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ABSTRACT Hereditary deficiency of factor IXa (fIXa), a
key enzyme in blood coagulation, causes hemophilia B, a
severe X chromosome-linked bleeding disorder afflicting 1 in
30,000 males; clinical studies have identified nearly 500 del-
eterious variants. The x-ray structure of porcine fIXa de-
scribed here shows the atomic origins of the disease, while the
spatial distribution of mutation sites suggests a structural
model for factor X activation by phospholipid-bound fIXa and
cofactor VIIla. The 3.0-A-resolution diffraction data clearly
show the structures of the serine proteinase module and the
two preceding epidermal growth factor (EGF)-like modules;
the N-terminal Gla module is partially disordered. The cat-
alytic module, with covalent inhibitor D-Phe-1I-Pro-2I-Arg-31
chloromethyl ketone, most closely resembles fXa but differs
significantly at several positions. Particularly noteworthy is
the strained conformation of Glu-388, a residue strictly
conserved in known fIXa sequences but conserved as Gly
among other trypsin-like serine proteinases. Flexibility ap-
parent in electron density together with modeling studies
suggests that this may cause incomplete active site formation,
even after zymogen activation, and hence the low catalytic
activity of fIXa. The principal axes of the oblong EGF-like
domains define an angle of 110°, stabilized by a strictly
conserved and fIX-specific interdomain salt bridge. The dis-
order of the Gla module, whose hydrophobic helix is apparent
in electron density, can be attributed to the absence of calcium
in the crystals; we have modeled the Gla module in its calcium
form by using prothrombin fragment 1. The arched module
arrangement agrees with fluorescence energy transfer exper-
iments. Most hemophilic mutation sites of surface fIX resi-
dues occur on the concave surface of the bent molecule and
suggest a plausible model for the membrane-bound ternary
fIXa-fVIIIa-fX complex structure: fIXa and an equivalently
arranged fX arch across an underlying fVIIIa subdomain
from opposite sides; the stabilizing fVIIIa interactions force
the catalytic modules together, completing fIXa active site
formation and catalytic enhancement.

Human factor IX (fIX) is secreted as a 415-residue single-chain
molecule into the blood, where it is activated to fIXa by
proteolytic cleavage (1-3). A single cleavage at Arg-180-Val-
181 [Arg-181-Ile-182 in porcine fIX (refs. 4-6; P.L., unpub-
lished data)], corresponding to residues 15 and 16 in chymo-
trypsinogen numbering (hereafter denoted with the prefix c)
generates active form fIXaa, while a second cleavage removes
segment Ala-146—Arg-180 to generate the physiological active
form fIXap (7, 8). The N-terminal light chain (145 residues)
and the C-terminal heavy chain (235 residues) are disulfide
linked via Cys-132-Cys-289(c122). The light chain consists of
several modules, which also reflect the exon structure (9): the
N-terminal Gla module (residues 1-38; Gla refers to CY
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carboxylated glutamic acid residues) followed by its hydropho-
bic helix (39-46), two epidermal growth factor (EGF)-like
domains (residues 47-84 and 85-127), and a linker peptide
(residues 128-145); the heavy chain (residues 181-415) forms
the catalytic module. Free fIXap is an extremely poor pro-
teinase (10-14) but becomes a potent fX activator upon
complex formation with its cofactor fVIIIa via calcium-
mediated binding in vitro to anionic phospholipid membranes
and in vivo to the surfaces of endothelial cells or activated
platelets (15). This complex, Xase of the intrinsic blood
coagulation pathway, converts fX to fXa by cleavage of the
Arg-194-Ile-195(c16) peptide bond.

X-ray structures are available for the coagulation factors
thrombin and several thrombin complexes (16-19), of pro-
thrombin fragment 1 [consisting of a Gla domain and kringle
1 (20, 21)], and of fXa, in which the EGF-1 module is
disordered and the Gla domain is absent (22). In addition,
NMR structures have been reported for the EGF-1 and EGF-2
domains of fIX and fX (23, 24) and for the calcium-free
Gla-EGF-1 domain pair of bovine fX and calcium-free Gla
domain of fIX Gla (25, 26). The structure of fIXap, a
full-length, membrane-dependent coagulation factor, is pre-
sented here.$

