an ionic strength
MATERIALS AND METHODS of 0.15 or 0.3 under pseudo-first-order conditions with
heparin concentrations at least 10-fold higher than active

Antithrombin VariantsRecombinant antithrombin variants antithrombin concentrations, derived from the heparin bind-

with Lys114 to Arg, Lys125 to Arg, and Argl29 to Lys
substitutions were produced by site-directed mutagenesis and — —— —
expressed in a baculovirus system on an Asni135Ala back- 1 Abbreviations: H26, full-length heparin with high affinity for

. . antithrombin and containing-26 saccharide units; H5, antithrombin-
ground, as described previousl®l 22, 30-32). The binding heparin pentasaccharid; dissociation equilibrium constant;

K114R/N135At K125R/N135A, and R129K/N135A variants k... observed pseudo-first-order rate constégi; overall association
were purified by heparin affinity chromatography, as de- rate constantie, overall dissociation rate constant; K114R, K125R,
; ; ; ; and R129K, substitution of Lys114, Lys125, and Arg129 with Arg,
scribed m.deta" prewquslﬁ@,.(ﬂl). . Arg, and Lys, respectively; N135A, substitution of Asn135 with Ala;
The purity of the antithrombin preparations was analyzed paGE, polyacrylamide gel electrophoresis; SDS, sodium dodecyl
by SDS-PAGE with the Tris/Tricine buffer systenB3). sulfate; SEM, standard error of the mean.
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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, K114R/N135A, K125R/N135A, and R129K/N135A Antithrombin Variants &,28H 7.4, and
lonic Strengths of 0.15 and @.3

ionic strength  heparin form variant Kg (NM) Kon (x10P M~1s7Y) Kott (571 calcdKy (NM)®  calcdke (s71)°

0.15 H5 N135A 2+ 1de 70+ 2¢ nd 0.14+ 0.07
K114R/N135A 29t 4 29+1 1.94+04 70+ 20 0.8+ 0.1
K125R/N135A 6+ 3¢ 69+ 2 1+1 15+ 15 0.4+ 0.2
R129K/N135A 190+ 20 52+ 3 17+ 2 330+ 60 10+ 2

0.3 H5 N135A 40+ 4¢ 28+ 1¢ 1.5+ 0.4 54+ 16° 1.1+ 0.2
K114R/N135A 280+ 20 5+ 0.1 2.6+£0.1 520+ 30 144+ 0.1
K125R/N135A 160+ 10 15+ 0.5 3.6+ 04 240+ 30 24+0.2
R129K/N135A 2000+ 900 10+1 2942 29004 500 204+ 10

H26 N135A 7+ 10 23+ 0.2 0.3+ 0.1° 13+ 5° 0.16+ 0.03

K114R/N135A 49+ 4 7.5+0.2 0.6+ 0.1 80+ 15 0.40+ 0.04
K125R/N135A 43+ 2 14+ 0.1 0.7£0.1 50+ 7 0.60+ 0.03
R129K/N135A 570t 20 11+ 0.7 12+ 1 11004+ 200 6.3+ 0.6

aMeasuredq values are averagels SEM of three to six fluorescence titrations. Measured valudg.@ndke.« = SEM were obtained by linear
regression of plots okos VS heparin concentration comprising five to eight points in the concentration range-ef.2.2M. ? From ko, and
koft. ¢ From kon andKg. ¢ Obtained by linear extrapolation of values measured at higher or lower ionic strefigttk@n from ref37. f Not deter-
mined.

