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ABSTRACT Antithrombin, a plasma serpin, is relatively
inactive as an inhibitor of the coagulation proteases until it
binds to the heparan side chains that line the microvascula-
ture. The binding specifically occurs to a core pentasaccharide
present both in the heparans and in their therapeutic deriv-
ative heparin. The accompanying conformational change of
antithrombin is revealed in a 2.9-Å structure of a dimer of
latent and active antithrombins, each in complex with the
high-affinity pentasaccharide. Inhibitory activation results
from a shift in the main sheet of the molecule from a partially
six-stranded to a five-stranded form, with extrusion of the
reactive center loop to give a more exposed orientation. There
is a tilting and elongation of helix D with the formation of a
2-turn helix P between the C and D helices. Concomitant
conformational changes at the heparin binding site explain
both the initial tight binding of antithrombin to the heparans
and the subsequent release of the antithrombin–protease
complex into the circulation. The pentasaccharide binds by
hydrogen bonding of its sulfates and carboxylates to Arg-129
and Lys-125 in the D-helix, to Arg-46 and Arg-47 in the
A-helix, to Lys-114 and Glu-113 in the P-helix, and to Lys-11
and Arg-13 in a cleft formed by the amino terminus. This clear
definition of the binding site will provide a structural basis for
developing heparin analogues that are more specific toward
their intended target antithrombin and therefore less likely to
exhibit side effects.

Heparin, a sulfated polysaccharide, is second only to insulin as
a natural therapeutic agent and is the initial-choice anticoag-
ulant in the treatment and prevention of thromboembolic
disease. It functions in life as a component of the heparans that
line the inner walls of the microvascular system (1), but heparin
as a drug is a heterogeneous animal extract administered by
injection to circulate in the bloodstream. Both heparin and the
natural heparans contain a specific pentasaccharide fragment
(2, 3) that binds and activates the plasma proteinase inhibitor
antithrombin.

In nature, this binding to heparans substantially localizes the
function of antithrombin to inhibition of the serine proteases
of the coagulation cascade within the bloodstream, allowing
their coagulant activity in damaged tissue outside the vascular
system. The heparans and the longer-chain heparins (4) acti-
vate the inhibition of thrombin by antithrombin by bringing
them into close apposition, but there is also a direct activation
of inhibition due to an overall conformational change (5)
induced by the binding to the core pentasaccharide present in
both heparin and heparans. This pentasaccharide-induced
change alters the conformation of the reactive site loop of
antithrombin (6, 7) and gives a 300-fold increase in inhibitory

activity against the key coagulation protease factor Xa. Linked
to this is a change in affinity at the heparin binding site (see
Fig. 1), and as antithrombin contacts the pentasaccharide, it
moves from an initial low-affinity to high-affinity heparin
binding. It then reverts to low-affinity binding on formation of
the complex with the protease, thus allowing the release of the
antithrombin–protease complex from the heparans into the
circulation.

The molecular mobility necessary for such linked confor-
mational changes is inherent to antithrombin (8), a member of
the serpin family of serine protease inhibitors (9). The serpins
have a mobile reactive site loop that is initially exposed as a
substrate for cognate proteases. On cleavage by the protease
the loop becomes inserted as a sixth strand in the central
b-sheet (the A-sheet) of the molecule (10). In this way the
protease is believed to be irreversibly trapped as a reaction
intermediate covalently bound to the serpin (11). The change
from a five-stranded to a six-stranded A-sheet (12) is accom-
panied by a profound conformational change that occurs not
only in the cleaved form but also in the nonphysiological latent
conformation in which the intact reactive loop is inserted into
the A-sheet. The structures of both inhibitory and latent
antithrombin (referred to as I- and L-antithrombin, respec-
tively) have been well studied (13–15) as the two forms readily
cocrystallize as a dimer. Here, we describe a related crystal
form in which both antithrombin molecules are in complex
with the core pentasaccharide fragment of heparin (16) mod-
ified by an additional sulfate (17) to give higher affinity binding
(Kd 0.4 nM vs. 50 nM).
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FIG. 1. Schematic: i, circulating antithrombin; ii, contacts endo-
thelial heparans with induction of high-affinity binding and reactive
site loop exposure; iii–iv, complexes with factor Xa followed by loop
cleavage and insertion with diminished heparin affinity; and v, the
complex is released into the circulation for catabolism by the liver.
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MATERIALS AND METHODS

