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ABSTRACT. Thep-form of antithrombin, lacking a carbohydrate side chain on Asn-135, is known to bind
heparin more tightly than the fully glycosylatedform. The molecular basis for this difference in affinity

was elucidated by rapid-kinetic studies of the binding of heparin and the antithrombin-binding heparin
pentasaccharide to plasma and recombinant fornas ahdj-antithrombin. The dissociation equilibrium
constant for the first step of the two-step mechanism of binding of both heparin and pentasaccharide to
o-antithrombin was only slightly higher than that for the binding to firm. The oligosaccharide at
Asn-135 thus at most moderately interferes with the initial, weak binding of hepadratdtithrombin.

In contrast, the rate constant for the conformational change induced by heparin and pentasaccharide in
the second binding step was substantially lowerdeantithrombin than fop-antithrombin. Moreover,

the rate constant for the reversal of this conformational change was appreciably higher defotine

than for thep-form. The carbohydrate side chain at Asn-135 thus reduces the heparin affinity of
o-antithrombin primarily by interfering with the heparin-induced conformational change. These and
previous results suggest a model in which the Asn-135 oligosaccharideanfithrombin is oriented

away from the heparin binding site and does not interfere with the first step of heparin binding. This
initial binding induces conformational changes involving extension of helix D into the adjacent region
containing Asn-135, which are transmitted to the reactive-bond loop. The resulting decreased confor-
mational flexibility of the Asn-135 oligosaccharide and its close vicinity to the heparin binding site
destabilize the activated relative to the native conformation. This effect results in a higher energy for
inducing the activated conformation izantithrombin, leading to a decrease in heparin binding affinity.

Antithrombin is the major plasma inhibitor of serine tion is initiated by the enzyme attacking a specific reactive
proteinases of the blood coagulation cascade, thrombin andbond in an exposed loop of the serpin molecule, which
factor Xa being its most important target enzymes (Olson induces a conformational change of the inhibitor that traps
& Bjark, 1994). It is a member of the serpin superfamily the enzyme in an inactive form. Considerable evidence
of proteins, to which most other plasma proteinase inhibitors indicates that this conformational change involves insertion
and also several non-inhibitory proteins belong (Carrell & of part of the reactive-bond loop into the majeisheet of
Travis, 1985; Huber & Carrell, 1989; Gettins et al., 1996). the inhibitor as a middle strand of this sheet. The trapping
Serpins inactivate their target proteinases by forming stable, is essentially irreversible, but the complex slowly dissociates
equimolar enzymeinhibitor complexes. Complex forma- into a cleaved, inactive inhibitor and active enzyme (Olson

& Bjork, 1994; Schulze et al., 1994; Potempa et al., 1994;
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induced in the second step increases the affinity for heparin Recombinanti- andg-antithrombin forms were expressed
~2000-fold and activates the inhibitor, presumably by in a baculovirus system (Picard et al., 1995; Ersdal-Badju
making the reactive-bond loop more accessible to the et al., 1995). The recombinant-form [a-AT(rec)] was
proteinase (Olson et al., 1981, 1992; Gettins et al., 1993; produced by replacement of Ser in the glycosylation site Asn-
Olson & Bjork, 1994). Whereas the latter effect is primarily 135-Ser-137 with Thr to induce full glycosylation of this
responsible for the acceleration of factor Xa and kallikrein site (Picard et al., 1995), whereas the recombirtafdrm
inhibition, it negligibly affects the inhibition of thrombin or  [3-AT(rec)] was produced by mutation of Asn-135 to Ala
factor IXa. Instead, full acceleration of the inhibition of these to prevent glycosylation of the same site (Ersdal-Badju et
enzymes requires that both antithrombin and proteinase bindal., 1995). The expressed proteins were purified by affinity
to the same polysaccharide chain, the rate enhancement beinghromatography on immobilized heparin (Ersdal-Badju et

due predominantly to an approximation, or bridging, effect
(Olson & Bjork, 1991, 1994; Olson et al., 1992).

Two major forms of antithrombing. and §, circulate in
blood (Carlson & Atencio, 1982; Peterson & Blackburn,
1985). The predominamt-form, which accounts for-90%
of the inhibitor in plasma, is glycosylated on all four potential
glycosylation sites (Asn-96, Asn-135, Asn-155, and Asn-
192), whereas the mingi-form lacks the carbohydrate side

al., 1995).

The antithrombin preparations were analyzed by SDS
PAGE (Laemmli, 1970). Protein concentrations of all
antithrombin variants were determined by absorbance mea-

surements at 280 nm with the use of a molar absorption

coefficient of 37 700 M! cm™! (Nordenman et al., 1977).
Humana-thrombin ¢99% o-form) was a generous gift
from J. Fenton (New York State Department of Health,

chain on Asn-135 (Brennan et al., 1987). The incomplete Albany, NY). Human factor Xa was prepared as described
glycosylation is due to the presence of Ser instead of Thr in elsewhere (Bock et al., 1989). Active-site titrations showed
the recognition sequence for core oligosaccharide additionthat the two enzyme preparations wer®0 and ~70%

at this site (Picard et al., 1995)3-Antithrombin binds
heparin with higher affinity tham-antithrombin (Peterson

& Blackburn, 1985; Turko et al., 1993), presumably because

the oligosaccharide at Asn-135 in theform, being located

active, respectively (Ersdal-Badju et al., 1995). All con-

centrations given below are active-site concentrations.
Heparins. Full-length heparin with high affinity for

antithrombin and reduced polydispersity (H26) was isolated

close to the putative heparin binding site (Carrell et al., 1994; as described previously (Olson & Bjq 1991; Olson et al.,
van Boeckel et al., 1994), affects the interaction with the 1992). The preparation had an average molecular weight
polysaccharide. Due to its stronger binding to surfaces, of ~8000, as determined by gel chromatography (Olson &
including the vessel wallj-antithrombin has been suggested Shore, 1982), i.e. contained about 26 saccharide units, and
to be the physiologically most important antithrombin form was highly similar to that used in previous studies (Olson et
(Witmer & Hatton, 1991; Frebelius et al., 1996). al., 1992; Bjok et al., 1992). The antithrombin-binding

In this work, we have elucidated the molecular basis for heparin pentasaccharide (H5), a generous gift from M.
the higher heparin affinity of- than ofa-antithrombin by Petitou (Sanofi Recherche, Toulouse, France), was the same
rapid-kinetic studies of the binding of heparin and the specific as in earlier work (Olson et al., 1992). Concentrations of
antithrombin-binding heparin pentasaccharide to plasma andboth heparin and heparin pentasaccharide were determined
recombinant forms of the two antithrombin variants. The by stoichiometric titrations with antithrombin (Olson et al.,
tighter binding of-antithrombin was shown to originate  1992).
predominantly from the second step of the two-step binding  Fluorescence Titrations of Heparin Binding.he binding
mechanism and to be due to more favorable forward and of heparin or pentasaccharide to antithrombin was quantified
reverse rate constants of this step. The oligosaccharide chairy titrations, monitored by the fluorescence increase ac-
at Asn-135 thus reduces the heparin affinity of antithrombin companying the interaction (Nordenman et al., 1978; Olson
primarily by interfering with the heparin-induced conforma- & Shore, 1981), at 25.0t 0.2 °C in an SLM 4800S
tional change rather than by sterically hindering the initial, spectrofluorimeter (SLM Instruments, Rochester, NY), as
weak binding of heparin to the inhibitor. described previously (Olson & Bik, 1991; Olson et al.,