ing stoichiometries. The fluorescence was measured with anfits of the dependence d,,s on heparin concentration for
excitation wavelength of 280 nm and an emission cutoff filter heparin-catalyzed reaction32 38).
with ~50% transmission at 320 nm. Observed pseudo-first-
order rate constantks,s Were obtained by nonlinear regres- RESULTS
sion fitting of the progress curves to a single-exponential ~ Purification and Homogeneity of Antithrombin Variants.
function. Eight to sixteen fluorescence traces were averagedin this study, an antithrombin variant with an Asn135 to Ala
for each rate constant determination. mutation, equivalent to thg-form of plasma antithrombin
Stoichiometries and Kinetics of Proteinase Inaation. (32), was used as a base molecule for additional Lys114 to
Stoichiometries of inhibition of humaa-thrombin by the Arg, Lys125 to Arg, and Argl29 to Lys mutations. The
antithrombin variants were determined as described in detail N135A substitution prevents glycosylation of Asn135, which
previously @1, 32, 37). Briefly, a series of samples at a leads to an increased heparin affinity of the inhibitor, as an
constant thrombin concentration of QM1 was incubated  oligosaccharide side chain in this position sterically hinders
at anl of 0.15 with antithrombin at increasing concentrations, heparin binding 0, 32). The mutation also eliminates the
based on absorbance measurements. The residual activity ofieterogeneity in heparin affinity arising from incomplete
the enzyme was measured after2Lh from the initial rate glycosylation at this site30, 39). Moreover, the baculovirus
of hydrolysis of the chromogenic substrate, S-2238 (Chro- expression system that was used introduces shorter and
mogenix, Mdndal, Sweden), monitored as the increase in structurally less divergent oligosaccharide side chains than
absorbance at 405 nm. The inhibition stoichiometries were mammalian expression systems, further decreasing heparin
obtained from the intercept on the abscissa of plots of residualbinding heterogeneity2@, 30, 40, 41). All antithrombin
enzyme activity versus the molar ratio of inhibitor to enzyme variants were>95% homogeneous in SB$AGE under
(36). reducing conditions after heparin affinity chromatography
Second-order association rate constants for inhibition of and were therefore used without further purification.
humana-thrombin or factor Xa by the antithrombin variants The stoichiometry of binding of full-length heparin to the
in the absence or presence of pentasaccharide or full-lengthvariants was 0.55 and 0.85 for the two preparations of
heparin were measured under pseudo-first-order conditionsK114R/N135A that were used, 0.6 for two preparations of
at anl of 0.15, essentially as described in earlier wa2k, ( K125R/N135A, and 0.75 for the single preparation of
32, 36, 37). The reaction mixtures contained 100 nM R129K/N135A. All mutants showed a 3@0% increase in
antithrombin, 10 nM proteinase, and-8 nM pentasaccha-  tryptophan fluorescence in the stoichiometry titrations. The
ride or full-length heparin. The antithrombin concentrations corresponding stoichiometries of thrombin binding to the
were active concentrations, i.e., those derived from the variants were comparable with those of heparin binding, viz.,
thrombin inhibition stoichiometries. After various reaction 0.55-0.8, 0.65, and 0.65 for the K114R/N135A, K125R/
times, aliquots of the reaction mixtures were quenched by N135A, and R129K/N135A preparations, respectively. The
dilution into 100 uM substrate, which was S-2238 for preparations thus contained some inactive, presumably latent,
thrombin and Spectrozyme FXa (American Diagnostica, form of the inhibitor, as also seen in previous studies of
Greenwhich, CT) for factor Xa. The residual enzyme activity recombinant antithrombin variant21—23, 37, 42).
was determined from the initial rate of substrate hydrolysis, Affinity of Pentasaccharide and Full-Length Heparin
monitored by absorbance at 405 nm. The time dependenceBinding. Dissociation equilibrium constant&g, for pen-
of enzyme activity loss was fitted by a single-exponential tasaccharide binding to the antithrombin variants were
function with an end point of zero activity to give the obtained at ionic strengths of both 0.15 and 0.3 (Table 1).
observed pseudo-first-order rate constégt (36). Second- However, these constants for the binding of full-length
order association rate constants were obtained by dividingheparin could only be measured at &rof 0.3, as the
kobs by the inhibitor concentration in the case of uncatalyzed interaction at an of 0.15 was too tight to give meaningful
reactions or were derived from the slope of linear regression data. Moreover, even the pentasaccharide bound too tightly
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Ficure 1: Losses of antithrombin affinity for the pentasaccharide
at pH 7.4 and an of 0.15 caused by substitutions of Lys114,
Lys125, and Arg129 with other positively charged amino acids
(white bars) compared with losses caused by substitutions of thes
residues with neutral amino acids (black bars). The affinity loss is
expressed asq(mutated variantfy(control variant) K4 values for

the K114A, K125Q, and R129H variants are taken from previous
works 21—23). All mutations are on an N135A background.
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Ficure 2: Sodium ion concentration dependence of dissociation
equilibrium constants for pentasaccharide binding to the N135A,
K114R/N135A, K125R/N135A, and R129K/N135A antithrombin
variants at 25°C and pH 7.4: [@) N135A, @) K114R/N135A,

