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ABSTRACT. The anticoagulant activation of the serpin antithrombin by heparin pentasaccharide DEFGH
was previously shown to involve trisaccharide DEF first binding and inducing activation of the serpin,
followed by disaccharide GH binding and stabilizing the activated state [Petitou et al. G&B@spiology

7, 323-327; Desai et al. (1998). Biol. Chem. 2737478-7487]. In the present study, the role of
conformational changes and charged residues of the GH disaccharide in the allosteric activation mechanism
was investigated with variant pentasaccharides modified in the GH disaccharide. Perturbation of the
conformational equilibrium of iduronate residue G through replacement of the nonessential 3-OH of this
residue with—H resulted in parallel decreases in the fraction of residue G in the skew boat conformer
(from 64 to 24%) and in the association constant for pentasaccharide binding to antithrombit [(2.6
0.3)-fold], consistent with selective binding of the skew boat conformer to the serpin. Introduction of an
additional sulfate group to the 3-OH of residue H flanking a putative charge cluster in the GH disaccharide
greatly enhanced the affinity for the serpin by85-fold with only a small increase in the fraction of
residue G in the skew boat conformation (from 64 to 85%). The salt dependence of binding, together
with a recent X-ray structure of the antithrombipentasaccharide complex, suggested that the majority

of the enhanced affinity of the latter pentasaccharide was due to direct electrostatic and hydrogen-bonding
interactions of the H residue @-sulfate with antithrombin. All variant pentasaccharides produced a
normal enhancement of antithrombin fluoresence and normal acceleration of factor Xa inhibition by the
serpin at saturating levels, indicating that conformational activation of antithrombin was not affected by
the pentasaccharide modifications. Rapid kinetic studies were consistent with the altered affinities of the
variant pentasaccharides resulting mostly from perturbed interactions of the reducing-end GH disaccharide
with the activated antithrombin conformation and minimally to an altered binding of the nonreducing-
end DEF trisaccharide to the native serpin conformation. Together, these results support a model in
which the conformational flexibility of the G residue facilitates conversion to the skew boat conformer
and thereby allows charged groups of the GH disaccharide to bind and stabilize the activated antithrombin
conformation that is induced by the DEF trisaccharide.

Antithrombin is a serine proteinase inhibitor of the serpin thousand-fold by heparin to rates comparable to that of other
superfamily which is essential for regulating the activity of serpin—proteinase reaction8,(4). The acceleration requires
blood clotting proteinases, its primary targets being thrombin the binding of a sequence-specific heparin pentasaccharide
and factor Xa (for reviews, see refsand2). Serpins inhibit which induces an activating conformational change in the
their target proteinases by forming unusually stable com- serpin @, 5—9). This conformational change is sufficient
plexes in which the proteinase active site is blocked by a to accelerate the inhibition of factor Xa through an allosteric
substrate-like interaction with the serpin. Antithrombin is mechanism, whereas acceleration of thrombin inhibition
unusual among such inhibitors in requiring the glycosami- additionally requires the binding of the enzyme as well as
noglycan, heparin, as a cofactor. The reaction of antithrom- the inhibitor to heparin in a ternary bridging comple®.(
bin with its target enzymes is thus accelerated several- Studies of the structureactivity relationships in the
heparin pentasaccharide DEFGH (Figure 1) have established
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Ficure 1: Structures of normal and variant pentasaccharides.
Sulfate groups which are circled in the naturally occurring heparin
pentasaccharide, DEFGH, are critical for tight binding to anti-
thrombin @0, 12). Asterisks and primes denote modifications of

residues G or H in substituents X, Y, or Z as indicated in

pentasaccharides DEFG*H, DEFGH*, and DER&

modeling studies of the antithrombipentasaccharide in-

Desai et al.

In the present study, we have addressed the roles of the
iduronate residue G conformation and of charged residues
in the GH disaccharide in the dynamics of pentasaccharide
binding and activation of antithrombin by comparing the
binding of variant pentasaccharides in which the G residue
conformation and the GH disaccharide charge cluster were
altered. Our studies support a model in which the GH
disaccharide charge cluster binds and stabilizes a secondary
subsite, created in activated antithrombin by trisaccharide
DEF binding, only when iduronate residue G adopts’the
conformation. These results suggest a critical role for
conformational flexibility of the pentasaccharide in the
dynamics of serpin activation in keeping with the structural
changes which accompany formation of the antithrombin
pentasaccharide complek).

MATERIALS AND METHODS

teraction have suggested a two-site model for binding of the ~ Proteins. Human antithrombin was purified from outdated
pentasaccharide to antithrombin in which the charges on thePlasma as previously describetd]. Molar concentrations
nonreducing-end DEF trisaccharide bind to one site and theOf the inhibitor were calculated from absorbance measure-
oppositely oriented charges on the reducing-end GH disac-ments at 280 nm using a molar absorption coefficient of

charide bind to a second sité3 14). The recent X-ray
structure of a complex of antithrombin with a supersulfated

37 700 Mt cm™ (20). Human factor Xa was prepared by
activation of purified factor X, followed by purification on

pentasaccharide variant appears to confirm the model, theSBTl-agarose, as described previousBl)( Factor Xa
two interaction sites representing opposite ends of a cationicPreparations were predominantly theform as judged by

heparin binding groove in antithrombin formed by helix A,
helix D, and the N-terminuslf).

