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ABSTRACT. Blood coagulation factor IXa has been presumed to be regulated by the serpin, antithrombin,
and its polysaccharide activator, heparin, but it has not been clear whether factor 1Xa is inhibited by the
serpin with a specificity comparable to that for thrombin and factor Xa or what determinants govern this
specificity. Here we show that antithrombin is essentially unreactive with factor IXa in the absence of
heparin kass~ 10 M~1 s71) but undergoes a remarkabltel million-fold enhancement in reactivity with

this proteinase to the physiologically relevant rangest 10’ M~1 s71) when activated by heparin in the
presence of physiologic levels of calcium. This rate enhancement is shown to derive from three sources:
(i) allosteric activation of antithrombin by a sequence-specific heparin pentasaccharides(®3fold),

(i) allosteric activation of factor 1Xa by calcium ions<{#8-fold), and (iii) heparin bridging of antithrombin

and factor IXa augmented by calcium ions (+3M00-fold depending on heparin chain length). Mutagenesis

of P6—P3 reactive loop residues of antithrombin further reveals that the reactivity of the unactivated
inhibitor is principally determined by the P1 Arg residue, whereas exosites outside the loop which are
present on the activated serpin and on heparin are responsible for heparin enhancement of this reactivity.
These results together with our previous findings demonstrate that exosites are responsible for the unusual
specificity of antithrombin and heparin for three clotting proteases with quite distinct substrate specificities.

Antithrombin, a member of the serpin superfamily of Efficient regulation of clotting enzymes by antithrombin
proteins, is the principal regulator of blood clotting cascade requires the sulfated polysaccharides, heparin or heparan
proteinases in vertebrated, (2). Inherited or acquired sulfate, as cofactorsl{-3). A subset of these glycosami-
deficiencies of this serpin in humans are associated with annoglycans contain a unique pentasaccharide sequence which
increased risk of thrombotic diseas8),(and complete  binds and activates antithrombi@«13), thereby producing
deficiency in mice leads to embryonic lethality due to a a several thousand-fold acceleration of the inhibition of the
consumptive coagulopathy and fibrin deposition in the heart main target enzymes, thrombin and factor Xa, to diffusion-
and liver @). Antithrombin is thus essential for maintaining limited rates. While conformational activation of antithrom-
hemostasis and life. The serpin regulates the activity of bin by the pentasaccharide principally accounts for acceler-
clotting proteinases through a recently elucidated inhibition ated inhibition of factor Xa, it is not sufficient to cause
mechanism shared by other serpin family inhibitors of accelerated thrombin inhibition. The latter instead requires
proteinasesy, 5). In this mechanism, the proteinase initially a heparin chain that is sufficiently long to bind thrombin
binds to an exposed reactive loop of the inhibitor in a alongside antithrombin to promote the encounter of the
substrate-like manner and begins to cleave a reactive bondoroteins in a ternary bridging complek3—15). The X-ray
in the loop. However, the cleavage proceeds only to the acyl structures of antithrombin, both free and in complex with
intermediate stage. At this point the severed N-terminal the pentasaccharide, have shown that conformational activa-
strand of the loop inserts into the center of the majsheet tion of the serpin causes an increased level of exposure of a
of the protein core, causing the acyl-linked proteinase to be reactive proteinase binding loop on the protein surfdé (
translocated to the opposite pole of the serpin and be17). However, mutagenesis of the binding loop sequence
inactivated by deformatior6¢-8). indicates that this sequence determines the reactivity of the
inhibitor with thrombin and factor Xa in the absence of
HLT ?Tgé% évotrk was OSUPpoétiﬁ_bsys’;‘?go?a';”étgmes gfbHeg'th ?ET; heparin but minimally contributes to the heparin-enhanced
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ation of the enzyme exclusively by antithrombin, suggesting the expressed proteins from serum-free medium by the
the possibility that factor IXa is regulatemh vizo by procedure used for plasma antithrombin. Protein concentra-
antithrombin 23, 24). However, the wide variability in rate  tions were determined by absorption measurements at 280
constants reported for antithrombifactor IXa reactionsin ~ nm based on a molar absorption coefficient of 37 700 M
the absence and presence of heparin has made it uncleacm (28), except for the recombinant P1 Trp antithrombin,
whether antithrombin exhibits a similar specificity for in which case the absorption coefficient was corrected for
interacting with factor IXa as it does with thrombin and factor the presence of an additional tryptophd9)(
Xa. This raises the more perplexing question of how Factor IXa. Human factor IX# was purchased from
antithrombin can specifically inhibit three clotting proteinases Enzyme Research (South Bend, IN) and dialyzed into a low-
whose macromolecular substrate specificities differ so greatly. pH buffer, consisting of 5 mM Mes and 0.15 M NaCl (pH
In this study, we show that antithrombin inhibits factor 5.5), to minimize autoproteolysis. Certain comparative
IXa at a diffusion-limited rate comparable with that for the experiments were done with preparations of the enzyme
reactions with thrombin and factor Xa when the inhibitor is produced by activation of factor IX, including one used in
activated by physiologic-type heparins and when physiologic previous work 27, 29). Human factor IX, purified from
levels of calcium are present. Remarkably, such rates areplasma 29) or purchased from Enzyme Research, was
achieved by a~1 million-fold heparin acceleration of an  activated at a concentration of2 uM by incubation with
extremely slow rate of antithrombin inhibition of factor IXa. 0.01-0.02 uM factor Xla (Enzyme Research) in 0.1 M
The unusually large heparin acceleration is shown to originate Hepes, 0.1 M NaCl, 5 mM Cagland 0.1% PEG 8000 (pH
from similar contributions of conformational activation of 7.4) for 30-60 min at 25°C, after which the reaction was
antithrombin and of calcium-dependent bridging of anti- quenched with 6 mM EDTA. SDSPAGE showed that the
thrombin and factor IXa and also to require allosteric proenzyme was fully activated. The enzyme preparation used
activation of factor IXa by calcium. Mutations in the in previous studies was purified by chromatographies on an
antithrombin reactive loop sequence are shown to affect theagarose-linked factor XI antibody and heparin-bound agarose
reactivity of the inhibitor with factor IXa in the absence of (29). Freshly activated factor IXa prepared from commercial
heparin but not to affect the extent to which heparin enhancesfactor IX was analyzed without further purification.
this reactivity. The latter findings indicate that heparin  Experimental ConditionsAll experiments were carried out
enhances antithrombin reactivity with factor IXa as it does at 25 °C in buffers consisting of (i) 20 mM sodium
with factor Xa and thrombin, by presenting new exosites on phosphate, 0.1% PEG 8000, and 0.1 mM EDTA, (ii) 0.1 M
the serpin and on heparin with which the proteinase may Hepes, 0.1% PEG 8000, and 1 mM EDTA, or (iii) 0.1 M
interact. Exosite determinants thus can explain how heparin-Hepes, 0.1% PEG 8000, and 5 mM Caor all buffers,
activated antithrombin can be specific for three very different sodium chloride was added to produce an ionic strength of

clotting proteinases. 0.15 and the pH adjusted to 7.4. However, for some
antithrombin-heparin binding studies, the buffer ionic
EXPERIMENTAL PROCEDURES strength was adjusted to 0:06.1.