Crystallization. I-antithrombin was purified from human
plasma (14) and stored in 20 mM TriszHCl, pH 8.0. L-
antithrombin was prepared (14) by incubating I-antithrombin
(at 1 mgyml) at 60°C for 15 hr in 20 mM Trisy0.25 M sodium
citrate, pH 7.4. It was purified by heparin-Sepharose (eluted at
0.4 M NaCl, whereas normal antithrombin is eluted at 0.8 M
NaCl) and ion-exchange chromatography and then concen-
trated in 20 mM TriszHCl, pH 8.0. The synthetic (17) high-
affinity pentasaccharide (compound 83 in ref. 16) varied from
the natural pentasaccharide in having an extra sulfate in
saccharide H (Fig. 2c). Heterodimeric antithrombin crystals
grew within 1 week at 18–20°C after a 1:1 stoichiometric
mixing of 2 ml of active antithrombin (40 mgyml), 6.6 ml of
L-antithrombin (12.2 mgyml), with a slight molar excess of
pentasaccharide (1.4 ml of 4 mgyml in deionized water), and
10 ml of 30% (wtyvol) PEG4000 in 0.05% NaN3y0.1 M sodium
cacodylate, pH 7.0.

Data Collection. Diffraction data were collected on an
MAR Research image plate by using synchrotron radiation
(wavelength 0.87 Å, station 9.6 at Daresbury, U.K.) from a
frozen crystal (space group P21, unit cell: a 5 70.44 Å, b 5
86.97 Å, c 5 97.22 Å, b 5 108.88°) at 100 K. Immediately
before freezing, the crystal was immersed in cryoprotectant
[25% (volyvol) 2-methyl-2,4-pentanedioly18% (wtyvol)
PEG4000y40 mM sodium cacodylate, pH 7.0) for 4 sec and
then mounted in the N2 stream. The data were integrated by
using MOSFLM (18) and processed with programs from the
CCP4 (19) suite (see Table 1).

Structure Determination. The structure was solved by mo-
lecular replacement using AMoRe (20) with the 2.6-Å anti-
thrombin structure as search model (15). Manual rebuilding
was carried out with the program O (21) using sA-weighted
2Fo 2 Fc and Fo 2 Fc electron density maps. Models were
refined using the TNT (22) suite and XPLOR (23) with grouped
temperature factors. Two pentasaccharide moieties, bound to
I- and L-antithrombin, were built into clear difference density
once the free R-factor had dropped below 35%. This model
was used to remove the anisotropy of the overall temperature
factor of the crystallographic data. The final model has a free
R-factor of 28.8% and excellent stereochemistry (see Table 1)
(24). Exposed peptide loops in the body of the molecule,
including the critical hD-s2A (137–139) and reactive center
(378–386) loops, had high temperature factors, but the elec-
tron density was continuous and allowed unambiguous tracing
of the chain. Figures were produced with MOLSCRIPT (25) and
BOBSCRIPT (R. Esnouf).

Treatment of Antithrombin with Peptidylarginine Deimi-
nase. Antithrombin Glasgow (P1 Arg 3 His) was a gift from
M. C. Owen (26). Antithrombin (10 mM) was incubated with
peptidylarginine deiminase (Panvera, Madison, WI) at a molar
ratio of 50:1 (inhibitor:enzyme) in 100 mM TriszHCly5 mM
CaCl2, pH 7.4, for 16 hr at 37°C in the presence or absence of
heparin pentasaccharide (50 mM). The reaction was stopped
with 50 mM EDTA and the products were analyzed on native
7.5% polyacrylamide gel electrophoresis.