@) K125R/N135A, and®@) R129K/N135A. Each value represents
the averaget SEM of three to six determinations. Error bars not
shown lie within the dimensions of the symbol. The solid lines
represent linear regression fits. The data for the N135A variant are
taken from ref37.

to the K125R/N135A variant, like to the N135A control
variant in previous work37), at anl of 0.15 forKq4 to be

Table 2: lonic and Nonionic Contributions to Pentasaccharide
Binding to the N135A, K114R/N135A, K125R/N135A, and
R129K/N135A Antithrombin Variants at 25C and pH 7.2

determined directly, and this parameter was instead derived

by extrapolation of the linear dependence of values measured

at higher ionic strengths (see below). Conversely, the inter-
action of the pentasaccharide with the R129K/N135A variant
at anl of 0.3 was too weak to be quantified directly, akg

variant 4 log(Kd') Kd' (mM)
N135A 5.3+ 0.2 -5.14+0.7° 8+2
K114R/N135A 4.0+£0.3 —48+0.2 16+ 6
K125R/N135A 49404 —-4.8+0.1 16+ 4
R129K/N135A 3.7+£0.2 —4.1+01 80+ 20

was therefore calculated from values obtained at lower ionic
strengths. In agreement with previous studies of wild-type
antithrombin and other mutantd3 21-23, 32, 37), all
antithrombin variants had a somewhat higher affinity for full-
length heparin than for the pentasaccharide (Table 1).

a2 The number of ionic interactions established in the bindidg (
and the nonionic contribution to the binding [I&G()] were determined
from the slopes and intercepts, respectively, of plots ofHgg{s
log[Na'] (Figure 2), as described in the Results. Errors represent the
SEM obtained by linear regressiohTaken from ref37.

Although the K114R/N135A, K125R/N135A, and R129K/
N135A substitutions all preserved the positive charge of the
original residue and introduced an approximately isosteric

K114R/N135A, and R129K/N135A antithrombin mutations
were assessed from the dependence of the dissociation

side chain, the three mutants bound both heparin forms moreequilibrium constants on sodium ion concentration. Plots of

weakly than the N135A control (Table 1). The affinity losses
varied with the mutation, being only moderate or small for
the K114R/N135A and K125R/N135A variants 15- and
~3-fold, respectively, for pentasaccharide binding at ah
0.15) but appreciable for the R129K/N135A variantlQ0-
fold). Comparable losses in affinity of each mutant for the
pentasaccharide were observed atd0.3, and the losses at this
ionic strength were also similar to those for full-length heparin.

The effects of the K114R/N135A, K125R/N135A, and
R129K/N135A mutations on the affinity of antithrombin for
the pentasaccharide at &rof 0.15 can be compared with
the corresponding effects, established in previous waks (
23), of mutation of these residues to noncharged side chains
(Figure 1). Substitution of either Lys114 or Lys125 with Arg
decreased the affinity to an appreciably smaller extent than
substitution with a neutral residue. In contrast, substitution
of Arg129 with Lys reduced the affinity nearly as much as
substitution with a neutral residue.

lonic and Nonionic Contributions to Pentasaccharide
Binding. The ionic and nonionic contributions to the losses
of pentasaccharide affinity caused by the K125R/N135A,

log Kq versus log [Na] were linear for all antithrombin
variants (Figure 2). According to polyelectrolyte theot,(

32, 43), the slope of such plots is equal ® x W, Z
representing the number of ionic interactions participating
in the binding and¥ the number of sodium ions bound per
heparin charge that are released on heparin binding [estimated
to be 0.8 17)]. In addition, the intercept on the ordinate of
these plots gives lo&y, the logarithm of the dissociation
equilibrium constanttal M Na', which is a measure of the
nonionic contribution to the binding. As reported in previous

work, the N135A control variant makes approximately five

ionic interactions with the pentasaccharide (Table32) §7).