Evidence has accumulated that the conformational flex-
ibility of the single iduronic acid residue of the pentasac-
charide also plays an important role in the interaction with

SDS-PAGE and>90% active by comparisons of active site
and protein concentration21).

Oligosaccharides.The methyl glycosides of normal and
variant pentasaccharides were synthesized, and their struc-
tures confirmed as previously describdd, (14, 22, 29). A

antithrombin. NMR and molecular mechanics studies have 1=2 MM solution of each pentasaccharide was prepared

shown that this conformational flexibility arises from the

based on dry weight in distilled, deionized water. Stoichio-

equilibrium interconversion of the iduronate residue between Metric titrations of high concentrations of antithrombirlQ

two low-energy conformational staté€, or 2S, (16). This
contrasts with the singléC; conformation in which other

x Kp) with all pentasaccharides, monitored by the endog-
enous fluorescence enhancemett)(were in good agree-

pentasaccharide residues are rigidly held. The iduronateMent with the weight concentrations. The concentrations
residue G of the pentasaccharide sequence also differs fronfased on fluorescence fitrations were used for all experi-

other heparin iduronate residues in favoring #$ con-
former, suggesting that this conformer may be required for
productive binding to antithrombirlg, 17). Unfortunately,

the electron density of the pentasaccharide in the antithrom-

bin—pentasaccharide complex structure did not allow a
precise definition of the conformation of the G residig)(
However, a model of théS, conformer established from
solution NMR studies(7) provided a good fit to the electron
density whereas a model of tA€, conformer did not fit
well.

Rapid kinetic studies have supported a role for confor-
mational flexibility in pentasaccharide binding to two subsites
of antithrombin. Binding is a two-step process with an initial
low heparin affinity interaction inducing a conformational
change leading to a high-affinity interaction and inhibitor
activation @, 9). About half of the chargecharge interac-
tions are made in the initial binding step while the remainder

ments.

NMR SpectroscopyNMR spectra of pentasaccharides
were obtained, and the relative conformer populations of the
single iduronate residue were computed from observed
interproton coupling constants, based on coupling constants
determined for the iduronate residue in different conforma-
tions, as described by Ferro et al6f. NOE experiments
confirmed the validity of these computatiorz?).

Experimental ConditionsAll experiments were conducted
at 25°C and in 20 mM sodium phosphate buffer, containing
0.1 mM EDTA and 0.1% (w/v) PEG 8000, adjusted to pH
7.4. In the absence of added salt, the ionic strength of the
buffer was 0.05. Sodium chloride was added in increasing
concentrations to achieve higher ionic strengths at the same
pH.

Spectroscopic Studiedzluorescence emission spectra of
antithrombin and its complexes with pentasaccharides were

are made in the subsequent conformational activation stepobtained at 25°C in pH 7.4, | 0.15 buffer with 0.8:M
(4). Studies with truncated variants of the pentasaccharideantithrombin and 4.76.7 uM pentasaccharide. The spectra

have demonstrated that the rigid DEF unit binds in the first

were recorded with an SLM 8000C spectrofluorometer in

step whereas the flexible GH unit binds in the second step the ratio mode at 2 nm wavelength intervals with excitation

(18, 28), suggesting that the flexibility of the GH disaccharide
may be involved in an induced-fit binding to the two
proposed interaction sites of antithombin.

at 280 nm (4 nm band-pass), an emission band-pass of 2
nm, and 10 s integrations of the fluorescence signal at each
wavelength. Corrections for Raman bands and any back-
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ground signal from the buffe_r were made by su_btrz_1<_:ting Table 1: Conformer Populations of Pentasacchatides
buffer spectra. Control experiments showed no significant
fluorescence of the variant pentasaccharides alone at con-

conformer population (%)

centrations used in the formation of complexes. The _ Saccharide S 'Ca ‘G Keonr
corrected spectra consisted of signal from both the free DEFGH 64 36 0 1.8
(<10%) and bound antithrombin. The normalized fluores- BEES;": 3‘5‘ ‘132 18 g-?z
cence spectrum of each complex was calculated by subtract- Hero s« 94 6 0 16

ing the expected spectrum of free antithrombin, based on
measured dissociation constants for complex formation, and
scaling up the resultant spectrum ta:/1 complex.
Equilibrium Binding Studies.Equilibrium dissociation o ) _
constants for antithrombirpentasaccharide interactions ~ Factor Xa Inhibition Studies.The accelerating effect of
(Kp.on) Were measured by titrating pentasaccharide into a e_ach pentasaccharide on the kinetics of antlthromt_)ln inhibi-
solution of antithrombin and monitoring the increase in ton of factor Xa was measured under pseudo-first-order

intrinsic protein fluorescence accompanying the binding conditions similar to previous studie€y. A 5-10 nM
interaction, as previously describe@ 09). Antithrombin concentration of factor Xa was incubated at’25with 200~

concentrations were in the range 05 x Kp s €XCEPt When 400 nM antithrombin and-610 nM pentasaccharide in pH