RESULTS AND DISCUSSION

The crystal packing of the I- and L-antithrombin dimers, in
complex with the pentasaccharide (Fig. 2a), is similar to that
of the crystal forms in the absence of the heparin fragment
(13–15) despite a marked difference in the unit cell dimen-
sions. The electron density of the pentasaccharide is well
defined in both molecules (Fig. 2 a and b), and the relations of
its negatively charged carboxylate and sulfate groups to arginyl
and lysyl side chains on antithrombin (Fig. 2c) are clearly
evident. As predicted (9, 27), binding occurs to the upper half
of the D-helix (Lys-125, Arg-129) and the base of the A-helix

(Arg-47 and Arg-46 and also the main-chain amide of Asn-45).
On the other side of the pentasaccharide, there is binding to
the amino terminus of antithrombin through the side chains of
Lys-11 and Arg-13 as well as the main-chain amide of Arg-13.
Further direct hydrogen bonds to the pentasaccharide (28) are
made by the side chain of Lys-114 and the main-chain amides
of Glu-113 and Lys-114, which are each brought into H-
bonding proximation as a consequence of an induced new helix
(named P for the pentasaccharide) between the C and D
helices.

A comparison of the crystal structures of I- and L- anti-
thrombins both before (15) and after complexing with the
pentasaccharide reveals the detailed molecular mechanisms
for the sequence of changes shown diagrammatically in Fig. 1.
The initial changes that follow binding of the pentasaccharide
(Fig. 1, i–ii) are evident on comparing the uncomplexed and
complexed I-molecules, which show striking conformational
rearrangements most notably around the heparin binding site.
Of all Ca atoms, 60% can be aligned with an rms distance of
0.5 Å, when deviations larger that 1 Å are discarded; the main
differences are found in the stretches 5–48, 108–199, 203–215,
218–223, 324–329, 353–362, 379–386, and 414–419. The first
contribution to these changes can be explained by the necessity
to accommodate the pentasaccharide. The less well ordered
amino-terminal residues 12–16 shift sideways, widening the
cleft where the pentasaccharide binds. The N terminus of the

Table 1. Summary of crystallographic data

Data Value

Resolution range, Å 30–2.9
Total number of reflections 24,096
Completeness, % 94.2
Rmerge,* % 12.4
Rejected outliers,† % 0.2
Mean ^Fys& 5.2
Multiplicity 2.5
R-factor,‡ % 20.3
Free R-factor,§ % 28.7
Number of atoms per

asymmetric unit
Protein 6,643
Carbohydrate 42
Pentasaccharide 200

rmsd bond length,¶ Å 0.005
rmsd bond angle,¶ ° 1.0
Main-chain torsion angles¶\ 84.3% (preferred)

14.2% (allowed)
1.3% (generously allowed)

Average temperature factors,
Å3 Mean SD

L-molecule 32.46 21.97
L-molecule pentasaccharide** 35.84 11.18
I-molecule 38.58 22.49
I-molecule pentasaccharide 48.14 10.15

*Rmerge** 5 ((iuI(h) 2 I(h)iuy((iuI(h)iu, where I(h) is the measured
mean intensity after rejections.

†Reflections observed more than twice, and with intensities differing
by more than 3.5 s(I) from the weighted mean were rejected. The
fraction of the total number of measured reflections is given.

‡The crystallographic R-factor of data between 6.0 and 2.9 Å after the
final round of refinement.

§The free R-factor of 851 randomly selected reflections (6.0–2.9 Å)
after final round of refinement.

¶From PROCHECK (24) (rmsd, root mean square deviation from ideal
values).

\The generously allowed and disallowed f–c torsion angles are found
in poorly ordered loops.

**The L-molecule pentasaccharide has a lower B-factor due to an
additional crystal contact.
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a)

b)

c)

FIG. 2. (a) Dimer of L-antithrombin (yellow) and I-antithrombin (red) each complexed with the pentasaccharide (black). The reactive site loop
of each molecule is in blue, the loop being fully inserted in the A b-sheet in L-antithrombin with the reactive loop of the I-antithrombin replacing
the vacated strand site s1C in the L-molecule through its P3–P8 residues (amino-terminal to the P1 reactive center). (b) (Left) Electrostatic surface
potential map of antithrombin (red, negative potential; blue, positive potential) with the pentasaccharide outline and showing its extension region
including 132-Arg, 133-Lys, and 136-Lys. (Right) A sA-weighted difference map, calculated after omitting the pentasaccharide, is displayed at a
contour level of 3s within volume 4 Å around the omitted atoms. Superimposed on the omitmap are the atoms of the pentasaccharide DEFGH
(D above) and a ribbon representation of I-antithrombin. The binding site is in yellow and also includes the P-helix, the lower of the two induced
helical segments, in blue. (c) Hydrogen bonding to pentasaccharide DEFGH. Likely bonds in full lines, possible bonds in interrupted lines, (mc)
indicates main-chain bonding. Arg-132, Lys-133, and Lys-136 are beyond hydrogen bonding distance from the pentasaccharide but could interact
with extended oligosaccharides. The extra sulfate present in the high affinity pentasaccharide (16) is asterisked in saccharide H.
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A-helix rearranges, allowing the primary amines of Arg-46 and
Arg-47 to move by 17 and 8 Å, respectively, to hydrogen bond
with the sulfate residues of the pentasaccharide, whereas
residues 44 and 45 make way for the cofactor. The D-helix tilts
by some 10°, whereas at its amino terminus, residues 113–118
coil to form the two-turn P-helix at right angles with the
D-helix. At the carboxyl terminus, the D-helix is extended by
one-and-a-half turns, moving Arg-132, Lys-133, and Lys-136
toward the pentasaccharide binding site. These residues do not
come within hydrogen bonding distance of the pentasaccha-
ride. However, they would be able to interact with additional
saccharide units of full-length heparin.