Functional Heparin Concentrations and Affinities of
, : . Heparin for Antithrombin.Concentrations of high-affinity
pentasaccharide was generously provided by M. Petitou Ofpenta:saccharide binding sites for antithrombin in heparin

Sanofi-Synthelabo (Toulouse, France). Full-length heparins species were measured by stoichiometric titrations, monitored

containing the pentasaccharide binding sequence and VV'thby the fluorescence increase induced by the binding, of D.2
narrow molecular weight distributions and average chain . LT X .
uM antithrombin with the saccharides in the absence of

fTom commercial heparin by repeated gel exaluion chro- CaICM &t an fonic srengi)(of 0.05-0.15 @9). Values
matography and affinity chromatography on matrix-linked of Ko for t_he binding of the d'ﬁefef.“ heparm species to
antithrombin, as described previous|, Molar concentra- antlthromblln were m.easured by similar titrations of &05
tions of the I,atter heparins were deterhined by dry weight 0.2 uM antithrombin in the absence or presence of calcium
' at anl of 0.15 @5). Both functional heparin concentrations

gt):a\gdtgﬁj?;zg%:/(ijtr? iza);rﬁl;%if;\nkﬁcz)yvrr? rﬁo?grectc);rr:gggr:tsisz (based on a 1:1 stoichiometry for binding of the saccharides
P to antithrombin), andkp values were obtained by nonlinear

(13 2.6)' . . . . regression analyses of the titration curves. Average values
Antithrombin. Norma.l antithrombin was pur|f|eq fr_om of these parameters were obtained from two to five titrations.
human plasma by affinity chrom.atog_raphy on matrix-linked SDS-PAGE of Factor IXa and AntithrombirEactor IXa
heparin, followed by successive |or_1—exchange and gel ComplexesThe purity of factor IX# was assessed by SBS
ch’rinmatograpmes,. as despnbed prewouﬂ@.(A naturq! PAGE analysis under nonreducing and reducing conditions
P1* Ser— Leu variant, ar_mthrombm Denver, was purlfleo_l with 2—4 ug of the enzyme after inactivation with 1 mM
from the plasma of a patient with the mutant antithrombin 4-amidinophenylmethanesulfonyl fluorid@q). Most prepa-
gene 27). Recombinant wild-type and mutant antithrombins rations of the enzyme were found to be0% pure. The
were prepared by expressing wild-type and mutant cDNAs formation of SDS-stable complexes of factor 1Xa with

in BHK cells, as previously describeti§, 19), and purifying antithrombin was investigated by incubatingl? proteinase
with 5 uM antithrombin without or with 5uM full-length
! Abbreviations: SDS, sodium dodecyl sulfate; PAGE, polyacryl- heparin for~10 s to 16 h at ah of 0.15 in the presence of

amide electrophoresis; PEG, polyethylene glycol; P1, etc., residues — cajciym, The reaction times that were chosen were sufficient
in the antithrombin reactive loop numbered from the N-terminal side

(P1, P2, etc.) and the C-terminal side (PR2, etc.) of the scissile O fully (>98%) complex the enzymes with antithrombin,
bond. based on measured rate constants. Unreacted factor IXa was

Heparins. The synthetic antithrombin-binding heparin
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inactivated with 2 mM Glu-Gly-Arg chloromethyl ketone
(Bachem), and the samples were then analyzed by-SDS
PAGE as described above.

Concentrations of Acte Factor IXa.Active concentrations
of factor IXa were determined by titrations with antithrombin
in the presence of heparin. Samples of factor IXa at a fixed
concentration of 0.£0.25uM were incubated for 220 h
with antithrombin in molar ratios to the enzyme 6.0 at
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obtained in most cases by fitting the decrease in enzyme
activity with time to a single-exponential function with a
zero end point. In some cases, the data were fitted to a finite
end point, based on the observation of a small fraction of
enzyme that is less susceptible to inhibition and likely due
to degraded, although still active, forms of the enzyme.
Second-order rate constants for antithromifactor IXa
reactions in the absence of heparin were obtained by dividing

anl of 0.15 in the presence of calcium. Pentasaccharide orksps by the inhibitor concentration. Rate constants for

full-length heparin was included in the titrations at concen-
trations -4-fold higher than those of the enzymes. Residual

enzyme activity was measured by diluting the samples 10-

fold into 300-5004M methylsulfonylo-cyclohexylglycyl-
Gly-Arg-p-nitroanilide (Spectrozyme FIXa, American Di-
agnostica) in 0.1 M Hepes, 0.1 M NaCl, 10 mM CgGind
33% ethylene glycol (pH 8)3(). All substrate solutions also
contained 5Qug/mL Polybrene to neutralize heparin. The

reactions of antithrombinheparin complexes with factor IXa
measured as a function of time were determined by first
subtracting the calculated contribution of the reaction of free
antithrombin tok,,s and then dividing by the concentration
of antithrombir-heparin complex calculated from the mea-
suredKp. Rate constants determined at different antithrombin
or antithrombin-heparin complex concentrations were aver-
aged. Second-order rate constants for the reaction of anti-

absorbance increase at 405 nm, reflecting residual enzymehrombin—heparin complexes with factor IXa measured with

activity, was measured for several minutes. Concentrationsa series of catalytic heparin concentrations for a fixed time
of proteinase active in binding to antithrombin were obtained were obtained by fitting the decrease in enzyme activity as
from the intercept with the abscissa axis of the linear a function of the heparin concentration to the exponential

segments of plots of residual enzyme activity versus anti-
thrombin concentration. In the case of a few factor IXa
preparations, the intercept with a non-zero activity end point
(typically <5%, but~15% in one case) defined the active
proteinase concentration.