1992). Stoichiometry titrations were done at antithrombin

MATERIALS AND METHODS

concentrations of 0.251 uM at an| of 0.15, whereas
Proteins. Human plasmac-antithrombin p-AT(pl)Y] was concentrations comparable to the dissociation equilibrium
purified by affinity chromatography on hepatiagarose as  constants were used in affinity titrations at bwof 0.15-
described previously (Olson, 1988; Olson et al., 1993). 0.5. Binding stoichiometries and dissociation constants were
Following the salt-gradient elution af-antithrombin from

determined by fitting the data to the equilibrium binding
the immobilized heparin in this procedure, plaspianti-

equation by nonlinear regression (Nordenman &Bjd 978;
thrombin B-AT(pl)] was eluted in a broad peak with about Olson & Bjork, 1991).
2 column volumes of 20 mM sodium phosphate buffer (pH  Stopped-Flow Kinetics of Heparin Binding.he kinetics
7.4) containig 3 M NaCl. PoolegB-antithrombin fractions  of heparin or pentasaccharide binding to antithrombin were
were subsequently purified by Sephacryl S-200 (Pharmaciaanalyzed at 25.6 0.1 °C in an SX-17MV stopped-flow
Biotech, Uppsala, Sweden) chromatography in the sameapparatus (Applied Photophysics, Leatherhead, U.K.). The
manner ag-antithrombin (Olson, 1988; Olson et al., 1993). reactions were monitored by the increase of tryptophan
fluorescence emission accompanying the interaction, mea-
sured with an excitation wavelength of 280 nm and an
emission cutoff filter with~50% transmission at 320 nm.
The experiments were done under pseudo-first-order condi-
tions with at least a 10-fold molar ratio of heparin to
antithrombin. The progress curves recorded were fitted to

1 Abbreviations: a-AT(pl), plasmaa-antithrombin3-AT(pl), plasma
p-antithrombin; a-AT(rec), recombinanti-antithrombin; 5-AT(rec),
recombinang-antithrombin; H26, full-length heparin with high affinity
for antithrombin, containing 26 saccharide units; H5, the antithrombin-
binding heparin pentasaccharide; SEFAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis.
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a single- exponential function by nonlinear regression, giving uM EDTA and 0.1% (w/v) polyethylene glycol 4000 or
the observed pseudo-first-order rate constiapt, All data 8000. Sodium chloride was added to give ionic strengths
given are averages of H25 individual measurements. of 0.15-0.5.

Kinetics of Antithrombin Inhibition of Proteinase&econd-
order rate constants for reactions of antithrombin or the RESULTS
antithrombin-heparin complex with thrombin or factor Xa
were determined under pseudo-first-order conditions at an
of 0.15 and 25C, essentially as in previous work (Olson et
al., 1992; Bjok et al., 1992). Briefly, reactions were initiated
by mixing antithrombin (106200 nM) plus high-affinity
heparin or pentasaccharide, when present, witi® nM
proteinase in a 10@L final reaction volume in a polyeth-
ylene glycol-coated polystyrene cuvette (Latallo & Hall,
1986). Polybrene was included at a concentration qid/0
mL in some experiments in the absence of heparin as a chec
of heparin contamination of the antithrombin preparations.
The inhibitor concentrations were those obtained by sto-
ichiometric titrations of thrombin with inhibitor in the
absence of heparin (Olson et al., 1993). High-affinity heparin
concentrations ranged from 0.25 to 1.5 nM for thrombin
reactions and 2 to 4 nM for factor Xa reactions. Pentasac-
charide was used in molar excess over antithrombin (200
nM) in the case of thrombin reactions but at catalytic levels
ranging from 4 to 8 nM in the case of factor Xa reactions.
Reactions were quenched after varying incubation times with
0.9 mL of chromogenic substrate [1001 p-Phe-Pip-Arg-
p-nitroanilide (Chromogenix, Madal, Sweden) for thrombin
reactions or 10@M Spectrozyme FXa (American Diagnos-

Homogeneity of Antithrombin Forms and Stoichiometry
of Heparin and Thrombin BindingAll antithrombin prepa-
rations were=95% homogeneous by SBHAGE under
reducing conditions. Thg-forms migrated slightly faster
than theo-forms in these analyses, consistent with the
absence of one oligosaccharide chain. Stoichiometric titra-
tions, monitored by the increase in intrinsic fluorescence
induced by the binding (Olson & By, 1991; Olson et al.,
k1.992), of the variants with full-length heparin at laof 0.15
gave heparin to antithrombin binding stoichiometries of
~0.95, 0.60, 0.550.78, and 0.750.92 for a-AT(pl),
B-AT(pl), a-AT(rec), and3-AT(rec), respectively. The range
of values for the two recombinant antithrombins denote the
binding stoichiometries for the two or three preparations
used. Similar values were obtained for thrombin binding
by stoichiometric titrations monitored by the loss of thrombin
activity in the absence of heparin (Olson et al., 1993). These
data indicate that plasneaantithrombin was essentially fully
active in binding to both heparin and thrombin, whereas the
preparations of the plasm@form and both recombinant
forms contained some inactive protein. The antithrombin
concentrations used in the studies of heparin and proteinase

tica, Greenwich, CT) for factor Xa reactions], and the residual binding presented below are those obtained by the stoichio-

enzyme activity was measured from the linear rate of metrlp .heparln and' thrgmpm titrations, respectlvgly.'
p-nitroaniline formation at 405 nm. The time-dependent loss _ Affinity of Heparin Binding by Fluorescence Titrations.

of enzyme activity was fitted by nonlinear regression to a Dissociation equilibrium constants for the interaction of full-
single-exponential function with an end point of complete Iengt.h heparin or the antithrompin-bind_ing heparin pe.ntasac-
inactivation to give the observed pseudo-first-order rate charide with plasma- andg-antithrombin and recombinant
constantkops (Olson et al., 1993). o-antithrombin were determined by fluorescence titrations
Second-order rate constants for antithroripnoteinase at ionic _strengths _of 0.15 _and 0.3 (Table 1). The values for
reactions in the absence of heparin were obtained by dividingrécombinant/-antithrombin were taken from our recent
kops by the inhibitor concentration. Second-order rate charact.erlzatlo.n of this form (Ersdal-Badju gt al., 1995).
constants for reactions of complexes between full-length SOMe interactions at ah of 0.15 were too tight to be
heparin and antithrombin with proteinase were determined quantified with reasonable precision.
from the slope of plots okys VS heparin concentration, The dissociation constants measured for binding of the
corrected for the extent of saturation of antithrombin with pentasaccharide to plasmaantithrombin are in agreement
heparin by use of measured dissociation constants, accordingvith those determined previously (Olson et al., 1992).

to the equation (Bjk et al., 1992) However, the corresponding values for the interaction with
full-length heparin are somewhat higher, consistent with
[AT], another heparin preparation having been used in this work.