Kpobs Was greater than M, in which case the protein /-4 buffer containing 100 mM NaCl to give 30 of total

concentration was-1 uM. The increase in fluorescence reaction volume. After.|ncubat|on for various times, reac-

signal with increasing pentasaccharide concentration was fittions were quenched with 956 of 100 M Spectrozyme

to the quadratic equilibrium binding equation using the FX@in 20 mM sodium phosphate buffer containing 100 mM

predetermined 1:1 binding stoichiometr) ( NacCl, 0.1 mM EDTA, and 0.1% (w/v) PEG 8000 at pH 7.4.
The nonionic and ionic contributions to antithrombin 1 Ne residual factor Xa activity was then measured from the

pentasaccharide interactions were resolved by analyzing thdnitia! rate of substrate hydrolysis at 405 nm. The observed

NaCl concentration dependencekas osfor the interaction ~ PSeudo-first-order rate constakgy) for factor Xa inactiva-
according to the equatior(23), tion at each pentasaccharide concentration (at least three

concentrations were examined for each pentasaccharide) was
(1) determined by nonlinear regression fitting of the exponential
decay of factor Xa activity. The second-order rate constant
for factor Xa inhibition by antithrombin aloné.cs) and
that for the inhibition by antithrombinpentasaccharide
complexes Ky) were obtained by least-squares analysis of
the linear dependence kf,s on antithrombin-pentasaccha-
ride complex concentration according to the equation

a Conformer populations were calculated from NMR spectra of
pentasaccharides as previously descritdeg) 17, 22, 29).

109 Kp obs = 109 Kp nonionic + Z% log[Na']

whereKop nonionic IS the dissociation constant 4 M Na*, Z

is the total number of chargeharge interactions involved
in the association of the protein with heparin, aHds the
fraction of monovalent counterions bound per heparin ionic
charge which are released upon protein binditg.has a
value of 0.8 R4). Least-squares analysis of the linear

dependence of lo#p ons ON log[Na'] yielded the nonionic Kobs = Kuncal AT] o = Ku[HIJ[AT] /([AT], + Kp)  (2)
component of the binding energy from the intercept, log L )
Ko.nonionio @nd the value oF from the slope. where [AT], and [H], are the initial concentrations of

Rapid Kinetic Studies.The rate of binding of pentasac- antit_hrombin gnd per_ltasaccharide variant, respectively, and
charides to antithrombin was measured in pH 7.4 buffer at Ko iS the dissociation constant of the complex. The
25°C in an Applied Photophysics stopped-flow fluorometer, €xPression [HIAT]J/([AT], + Ko) in this equation repre-
as previously described(9). The NaCl concentration in sents the concentration of antlthr_ombqnentasa_c_charlde
the buffer was either 100 mM (1 0.15) or 250 mM (I 0.30). complex, because under the experimental conditions,JAT]
Pseudo-first-order conditions in which the pentasaccharide™ [AT] free.
concentration was at least 5 times (typically 10 times) greater RESULTS
than the antithrombin concentration were employed. The
interaction was monitored from the increase in intrinsic ~ Conformer Populations of Iduronate Residue G in Normal
protein fluorescence with an excitation wavelength of 280 and Variant Pentasaccharideslable 1 reports the relative
nm and an emission filter that transmitted light only at equilibrium proportions of the three conformational states
wavelengths above 310 nm. Excitation slits corresponded of iduronate residue GC,, “C;, and?S,, in the pentasac-
to an 8 nm band-pass. The fluorescence traces were acquiredharides studied, as computed from NMR spectroscopic
for at least 10 half-lives and could be satisfactorily fit by a analyses in the manner previously described (Figurd4,) (
single-exponential function for all variants, which provided 16, 22, 29). Also reported are conformational equilibrium
the amplitude of the fluorescence change and the observectonstantsKcon;, defined as the ratio of skew bod&Sf) to
pseudo-first-order rate constakdys Typically 9—18 traces chair ¢C, and“C,) conformers, derived from these propor-
were individually analyzed at each concentration of pen- tions. The iduronate residue G in DEFGH favored the skew-
tasaccharide and the results averaged. For studies at lowboat?S, form over the chaitC, form in solution by 64 to
antithrombin concentrations<@5 nM), three to four fluo- 36% with no significant contribution of théC; chair
rescence traces were typically averaged to improve the signal-<conformer. Conversion of the 3-OH group of this residue
to-noise ratio before nonlinear regression fitting by the to an H atom in DEFG*H resulted in the conformational
exponential function. In these cases, the rate constantpreference changing in favor of the chair forts,and*C;,
reported is the mean of three to four such averages. with a corresponding reduction in the skew-bé&s form
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Table 2: Thermodynamic Parameters for Antithrombentasaccharide Interactiéns