Kinetics of Factor IXa Inactiation by Antithrombin and
Antithrombin-Heparin ComplexeXKinetic analyses of an-
tithrombin—factor 1Xa reactions were done under pseudo-
first-order conditions, essentially as in previous wopk,

29, 32). In the analyses of free antithrombin, inhibitor
concentrations ranged from 0.5 to 20/1. In experiments
with antithrombin-pentasaccharide complexes, the anti-
thrombin concentration was fixed at/BM and saccharide
concentrations were varied from 0.125 to A8l or anti-
thrombin was present in a 1:2.5-fold molar excess over
the saccharide. For experiments with antithrominl-
length heparin complexes, the antithrombin concentration
was fixed at 25 nM and heparin concentrations were varied
over a wide range (from 2.5 nM to 1£M) or the inhibitor

concentration was set at 250 nM and the heparin concentra

tion varied in the catalytic range (from 0.25 to 50 nM). The
proteinase concentration was-500 nM except in some
reactions of free antithrombin, in which-2 uM was used.
In all cases, the inhibitor concentration was at least 5-fold
and typically 10-fold higher than that of the enzyme, ensuring
pseudo-first-order conditions.

Reactions were initiated by addition of the proteinase to

antithrombin and pentasaccharide or full-length heparin when

present in a total volume of 50100 uL. After different
amounts of time, reactions were terminated by addition of
900-950uL of a solution of Spectrozyme FIXa (36G00
uM) or its fluorogenic analogue (50M), with 7-amido-4-
methylcoumarin in place g-nitroanilide (Pefafluor FIXa,

Centerchem, Norwalk, CT), as indicated above for measure-

ments of concentrations of active factor 1Xa. However,
certain reactions with full-length heparins were carried out
with a range of catalytic heparin concentrations for fixed
reaction times. The residual activity was determined from

the initial linear rate of absorbance increase at 405 nm or

function 5, 32)
A = Ag x exp{ —Ky[[AT] o/ (Kar 1y + [AT] ItH] o}

whereAy andA, are the enzyme activities at the fixed time

t in the presence and absence of heparin, respectikely,

the second-order rate constant for the reaction of the
antithrombin-heparin complex with factor IXa, [AT]and
[H], are the total antithrombin and heparin concentrations,
respectively, an&ar 4 is the dissociation constant for the
antithrombin-heparin interaction. The fitted exponential
constant in this case is equalkg[[AT] o/ (Katn + [AT] o)]t.
Dividing the fitted constant by the fixed reaction time and
by the factor [AT}/(Kat 1 + [AT] o), representing the fraction

of heparin bound to antithrombin, thus yielded the second-
order rate constant. Indistinguishable rate constants for
inhibition by antithrombin were observed for all factor IXa
preparations, including those freshly prepared by activation
of the zymogen with factor Xla.

For analyses dfy,sfor the 50-saccharide heparin-catalyzed
antithrombin-factor IXa reaction over a wide range of
heparin concentrationkg,s was calculated as [I&, — E.)/

(E: — Ex)]/t, whereE,, E., andE; represent the measured
enzyme activities in the absence of inhibitor, after complete
reaction £&10 half-lives), and after a fixed reaction tinhe
respectively. The dependencekgfson heparin concentration
was fit by the equation for the ternary complex bridging
model of heparin activation2¢):

Kobs = (kH[AT'H]KIXa,H)/(KIXa,H + [Hlfree)

where
[AT-H] = [[AT] , + [H], + KAT,H -
JUAT], + [Hl, + K )% — 4IAT] JH] /2

[H] free — [H] o [AT-H]

the fluorescence increase at 440 nm (with excitation at 380 In this equationky is the second-order rate constant for

nm). Observed pseudo-first-order rate constakys) (were

inactivation of factor IXa by the antithrombirheparin
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Table 1: Association Rate Constants for Inhibition of Factor IXa by Human Antithrombin and Its Complexes with Different Heparifi€at 25
pH 7.4, and 0.1%

buffer kuncat(M_l S_l) Kis (M_l S_l) K26 (M_l S_l) Kiiso (M_l S_l) Ku70 (M_l S_l)
NaR/EDTA 9.9+ 1.3 (4.0£03)x 10¢  (7.9+0.2) x 10* (2.1£0.1) x 10° (6.5+ 0.1) x 10°
Hepes/EDTA  (L5£0.1)x 10°  (45+02)x 10®  (6.4+0.3)x 10° (L.7+0.1) x 16° (6.0+ 0.7) x 10°

[(1.4+ 0.1) x 10F] [(9.4+ 0.6) x 10F] [(1.0+0.1) x 107
Hepes/C&" (5.84 0.7) x 10 (31+03)x 100  (3.840.3)x 109 (1.14+0.1) x 107 (3.1+0.3)x 10/
[(4.8+ 0.4) x 10°] [> 2 x 107]°e [ND]¢

a Second-order association rate constants for reactions with factor IXa of antithrombin kleaeand of complexes of the inhibitor with
pentasaccharidé(s) and with full-length heparins of26 saccharides{s), ~50 saccharidesso), and~70 saccharides{q) were determined
as described in Experimental Procedures. Rate constants for reactions with antithrbrttdéngth heparin complexes were measured either with
a series of catalytic heparin concentrations or with-884old molar excess of heparin over antithrombin (values in brackets). Concentrations of
antithrombin-heparin complexes were calculated on the basis of measlye@lues of 50+ 6, 19+ 3, and 20+ 3 nM for pentasaccharide,
26-saccharide, and 50-saccharide heparins, respectively, in the absence of calcium and indistinguishable values in the presence of the cation. A
value of 20 nM was assumed for the 70-saccharide heparin interaction. The buffers were 20 mM sodium phosphateMrEDI0A (pH 7.4,
| = 0.15) (NaREDTA), 0.1 M Hepes, and 1 mM EDTA (pH 7.4= 0.15) (Hepes/EDTA), and 0.1 M Hepes and 5 mM Ga@H 7.4,1 = 0.15)
(Hepes/C#&); all buffers also contained 0.1% polyethylene glycol 8000. Values are avetagies standard error of the mean of at least three
measurements, except where indicateflverage4 range of two measurementd.ower limit due to the first time point of full reaction progress
curves representing95% completion of the reactiodNot determined.