The K125R/N135A variant also made approximately five
ionic interactions with the pentasaccharide, whereas the
K114R/N135A and R129K/N135A variants made only
approximately four such interactions. Lég' was similar,
approximately —5, for the K114R/N135A and K125R/
N135A variants as for the N135A control, but was ap-
preciably increased te-4.1 for the R129K/N135A variant.
Mutation of Lys114 to Arg or of Arg129 to Lys thus resulted
in the loss of approximately one charge interaction with the
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pentasaccharide, even though the positive charge of the side T T T
chain was maintained. The Arg129 to Lys substitution also 400
led to a substantiat-10-fold loss in affinity of nonionic inter-
actions, whereas the Lys114 to Arg substitution minimally
affected these interactions. In contrast, mutation of Lys125 300
to Arg resulted in no appreciable changes of either type of —~
interaction, consistent with the small overall affinity loss. &
Kinetics of Heparin BindingThe kinetics of pentasac- 3
charide or full-length heparin binding to the antithrombin
variants were evaluated under pseudo-first-order conditions
at anl of 0.15 or 0.3 by monitoring the increase in 100
fluorescence accompanying the interaction in a stopped-flow
instrument. The fluorescence change was monophasic for
all interactions studied and was well fitted to a single- 0

200
x

) . o . 0 5 10 15
exponential function, giving the observed pseudo-first-order
rate constank,ns The bimolecular association rate constant, [Pentasaccharide] (uM)
kon, @and the overall dissociation rate constagt, for the FIGURE 3: Pentasaccharide concentration dependence of observed

binding were obtained from the slope and ordinate intercept, pseudo-first-order rate constants for pentasaccharide binding to the
respectively, of the linear dependencekgf; on saccharide N135A and K114R/N135A antithrombin variants atZ5 pH 7.4,
concentration at low concentrations<0.2 uM). ko, andkof and an ionic strength of 0.1500f N135A and @) K114R/N135A.

. . . ! . Values are averaget SEM of 8-16 individual measurements.
for the interaction of the pentasaccharide with all antithrom- g¢or pars not shown lie within the dimensions of the symbols.
bin mutants were measured at ionic strengths of both 0.15The solid lines represent nonlinear regression fits of the data to
and 0.3 (Table 1). However, these parameters for the bindingthe rectangular hyperbolic function characterizing the binding
of full-length heparin were only determined at bof 0.3 mechanism in Scheme 13, 44). The data for the N135A variant

(Table 1), due to the tight binding of full-length heparin at are taken from reg?.

anl Of 0.15, resulting ir.k"ff values thaF were too low to be K114R/N135A variant, the only variant for whidk, was
expenmentally accessible. All mutations only moder:_;\tely measurably increased at this ionic strength, were extended
affectedkon. Atanl of 0.15,ken for pentasaccharide binding , pigher saccharide concentrations. Under these conditions,

was decreasedz_-fold for the K114R/N135A variant but kopsVaried hyperbolically with pentasaccharide concentration
was only negligibly altered for the K125R/N135A and (Figure 3), as has been shown previously for plasma
R129K/N135A mutants. At ai of 03 the de.feCtS Okon antithrombin, recombinant wild-type antithrombin, and other
were somewhat larger, although still small, beirgg3, ~2-, recombinant antithrombin variants3, 21—23, 32, 37). Such

and 2-3-fold for both pentasaccharide and full-length nonlinear behavior is in a : o
AR greement with a two-step binding
heparin binding to the K114R/N135A, K125R/N135A, and mechanism, in which a weak interaction with the pentasac-