The other main contributor to the differences between the
complexed and uncomplexed I-molecules is the movements
involved in the activation of antithrombin toward factor Xa
(Fig. 1, ii). The closing of the A-sheet with an accompanying
expulsion of the partially inserted residues P14 and P15 of the
reactive site loop (Fig. 3) occurs by an allosteric mechanism as
it is more than 30 Å distant from the pentasaccharide. The
closure of the A-sheet is at least in part a response, as predicted
(29), to the one-and-a-half turn extension of the D-helix. There
is no direct interaction between the pentasaccharide and the
extra turns of the helix, and the extension is probably driven by
the favorable effect of the neutralization of the charges of
Lys-125 and Arg-129 in the turns preceding the elongation.

The comparison of the I- and L- molecules indicate the
changes that follow the formation of the complex with factor
Xa by the pentasaccharide-activated antithrombin, as repre-
sented in Fig. 1, iii–v. The main conformational change in
going from I- to L- antithrombin (15) is the insertion of the
reactive loop as a sixth strand into the A-sheet (Fig. 2a).
Electron density of residues 391–404 of the latent loop are
visible in the complex with the pentasaccharide, confirming
that the loop is not cleaved during crystallization. The presence
of the pentasaccharide induces the same conformation around
its binding site in L-antithrombin as in I-antithrombin, with the
notable exception of the carboxyl terminus of the D-helix,

which is not extended in L-antithrombin but instead is present
as a poorly ordered loop. As a result, Arg-132 and Lys-133 no
longer adopt a conformation in which they would be able to
interact with the longer polysaccharide heparin, unlike in
pentasaccharide-activated I-antithrombin. This difference be-
tween I- and L-antithrombin is caused by the lateral expansion
of the A-sheet, which results from the insertion of the reactive
loop, thus taking up the space otherwise occupied by the
extended D-helix. This observation explains why cleaved an-
tithrombin (30), which is conformationally closely related to
L-antithrombin and also to that of the assumed final complex
(Fig. 1, iv), more readily dissociates from full-length heparin
than I-antithrombin.

Surprisingly, the structural interaction of the pentasaccha-
ride with I-antithrombin is otherwise identical with that of
L-antithrombin, including the conformation of the pentasac-
charide itself. We conclude therefore that the decreased
affinity for the pentasaccharide of the six-stranded forms of
antithrombin must at least in part be caused by a different
initial association rate. This is in keeping with an earlier
crystallographic study (15) of a similar heterodimer of anti-
thrombin, in the absence of the pentasaccharide, showing a
shielding of the heparin binding site in L-antithrombin but not
in I-antithrombin.

The studies described here demonstrate how evolution has
adapted the inherent molecular mobility of antithrombin to
meet a specialized physiological need. As opposed to other
serpins, antithrombin circulates with its reactive center argi-
nine obscured (Fig. 3) and hence less vulnerable to incidental
cleavage (31). This is achieved by holding the reactive site loop
partially inserted into the A-sheet of the molecule until the
loop is released when antithrombin binds to the pentasaccha-
ride core of the heparans. Thus, the linkage of the change of
conformation at the pentasaccharide binding site with the
exposure of the reactive loop ensures that full activation of
antithrombin does not occur until it is bound to the walls of the
microvasculature.