MATERIALS AND METHODS

Porcine fIXaf was prepared and blocked with D-Phe-11-Pro-
2I-Arg-3I chloromethyl ketone (PPACK) as described (27,
28). PPACK-fIXap was crystallized by vapor diffusion at room
temperature in 22% PEG 6000 and 0.5 M sodium acetate (pH
6.6). The crystals of tetragonal space group P4,2;2 have cell
constantsa = b = 128.75 A, ¢ = 77.00 A, with one molecule
per asymmetric unit. Native data to 3 resolution were
collected on a MAR image plate at 4°C. Due to partial
anisomorphism, only 37,000 reflections from the best native
crystal were evaluated with MOSFLM, Version 5.1 (A. G. W.
Leslie, Mosflm User Guide, Cambridge, U.K.), and merged
with CCP4 routines (29) yielding 12,050 independent reflec-
tions (89.2% completeness). Orientation and position of the
catalytic domain were determined with X-PLOR routines (30),
using trypsin and fXa (22) polyalanine models. The catalytic
domain was improved and refined against 3-A electron density
maps using MAIN (31) and X-PLOR routines. The final density
allowed localization of the EGF-2/linker module. Eventually
the EGF-1 domain was localized using AMORE (32). Cylindrical
electron density beyond the N-terminal pole of EGF-1 could
account for the C-terminal helix of the Gla domain. This

Abbreviations: fIX, factor IX; EGF, epidermal growth factor; PPACK,
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feature has allowed us to model the Gla domain of fIXap in
the presence of calcium by positioning the hydrophobic stack
of calcium-bound prothrombin fragment 1 (21) in this density.
Since crystals are not destroyed by calcium soaking experi-
ments, the Gla domain position should also be compatible with
crystal packing (see Fig. 1). This full-length model was crys-
tallographically refined to an R value of 0.198, including 10,693
reflections from 8.0 to 3.0 A. The rms deviations of this model
from standard bond lengths and angles are 0.010 A and 2.01°.

RESULTS AND DISCUSSION

The structure of fIXaB resembles a tulip, with the catalytic
module representing the flower, the two interlaced EGF domains
the bent stalk, and the N-terminal Gla domain the bulb (Fig. 1).
The lengths including the bend and the maximal spatial extension
of the molecule are 130 and 105 A, respectively. The catalytic
module possesses the typical fold of trypsin-like serine protein-
ases and closely resembles that of fXa. The ammonium group of
N-terminal Ile-181(c16) forms a buried salt bridge with Asp-
364(c194), characteristic for an “active” serine proteinase, in
agreement with the unfavorable effect of mutations of either fIX
residue on coagulation activity (35).

In its active site groove the PPACK inhibitor is covalently
linked to the catalytic residues Ser-365(c195) and His-221(c57)
(Fig. 2), similar to PPACK thrombin (16, 17). Its peptidic chain
forms twisted antiparallel B-sheet hydrogen bonds with fIXa
residues Ser-384(c214)-Gly-386(c216). The S1 specificity
pocket accommodates the extended Arg-3I side chain, which
forms a salt bridge with the Asp-359(c189) carboxylate group
at its bottom. Hemophilia B associated with mutations in and
around this pocket can be attributed to impaired S1 formation
or defective substrate recognition (36-38, 62).

Tyr-266(c99) is displaced compared to its position in fXa
(22), occupying the aromatic site formed in fXa by Tyr-
266(c99), Trp-385(c215), and Phe-342(c174). As a result, the
S2 site of fIXap is more open, accommodating Pro-2I as well
as Thr, Val, Phe, or Trp P2 residues found in natural or
synthetic substrates (10-15); the benzyl group of D-Phe-1I is
not buried (Fig. 2).

The frame to the entrance of the fIXap specificity pocket,
segment Ser-384(c214)-Cys-389(c220), conforms to the typical
conformation of other trypsin-like serine proteinases (Fig. 2);
however, the sequence Gly-386(c216)-Glu-387(c217)-Glu-
388(c219)-Cys-389(c220) shows greater mobility. In particular
Glu-388(c219), whose carbonyl points toward NH; of Arg-3I,
is only weakly defined and exhibits a high-energy main-chain
conformation (® = 55°, ¥ = —164°), usually confined to Gly
residues. This may cause its greater flexibility relative to the
other trypsin-like enzymes, which all have Gly at this position;
Glu-388(c219) is strictly conserved in the seven fIX sequences
determined so far (4-6). The quality of the electron density is
sufficient to reliably establish structural mobility, since at
adjoining sites Phe-342(c174) and GIn-362(c192) the density
correctly predicted sequence corrections (S. S. Sommer, per-
sonal communication) of Val — Phe and Ile — Gin from the
published cDNA sequencing (5). Molecular dynamics simula-
tions, using model coordinates after elimination of PPACK,
indicate a destabilization of Glu-388(c219) including its car-
bonyl group. This leads to a partial collapse of the pocket
incompatible with normal substrate binding; such destabiliza-
tion is not evident in equivalent molecular dynamics simula-
tions of fXa with its typical Gly at 388(c219).