R129K/N;35A variants, respeptivel)koﬁ was allsci aP-  charide is established in a rapid equilibrium in the first step,
preciably increased by the mutations. Howet@rcalculated followed by a conformational change leading to tight binding

from the measured values &f, and kyx was up to 3-fold fth haride in th ond step (Scheméa) [n this
higher than the measurdg; for all mutants (Table 1). As orfthe sacchande in the sec P ( A

discussed in earlier work@{—23, 37), such a disagreement  gcheme 1
between measured and calculategvalues is most likely

. . . K, kya
due to a small contribution of a preequilibrium pathway of AT+H ©—> AT-H &——> AT*H
heparin binding, in addition to the predominant induced-fit ka

pathway. In the preequilibrium pathway, heparin binds to a
small amount of antithrombin that is already conformation- mechanismKj is the dissociation equilibrium constant for
ally activated and is in equilibrium with the unactivated the initial weak interaction step arid, and k—, are the
inhibitor (14). A small contribution of this pathway can result forward and reverse rate constants, respectively, for the
in measured values being anomalously high withadkt, second step (conformational change). ValueKpandk,,
values being appreciably affecte87)]. The calculatedky were derived by nonlinear regression fits of the dependence
values therefore are presumably more accurate than theof k,,s on pentasaccharide concentration to the rectangular
measured ones (Table 1) and will be taken to represent thehyperbolic function characterizing the mechanism in Scheme
true valueskys for pentasaccharide binding at &iof 0.15 1 (Figure 3) (3, 44). The Lys114 to Arg mutation did not
was moderately increased for the K114R/N135A and K125R/ detectably affectK; for pentasaccharide binding but de-
N135A mutants, by~6- and~3-fold, respectively, but was creased,, by ~2-fold (Table 3). The decreaseky, caused
substantially,~70-fold, higher than that of the control for by the mutation was thus due only or predominantly to the
the R129K/N135A mutant. The corresponding increases in decreased,, askon is equal tok;,/K; in the mechanism in
kort for the binding of both the pentasaccharide and full-length Scheme 113). k-, for pentasaccharide binding, being equal
heparin at an of 0.3 were somewhat smaller but comparable to ke in this mechanismi@) and taken to be the calculated
for the two saccharides;2-, 2—4-, and 26-40-fold for the value ofk (Table 1; see above), was increasesifold by
three variants, respectively. In all cases, the largest increasehe mutation.
in kot was thus observed for the Argl29 to Lys mutation.  Kinetics of Proteinase InhibitiorSecond-order rate con-
Analyses of the pentasaccharide concentration dependencstants for the uncatalyzed or pentasaccharide- or full-length
at anl of 0.15 of ks for pentasaccharide binding to the heparin-catalyzed inhibition of thrombin or factor Xa by the
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(45), any effects of interchanging these residues in anti-
thrombin on pentasaccharide binding must reflect a specific-
ity of the wild-type side chain in the binding. As in our

Table 3: Kinetic Constants for the Two-Step Mechanism of
Pentasaccharide Binding to the N135A and K114R/N135A
Antithrombin Variants at 25C, pH 7.4, and an lonic Strength of

0.1 previous studies of other mutanf&l(-23), the three mutants
variant Ky (uM) ki (579 kea (s7Y) all exhibited the normal enhancement of tryptophan fluo-
N135A 284 4b 2100+ 300 0.14+ 0.07 rescence on heparin binding and normal uncatalyzed and
K114R/N135A 36+ 2 1000+ 40 0.8+0.1 heparin-catalyzed rates of inhibition of thrombin and factor

Xa. These findings indicate that only a side chain that is
important for heparin binding was altered by the mutations
and that the native and activated conformations of antithrom-
bin were not affected.