Kops = kH[H]om"_ KincalATlo (1) The dissociation constant for the binding of full-length
ATH ° heparin to plasmg-antithrombin at arl of 0.3 is in good
where kuncat and ky are second-order rate constants for agreement with one previous report (Peterson & Blackburn,
reactions of free antithrombin and the antithrombireparin ~ 1985), whereas the values for both full-length heparin and
complex with proteinase, respectively, [Hind [AT], are pentasaccharide are higher than those obtained in another
the total heparin and antithrombin concentrations, respec-study (Turko etal., 1993). As shown previously for plasma
tively, and Kary is the dissociation constant for heparin o-antithrombin (Olson et al., 1992), full-length heparin bound
binding to antithrombin. Rate constants for reactions of more tightly than the pentasaccharide to all antithrombin
antithrombin-pentasaccharide complexes with factor Xa forms. Moreover, both full-length heparin and pentasac-
were determined in the same manner. However, ratecharide bound more tightly to the recombinant antithrombin
constants for reactions of such complexes with thrombin were forms than to the corresponding plasma forms. In agreement
determined by first subtractirigys of the reaction with free ~ With previous work (Peterson & Blackburn, 1985; Turko et
antithrombin and then dividing by the concentration of the al., 1993), both full-length heparin and pentasaccharide also
antithrombin-pentasaccharide complex, calculated from mea-had a 3-10-fold higher affinity for both plasma and
sured dissociation constants (Olson et al., 1992). recombinant3-forms than for the corresponding-forms.
Experimental Conditions All measurements were done Kinetics of Heparin Binding.The kinetics of binding of
in 20 mM sodium phosphate buffer (pH 7.4) containing 100 full-length heparin and pentasaccharide to plasma and
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Table 1: Bimolecular Association Rate Constants, Dissociation Rate Constants, and Dissociation Equilibrium Constants for Heparin Binding to
o- andS-Forms of Antithrombin at Different lonic Strengths

ionic heparin antithrombin 10 5kon Kot measured calculated
strength form form M-1s™) (s Kq (NM) Ka (NM)
0.15 H26 a-AT(pl) 20+1 0.41+0.16 24+ 1 20+ 8
B-AT(pl) 72+2 ND ND
a-AT(rec) 58+ 3 ND ND
B-AT(rec) 131+ 5 ~0.032 ~0.2
H5 a-AT(pl) 32+1 1.5+ 0.4 63+ 10 47+ 14
B-AT(pl) 54+1 0.96 18+1
o-AT(rec) 72+ 1 0.57 8+1
B-AT(rec) 74+ 1 ~0.07 ~1P
0.3 H26 o-AT(pl) 2.94+0.02 0.82+ 0.02 300+ 18 280+ 10
B-AT(pl) 13+0.8 0.5+ 0.5 54+ 7 40+ 40
o-AT(rec) 8.5+ 0.2 0.5+ 0.1 53+ 6 60+ 13
B-AT(rec) 20+ 0.5 0.1+ 0.3 6+ 2° 5+ 14
H5 o-AT(pl) 9.5+ 04 8.9+ 0.4 610+ 40 940+ 90
B-AT(pl) 194+ 0.4 3.6+£0.3 190+ 7 190+ 18
o-AT(rec) 20+ 0.3 5.3+ 0.2 250+ 24 260+ 14
B-AT(rec) 22+ 0.5 0.7+£0.2 244 20 32+10
0.4 H26 o-AT(pl) 16+0.1 1.4+ 0.6 900+ 440
B-AT(pl) 5.6+0.3 1.0+ 0.3 180+ 60
o-AT(rec) 48+0.2 1.3+£0.2 270+ 40
B-AT(rec) 10.7+ 0.3 0.3+ 0.1 20+ 5b 28+ 15
H5 o-AT(pl) 53+0.2 11.3£ 0.9 2100+ 260
B-AT(pl) 11.1+0.2 4.9+ 0.3 440+ 40
o-AT(rec) 10.3+0.3 8.9+ 0.6 860+ 80
B-AT(rec) 14.4+ 0.7 1.1+ 05 724+ 10 80+ 40
0.5 H26 o-AT(pl) 0.62+ 0.03 2.6£0.2 4200+ 400
B-AT(pl) 31+0.1 1.5+0.1 480+ 40
o-AT(rec) 2.2+ 0.05 1.6+0.1 730+ 50
B-AT(rec) 4.7+0.2 0.45+ 0.26 79+ 40 96+ 60
H5 o-AT(pl) 25+0.1 145+ 0.3 5800+ 250
B-AT(pl) 59+0.3 6.1+ 0.7 1030+ 180
o-AT(rec) 49+0.4 111413 2300+ 460
B-AT(rec) 6.8+ 0.2 1.8+ 0.3 200+ 6° 260+ 60

a Bimolecular association rate constarks,), dissociation rate constanti), and dissociation equilibrium constantss( were determined at
different ionic strengths at pH 7.4, and 26, as detailed in Materials and Methods. Dissociation equilibrium constants were also calculated from
measured association and dissociation rate constants (k&/les). The values fok., andk.« were obtained as the slope and intercept, respectively,
of linear plots of observed pseudo-first-order rate constants vs heparin concentration. These plots were based on measurements at five to nine
heparin concentrations in a range which varied from-Q. &M at anl of 0.15 to 0.5-5 M at anl of 0.5. Measured, values are averages of three
or four measurements at antithrombin concentrations comparakileAdl errors represent-SE. ® Taken from Ersdal-Badju et al. (1995)Calculated
from measured values fd€y and kon.

recombinanta- and S-antithrombin were investigated by In those cases where both the association and dissociation
stopped-flow fluorescence under pseudo-first-order condi- rate constants could be measured, the overall dissociation
tions. The observed fluorescence change was monophasiequilibrium constant was calculated from these values (Table
for all interactions and was satisfactorily fitted to a single- 1). These calculated dissociation constants agreed reasonably
exponential function at all concentrations studied. The well with those measured by fluorescence titrations.
measurements were done in two heparin concentration Similar to previous results for plasma-antithrombin