complex, [AT-H] is the concentration of the inhibiter buffer (pH 7.4) lacking EDTA and ethylene glycol. The
heparin complex, [Hke is the concentration of free heparin initial linear hydrolysis rate was measured, and its depen-
chains, [AT], and [H], are the total concentrations of dence on calcium concentration was fit by the equation
antithrombin and heparin, respectively, 8¢ 1 andKxa 1
are dissociation constants for antithrombhreparin and Vops = (VoK) (Keat+ [Ca2+]0) + (ve a[Ca2+] (Kot
factor IXa—heparin binary complexes, respectively. The ot
equation lacks terms for the uncatalyzed reaction and for [Ca™],)
the reaction between the antithrombimeparin complex and
factor IXa—heparin binary complexes, since the former made Whereuvoss vo, anduc, are the rates of hydrolysis measured
a negligible contribution and fitting of the latter indicated a at a given calcium concentration, in the absence of calcium,
rate constant indistinguishable from that of the uncatalyzed and at a saturating calcium concentration, respectively, and
reaction. Kca is the dissociation constant for calcium ion binding to
The optimal calcium concentration for stimulating the the enzyme.
reaction of the antithrombiapentasaccharide complex with FPLC Analysis of Factor IXaHeparin Interactions.
factor IXa was evaluated from full progress curves in Hepes Factor IXa (+5 ug) was applied to a hepariragarose
buffer containing CaGlconcentrations of 0, 0.001, 0.01, 0.1, column previously equilibrated ih = 0.15 Hepes buffer
and 1 mM. Similar analyses of the calcium concentration containing either 1 mM EDTA or 5 mM Ca. The column
dependence of the reaction of factor 1Xa with the antithrom- was washed for 15 min, and a linear salt gradient to 1.5 M
bin—50-saccharide heparin complex were carried out by fixed NaCl was then run over the next 45 min with a flow rate of
time assays at Cagtoncentrations of 0, 0.1, 0.5, 1, 2, 3,5, 1 mL/min, followed by limit buffer for 10 min. Elution of
and 10 mM. factor 1Xa from the column was detected with a fluorescence
Rate constants measured for antithromtmctor 1Xa monitor set at 280 nm for excitation and 340 nm for
reactions by the synthetic substrate assay were validated byFM!SSIon.
monitoring the rate of appearance of the antithromtfactor RESULTS
IXa complex by SDSPAGE. Antithrombin (10«M) was
allowed to react for varying times with factor IXa (&) Kinetics of the AntithrombirFactor IXa Reaction in the
in the absence or presence of«M pentasaccharide or 5  Absence of HeparinFactor IXa formed SDS-stable com-
nM 50-saccharide heparin, and the reactions were thenplexes with antithrombin in a near-quantitative manner with
quenched by reducing the pH te2. After addition of SDS ~ minimal cleaved antithrombin appearing in the reaction either
and subsequent boiling, the pH was increased to that of thejn the absence or in the presence of heparin, indicating no
electrophoresis running buffer, and the samples were anasignificant contribution of the substrate pathway in these
lyzed by SDS-PAGE under nonreducing conditions. Anti-  reactions 25). Analysis of the kinetics of the antithrombin
thrombin—factor IXa complex bands stained with Coomassie factor IXa reaction with a sensitive chromogenic substrate
Blue R250 were quantified by scanning gels and imaging assay 81) showed that antithrombin inhibited factor IXa with
complex bands with Scion Image 4.0 software (Scion Corp., an extremely low second-order rate constantd6—15 M1
Frederick, MD). kops Was obtained by fitting the time s at| 0.15, pH 7.4, and 25C (Table 1). A similar rate
dependence of complex formation by a single-exponential constant of 12 M! s! was obtained when the reaction
function, and second-order rate constants were calculated akinetics were directly monitored by SB$AGE analysis
described above. of formation of the antithrombinfactor IXa complex (Figure
Effect of Calcium on Factor IXa Substrate HydrolySike 1), validating that the chromogenic substrate assay of factor
rate of factor IXa cleavage of the fluorogenic substrate was IXa activity accurately reports the kinetics of factor 1Xa
analyzed as a function of calcium chloride concentration with inhibition by antithrombin. Our own previous reports of
20 nM enzyme and 4&M fluorogenic substrate in Hepes higher rate constants for this reaction could be traced to
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Ficure 1. SDS-PAGE analysis of the kinetics of the antithrombiiactor IXa reaction. Top and bottom gels depict the reaction of
antithrombin (10uM) with factor IXa (2 uM) either in the absence of heparin after reaction times of 0.5, 10, 30, 60, 120, 180, 240, and
360 min (top gel, lanes-310, respectively) or in the presence ofill heparin pentasaccharide for reaction times of 0.5, 1, 2, 4, 8, 12, 16,
and 20 min (bottom gel, lanes-30, respectively). Unreacted antithrombin and factor IXa are shown in lanes 1 and 2 of the gels, respectively.
The panels on the right show plots of the integrated complex band intensity as a function of time with nonlinear regression fits to a
single-exponential function shown as solid lines.

heparin contamination of the enzyme preparation in one study 0.85
(29) or the fluorogenic substrate used in another study

measuring traces of factor Xla activity in the factor IXa | '
preparation instead of factor IXa activit27).

Effect of Calcium lons on the ReactioAddition of
physiologic levels of calcium ions (5 mM) to the reaction
significantly enhanced the second-order rate constant for 2
antithrombin inhibition of factor IXa 46-fold to 58 + 7 >° i
M~1s™ Increasing the calcium ion concentration to 10 mM p
resulted in no further rate increase, indicating that 5 mM 065 | 1
calcium was sufficient to saturate the effect. A similar rate-
enhancing effect of calcium ions was observed on the initial 1
rate of cleavage of the synthetic substrate by factor IXa.

Calcium thus produced a saturable£3% increase in the 0.55
rate of chromogenic substrate hydrolysis by factor IXa

(Figure 2), consistent with calcium acting as an allosteric [Ca®™] uM

effector of factor IXa enzymatic activity. The apparent Ficure2: Calcium stimulation of factor IXa substrate hydrolysis.
dissociation constant for calcium binding to factor IXa of Initial rates of hydrolysis of 4xM methylsulfonylo-cyclohexyl-

15 + 2 uM determined from these data is in keeping with ]gIytcyl-&ly-ArgJ-amido-é-metr}ylcotgmarfin ?u_bstr_ate by Zotn't\_/'
- : - actor IXa were measured as a function of calcium ion concentration
the allosteric effector site on the enzyme being saturated atas described in Experimental Procedures. The solid line shows a

physiologic levels of the cation. ) ~ fit of the data by the binding equation given in the text.
Effects of the Heparin Pentasaccharide on the Reaction.