The defect in antithrombin affinity for the pentasaccharide
at pH 7.4 and ahof 0.15 caused by substitution of Lys114,

. the major heparin-binding residue, with an Arg residue was
K114R/N135A, K125R/N135A, and R129K/N135A anti- 15 fold. This reduction in affinity is substantially lower

thrombin variants were determined by discontinuous assaysinan that of~10-fold caused by substitution with a non-
of residual proteinase activity (Table 4). The pentasaccharidecharged amino acid of comparable si2€)( The positively
enhancement of the rate of thrombin inhibition is less than charged side chain of Lys114 can thus be reasonably well
2-fold for plasma and recombinant wild-type antithrombin replaced with that of Arg in heparin binding with only a
(13, 32) and therefore was not investigated. At most, small ,5qest affinity decrease. The Lys114 to Arg mutation re-
differences in the uncatalyzed or catalyzed rate constants forg,jted in the loss of approximately one ionic interaction but
inhibition of the two proteinases by any of the antithrombin i, 15 gbservable loss of nonionic interactions, whereas muta-
variants were evident. tion to a neutral amino acid led to loss of both two to three
ionic interactions and appreciable nonionic interacti@. (
The loss of approximately one ionic interaction on mutation
Lys114, Lys125, and Arg129, which are all located in the to Arg most likely is not due to the substitution eliminating
same region in or close to the D helix in the antithrombin the direct interaction of a positive charge in position 114
structure (Figure 4), are the three most important residueswith the pentasaccharide, as this would be expected to lead
for binding of the heparin pentasacchari@g)( Lys125 and to an appreciably larger affinity loss, approaching that caused
Arg129 are located in the middle and near the carboxy- by substitution with a neutral residue. Instead, this loss is
terminal end of the D helix, respectively, whereas Lys114 presumably due to the mutation perturbing the network of
is in the loop at the N-terminal end of the D helix in free charges interacting with the pentasaccharide. The optimal

aThe 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 3 to the equation
describing the mechanism in Schemel3, @4). The reverse rate con-
stants of the second stdp,, were taken from Table 1 as the calculated
value ofke. Errors represent the SEMTaken from ref37.

DISCUSSION

antithrombin that forms the P helix in the complex with the
pentasaccharidel 8, 19). Previous studies have shown that
mutation of Lys114 to a neutral amino acid results in a
substantial~10-fold loss in pentasaccharide and heparin
affinity at physiologic pH and ionic strength, corresponding
to an~50% loss of total binding energg?). Corresponding
mutations of Lys125 and Argl29 each result in smaller
affinity losses of 400-500-fold, corresponding te~30%
losses of binding energRy, 23). It is apparent that the sum

configuration of this network thus apparently requires a Lys
in position 114. However, the nonionic interactions (i.e.,
hydrogen bonds and hydrophobic and van der Waals interac-
tions) with the pentasaccharide contributed by the network
are not appreciably altered by substitution to Arg. Previous
studies have shown that Lys114 is not involved in the initial,
weak interaction with heparin in the two-step binding
mechanism but is the major residue of importance both for
increasing the forward rate constant of the activating con-

of these losses of binding energy, together with those causedormational change in the second step and for decreasing
by mutations of other amino acids involved in pentasaccha- the reverse rate constant of this change, thereby locking the
ride binding, mainly, Lys11, Argl3, and Arg42@ 37), inhibitor in the activated stat@®). This role is in agreement
appreciably exceeds the total binding energy. Moreover, thewith the substantial conformational rearrangement of Lys114
mutations of each of the residues Lys114, Lys125, and on pentasaccharide binding indicated by the X-ray structures
Arg129 to a neutral amino acid result in the loss of two to (Figure 4) (8, 19). The Lys114 to Arg mutation resulted in
three ionic interactions with the pentasaccharide, despite onlyan ~2-fold defect ink., at anl of 0.15, i.e., in promoting
one positively charged side chain having been repla2ed ( the conformational change step, as well as in~&fold
23). These observations indicate that these three amino acidglefect ink_», i.e., in locking the inhibitor in the activated
act cooperatively in pentasaccharide binding, forming a core state, to be compared witk40- and~1000-fold changes
of a network of residues that contributes both ionic and in these parameters, respectively, on mutation to a neutral
nonionic interactions to the bindin@@—-23). The molecular amino acid R2). These moderate effects are apparently
details underlying such cooperativity, however, remain to caused by the observed loss of approximately one ionic
be established. interaction with the pentasaccharide that is contributed by
To elucidate whether another positively charged side chainthe interacting network. However, it is clear that an Arg
can fulfill the role of each of the three major heparin-binding residue can reasonably well replace Lys114 both in effecting
residues of antithrombin in the interaction with the pen- the heparin-induced conformational change of antithrombin
tasaccharide and in forming the cooperative network, we haveand in keeping the saccharide tightly bound to the activated