ranges. (Olson et al., 1992), the association rate constants decreased
(a) Low Heparin ConcentrationsAnalyses at low heparin  and the dissociation rate constants increased with increasing
or pentasaccharide concentrations were done at ionic strength®nic strength for all interactions (Table 1). The values for
between 0.15 and 0.5, the saccharide concentration ranggentasaccharide binding ta-antithrombin were in fair
being varied from 0.1 4M at anl of 0.15 to 0.5-5 uM at agreement with those measured previously (Olson et al.,
anl of 0.5. Under these conditions, the observed pseudo-1992), whereas the values for full-length heparin differed
first-order rate constants increased linearly with heparin or somewhat, again reflecting another heparin preparation. As
pentasaccharide concentration, the slope of such plots givingshown for plasma-antithrombin (Olson et al., 1992), both
the bimolecular association rate constakg, and the the association and dissociation rate constants in general were
intercept on the ordinate giving the overall dissociation rate lower for full-length heparin than for the pentasaccharide,
constantkys (Olson et al., 1981, 1992). The association rate the only exception being the association rate constants for
constants and most dissociation rate constants could behe-forms at anl of 0.15. Moreover, the association rate
measured with good precision (Table 1). However, some constants for the interactions with the recombinant anti-
dissociation rate constants at the lower ionic strengths, inthrombin forms were higher and the dissociation rate
particular for thes-forms, were too low to be experimentally constants lower than for the same interactions with the
accessible or could only be measured with considerable errorplasma forms. Most importantly, the association rate
Instead, these values were calculated from measured disconstants for the binding of both full-length heparin and
sociation equilibrium constants and bimolecular association pentasaccharide t@-antithrombin were higher and the
rate constants, when such values were available (Table 1)dissociation rate constants lower than the values for the
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A Table 2: Kinetic Constants for the Two-Step Mechanism in Scheme
400 1 for Heparin Binding too- and 3-Forms of Antithrombin at an
lonic Strength of 0.15
300 heparin form  antithrombin form Ky (uM) ke2 (s7Y)
N H26 a-AT(pl) 37+4 650 50
=~ B-AT(pl) 21+2 1600+ 140
2 200 a-AT(rec) 11+1 770+ 70
= p-AT(rec) >10 >3000
H5 a-AT(pl) 2242 750+ 50
100 B-AT(pl) 16+1 910+ 40
o-AT(rec) 8.3+ 0.7 660+ 30
p-AT(rec) 11+ 2 920+ 100
0 aThe dissociation equilibrium constant for the first stéfa)(and
0 2 4 6 8 10 the forward rate constant for the second step)(of Scheme 1 were

obtained by fitting the data of Figure 1 to eq 2 by nonlinear least-
squares regression. All errors represenSE.

400 . . .
illustrated in the following scheme:
300 Scheme 1
Ea Ky Ki2
L AT+H AT-H AT*-H
o0 ILZ
g 200

In this scheme, AT is antithrombin, H is heparlq, is the
dissociation equilibrium constant of the first binding step,
leading to the initial complex AFH, andk;, andk_, are
the forward and reverse rate constants of the conformational
o ) . . o 10 change,. producing the final compk_—:-x AFH. For this
) mechanism, the observed pseudo-first-order rate constant,
[Heparin] (uM) kobs Varies with heparin concentration, [fHjaccording to

FIGURE 1. Heparin concentration dependence of observed pseudo-the equation (Olson et al., 1981, 1992)
first-order rate constantd,,s for heparin binding toa- and

100

1

p-antithrombin. (A) Plasma antithrombin and (B) recombinant K, ,[H]
antithrombin. ©) Full-length heparir-a-antithrombin, @) pen- ko — 2o +k (2)
tasaccharidea-antithrombin, [J) full-length heparin-g-antithrom- bs K;+ [H] o 2

bin, and @) pentasaccharides-antithrombin. Average values

SE were measured by stopped-flow fluorescence dt @hn0.15 : -
and pH 7.4 and 28C, as detailed in Materials and Methods. Error Moreover, the bimolecular association rate constaatand

bars not shown lie within the dimensions of the symbol. The solid the overall dissociation rate constakgy, measured at low
lines represent nonlinear regression fits to eq 2. Data for the binding heparin concentrations as described above, are equaj/to
of full-length heparin to plasma-an_tlthrombln were collected up K, andk-,, respectively (Olson et al., 1992). All hyperbolic
to a heparin concentration of 2(M; the data above 1@M are curves could be well fitted to eq 2 by nonlinear regression
not shown but were included in the fit. . . .

analysis, giving the values fd¢; andk;, shown in Table 2.

. . . o . In these fits,k_, was set to the value measured for the
binding to a-antithrombin. These findings are consistent equivalent parameteky (Table 1), or to zero when this

with the observed differences in dissociation equilibrium \51,e was not measurable. In contrast to this hyperbolic
constants presented above. dependence df,,s on heparin concentration, a dependence
(b) H|gher Heparin Concentrations_Anah/ses of the that was linear within eXperimental error was seen for the
kinetics of binding of full-length heparin and the pentasac- 'eaction between full-length heparin and recombirfaan-
charide to the four antithrombin forms at &of 0.15 were  tithrombin, which could be investigated only upt@ uM
extended to heparin concentrations ef# uM for most ~ neparin (Figure 1). On the basis of the assumption that this
interactions. However, the fast reaction between full-length depende.nce is the initial, ap_proxmately. linear part qf a
heparin and recombinaptantithrombin limited the acces- r_\yperbohc dependence at higher hepar[n concentrations,
sible heparin concentrations to belov «M, as the dead limits for the values oK; andk;, were estimated for this

time of the stopped-flow instrument precluded measurementsimerac’{ion (Table 2).
i} . . The values oK; andk; for the binding of the pentasac-
of rate constants higher tham00 s*. For all interactions ! 2 g b

h d b died in the full . h charide to plasma-antithrombin (Table 2) agreed well with
that could be studied In the full concentration range, the ,,qe measured previously (Olson et al., 1992), but the values
observed pseudo-first-order rate constants increased hyperig, the new preparation of full-length heparin used were

bolically with increasing saccharide concentration (Figure gjightly different, consistent with results presented above.
1), in agreement with previous studies of the binding of full- |y the case of most variants, bokh andk., were higher
length heparin or pentasaccharide to plaswentithrombin - for full-length heparin than for the pentasaccharide, a
(O|SOI’1 et al., 1981, 1992). This behavior has been showndifference particu|ar|y apparent fdto, of the ﬁ_forms.

to arise from a two-step process, involving an initial, weak However k; for the binding of full-length heparin to plasma
binding in rapid equilibrium, followed by a protein confor-  a-antithrombin was somewhat lower than that for the binding
mational change responsible for the fluorescence change, a®f the pentasaccharide, in agreement with earlier studies of
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this antithrombin form (Olson et al., 1992). Furthermore, 5.0
K; for the interactions of full-length heparin and pentasac- A 4

charide with the recombinant antithrombin forms in general

was lower than that for the interactions with the plasma

forms. Corresponding differences ln, were inconsistent, 6or ;
except in the case of full-length heparin bindingA@nti-

thrombin, in which casé,, was appreciably higher for the °
recombinant form. The values & for the interactions of 70k

full-length heparin and pentasaccharide with plagiven- '

log (K,) (M)

tithrombin were somewhat lower than those for the corre-
sponding interactions with the plasnoaform, whereas a

similar difference was not apparent in the case of the 8.0 - - . . -
recombinant antithrombins. Most notably, howees, for 09 08 07 -08 05 04 -03
binding of full-length heparin to the twg@-antithrombin log [Na*] (M)

forms was considerably higher than that for the binding to 5.0

the correspondingr-forms, and this difference, although
smaller, was also evident for pentasaccharide binding.
lonic and Nonionic Contributions to Heparin Bindinga)