Kb,obs (NM) AG° (kcal/mol) AFmax (%)
saccharide 10.15 10.30 10.30 10.30 z Kb, nonionic (M)
DEFGH 50+ 6 480+ 24 8.6+ 0.1 32+ 3 4.0+0.1 25.1+£ 0.5
DEFG*H 129+ 15 1270+ 100 8.0+ 0.1 30+ 2 41+0.1 50.1+ 0.5
DEFGH* nd 14+ 2 10.7+ 0.1 31+ 1 48+0.2 1.6+ 0.6
DEFGH* nd 13+1 10.8+0.1 33+2 5.0+ 0.1 1.6+0.3

a Observed dissociation constanks cn,9 and maximal fluorescence enhancementS,q(sy) for antithrombin-pentasaccharide interactions were
measured at pH 7.4, 2% at the indicated ionic strengths by fluorescence titrations of antithrombin with pentasaccharide as detailed in the Materials
and Methods. The number of chargeharge interactionsZj and nonionic contribution t&p obs (Kb nonionid Were determined by linear regression
fitting of the dependence of lop ons ON log [Na'] in Figure 2 by eq 1.

to 24%. By contrast, the introduction of a sulfate group at
the 3-position of residue H in DEFGH4.4) or in DEFGH*
(29) increased the population of tA&, conformer to 85 and -
94%, respectively, at the expense of reducing the proportion 2 -
of chair forms. P
Fluorescence Spectroscopic and Equilibrium Binding &
Studies of AntithrombinPentasaccharide Interactiong=luo- 2
rescence emission spectra of antithrombin and its complexes = o
with normal and variant heparin pentasaccharides revealed ]
that all pentasaccharides enhanced the intrinsic fluorescence -10 \ \ A
intensity of antithrombin to a similar extent (322%, Table L0806 04 02 00
2) and produced a small blue shift oflL nm in the emission log [Na™] (M)
maximum. These fluorescence changes are characteristic oficure 2: Salt dependence of the binding of pentasaccharides to
e acivaing conformatonal change n anivomos,  ShNeE racione uih ponrareis DEroay
_9), |n_d|cat|ng that all penFasaccharldes induced a similar or DEFG*H (v), DEFGH* (), an% DEFGH* (0). Ko ope Was
identical such conformational change. measured as a function of the NaCl concentration at pH 7.4 and

Table 2 shows the dissociation equilibrium constants 25 °C by fluorescence titrations of antithrombin with pentasaccha-
measured for antithrombin interactions with DEFGH and its ride as described in the Materials and Methods. Error bars represent
variants at pH 7.4 and two ionic strengths (1 0.15 and | 0.30) + SE. The solid lines show linear least-squares fits of the data
using the fluorescence change to monitor complex formation 2¢¢0rding to eq 1.

(8). The observed dissociation constalb (r9 measured
at | 0.15 for DEFG*H (130 nM) was (2.6 0.6)-fold greater
than that for DEFGH (50 nM). The antithrombin affinities
for DEFGH* and DEFGH* could not be determined
accurately at | 0.15 due to the much tighter interactions wit
these pentasaccharidd&(< 10 nM) but were measurable
at | 0.3. At the higher ionic strength, DEFGH* and
DEFGH* bound antithrombin with indistinguishable affini-
ties which were (34t 7)-fold to (374 5)-fold higher than
that of DEFGH, corresponding ta 2 kcal/mol increase in
binding free energy. DEFG*H under these conditions bound

antithrombin with a (2.6t 0.3)-fold lower affinity than the for b h in th L t of the bindi
natural pentasaccharide, a relative difference identical to thatf?ée Znae%yange In the nonionic component of the binding

found at 1 0.15 and corresponding to a 0.6 kcal/mol decrease 90 ) _ _
Rapid Kinetics of AntithrombinPentasaccharide Interac-

in binding free energy. . S . . S
Resolution of lonic and Nonionic Contributions to Anti- tons. The kinetics of pentasaccharidantithrombin interac-
tions were analyzed by continuously monitoring the protein

thrombin—Pentasaccharide Interactiondzigure 2 shows an ; o
analysis of the salt dependencekaf ops for the interaction fluorescence changes accompanying binding by stopped-flow

of antithrombin with DEFGH and its variants at pH 7.4 and fluorimetry under pseudo-first-order conditions as in previous
25°C. Log KpqsWas a linear function of log[Ng for all S'Fud?es 4, 9). Figure 3 s_hows that _the pseudo-first-order
pentasaccharides, in keeping with previous findings with binding rate constankg,d increased in a saturable manner

DEFGH and with the expected behavior of the protein
heparin interaction4, 23, 26). Linear regression analysis ! SinceAAG® at 25°C is given by 1.364 kcal/mok (log Kp,obs —
of the data for each pentasaccharide according to eq 1'fOg K'D,obs)IWhgrEKP’obsa”dK'Dvobsar':e deserved d'ssoﬁ'at'onm‘sons.tams
. . . P - or normal and variant pentasacc ariaes, respectlve Yy, antlpQgk IS
indicated the numk.)er.of ion-pair interactior® from the given by eq LAAG® is equal to 1.364 kcal/mok (109 Ko nonionie —
slopes and the nonionic contibutionKg obs (Kp,nonionid from 109 K’ nonionid + 1.364 kcal/molx (Zy — Z'y) x log [Na'] where
the intercepts (see Materials and Methods). These resultghe first and second terms of the sum represent the nonionic and ionic
are reported in Table 2. DEFG*H made the same number contributions toAAG®, respectively. The ionic contribution hAG®

- T . . . . . at a given salt concentration can therefore be calculated from 1.364
of ion-pair interactions with antithrombin as DEFGH, i.e., kcal/mol x log [Na"]A2¥ whereAZ is the difference in the number of

four, whereas one additional ion-pair was made between charge pairs for normal and variant pentasaccharides.