FIG. 3. Ribbon diagrams of (from left) I-antithrombin (15), pentasaccharide-complexed I-antithrombin, and a1-antitrypsin (32). The
pentasaccharide activation of I-antithrombin is seen to involve a closing of the A-sheet (magenta), an extension (blue) of helix D (yellow), and an
expulsion of residues P14 (green sphere) and P15 (black sphere) of the reactive site loop (red). The reactive loop of both antithrombin molecules
is constrained by the dimer contact (see Fig. 2a) of the b-pleated P3–P8 (ribboned arrow). An indication of the likely free conformation, with
exposure of the P1 reactive center (shown as a ball–stick model), is provided by the optimal inhibitory conformation of the reactive loop present
in a1-antitrypsin (32).
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The release of the reactive loop from the A-sheet leaves it free
to take up an optimal inhibitory conformation, though in the
crystal structures this is limited by the dimer contact of residues
P3–P8 of the loop (Pn–Pn are numbered amino-terminally with
respect to the P1 reactive center) (Fig. 2a). A model of the likely
unrestrained reactive-site conformation is provided by the recent
crystal structure of a1-antitrypsin (32), with a reactive loop in the
exposed canonical form that matches the complementary con-
formation of the active site of the serine proteases. In this
conformation, the side chain of the reactive center P1 residue is
fully exposed (Fig. 3), and we believe that the full activation of
antithrombin will also involve movement of the side chain of the
P1 arginine from its internal to a similar external orientation.
Direct evidence for such a reorientation comes from recent
studies (33) in which the accessibility of the side chain of the P1
Arg was probed with peptidyl deiminase (34). These studies show
that the P1 side chain is protected in the absence of the pentasac-
charide but becomes vulnerable to attack in the presence of the
pentasaccharide (Fig. 4). Furthermore, as predicted by this
mechanism, the deimination of the P1 Arg, with consequent loss
of its hydrogen bonding to the body of the molecule, results in a
reversion of antithrombin to the higher heparin-affinity confor-
mation (33).

Previous predictions as to the heparin binding site (9, 27,
28, 35), and to the movement (6), extrusion (29), and
activation (5, 7, 8, 32, 36) of the reactive loop of antithrom-
bin, are in general agreement with the structural changes
observed here. The series of structures we have described
connect the changes with each other and also show the
detailed molecular interactions involved. An example of the
value of this detail is provided by the natural mutations of
antithrombin that produce familial thromboembolic disease.
We could previously readily explain (14) the consequences
of the replacement of basic residues at the binding site, for
instance of Arg-47 or Arg-129. Now, however, there is also
a satisfying explanation for the thromboembolic disease that
results from the replacement of Pro-41, which is seen to form
a critical turn at the point of entry of saccharides DE to the
binding site (Fig. 2b). Similarly, the thrombotic conse-
quences of the substitutions of other residues by prolines at
116 and 118 now become clear as a predictable disruption of
the new P-helix (113–118) and hence of the binding of
Lys-114 and Glu-113 to the pentasaccharide.

The detailed binding interactions of antithrombin with the
pentasaccharide also agree with the systematic studies (16) of

the binding of some 90 different modifications and analogues
of the heparin pentasaccharide. These studies have led to the
identification of modified pentasaccharides of increased ac-
tivity, including the pentasaccharide used here, which has an
extra sulfate group on saccharide H. The new knowledge of the
detailed binding interactions with antithrombin gives the po-
tential to design further modifications of the core pentasac-
charide, as indicated in Fig. 2b, to give increased specificity of
binding and activation. There are good reasons for doing this,
as current therapy with heparin is limited by its heterogeneity,
with some of the oligosaccharide binding to blood platelets
causing their aggregation by immune mechanisms to give the
distressing disorder thrombotic thrombocytopenia (37). In the
longer term, the new structures also open the prospect (38) of
the design of nonsaccharide mimetics, which, unlike heparin,
could be administered orally.

The pentasaccharide used in this study was obtained in the frame-
work of a Sanofi–Organon (C. van Boeckel) collaboration on anti-
thrombotic oligosaccharides. This work was supported by the Well-
come Trust, the Medical Research Council of Great Britain, and the
British Heart Foundation. L.J. has a Wellcome Prize Studentship and
support from the Sackler and Cambridge Commonwealth funds.
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