B
Overall Binding. The ionic and nonionic contributions to
the overall binding of full-length heparin and pentasaccharide 7.0
to a- and S-antithrombin were evaluated from the depen-
dence of the observed dissociation equilibrium constants on 80
sodium ion concentration. According to polyelectrolyte
theory (Record et al., 1976, 1978; Olson &"B{p 1991, ook

Olson et al., 1991, 1992), the binding of a polyelectrolyte,
heparin, to a protein, antithrombin, in the presence of sodium
ions can be described by the equation

-6.0 |

log (Kg) (M)

-10.0 t 1 ! 1 1
09 -08 07 -06 -05 04 03
log [Na*] (M)
Ficure 2: NacCl concentration dependence of dissociation equi-

; ; ot P librium constantsKgy, for heparin binding tax- andj-antithrombin.
whereKjy is the observed dissociation equilibrium constant, (A) Plasma antithrombin and (B) recombinant antithrombid) (

Kd' is the dissociation constant AM Na', Zis the number  £jlength heparir-a-antithrombin, ®) pentasaccharidec-an-
of ionic interactions involved in the binding, and is the tithrombin, () full-length heparir-p-antithrombin, andm) pen-
fraction of Na which is bound per ionic charge of heparin tasaccharidef-antithrombin. Most values are from Table 1.
and which is released on antithrombin binding. This equation Measured dissociation constants were used aii®.15 and 0.3,

. : ; whereas calculated values were used atai0.4 and 0.5, except
thus assumes that anion release from antithrombin can bein the case of recombinaft-antithrombin, for which measured

neglected. In eq 3, the contribution of ionic interactions to yajyes were available also at these ionic strengths (Table 1). In

the heparir-antithrombin binding energy is represented by those cases where the dissociation constants could not be measured

the second term, the produgyy reflecting the number of atanl of 0.15 (Table. 1), such constants (no_t lincluded in Table 1)

sodium ions displaced from heparin in the binding process, Were instead determined at &of 0.25 by additional fluorescence

- S - L titrations. Error bars represeftSE. Error bars not shown lie within

Wherea§ the contribution of nonionic interactions IS 9IVEN he dimensions of the symbol, except for recombirantithrom-

by the first term. As measured and calculated equilibrium pin at anl of 0.15, in which case errors were lacking. The solid

constants agreed well at each ionic strength (Table 1), thelines represent linear regression fits.

values obtained by the two procedures were combined to

enable analyses in the rangeldiom 0.15 to 0.5 (see the  apparent between the plasma and recombinant antithrombin

legend to Figure 2). Plots of ldgq vs log[Na'] were linear forms. Comparisons betweex and S-antithrombin also

for all heparin-antithrombin interactions (Figure 2), the showed no consistent differences in the number of sodium

slopes and intercepts of these plots givifig and logKy/, ions released on binding of either full-length heparin or

respectively (Table 3). pentasaccharide. However, the nonionic contribution to the
As observed previously for plasneaantithrombin (Olson binding of both heparin forms was appreciably higher for

etal., 1992), about 4 sodium ions were found to be displaced- than fora-antithrombin.

in the overall binding of full-length heparin to all antithrom- (b) Initial Binding Step. The ionic contribution to the

bin variants, as shown by the valuesAf. The extent of initial step of the two-step mechanism for binding of full-

sodium ion release was lower on pentasaccharide binding,length heparin and pentasaccharidet@ndf-antithrombin

also in accord with the previous work, although this (Scheme 1) was assessed in an analogous manner from the

difference was not as readily evident for the recombinant dependence of the bimolecular association rate constants on

forms (Table 3). The nonionic contribution to the binding sodium ion concentration. Previous studies witkanti-

to all antithrombin forms, represented by lg, was similar thrombin have shown that,,, the rate constant for the

for full-length heparin and pentasaccharide, in further agree- conformational change of the two-step mechanism, is unaf-

ment with earlier results obtained with plasorantithrombin fected by salt for both full-length heparin and pentasaccharide

(Olson et al., 1992). No consistent differences in the number (Olson et al., 1992). As it is reasonable to assume that this

of sodium ions released on heparin or pentasaccharidefinding is valid also for the other antithrombin forms, the

binding or in the nonionic contribution to this binding were salt dependence of the bimolecular association rate constant,

log Ky = log K4 + Zy log[Na'] (3)
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Table 3: lonic and Nonionic Contributions to The Overall Binding of Hepariat@nd 3-Forms of Antithrombin and lonic Contributions to
the First Binding Step

overall binding first binding step

heparin form antithrombin form Zy z log K¢ Z1yp Z
H26 o-AT(pl) 4.0+04 5.0+ 0.5 -4.3+ 0.2 2.6+ 0.2 3.3+ 0.2
B-AT(pl) 4.4+0.2 5.5+ 0.3 -4.9+ 0.1 2.5+ 0.1 3.1+ 0.1
o-AT(rec) 44+0.2 5.5+ 0.3 -4.8+ 0.1 25+ 0.1 3.1+ 0.1
B-AT(rec) 4.6+ 0.2 5.8+ 0.2 -5.7+ 0.1 26+0.1 3.2+ 01
H5 o-AT(pl) 35+0.2 4.4+ 0.3 -4.2+0.2 1.9+0.2 2.4+0.3
B-AT(pl) 3.1+0.1 3.9+ 0.1 -5.0+ 0.1 1.7+ 0.2 2.1+0.2
o-AT(rec) 4.440.2 5.5+ 0.2 -4.2+ 0.1 2.1+ 0.2 2.6+ 0.2
B-AT(rec) 4.2+ 0.1 524+ 0.1 -5.4+ 0.1 1.8+ 0.2 22+0.3

aThe number of sodium ions released in the overall binding of heparin to antithro@pjrand in the first binding stepZiy (eq 3), was
obtained from the slopes of double-logarithmic plots of observed dissociation equilibrium constants (Figure 2) and bimolecular association rate
constants (not shown), respectively, vs sodium concentration. The number of ionic interactions involved in the overallZ)iadihg) the first
binding stepZ;, was calculated from a value fgr of 0.8, computed from reported values of the axial charge density of heparin (Olsoir, Bjo
1991; Olson et al., 1991, 1992). The nonionic contribution to the overall bindind(dogvas obtained from the intercepts on the ordinates of the
plots of Figure 2. The slopes and intercegitsSE were calculated by linear regression.