DEFGH* or DEFGH* and the inhibitor. The latter ac-

counted for about one-quarter~@.5 kcal/mol) of the

increased binding free energy of DEFGH* and DERG
h relative to DEFGH at | 0.3. The remainder of the changes
in Kp opsfor the variant pentasaccharide interactions resulted
from changes irKp nonionic  The nonionic component of the
binding affinity for DEFGH* and DEFGH* interactions with
anithrombin was thus increased 16-fold relative to that for
DEFGH, representing 1.5 kcal/mol of the increase in binding
free energy. Similarly, the change in DEFG*H-binding
affinity relative to that of DEFGH was completely accounted
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FiGURE 3: Rapid kinetics of pentasaccharide binding to antithrom- FIGURE 4: Determination of overall association and dissociation
bin. Shown is the dependence on pentasaccharide concentration ofate constants for pentasaccharide binding to antithrombin. Shown
the pseudo-first-order rate constantg.d for the binding to IS the saccharide concentration dependendgyefor the binding
antithrombin of pentasaccharides DEFG®),( DEFG*H (v), to antithrombin of pentasaccharides DEFC®),(DEFG*H (v),
DEFGH* (0), and DEFGH* (M). kyps values were measured by ~DEFGH* (0), and DEFGH* (M) at pH 7.4, 25°C in 1 0.15 (A)
monitoring intrinsic antithrombin fluorescence changes accompany- and |1 0.30 (B) buffersko,s was measured as in Figure 3. Solid
ing pentasaccharide binding by stopped-flow fluorimetry at@5 lines represent linear least-squares fits of the data by eq 4. Error
in pH 7.4, 1 0.15 buffer, as detailed in the Materials and Methods. bars represent SE.
Solid lines represent nonlinear least-squares fits of the data by eq
3 which describes the induced conformational change binding kz values for the conformational activation step for all variant
mechanism of Scheme 1. pentasaccharides were nearly the same and equal to that for
pentasaccharide DEFGH (70& 120 s'). Except for

with increasing pentasaccharide concentration for all pen- pentasaccharide DEFG*H, the, values obtained from the
tasaccharides, similar to previous findings with pentasac- orginate intercepts were not distinguishable from zero.

charide DEFGH 4).  These results indicated that all pen-  £igre 4 shows,svalues measured in the pentasaccharide
tasaccharides bound and activated antithrombin by the same,,,centration range where [i& K, at 1 0.15 and | 0.3 in

two-step process depicted in Scheme 1. order to more accurately determire,. Under these

Scheme 1 conditions, eq 3 simplifies to the linear equation
k2[H]o _

K k.
AT + H==AT-H==AT*-H kabs Ko+ = = Koyt T Kor[H], (4)
B 1

According to Scheme 1, the pentasaccharide makes an initialin which the slope and ordinate intercept represent the overall
low-affinity interaction with antithrombin (ATH), character- association and dissociation rate constakgs= k./K; and

ized by dissociation constarn€;, which then induces a kot = K5, respectively, for the interactiord, Over the
conformational change in the inhibitor (ATH) leading to concentration range examinedps showed a linear depen-
high heparin affinity and activation of the serpin, with gence upon pentasaccharide concentration for all pentasac-
forward and reverse rate constantspéndk-2 (4,9). The  charides in both | 0.15 (Figure 4A) or | 0.30 (Figure 4B)
dependence dys0n heparin concentration for this scheme  pyffers. k., andkyy values obtained from linear regression

should be given by the equation fits of these data are provided in Table R,, values in all
cases agreed with those calculated from the rati&,i€;

Kype= K, + kelHlo 3) within experimental error and were more precisely deter-
bs 2 K, +[H], mined thank.. (Table 3). kon for DEFG*H was slightly

reduced (1.1+1.3-fold) relative to DEFGH at the two ionic
Figure 3 shows that the kinetic data for each pentasac-strengths, suggesting that increasekonaccounted for the
charide was adequately fit by eq 3 and Table 3 reports themajor part of the 2.6-fold reduction in affinity of this
kinetic parameters obtained by this fitting. The dissociation pentasaccharide. This conclusion was supported by the (1.4
constant for the initial binding interactioK{) was the same  + 0.3)-(3 £ 0.7)-fold greaterk,s values determined for
for DEFGH and DEFG*H while 1.42-fold lower values DEFG*H than for DEFGH, given the larger experimental
were obtained for DEFGH* and DEFB*, respectively. The error inke. kon values for pentasaccharide DEFGH* at |