The synthetic heparin pentasaccharide corresponding to theactivating effect of the pentasaccharide on the reaction and
specific antithrombin binding sequence in heparin greatly yielded a rate constant of 5500 s, reasonably similar
enhanced the rate of antithrombin inhibition of factor IXa to that measured with the chromogenic assay. Saturating
when the inhibition was monitored from the loss of enzyme levels of the pentasaccharide added to antithromfantor
activity in the chromogenic substrate assay. The observedIXa reaction mixtures containing 5 mM calcium also caused
pseudo-first-order rate constakgy) for antithrombin inhibi- a similar ~500-fold increase in the rate constant over that
tion of factor 1Xa in the absence of calcium increased in a measured in the absence of saccharide. The rate constant of
saturable manner with increasing molar ratios of pentasac-31 000 Mt s 1 measured in this case was/-fold greater
charide to antithrombin (Figure 3), reaching a maximal value than that determined for the antithrombipentasaccharide
400-fold greater than that determined in the absence ofcomplex reaction in the absence of calcium (Table 1).
saccharide at a molar ratio of pentasaccharide to antithrombinCalcium ions thus stimulated the rate constant for the
of ~1 (Table 1). Analysis of the kinetics of the factor IXa antithrombin-pentasaccharide complex reaction with factor
reaction with the antithrombinpentasaccharide complex [Xa to an extent similar to that for the uncomplexed inhibitor
using SDS-PAGE to monitor formation of the inhibiter reaction. Approximately 50% of the calcium enhancement
enzyme complex (Figure 1) confirmed the substantial of this rate constant was achieved at/A calcium ions,

0.75 4

1 1 1
0 500 1000 1500 2000
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FiIGUrRe 4: Accelerating effect of a full-length heparin on the
antithrombin-factor 1Xa reaction in the absence or presence of
calcium. kqps for the reaction of 25 nM antithrombin with 5 nM
factor IXa was measured as a function of added 50-saccharide
heparin in Hepes buffer containing EDTAY or 5 mM CaC} (®)

as described in Experimental Procedures. Reactions were allowed
to proceed for 15 s in the presence and for 60 s in the absence of
calcium before the residual factor IXa activity was measured.
Apparent second-order rate constants were calculated by dividing
kobs by the antithrombin concentration. Each point represents an
average of at least two determinations. Data were fit by the equation

and full enhancement was reached at 104 cation, forthete.rnary.complex bridging mod.el for heparin acceleration of
suggesting that the calcium binding interaction which the reaction given in the text (solid lines).
enhances inhibition of factor IXa by the antithrombin

pentasaccharide complex is also responsible for stimulating ,
factor IXa chromogenic substrate hydrolysis. tion of free factor IXa of 2 x 10’ M~ s 12 corresponding

Effects of Full-Length Heparin on the Reactio full- to a >300000-fold overall rate enhancement due to heparin

length heparin of~50 saccharides which contained the and an enhancement at least 600-fold greater than that

pentasaccharide binding sequence increased the rate constaffoduced by the pentasaccharide. The shiftin the descending
for antithrombin inhibition of factor IXa to a much greater ImP of the bell-shaped curve to lower concentrations of
extent than the pentasaccharikigsmeasured in the absence N€parin in the presence of calcium ions suggested that factor
of calcium initially increased with increasing heparin con- 1X& binds heparin with a higher affinity under these
centration in parallel with the formation of an antithrombin ~ ¢onditions £6). The fitted Ko for formation of the binary
heparin binary complex, as judged from the agreement factor IXa—heparin complex in the descending limb in fact
between the fittedp of 28 & 5 nM for the initial saturable ~ decreased from 5.2 1.1u4M in the absence to 1.3 0.2

increase irkorsand theKp of 20 + 3 nM measured directly uM in the presence of calcium. In su_pport of this conclusion,
by equilibrium binding titrations. This was followed by a factor IXa was eluted from a heparimgarose column at a

gradual decline irkops at heparin concentrations efl M higher salt concentration in th'e presence (0.70 M) than in
(Figure 4). The bell-shaped dependencegt on heparin the absence (0.53 M) of calcium. Calcium thus promotes

concentration indicated that the additional rate enhancement?€Parin bridging of antithrombin and factor [Xa by enhancing
produced by the full-length heparin arises from heparin the binding of factor IXa to antithrombinheparin binary

bridging antithrombin and factor IXa in a ternary complex, complexes. Calc;ium stimulati_on of the 50-saccharid¢ heparin-
similar to the mechanism by which full-length heparins catalyzed reaction was maximal at 2 mM calcium ions (not

accelerate antithrombin reactions with thrombin and factor Shown), indicating that higher calcium concentrations are
Xa (20, 26). Fitting of the kinetic data by the ternary complex éauired to promote heparin bridging of antithrombin and
bridging model showed that the full-length heparin produced factor IXa compared to those required to activate factor IXa
a maximal rate enhancement ©60000-fold, representing enzymatl_c activity. The physiological calcium concentration
a rate enhancement200-fold greater than that produced ©f © MM in fact reduced the rate constan25% from the

by the pentasaccharide due to heparin bridging. A similar ©Ptimum value measured at 2 mM calcium.

bell-shaped dependence ks on the full-length heparin The dependence of the full-length heparin enhancement
concentration was evident when reactions were conducted®f the antithrombir-factor IXa reaction rate on heparin chain
in the presence of 5 mM calcium (Figure 4). However, the length was determined under conditions where heparin levels

maximal increase ifkops Was much greater in the presence
of calcium than in its absence, and the subsequent decline 2?Full progress curves of 50-saccharide heparin-catalyzed antithrom-

; ; ; bin—factor IXa reactions in the presence of calcium measured at optimal
in koos occurred at lower heparin concentratior<)(1 M) heparin concentrations revealed that rate constants measured by the

when calcium was present. Analysis of the data according fixed time assay under these same conditions may be underestimated
to the ternary complex bridging model indicated a second- due to the high rate of the reaction (see Table 1).