Table 4: Association Rate Constants for Uncatalyzed and Heparin-Catalyzed Reacticrandfs-Forms of Antithrombin with Proteinases at
an lonic Strength of 0.5

proteinase antithrombin form Kinca(M ™1 s7%) Kizs (M1 s7Y) kus (M~ts)

thrombin a-AT(pl) (7.4+0.2) x 10 (1.0+0.1) x 107 (1.54+0.1) x 10*
B-AT(pl) (8.5+ 0.5) x 10° 8.6+ 1.3) x 108 (1.6+0.1) x 10
a-AT(rec) (8.44 0.1) x 10°¢ (8.2+0.3) x 10° 1.7 x 10%b
B-AT(rec) (6.94 0.2) x 10° 6.1+ 0.6) x 10° (1.140.1) x 10¢

factor Xa a-AT(pl) (2.3+0.2)x 10 (8.6+0.2) x 10° (5.940.3) x 10°
B-AT(pl) (4.640.1)x 103 (8.3+£0.3)x 1C° (5.7£0.1) x 1¢°
a-AT(rec) (2.3+0.1) x 10° 6.4+ 0.1) x 10° (3.84+0.2) x 10°
B-AT(rec) (4.34+0.4) x 10° 9.2+ 0.2) x 10° (5.0+0.2) x 10P

a Second-order association rate constants for uncatalyaeg) (full-length heparin-catalyzedkqzs), and pentasaccharide-catalyz&gh) reactions
of antithrombin with proteinases were determined at ah0.15 and pH 7.4 and 2%, as detailed in Materials and Methods. All measurements
were done at least twice, except where noted, with errors representiagge (fom = 2) or SE (whem > 2). b Single measuremerftMeasured
in the presence of 5@g/mL polybrene. A 1.9-fold greater rate constant was measured in the absence of polybrene, indicating a minor heparin
contamination equivalent to 0.1 nM high-affinity heparin. Since this level of contamination was expected to insignific&ddy ffect rate
constants for reactions with factor Xa and since polybrene appreciably3@%) enhanced the rate of the antithrombfiactor Xa reaction, the
corresponding rate constant for factor Xa was measured without polybrene. The rates of reactions of thrombin with the other antithrombin forms
were indistinguishable with and without polybrene, showing that these forms were free of heparin contamination.

kon, Which is equal tdk, /K3, therefore should reflect the salt  constants for the unaccelerated inhibition of thrombin by the
dependence df,, the dissociation equilibrium constant for  four antithrombin forms were undistinguishable. However,
the initial binding step (Olson et al., 1992). Double- the corresponding rate constants for the inhibition of factor
logarithmic plots of logk, vs log[Na'] were linear, within Xa were about 2-fold higher for both plasma and recombinant
experimental error, for all heparirantithrombin interactions ~ §-forms than for thean-forms, as was also observed in an
(not shown) and gave the values fdyy, the number of earlier comparison of recombinarft-antithrombin with
sodium ions displaced from heparin in the first binding step, plasma a-antithrombin (Ersdal-Badju et al., 1995). In
shown in Table 3. In this case, the intercept on the ordinate agreement with previous evidence toantithrombin (Choay

is not a direct measure of the nonionic contribution to the et al., 1983; Olson et al.,, 1992), the pentasaccharide
binding energy, as this intercept is a function of béth accelerated the inhibition of thrombin by all antithrombin
andk,, the latter being different for the various hepatin  forms to a much lower extent than full-length heparin,
antithrombin interactions and undetermined for full-length whereas the acceleration of factor Xa inhibition by all
heparin binding to recombinagt-antithrombin (Table 2). antithrombin forms was comparable for full-length heparin

The data indicate that an average of about 2.5 sodium ionsand pentasaccharide. Only minor differences, with no
are displaced in the first step of binding of full-length heparin apparent trends, in the rate constants for inhibition of
to all antithrombin variants, in agreement with earlier studies thrombin or factor Xa were evident for complexes of the
with p|asmaa_antithrombin (O|son et al., 1992), whereas four antithrombin forms with fU”-length heparin or for such
only about 2 such ions are displaced in this step during the complexes with the pentasaccharide.
binding of the pentasaccharide (Table 3). No definitive
differences in the number of sodium ions released in the first P'SCUSSION
binding step were observed between the plasma and recom- The results of previous studies comparing the binding of
binant antithrombin forms or between andj-antithrombin.  fy|l-length heparin and the specific heparin pentasaccharide