Table 3: Kinetic Parameters for AntithrombifPentasaccharide Interactions

Ky (uM) Kon (ko/Ky1) (uM~1s71) Kott (K=2) (571 Kp calculated (nM)
saccharide 10.15 (s1),10.15 10.15 10.30 10.15 10.30 10.15 10.30
DEFGH 20+ 4 700+ 120 35,5+ 2.1 12.0+ 1.4 1.8+ 0.3 7.0+ 1.1 51+ 12 580+ 160
DEFG*H 20+ 4 580+ 90 31.9+1.8 9.24+0.8 5.5+ 0.4 9.840.8 172422 1060+ 180
DEFGH* 14+ 6 800+ 200 84.8+ 2.6 324+ 1.6 —-0.2+0.1 —-0.5+04
DEFGH* 10+1 730+ 40 nd 30.7+ 2.5 nd 1.1+ 0.9 36+ 32

aKinetic parameters for antithrombirpentasaccharide interactions at pH 7.4;@%nd the indicated ionic strengths were determined by nonlinear
regression fitting of kinetic data of Figure 3 by eq 3 or by linear regression fitting of data of Figure 4 by eq 4. Errors repr&&emd= not
determined?® Calculated from the rati@os/kon.
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Table 4: Accelerating Effect of Pentasaccharides on the its solution conformational preferenckgj. Our studies have

Second-Order Rate Constant for Antithrombin Inhibition of further addressed the proposed role of an asymmetric charge

Factor X& cluster in the GH disaccharide in binding to a secondary site
saccharide ke (M-1s D in antithrombin induced by inhibitor activatioriZ). The
DEFGH (6.5£ 0.2) x 10° existence of this _charge cluster_ was previously sugg_es';ed
DEFG*H (5.8+ 0.3) x 10P from the observation that an additional sulfate placed within
DEFGH* (7.2+0.5) x 1° the cluster at the 3-OH of residue H enhances pentasaccharide
DEFGH* (6.0 £0.5)x 10° activity (14). However, this study did not show to what

aSecond-order rate constants for pentasaccharide-cataljggd ( extent the enhanced activity resulted from effects on the
reactions of antithrombin with factor Xa were measured at pH 7.4, 25 conformation of iduronate residue G or from direct interac-
°C, 1 0.15 as described in the Materials and Methods. Errors representiions of the 30-sulfate with antithrombin. It has also been
+ SE unclear whether pentasaccharide binding to or activation of
antithrombin is affected by this pentasaccharide modification
0.15 and 0.3 and for DEF@E* at | 0.3 were 2.3-2.7-fold (12).

for these pentasaccharides at | 0.3 and even greater dif\yas not expected to abolish any hydrogen-bonding interac-
ferential affinities expected at | 0.15 from the salt dependencejgns of the—OH group with antithrombin, since structure

of the interactions (Figure 1) resulted mostly from decreases actjvity studies have shown that only charged carboxylates
in k. This expectation was born out by the much lower anq sulfates and notOH groups participate in pentasac-
values ofky observed for DEFGH* and DEF@* relative  charide binding12). Our observation that pentasaccharides
to DEFGH at | 0.3, which were indistinguishable within the pEFEGH* and DEF@H* whose 3-OH of residue G was either
experimental error from the-15-fold anticipated lowering  methylated or free have indistinguishable antithrombin-
of k. The agreement between direct measuremers @k pinding properties confirmed this expectation. Modifications
and values calculated from the rakigy/kon, in cases where  of C-3-OH groups of residues G and H further did not change
both kinetic parameters were well determined (Tables 2 andthe mode of pentasaccharide activation of antithrombin, as
3), supported the conclusion that the greater affinities of judged from the ability of the variant pentasaccharides to

DEFGH* and DEFGH* and lower affinity of DEFG*H for  inquce tryptophan fluorescence enhancements in antithrom-
kort values and less to changeski values. inhibitor, which were indicative of normal conformational

Inhibition of Factor Xa. Table _4 reports the se_cond-or_der findings are consistent with our previous observation that
rate constants for factor Xa inhibition by antithromsin  the nonreducing-end trisaccharide fragment DEF, which was
pentasaccharide complexdgXat pH 7.4, 1 0.15, and 25~ common to all the pentasaccharides studied, is sufficient to
C. These values were determined as in previous studiesingyce the activating conformational change in antithrombin,

by monitoring the exponential decay of factor Xa activity githough with a substantially decreased affinity for anti-
under pseudo-first-order conditions as a function of the thombin @8, 28).

pentasaccharide concentration and at an antithrombin con-  Ranig kinetic studies showed that the changes in pen-

centration sufficient to saturate the pentasacchariti<.f). tasaccharide affinity for antithrombin produced by modifica-
ky values for all variant pentasaccharides were similar and tions of the structure of pentasaccharide residues G and H
equivalent to the value observed with pentasaccharideyere minimally due to changes in the initial low-affinity
DEFGH, i.e.,~6 x 10° M™* s™. Comparison Withkuncat interaction with the native antithrombin conformation but
values measured directly in the absence of pentasaccharidenosily arose from alterations in the subsequently induced