Ficure 3: Heparin pentasaccharide acceleration of the antithrom-
bin—factor 1Xa reaction. Apparent second-order association rate
constants Ks9 for reactions of 5uM antithrombin with 100 nM
factor 1Xa in Hepes buffer lacking calcium were determined as a
function of added heparin pentasaccharide at the indicated molar
ratios by dividing measured pseudo-first-order rate constants by
the antithrombin concentration. Further details are given in
Experimental Procedures. The solid line shows a nonlinear regres-
sion fit of data by the quadratic binding function for a 1:1
interaction.

order rate constant for anithrombtheparin complex inhibi-
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Table 2: Association Rate Constants for Inhibition of Factor IXa by Human Antithrombin Reactive Loop Variants and Complexes of the
Variants with Pentasaccharide and Full-Length Heparins &(2%H 7.4,1 0.15, and 5 mM CaGt

antithrombin Kuncart(M~1s7%) kns (M~1s7h) kiso (M~1s7) Keis/Kuncat Kriso/Kis

wild-type (1.1£0.1) x 10 (2.5+0.4) x 10 (3.3+0.3) x 1¢° 230+ 60 130+ 30
PN1 loop (1.5+£0.1)x 10 (5.1+0.2) x 1 (1.1+£0.1) x 18P 340+ 40 220+ 30
P3F/P2P/PE 2.9+ 05 (1.9£0.2) x 1063 (3.8£0.7)x 10° 660+ 180 200+ 60
P1W 0.007+ 0.00F 1.5+0.2 (2.5+ 0.6) x 102¢ 210+ 60 170+ 60
prLd 30+ 9 (6.84 0.5) x 1C® (4.3£0.2) x 108 230+ 90 630+ 80

@ Second-order association rate constants for reactions of factor IXa with recombinant and plasma antithrombikg&)@rerith complexes
of the inhibitor variants with pentasaccharides] or with ~50-saccharide full-length heparik.6o) were determined as described in Experimental
Procedures in 0.1 M Hepes and 5 mM Ca@iH 7.4,1 = 0.15). Reactive loop mutants were made on a wild-type background containing an
Asn135 to GIn mutation and included the following: (i) P3+1F, P2 A— P, P2 L — F, a thrombin consensus sequence (P3F/P2PyPgi)
P6-P3 VVIAGRSLN — AILIARSSP, the reactive loop sequence of protease nexin 1 (PN1 loop), and (iii) P+Arp (P1W). A natural P1
Ser— Leu mutant antithrombin (antithrombin Denver) was isolated from the plasma of a patient carrying the ma@tidalies are averages
+ the standard error of the mean of at least three measurements except where intlicaleel+ the standard error from a single reaction of 15
uM inhibitor with 1.5 «M factor IXa followed for 17 days after correction for control losses in actiVikverage+ range of two measurements.
4 The control values for this variant are those given for normal plasma antithrombin in Te¥atlie + the standard error from a single reaction
of 0.5 uM inhibitor with 10 nM factor IXa followed for 30 h after correction for control activity losses.

were catalytic and antithrombin was in large molar excess absence and presence of pentasaccharide and full-length
over the polysaccharide, both in the absence and in theheparins 18, 19). The mutants consisted of (i) a triple P3
presence of 5 mM calcium ions (Table 1). Surprisingly, Ala — Phe, P2 Gly— Pro, and P2Leu — Phe mutant in
heparin rate enhancements were smaller under these condiwhich the altered residues correspond to consensus residues
tions than when measured with heparin in molar excess overfound in natural protein substrates of thrombin, (i) a
antithrombin, as in the experiments whose results are replacement of antithrombin P#3 residues, VVIAGRSLN,
depicted in Figure 4. Because the full-length heparins that except for PP, with those of the serpin, protease nexin-
were employed contained on average 1.3, 1.9, and 1.91, AILIARSSP, the latter a specific inhibitor of thrombin,
pentasaccharide sites per chain for 26-, 50-, and 70-(iii) a single P1 Arg— Trp mutation which converts
saccharide heparins, respectively, as shown by stoichiometricantithrombin from an inhibitor of trypsin and trypsin-like
titrations with antithrombin, these results imply that the proteases to an inhibitor of chymotrypsih9}, and (iv) a
observed rate enhancements were sensitive to the density oingle P1 Ser — Leu mutation which greatly reduces
antithrombin molecules bound per heparin chain. Thus, lower thrombin reactivity 27). The first three of these mutants were
rate enhancements appear to be associated with the higheengineered recombinant antithrombins, whereas the last was
binding densities achieved when a molar excess of anti- a natural antithrombin variant. The reactive loop mutations
thrombin was used to saturate all sites on a heparin chain.significantly decreased the reactivity of antithrombin with
Consistent with this conclusion, no difference was found in factor IXa measured in the presence of calcium (Table 2),
rate enhancements determined for the pentasaccharide whewith second-order rate constants reduced 38-, 7-, 16000-,
antithrombin or pentasaccharide was present in molar excesand 2-fold for the triple mutant, the protease nexin-1 loop
over the other. Regardless of the experimental design, themutant, the P1 Trp mutant, and the 'Plleu mutant,
second-order inhibition rate constant was found to be quite respectively. It should be noted that the wild-type recombi-
sensitive to heparin chain length, its value, when measurednant antithrombin had a 2-fold higher reactivity with factor
at high antithrombin binding densities, increasing from IXa than plasma-derived antithrombin, similar to the differ-
x 10 to 6 x 10° M~ st in the absence of calcium and ence in reactivity of recombinant and plasma antithrombins
from 4 x 10°to 3 x 10’ M1 s 1in the presence of calcium  with factor Xa reported previously3p). This difference
as the heparin chain length increased frer6 to ~70 appears to be due to a small activating effect of the Asn135
saccharides. The overall rate enhancements under these> GIn mutation in all recombinant antithrombins due to the
conditions thus ranged from 6000 to 60 000 without calcium elimination of carbohydrate at this position and its inter-
and from 70 000 to 500 000 with calcium for 26- and 70- ference with conformational activation of the serp82)(
saccharide heparins, respectively. The effect of calcium on Pentasaccharide or full-length heparins greatly enhanced the
the full-length heparin-catalyzed reaction rate constants (50 reactivity of the natural or recombinant mutant antithrombins
60-fold increase) was significantly larger than on uncatalyzed with factor IXa. Interestingly, the extents of rate enhancement
and pentasaccharide-catalyzed reaction rate constants (4 were very similar to those observed with the recombinant
7-fold increases), consistent with calcium acting both to wild-type or plasma inhibitor reactions (Figure 5 and Table
activate factor IXa and to promote heparin bridging of 2). These results indicate that the reactive loop residues, most
antithrombin and factor IXa in a ternary complex. SBS  importantly the P1 Arg residue, are critical determinants of
PAGE analysis confirmed the substantial enhancement ofthe reactivity of antithrombin with factor 1Xa in the absence
the full-length heparin-catalyzed antithrombifactor 1Xa of heparin, but do not influence the heparin enhancement of
reaction rate in the presence of calcium (not shown). this reactivity.