Kinetics of Inactiation of Thrombin and Factor Xa. to plasman-antithrombin (Olson et al., 1992) were confirmed
Second-order association rate constants were determined foalso for the other antithrombin forms investigated in this
the inhibition of thrombin and factor Xa by antithrombin work. Full-length heparin thus bound more tightly than the
alone and by the complexes between antithrombin and full- pentasaccharide to all antithrombin forms, the higher affinity
length heparin or pentasaccharide (Table 4). The rate predominantly being due to a lower dissociation rate constant.
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Moreover, full-length heparin appeared to interact more and are thus largely independent of the presence of an
weakly than the pentasaccharide with all antithrombin forms oligosaccharide chain on Asn-135. Instead, they are presum-
in the initial complex of the two-step binding reaction, as is ably caused mainly by differences between the plasma and
made evident by a somewhat higher dissociation equilibrium recombinant antithrombins in the structure of the other
constant of the first binding stef;. This behavior may be  oligosaccharide side chains, the only known distinguishing
due to a weak repulsion between negatively charged groupsproperty of the two forms. The recombinant antithrombin
on full-length heparin outside the pentasaccharide region andforms thus have short, nonsialylated carbohydrate side chains,
acidic groups on antithrombin adjacent to the heparin binding some of which are of the high-mannose or hybrid type
site. As was also shown for plasmaantithrombin (Olson (Ersdal-Badju et al., 1995). In contrast, the side chains of
et al., 1992), more sodium ions were released in the overallthe plasma forms are longer, sialylated and all of the complex
binding of full-length heparin than in the binding of the type (Franze et al., 1980; Mizuochi et al., 1980). The
pentasaccharide to all antithrombin variants, although this overall glycosylation properties of antithrombin thus appear
difference was less clear for the recombinant forms. A likely to affect the heparin binding ability of the inhibitor to some
interpretation of the data, also made in the previous work extent. In keeping with this conclusion, deletion of any one
(Olson et al., 1992), is that about five ionic interactions of the three oligsaccharide chains other than that at Asn-
contribute to the binding of full-length heparin to all 135 from antihrombin expressed in a mammalian system
antithrombin forms, whereas about one less such interactionincreases the heparin affinity of the protein (Olson et al.,
participates in the binding of the pentasaccharide (Table 2).1997).
The additional ionic interaction established by full-length  The main goal of this work was to elucidate the molecular
heparin was suggested to be weak, contributing little to the basis for the previously demonstrated higher affinity of
binding energy and the conformational change, and madeg-antithrombin than otr-antithrombin for heparin (Carlson
with a positively charged group outside the pentasaccharide& Atencio, 1982; Peterson & Blackburn, 1985; Brennan et
binding area of antithrombin (Olson et al., 1992). A notable al., 1987; Turko et al., 1993). The oligosaccharide side chain
difference from the earlier studies is that more sodium ions at Asn-135 in theo-form that is absent in thg-form is
were found to be released in the first step of binding of full- located close to the putative heparin binding site (Carrell et
length heparin to all antithrombin variants than in the first al., 1994; van Boeckel et al., 1994). A likely possibility
step of pentasaccharide binding. The data may be interpretedherefore would be that this side chain, by virtue of its size
as three ionic interactions being established in the first or negative charge, interferes with the weak binding of
binding step for full-length heparin but only two such heparin too-antithrombin in the initial step of the two-step
interactions in the first step for the pentasaccharide (Table binding reaction (Olson et al., 1981, 1992), thereby reducing
2). The additional weak ionic interaction contributed by full- the overall heparin affinity of ther-form. However, the
length heparin may thus be made in the first binding step. results of this work show that such an effect contributes at
However, these interpretations are based on the assumptiomost moderately to the decreased affinity. Although the
that the value fonp, the fraction of N& bound per ionic dissociation equilibrium constarif;, for the initial binding
charge of heparin and displaced on antithrombin binding (seeof full-length heparin and pentasaccharide was somewhat
eq 3), that was calculated from reported axial charge densitieshigher for plasmaa- than for plasmag-antithrombin,
of heparin (Table 2; Olson et al., 1991) is valid for both consistent with a slightly weaker initial binding to tbeform,
full-length heparin and pentasaccharide. An alternative the corresponding difference was less apparent for the two
possibility is that counterion binding to the pentasaccharide recombinant forms. This small effect ¢f indicates that
is reduced, because of the lower charge density at the endshe interactions established in the initial step involve regions
of this short heparin chain, resulting in a lower valueyof  of antithrombin some distance away from the oligosaccharide
(Record & Lohman, 1978). This would lead to a decreased at Asn-135. Instead, all data indicate that this oligosaccha-
counterion release on binding of the pentasaccharide thanride reduces the heparin affinity ofantithrombin predomi-
on binding of full-length heparin to antithrombin, even if nantly by affecting the heparin-induced conformational
the two heparins make the same number of ionic interactionschange that results in activation of the inhibitor. The rate
with the protein. Because of the lack of suitable model constant for the conformational change step, was thus
studies allowing evaluation of this effect, a clear distinction considerably lower for the binding of full-length heparin to
between the two alternatives cannot be made. In contrastboth plasma and recombinaatantithrombin than for the
to these differences in ionic contributions, the nonionic binding to thes-forms, and this difference, although less
contributions to the binding of full-length heparin and pronounced, was also seen for the pentasaccharide. To-
pentasaccharide were similar for all antithrombin forms, as gether, the differences i§; andk, resulted in appreciably
demonstrated previously for the plasmeorm (Olson et higher bimolecular association rate constants for the binding
al., 1992). of the two heparin forms t8-antithrombin. Further evidence
Comparisons showed that all recombinant antithrombin that the Asn-135 oligosaccharide primarily affects the
forms bound full-length heparin and pentasaccharide some-heparin-induced conformational change is provided by the
what more tightly than the corresponding plasma forms. This higher overall dissociation rate constant, identical with the
higher affinity was due both to a higher bimolecular reverse rate constant for the conformational change lstep,
association rate constant and to a lower dissociation ratefor both full-length heparin and pentasaccharide binding to
constant. The higher association rate constant was caused.- than tog-antithrombin. Moreover, the lower nonionic
at least partly by a tighter binding of the two heparin forms contribution to the binding of both heparin forms to plasma
in the initial binding step, a higher rate constant for the and recombinanti-antithrombin than to the binding to the
conformational change also possibly contributing. These §-variants is consistent with the conformational change in
modest differences were seen for bathand-antithrombin the second binding step being affected by the oligosaccharide.
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However, the possibility that the additional nonionic interac- - - H
tions established in the interaction wifhantithrombin are
all made in the first binding step cannot be excluded,
although this alternative is less likely. No differences in the +
number of ionic interactions made by full-length heparin and AT
pentasaccharide, either in the first binding step or in the @
overall binding, were observed betweenandg-antithrom-
bin. The Asn-135 oligosaccharide thus does not shield any Helix D
charged groups on antithrombin from interaction with heparin
or pentasaccharide. lT
The data are consistent with the Asn-135 oligosaccharide
side chain ina-antithrombin predominantly affecting the
extent of the heparin-induced conformational change activat- © 0
ing the inhibitor. The lowerk;, and higherk_, for the AT-H
binding of heparin ta-antithrombin than for the binding to &)
the S-form thus result in a higher equilibrium constant of
the second stepK, (=k-2/ky2), for a-antithrombin. For
instance, this equilibrium constanti€2 x 102 and~1 x lT
1073 for pentasaccharide binding to plasma and recombinant
o-antithrombin, respectively, at drof 0.15 and~1 x 1073
and ~1 x 104 respectively, for the binding to the
corresponding-forms. The equilibrium is thus slighly less ® ® 06
shifted toward the conformational change in the case of
a-antithrombin. Nevertheless, it is apparent that the equi-
librium is strongly in favor of the activated conformation :
Ficure 3: Schematic model for the effect of the Asn-135

for both thea- andf-forms. As a consequence, the extent carbohydrate side chain m-antithrombin on heparin binding. H,

of heparin activation of the inhibitor is not measurably peparin, represented by the antithrombin-binding pentasaccharide
affected, as is evident from the finding that the rate constantsregion; AT, antithrombin; AT-H, the initial antithrombir-heparin

for the inhibition of factor Xa at saturation of antithrombin complex, in which the pentasaccharide region binds weakly to helix
with heparin or pentasaccharide were indistinguishable for VI?/;f’I;glld :‘I;;g’r rtr?aetifclfr]waalll g%g;gg“mr?hrgbf';tf%?rg‘ncgmﬁé%ig: of
the.on- and S-forms. In contrast to these similar heparin- helix D by one turn has been induced in the inhibitor. The
activated rate constants, the uncatalyzed rate of factor Xacarhohydrate sidechain on Asn-135 is denoted by the Y-shaped
inactivation byg-antithrombin was enhanced about 2-fold symbol.

over that byo-antithrombin. This observation suggests that . I .
the Asn-135 oligosaccharide to a small extent may affect g reduce the conformational flexibility of the Asn-135 oli-

conformational equilibrium between the native and activated QPSF%CCh?”de qnd orient it cloge_r_ to the pgntasaccha}ride
conformations of antithrombin that exists also in the absence Pinding site. This decreased flexibility of the oligosaccharide
of heparin, albeit highly shifted in favor of the native presumably destabilizes the activated, helix D-extended

conformation. This proposal thus implies that the Asn-135 conformation relative to the native conformation for both

oligosaccharide disfavors the conformational change both in the free and the heparin-bound inhibitor. Moreover, the close
the absence and in the presence of heparin. proximity of the oligosaccharide to the heparin binding site

Together, these results suggest a model in which the Asp-may interfere with the binding of the pentasaccharide region

135 oligosaccharide af-antithrombin functions as a negative in the second blndm_g step.. Both of these effgcts WOUId be
effector of antithrombin activation (Figure 3). In this model, expected to 'result In-a higher ‘energy for inducing the
the Asn-135 oligosaccharide is oriented away from the _actlvate_d anhthrombm conformatl_on, Ieac_jmg to a decrease
heparin binding site in the native antithrombin conformation In hep?”‘”” bmdmg_energy. Accordlrjg to this model, the As_n-
and consequently does not interfere with the initial binding 5> 0ligosaccharide af-antithrombin thus reduces heparin
of heparin. As a result of this initial binding, conformational 2ffinity because heparin binding energy is used to overcome
changes are induced in both antithrombin and the pentasac—les.S favorable Interactions of .the ohgosaccharlde_ with the
charide region of heparin, leading to subsequent tighter Ma" bod_y (_)f the protein and with _the pe”taSaCChaT'de region
binding of the polysaccharide. These conformational changes®f NépParin in the activated than in the native antithrombin
may involve an extension of helix D into the polypeptide conformation.