[(2.3 + 0.3) x 10° M™* s7] or by extrapolation of the  high-affinity interaction with the activated antithrombin
dependence déys0n pentasaccharide concentration to zero conformation. The latter alterations resulted mainly from

concentration [(2.£2.7) x 10° M~* s indicated that all  changes in the rate constant for conversion of the high
pentasaccharides produced a simit@00-fold enhancement  peparin affinity conformation back to the low heparin affinity
in the rate of factor Xa inactivation by antithrombin. conformation k_, in Scheme 1). Similar primary effects

onk_, were previously found when pentasaccharide residue
DISCUSSION H or both residues G and H were deletetB)( Such
Previous studies have shown that the single iduronate observations indicated that the flexible reducing end residues
residue of the antithrombin-activating sequence in heparin G and H do not significantly bind antithrombin in the initial
is unusual in favoring théS, conformational state over the binding step and instead bind the inhibitor with high affinity
1C4 and“C; states more commonly adopted by such residues only after its conformational activation. Our current findings
(16). This sequence-dependent change in the conformationaltherefore lend support to our previous conclusion that the
preference of the iduronate residue has suggested thaflexible reducing-end pentasaccharide residues G and H
adoption of the?S, conformational state may be required function primarily to preferentially bind and stabilize the
for the pentasaccharide to productively bind and activate activated conformational state of antithrombin induced by
antithrombin (6, 17). In the present study, we have tested the rigid nonreducing-end residues DEEB,(28).
this hypothesis by modulating the conformer populations of ~ To determine how changes in the preference for?the
residue G, based on previous observations that the nature otonformer of the pentasaccharide would be expected to
substituents within or adjacent to an iduronate residue altersquantitatively affect pentasaccharide binding affinity for
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Scheme 2 that Kops is simply the sum of the intrinsic association
Keons constants for the binding of each pentasaccharide conformer
He =— Hq to antithrombin we_ighted by the fraction of pentasaccharide
N N in each conformation. IKy. < Ky, the left-hand term of
AT AT the sum will be small relative to the right-hand term and
Kobs Will be approximately proportional to the fraction of
Ki, u u Kig pentasaccharide in tii&, conformational state. This relation
will hold for pentasaccharides who$&.s differs due to
AT sH, = AT*eHq changes in pentasaccharide structure, provided such changes
K affect only the equilibrium between pentasaccharide con-

conf

formers and not the interactions of these conformers with

antithrombin, a general model for differential binding of the antithrombin, i.e., as long as,. andKy, are not affected.
skew boat and chair conformers was considered (Scheme This condition is likely to be true for DEFG*H in which
2): the G residue 3-OH was replaced witiid, since the present

In this model, H and H; represent heparin pentasaccharide and past studies indicate that the 3-OH group does not
with iduronate residue G in either the chair conformations, participate in pentasaccharide bindid@) Comparison of
1C, or “Cy, or in the skew-boat conformatiofS,, respec-  Kobs @ndKeond(1 + Keon) for pentasaccharides DEFGH and
tively, Keont and K%, are the conformational equilibrium DEFG*H reveals a good proportional relationship between
constants for free and bound pentasaccharideskapndnd ~ these equilibrium parameters. A 2.7-fold decrease in the
Ky are intrinsicassociationconstants for the binding of ~ fraction of pentasaccharide in th, conformation for
pentasaccharide conformers to antithrombin. The designa-Pentasaccharide DEFG*H relative to DEFGH thus produced
tions, AT*-Hc and AT*Hs, for the antithrombir-pentasac- @ (2.6 & 0.3)-fold decrease iKq,s Such a proportional
charide complexes, signify the ability of either pentasaccha- relationship is in accord with eq 10 for the conditikin, <
ride conformer to activate antithrombin given the sufficiency Kns and suggests a value fifi of 3.1 x 10' M™% These
of the common DEF fragment of the pentasaccharide data therefore Support a model in which antithrombin
conformers to effect such activationd). The observed Preferentially binds to thés, pentasaccharide conformer over
association constant for pentasaccharide binding to anti-the two chair conformers and suggest that the magnitude of

thrombin, Kops for this model is given by this binding preference is considerable. T pentasac-
charide conformer would be expected to bind the serpin with
[AT* -Hg] + [AT* -H] a ~1000-fold greater affinity than the chair conformers if
obs — [ATI(H o + [Hd) (5) the reducing-end GH disaccharide bound antithrombin only
when residue G was in th#&, conformational state, based
Expansion and rearrangement of this equation yields on the bin_ding—en(_argy contribution previ_ously m_easured for
the GH disaccharidel@). The preferential binding of the
[AT]H  [ATIH [Hd)? 25, pentasaccharide conformer is supported by the recent
obs — [AT*-Hd  [AT* Hd [Hd report that a variant pentasaccharide whose iduronate was

fixed in the 1C,4 conformation has a very weak activity in
([AT][H d[Hd [AT]H S])‘l ©) accelerating antithrombin inhibition of factor Xa#). The

AT* -HJ [H AT* -H prospect of synthesizing additional pentasaccharide variants
[ dHd 1 d such as DEFG*H to further test the preferential binding