Contribution of Reactie Loop Residues to Antithrombin
Reactvity with Factor IXa. TF()) determine whether the DISCUSSION
specificity of antithrombin for factor 1Xa is encoded in the The purpose of this study was to establish the physiologic
serpin reactive loop, we examined the effect of reactive loop relevance and mechanism of heparin catalysis of the anti-
mutations previously shown to alter antithrombin specificity thrombin—factor 1Xa reaction by examining the effects of
on the reactivity of antithrombin with factor I1Xa in the pentasaccharide and full-length heparin chains of defined
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: tionated heparin0—22, 33). The values reported by Jordan
P1'L et al. Q0) and Mauray et al.32) which were ostensibly
measured in the absence of calcium are particularly ano-
Plasma AT molous in that they are closer to values we measured in the
] presence of calcium. A possible explanation is that sufficient
P1W calcium was adventitiously introduced by adding high
_ concentrations of bovine serum albumin, a calcium binding
P3E/P2PIP2'E protein, to reactiorj mixtures in such studies. . '
The large heparin rate enhancement of the antithrombin
| factor IXa reaction was found to originate from three
PN1 loop sources: (i) allosteric activation of factor IXa by calcium,
| ] (ii) conformational activation of antithrombin by the heparin
Wild-type AT pentasaccharide and (iii) bridging of antithrombin and factor

) " ] IXa by full-length heparins, augmented by calcium. The

10° 10 10 allosteric effect of calcium ions on factor IXa reactivity was

Heparin Rate Enhancements indicated from the similar stimulating effects of calcium on

FIGURE 5: Heparin rate enhancements of reactions of factor IXa the basal rate of antithrombin inhibition of factor IXa and
with antithrombin reactive loop variants. The relative increases in on the rate of factor IXa cleavage of a synthetic substrate.

reactivity of normal and variant antithrombins with factor IXa comparable stimulation by calcium of the rate of factor

produced by pentasaccharide (black bars) or 50-saccharide heparin . .
(gray bars) in the presence of 5 mM calcium were calculated as Xa activation of factor X in the absence of the cofactors,

the ratio of second-order association rate constants measured if?hospholipid, and factor Vllla has also been repor@g.(
the presence and absence of heparin (Table 2). These effects of calcium appear to arise from a high-affinity

calcium interaction with the enzymé&§ ~ 15 uM). The
length and with high affinity for antithrombin as well as the effects presumably involve the specific calcium binding loop
influence of calcium ions on the reaction. An additional goal in the catalytic domain of factor IXa corresponding to
was to use mutagenesis to elucidate the reactive loopresidues 7680 (chymotrypsin numbering), which is known
determinants of antithrombin’s reactivity with factor IXa in to mediate calcium-dependent cofactor binding in factor IXa
the absence and presence of heparin for comparison withas well as in factor Xa and factor VIId@—43). The affinity
those previously shown to govern the inhibitor’s reactivity of calcium for the factor IXa effector site found in this study
with thrombin and factor Xa. Our findings have shown that is thus similar to that reported for the 780 loop in trypsin
antithrombin is an extremely unreactive inhibitor of factor (Kp ~ 10 uM) (44).
IXa in the absence of heparin, whereas it becomes a It was surprising to find that the heparin pentasaccharide,
remarkably efficient inhibitor of the enzyme in the presence which conformationally activates antithrombin but is inca-
of the polysaccharide activator when physiologic levels of pable of bridging the inhibitor and proteinase in a ternary
calcium ion are present. The basal rate constantidf M complex, caused such a large enhancement of the antithrom-
s ! that we measured for antithrombin inhibition of factor bin—factor IXa reaction rate. The pentasaccharide has been
IXa in the absence of heparin is considerably lower 200 thought to specifically activate antithrombin to react with
900-fold) than basal rate constants for antithrombin inhibition factor Xa, since the saccharide accelerates the antithrembin
of factor Xa and thrombin13, 32). This rate constant is factor Xa reaction~300-fold so that it approaches the
also much lower than several previously reported values diffusion-limited range and minimally or only modestly
(20—22) which may be due to traces of heparin present in affects the serpin’s reactivity with thrombin and other
inhibitor or enzyme preparations purified by heparagarose enzymes 13). A previous report of Pieters et ak]) in fact
chromatography. It agrees, however, with previous estimatessuggested that the pentasaccharide did not influence anti-
of antithrombin reactivity with factor IXa in plasm&g, 24, thrombin reactivity with factor IXa. However, a later report
33). The unusually low reactivity is not surprising in view  of this group suggested that the pentasaccharide significantly
of the poor reactivity of factor IXa toward synthetic substrates stimulated the antithrombirfactor 1Xa reaction rate in
(31) and in particular thek./Ky of 15 Mt s™1 measured recalcified plasma, although the extent of the stimulation was
for the substrate Z-Ala-Gly-Arg-nitroanilide, which mimics unclear 83). Our findings clearly show a substantaB800—
the antithrombin reactive loop sequencgb)( The low 500-fold pentasaccharide acceleration of the antithrombin
reactivity of the enzyme appears to be due to a distortion of factor IXa reaction, comparable to the accelerating effect on
the S1 pocket and steric hindrance of active site-bound the antithrombir-factor Xa reaction. These findings contrast