introduced Lys114 to Arg, Lys125 to Arg, and Arg129 to
Lys mutations of the inhibitor in this work. Since Arg and
Lys oligopeptides bind heparin with comparable affinities

inhibitor, although Lys is somewhat better in both respects.
Lys125 and Arg129 are the second most important residues
of antithrombin for heparin binding, being responsible for
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Table 4: Association Rate Constants for Uncatalyzed and Pentasaccharide- or Full-Length Heparin-Catalyzed Inhibition of Thrombin and
Factor Xa by the N135A, K114R/N135A, K125R/N135A, and R129K/N135A Antithrombin Variants 4C2pH 7.4, and an lonic Strength
of 0.18

Kuncat Kuis K26
proteinase variant (x1°M~1sh (x1PM s (x1FM1sh
thrombin N135A 9.4 0.4 noe 9.0+ 0.2

K114R/N135A 10.2- 0.3 nd 6.5+ 0.7
K125R/N135A 9.3:0.3 nd 8.0+ 0.6
R129K/N135A 9.5+ 0.9 nd 7.8+0.3
factor Xa N135A 4.8+ 0.2 6.1+ 0.2 1.2+ 0.0#4
K114R/N135A 5.3 0.1 6.5+ 0.3 1.0+ 0.01
K125R/N135A 5.4+ 0.01 6.2+ 0.2 1.1+ 0.01
R129K/N135A 45+ 0.1 8.0+ 0.1 1.1+ 0.2

a Second-order association rate constants for uncatalyzeg) ( pentasaccharide-catalyzégd), and full-length heparin-catalyzekis) reactions
of the antithrombin variants with the proteinases were determined as described in Materials and Methods. Uncatalyzed rate constants are averages
+ SEM of at least three determinations. Valuesef andkuzs = SEM were obtained by linear regression of plotkaf vs pentasaccharide or
full-length heparin concentration, comprising four points in the concentration range -68 MIA. Uncatalyzed rate constants for inhibition of
thrombin were unaffected by the presence ofusdmL Polybrene, showing that the antithrombin preparations were not contaminated by heparin.
b Taken from ref37. ¢ Not determined.

constant. No effect or only a small effect of the Lys125 to
Arg substitution orkyn, the overall forward rate constant for
pentasaccharide binding, was observed, indicating that Arg
can well replace Lys125 both in establishing the interactions
necessary for the initial, weak complex to be formed and in
promoting the forward rate of the conformational change.
The kinetic constant that was most affected by the mutation
was the reverse rate constant of the conformational change
step, which was decreased-fold at anl of 0.15, thereby
accounting for most of the affinity loss. A Lys in position
125 is thus marginally more effective than an Arg in keeping
antithrombin locked in the heparin-activated state.
Substitution of Argl29 with Lys led to an appreciable
~100-fold decrease in antithrombin affinity for the pen-
tasaccharide at pH 7.4 and kaf 0.15, a loss only somewhat
smaller than that of~400-fold caused by substitution of
Arg129 with a neutral amino aci@®). In contrast to Lys114
Ficure 4: Closeup of the heparin binding site of (A) free and LyleS, Arg.129 thu_s canno.t b(_a vyell replaqed_ W't.h
antithrombin and (B) pentasaccharide-bound antithrombin. The @nother basic amino acid in heparin binding. This finding is
N-terminal end of the A helix, the D helix, and the P helix are in agreement with a previous study, which showed that the
shown in blue. A segment of the B sheet is shown in yellow. The decrease in affinity caused by mutation of Argl129 to His
side chains of the amino acids mutated in this work are drawn in \was similar at pH 6 and 7.4, i.e., regardless of the ionization