Substitution into eq 6 of the expressions for the equilibrium Model appears limited by the difficulty in altering just the

constantKeon, Ko, andKy given by egs 79, iduronate conformational equilibrium without affecting direct
pentasaccharide interactions with antithrombin.
Hd This was certainly the case for pentasaccharides DEFGH*
Keont = m (7) and DEFGH* in which perturbation of direct interactions
with antithrombin rather than effects on the iduronate
[AT* -H(] conformational equilibrium appeared to be the primary basis
= ——— (8) for the observed changes in affinity. Thus, eq 10 for the
¢ [AT]Hd preferential binding model of Scheme 2 suggests that the

1.3—1.5-fold increase in the fraction oS, conformer
. [AT* -Hd] 9 produced by 39-sulfation of residue H in DEFGH* and
Hs ™ [AT]H J] ©) DEFGH?* should produce at most a +3.5-fold increase
in Kops The observed-35-fold greater affinity of DEFGH*
yields an equation for the dependencekgfs on Kcont, Krig, and DEFGH* than of DEFGH for antithrombin therefore
andKyg: cannot be attributed to the increased preference of residue
G for the skew boat conformation. On the basis of modeling
studies of the antithrombinpentasaccharide interaction,
placement of the additional sulfate group in a negative charge
cluster in the GH disaccharide was expected to increase the
In this equation, the ratios 1/(+ Kcon) and Keond(1 + number of direct chargecharge interactions with a positively
Keonf) represent the fraction of pentasaccharide in chair and charged second site in antithrombii?(13). Studies of the
skew boat conformations, respectively. Equation 10 indicatessalt dependence of the interaction of pentasaccharides

1 Kconf
Hel+ K +KH51—|—K

conf

Kobs= K (10)

conf
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Ficure 5: Proposed model for preferential binding to antithrombin
of the 2So conformer of iduronate residue G in heparin pentasac-
charide DEFGH. The rigid nonreducing-end trisaccharide, DEF,
initially recognizes and binds the native antithrombin conformation
with the unbound reducing-end GH disaccharide in either cHajf (
4C,) or skew boat4{S,) conformations. This induces the activating
conformational change in antithrombin which enhances the comple-
mentarity of the serpin with DEF and produces a complementary
site for GH when iduronate residue G is in #& conformational
state. The2S, conformer of GH then binds and stabilizes the
activated antithrombin conformation. The unbound GH disaccharide
in the 1C, conformational state is also induced into #& state
due to the preferential binding of the latter conformer to activate
antithrombin.

d

DEFGH* and DEFCGH* with antithrombin indeed showed
that the 30-sulfate of DEFGH* and DEF®i* does make

an additional electrostatic interaction with the inhibitor
compared to pentasaccharides DEFGH and DEFG*H lacking
this 3-O-sulfate. While the additional electrostatic interaction
accounted for only about a quarter of the enhanced binding
energy AAG°®) of DEFGH* and DEFGH* relative to
DEFGH at | 0.3, the electrostatic component of the binding
energy deduced from the salt dependence of binding only
includes chargecharge interactions which are exchangeable
with monovalent salt ions and excludes potential hydrogen-
bonding interactions of the sulfate grol8|. The recently
reported X-ray structure of antithrombin complexed with a
similar supersulfated pentasaccharide suggests that hydroge
bonds do make a significant contribution to the H residue
3-O-sulfate interaction15). We therefore conclude that the
enhanced binding affinity of the supersulfated pentasaccha-
rides for antithrombin arises mostly from ionic and hydrogen-
bonding interactions of the H residueCsulfate with a
second GH disaccharide binding site of the serpin and only
slightly from the increased preference of residue G for the
2S, conformational state.

Together, our present and past result8, @8) therefore
suggest that the conformational flexibility of iduronate
residue G facilitates pentasaccharide binding and activation
of antithrombin through the induced-fit binding model
depicted in Figure 5. In this model, the nonreducing-end
DEF unit recognizes and binds with low affinity to the native
antithrombin conformation with iduronate residue G either
in thelC, or °S, conformational state. This binding induces
the activating conformational change in antithrombin which
enhances the complementarity of DEF for the serpin and

Desai et al.

creates a complementary second site for binding *Ge
conformer of the GH disaccharide charge cluster. The
structure of the antithrombinpentasaccharide complex
localizes the DEF binding site to one end of a groove
bounded by the C-terminus of helix D and extending toward
the N-terminus of this helix, whereas the GH binding site is
created at the other end of the helix D groove by the junction
of helix A with an induced helix P15). Once the GH
binding site is formed by activation of the serpin, #&
conformer of the disaccharide binds and thereby shifts any
remaining unbound disaccharide in fi conformation into
the 2S, conformation, whereupon it also binds, yielding an
overall high-affinity pentasaccharide interaction. According
to this model, the flexibility of the GH unit facilitates
conversion of residue G to thé&S, productive binding
conformer once the rigid DEF unit has bound and activated
the serpin, thereby allowing the GH unit to bind and stabilize
the activated serpin conformation.
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