1

[=]

substrates by the 99 loo3&—38). with early and more recent studies of the chain length
The rate constant for antithrombin inhibition of factor IXa dependence of heparin’s accelerating effect on the antithrom-
was found to be dramatically stimulatedl(®-fold by full- bin—factor 1Xa reaction which suggested that factor 1Xa

length heparins to the physiologically significant diffusion- resembles thrombin in showing a marked dependence of the
limited range ¢10° M~* s71), to approach rate constants acceleration on heparin chain length with little reactivity
for thrombin and factor Xa inhibition by antithrombin observed for chains of fewer than 118 saccharides46,
heparin complexes under these conditiod8, (34). This 46). However, it was not appreciated in these studies how
stimulatory effect, attained with well-defined high-affinity poorly reactive antithrombin is with factor IXa in the absence
heparins in our study, is considerably higher than the 4000 of heparin and that the observed low reactivity with small
10000-fold heparin rate enhancements indicated by earlierpentasaccharide-containing heparin fragments represents a
work, the majority of which were measured with unfrac- significant enhancement over a much lower basal reactivity.
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The activating effect of the pentasaccharide, while substan-substrate specificities. To determine whether this arises from
tial, is thus still not sufficient to produce a physiologically a more optimal presentation of the reactive center loop
significant rate of factor IXa inhibition by antithrombin. sequence of the serpin to the enzyme, we used several
The additional rate-enhancing effect of full-length heparins reactive loop mutants previously designed to assess the
on the antithrombinfactor IXa reaction and the bell-shaped reactive loop contribution to antithrombin’s specificity for
heparin concentration dependence of the effect indicate thatfactor Xa and thrombin. These mutants were found to
such heparins are capable of promoting the reaction by decrease the reactivity of antithrombin with factor IXa from
bridging antithrombin and factor IXa in a ternary complex 2- to 16000-fold in the absence of heparin but to have little
(20, 26). The rate enhancement due to heparin bridging or no effect on the enhancement of antithrombin reactivity
ranges from 14- to 130-fold for26- to~70-saccharide full-  with factor IXa either with pentasaccharide or with full-length
length heparins in the absence of calcium but increases toheparins. Such findings indicate that the reactive loop
130-1000-fold for these heparins when physiologic levels sequence, and most importantly the P1 Arg residue, are
of calcium are present. Calcium ions thus augment the rateprincipal determinants of the reactivity of unactivated anti-
enhancement due to heparin bridging #$—9-fold in a thrombin with factor IXa, but this sequence does not
manner independent of heparin chain length. This effect of contribute to the heparin enhancement of antithrombin
calcium is distinct from the allosteric effect of the divalent reactivity. Similar findings were made when the reactivity
cation, as judged from its requirement for higher calcium of these and other antithrombin reactive loop mutants was
concentrations, and was associated with calcium ions en-analyzed with factor Xa and thrombidi& 19). We thus
hancing the affinity of factor 1Xa for heparin in the ternary conclude that the antithrombin reactive loop sequence
bridging complex. The effect presumably results from determines the reactivity of the unactivated serpin with factor
calcium ions binding to the acidig-carboxyglutamic acid IXa, factor Xa, and thrombin, whereas heparin enhances
(Gla) domain of factor 1Xa and disrupting an intramolecular antithrombin reactivity with all enzymes through exosite
interaction of this domain with the basic heparin binding determinants outside the reactive loop-HR&8 sequence
exosite in the catalytic domain of the protead&)( This which are present both on the serpin and on heparin. The
follows from the similar effect of calcium ions in promoting  serpin exosites are made available upon conformational
heparin bridging of antithrombin and factor Xa and the activation of antithrombin, whereas the heparin exosites are
demonstration that this effect involves calcium interactions the bridging sites present in longer heparin chains next to
with the Gla domain which make the heparin binding exosite the pentasaccharide site.
of factor Xa accessible to hepariB4 48). However, in Exosites are thus key mediators of the reactivity of heparin-
contrast to the antithrombirfactor Xa reaction in whichan  activated antithrombin with three different clotting protein-
|nS|g_n|f|cant heparln bnqlglng effect is obs_erved without gg5es and can explain why the antithrombin reactive loop
calcium, the antithrombinfactor IXa reaction shows a  gequence need not be optimal for recognition by any of these
significant heparin bridging effect when calcium is absent. target enzymes. Such a design for the reactive loop sequence
This implies that the intramolecular interaction between the may reflect the need for antithrombin to inhibit only
Gla domain and the heparin binding exosite may be more procoagulant proteinases and not the anticoagulant proteinase,
easily disrupted by heparin in factor IXa than in factor Xa, ctivated protein C50). Indeed, the extremely low reactivity
possibly because of the higher affinity of heparin for factor f peparin-activated antithrombin with activated protein C
IXa than factor Xa 20). The bridging effect was found to  [~107-fold lower than with thrombin, factor Xa, or factor
be 8-15-fold greater with an-70-saccharide heparin than x4 (51)] appears to be due to the reactive loop sequence
with an ~26-saccharide heparin either in the absence or in haying evolved to prevent binding to the active site of this
the presence of calcium. This observation suggests aproteinase. The location of the proposed exosites on anti-
pronounced chain length dependence of the bridging effectirombin which enhance recognition of factor Xa and 1Xa
similar.to that previously found for heparin bridging anti—. remains to be determined, but an alignment of the 13
thrombin and factor Xa and to a lesser extent also for heparinayajlaple antithrombin sequences, which include representa-
bridging antithrombin and thrombir34). Such a dependence tjyes from all five vertebrate familiesg), reveals a number
is a characteristic feature of heparin bridging and is thought ¢ g rface residues surrounding the reactive proteinase
to reflect the larger target area of longer heparin chains which binding loop which are highly conserved and thus are prime
enhances the capture of a protease by nonspecific bindingcangidates for the exosit63). Mutagenesis of GIn61 of the
and promotes one—di_mensio.nal diffusion o_f the enzyme to g loop and Arg150 of the autolysis loop of factor Xa was
specifically bound antithrombim@). The bridging effectalso  recently shown to abolish a large part of the pentasaccharide
appears to be diminished when full-length heparins possessgnhancement of antithrombin reactivity with factor Xa,
ing multiple pentasaccharide binding sites for antithrombin suggesting that these enzyme residues may interact with the
have all sites saturated with the serpin, as compared to Wherbroposed antithrombin exosit64 55). Future mutagenesis

only a single site is occupied. This may result from the o candidate antithrombin residues will be required to prove
effective length of such chains being reduced when multiple e existence of such exosites.

antithrombins are bound.

Our finding that conformational activation of antithrombin - ACKNOWLEDGMENT
by the heparin pentasaccharide enhances the serpin’s reactiv-
ity with factor 1Xa as much as it does with factor Xa implies We thank Maurice Petitou for the generous gift of heparin
that the serpin conformational change must promote the pentasaccharide and for critiquing the manuscript. We also
interaction of the antithrombin reactive loop with the active appreciate the helpful comments of Peter Gettins on the
sites of both enzymes despite their markedly different manuscript.
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