red. The pentasaccharide, denoted DEFGH from the nonreducing ; ; :
end, is shown in green. Dotted lines represent putative interactionss'[ate of the His residue2{). The Arg129 to Lys mutation

of Arg129 with Glu414 and Thrd4 with distances of-3.5 A. was accompanied by the loss of approximately one ionic
Drawn from PDB structures 2ant and 1az8(19). interaction as well as by an10-fold loss of affinity of
nonionic interactions, to be compared with the loss of
approximately equal energies of binding of the pentasac- approximately two ionic interactions and af25-fold loss
charide 21, 23). Mutation of Lys125 to Arg resulted in an  of affinity of nonionic interactions on mutation of Arg129
only ~3-fold reduced pentasaccharide affinity at pH 7.4 and to a neutral residue2(). As the loss in pentasaccharide
anl of 0.15, compared with a decrease~400-fold caused  affinity caused by the Arg129 to Lys mutation approaches
by mutation to a neutral amino aci@3). Lys125 can thus  that on removal of the positive charge in position 129, the
be even better replaced with Arg in binding of heparin than observed loss of approximately one ionic interaction may
can Lys114, with essentially fully retained pentasaccharide reflect the amino group of the Lys residue not being able to
affinity. Consistent with this conclusion, no definite effect establish an appropriate charge interaction with the pen-
of the Lys125 to Arg mutation on either the ionic or nonionic tasaccharide. It is also apparent that Lys cannot make the
contribution to pentasaccharide binding could be ascertained.same nonionic interactions as Arg in position 129. Previous
Lys125 is the only residue of antithrombin investigated so work has shown that the role of Arg129 in heparin binding
far that contributes to the first step of heparin binding by is in the second step, i.e., in increasing the rate constant of
promoting the formation of the initial weak comple3j, the conformational change and, to a greater extent, in locking
in keeping with the minor conformational reorientation of the inhibitor in the activated stat21). This role is consistent
Lys125 on pentasaccharide binding (Figure 43, (19). It with an appreciable change in the conformation of Arg129
also participates in the second, conformational change stepon pentasaccharide binding (Figure 48,(19). The Arg129
mainly by decreasing the reverse rate constant of this step,to Lys mutation resulted in at most a small defect in the
but also to some extent by increasing the forward rate forward rate constant of the conformational change step, as
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evidenced by no change or only a small chang&inbut 9.
in an ~70-fold increased reverse rate constant of this step
at anl of 0.15, accounting for virtually all of the loss in
affinity. Lys in position 129 can thus well fulfill the role of
Arg in promoting the heparin-induced conformational change
of antithrombin, whereas an Arg residue is essential for
keeping heparin bound to the activated state of the inhibitor.

The specific requirement of an Arg in position 129 of
antithrombin for pentasaccharide binding may be due to the
ability of the Arg side chain to form intramolecular interac-
tions which are important for optimal interaction of this side
chain with the pentasaccharide. The crystal structure of free
antithrombin (8, 19) shows that Argl29 interacts with
Glu414, which stabilizes the conformation of Arg129 and
holds it in a position that makes it more accessible to the
pentasaccharide (Figure 4). The distance between Arg129 19
and Glu414 even decreases somewhat on pentasaccharide
binding (19), possibly tightening the interaction between the 2q.
two residues (Figure 4). The X-ray structures further show
that Thrd4, located near the N-terminus of the A helix, 2%
rearranges on pentasaccharide binding to approach and mosty,
likely establish an interaction with the guanidino group of
Arg129. Such an interaction would be expected to aid the 23.
stabilization of the conformation of Arg129 in the pentasac-
charide-bound form of antithrombin, thereby allowing this
residue to appropriately interact with the non-reducing end
D unit of the pentasaccharide (Figure 4Q). In contrast,
Lys125 and Lys114 do not participate in any intramolecular
interactions, neither in the free nor in the pentasaccharide-
bound form of antithrombin, but only interact directly with
the pentasaccharide. This absence of intramolecular interac-
tions may be the reason these two side chains are not as
specifically required as Arg129 for high-affinity heparin
binding.
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