chain segment adjacent to its C-terminal end, which connects

helix D to 5-sheet A and contains Asn-135 (van Boeckel et ACKNOWLEDGMENT

al., 1994). This conformational change has been suggested We are grateful to Yancheng Zuo and Aiqgin Lu for
to align positively charged residues on helix D for optimal purification of the recombinant antithrombins, to Rick
interaction with heparin and to transmit additional confor- Swanson and Brenda Teaster for purification of plasma
mational changes to the reactive-bond loop, leading to antithrombins and measurements of proteinase inhibition rate
inhibitor activation (van Boeckel et al., 1994). An equilib- constants, and to Dr. P. G. W. Gettins for helpful discussions.
rium involving such a loop extension, although highly

unfavorable, may also occur in the absence of heparin, asREFERENCES

discussed above. The change in the Asn-135 loop from angjsrk, 1., Ylinenjarvi, K., Olson, S. T., Hermentin, P., Conradt, H.
extended to a helical conformation would be expected to S., & Zettimeissl|, G. (1992Biochem. J. 286793-800.

AT*-H



Heparin Binding tos-Antithrombin

Bock, P. E., Craig, P. A., Olson, S. T., & Singh, P. (1988¢h.
Biochem. Biophys. 27375-388.

Brennan, S. O., George, P. M., & Jordan, R. E. (198ZBS Lett.
219 431-436.

Carlson, T. H., & Atencio, A. C. (1982)hromb. Res. 2723—34.

Carrell, R., & Travis, J. (1985Jrends Biochem. Sci. 1@20—24.

Carrell, R. W., Stein, P. E., Fermi, G., & Wardell, M. R. (1994)
Structure 2 257-270.

Choay, J., Petitou, M., Lormeau, J. C., Sinay, P., Casu, B., & Gatti,
G. (1983)Biochem. Biophys. Res. Commun. 1482—499.

Cooperman, B. S., Stavridi, E., Nickbarg, E., Rescorla, E.,
Schechter, N. M., & Rubin, H. (1993). Biol. Chem. 268
23616-23625.

De Agostini, A. |., Watkins, S. C., Slayter, H. S., Youssoufian, H.,
& Rosenberg, R. D. (1990). Cell Biol. 111 1293-1304.

Ersdal-Badju, E., Lu, A., Peng, X., Picard, V., Zendehrouh, P., Turk,
B., Bjork, 1., Olson, S. T., & Bock, S. C. (1998iochem. J.
310, 323—-330.

Fish, W. W., & Bjark, 1. (1979)Eur. J. Biochem. 10131—-38.

FranZe, L. E., Svensson, S., & Larm, O. (1980) Biol. Chem.
255 5090-5093.

Frebelius, S., Isaksson, S., & Swedenborg, J. (129&rioscler.
Thromb. Vasc. Biol. 161292-1297.

Gettins, P. G. W., Fan, B., Crews, B. C., Turko, I. V., Olson, S.
T., & Streusand, V. J. (19938iochemistry 328385-8389.

Gettins, P. G. W., Patston, P. A, & Olson, S. T. (1996) in
Serpins: Structure, Function and Biolady. G. Landes, Austin.

Huber, R., & Carrell, R. W. (1989iochemistry 288951-8966.

Laemmli, U. K. (1970)Nature 227 680-685.

Latallo, Z. S., & Hall, J. A. (1986)fhromb. Res. 43607—521.

Marcum, J. A., & Rosenberg, R. D. (1988)ochemistry 231730~
1737.

Marcum, J. A., Atha, D. H., Fritze, L. M., Nawroth, P., Stern, D.,
& Rosenberg, R. D. (1986). Biol. Chem. 2617507-7517.

Mizuochi, T., Fujii, J., Kurachi, K., & Kobata, A. (1980)rch.
Biochem. Biophys. 20358-465.

Nordenman, B., & Bjok, I. (1978)Biochemistry 173339-3344.

Nordenman, B., Nystm, C., & Bjork, I. (1977)Eur. J. Biochem.
78, 195-203.

Nordenman, B., Danielsson, A., & Bjg |. (1978)Eur. J. Biochem.
90, 1-6.

Olson, S. T. (1985). Biol. Chem. 26010153-10160.

Biochemistry, Vol. 36, No. 22, 1996691

Olson, S. T. (1988). Biol. Chem. 2631698-1708.

Olson, S. T., & Shore, J. D. (1981) Biol. Chem. 25611065~
11072.

Olson, S. T., & Shore, J. D. (1983) Biol. Chem. 25714891
14895.

Olson, S. T., & Bjok, I. (1991)J. Biol. Chem. 2666353-6364.

Olson, S. T., & Bjok, I. (1994) Semin. Thromb. Hemostasis,20
373-4009.

Olson, S. T., Srinivasan, K. R., Bjk, I., & Shore, J. D. (1981).
Biol. Chem. 25611073-11079.

Olson, S. T., Halvorson, H. R., & By, I. (1991)J. Biol. Chem.
266, 6342-6352.

Olson, S. T., Bjok, I., Sheffer, R., Craig, P. A., Shore, J. D., &
Choay, J. (1992). Biol. Chem. 26,712528-12538.

Olson, S. T., Bjok, I., & Shore, J. D. (1993Methods Enzymol.
222 525-560.

Olson, S. T., Frances-Chmura, A. M., Swanson, RIrBjb, &
Zettimeissl, G. (1997Arch. Biochem. Biophygin press).

Patston, P. A., Gettins, P., Beechem, J., & Schapira, M. (1991)
Biochemistry 308876-8882.

Peterson, C. B., & Blackburn, M. N. (1983) Biol. Chem. 260
610-615.

Picard, V., Ersdal-Badju, E., & Bock, S. C. (199Bjochemistry
34, 8433-8440.

Potempa, J., Korzus, E., & Travis, J. (1994)Biol. Chem. 269
15957 15960.

Record, M. T., Jr., & Lohman, T. M. (1978iopolymers 17159
166.

Record, M. T., Jr., Lohman, T. M., & de Haseth, P. (1936Mol.
Biol. 107, 145-158.

Record, M. T., Jr., Anderson, C. F., & Lohman, T. M. (1973)
Rev. Biophys. 11103-178.

Schulze, A. J., Huber, R., Bode, W., & Engh, R. A. (19946BS
Lett. 344 117-124.

Stein, P. E., & Carrell, R. W. (199%at. Struct. Biol. 296—113.

Turko, I. V., Fan, B., & Gettins, P. G. W. (1998EBS Lett. 335
9-12.

van Boeckel, C. A. A,, Grootenhuis, P. D. J., & Visser, A. (1994)
Nat. Struct. Biol. 1423—-425.

Witmer, M. R., & Hatton, M. W. (1991Arterioscler. Thromb. 11
530-539.

Wright, H. T., & Scarsdale, J. N. (199%roteins 22 210-225.

BI19702492