Such an incompletely formed specificity pocket might ex-
plain the reduction in catalytic efficiency (kcat/Km) of fIXap by
several orders of magnitude toward chromogenic amide sub-
strates compared with fXa (10-14). Hindered recognition and
binding of basic peptidic substrates and chloromethyl ketone
inhibitors would correspond to unproductive approaches of the
scissile peptide bond or reactive groups, respectively. For
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FiG. 1. Ribbon plot [a; SETOR (33)] and solid surface model [b;
GRASP (34)] of the bent fIXap molecule. The phospholipid membrane
is presumed to bind to the Gla domain (bottom) approximately along
a horizontal plane. PPACK (yellow) is bound to the active site of the
catalytic domain (top). (a) Light chain consists of the N-terminal Gla
domain/hydrophobic stack model (green/yellow) with the Gla resi-
dues (red ball and stick) shown explicitly, followed by EGF-1 (ma-
genta) and EGF-2/linker peptide (light green); heavy chain forms the
catalytic domain (red). (b) Surface is colored according to residue
conservation; mutations that lead to bleeding disorders are red,
fIX-specific conserved residues are pink, other conserved fIX residues
are light blue, and variable residues are blue. Concave side facing the
front and the strip to the left of the molecule are dominated by
hemophilic mutations, fIX-specific or conserved residues and are
therefore implicated in fVIIIa binding while right and back sides
display more variable residues.

example, benzamidine binding would require rigidification of
the 388(c219) carbonyl group into the S1 pocket-forming
position, with an energy cost reflected in the 15- and 100-fold
lower affinity (larger K;) for fIXaB compared to fXa and
thrombin (P.L., unpublished data). This destabilized state of
fIXap is reminiscent of the mobile and occluded S1 pocket of
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the trypsinogen-like zymogens, which generally precludes
binding of substrates and inhibitors but can be forced into the
active state by very high-affinity active site binding (39-43).

The linker peptide of fIXap sits in a depression on a pole of
the catalytic module surface opposite the active site residues.
This peptide forms a disulfide to the catalytic domain with
Cys-132-Cys-289(c122) and is defined to His-139. In the
N-terminal direction, it links the catalytic module with the
EGF-2 domain, which also associate through a common
aromatic-rich interface, similar to fXa (22). Both EGF-like
domains of fIXap are similar to the EGF-2 domain of human
fXa and the isolated EGF-1 domains of human and bovine
fIXa (22-24). They resemble an axe head, with five consec-
utive peptide strands linked in pairs through four B-hairpin
loops and cross-connected via three disulfide bridges (see
Fig. 1a). Strand 1 is rather kinked, while pairs of strands 2-3
and 4-5 form a “major” and a “minor” twisted B-pleated
sheet, respectively.

The domain structure of fIXa provides important clues to
structural aspects of its function in Xase. The head-to-tail
arrangement of both EGF domains, which are also related by
a rough 180° screw axis along their long axes, which in turn
define an angle of 110° is probably important for fIXa
function. The interdomain interface comprises ~80 atomic
contacts below 4.0 A and resembles a ball-and-socket joint
(Fig. 1a), where EGF-1 would revolve about its exposed and
hydrophobic s3 — s4 loop (Val-75-Gly-76-Phe-77), set in a
concave EGF-2 hydrophobic socket formed by the strictly
conserved residues Val-107, Cys-109, Ala-86, and the hydro-
phobic side chain parts of Lys-122 and Arg-94. “Joint” rotation
is restricted, however, by three additional contacts, provided by
(i) the (covalent) connecting segment Glu-83-Leu-84-Asp-
85-Val-86, (ii) a polar hydrogen bond formed between the
conserved basic group of Lys-122 and GlIn-74 O, and especially
(iif) a salt bridge between Glu-78 and Arg-94 (Fig. 3), both
strictly conserved among fIX sequences. The conservation and
extent of these interactions argues that the relative spatial
orientation described here is an intrinsic structural property of
fIXa relatively unaffected by crystal packing.
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FiG. 2. PPACK (yellow) bound
to the active site region of fIXap
(green) superimposed with a Con-
nolly dot surface [MAIN (31)] re-
lated to the view in Fig. 1 by a 90°
rotation about a horizontal axis in
the plane of the page. Specificity
pocket opens to the left of the
active site residues (right), with its
entrance framed by the kinked
segment Trp-385(c215)-Cys-
389(c220). Due to the high-energy
conformation of Glu-388(c219)
(bottom left), this frame is mobile
and would presumably collapse
upon removal of the inhibitor.

A calcium binding site has been located (23, 24) at the
N-terminal pole of the EGF-1 domain between the entering
strand 1 and the s2 — s3 hairpin loop (Asp-64-Ser-68). Three
of the calcium ligands—Asp-65, GIn-50, and Asp-64—are
suitably oriented for calcium binding in the fIXap structure.
Due to lack of calcium, however, this site is not occupied,
presumably causing some disorder in the EGF-1 connecting
segment from Asp-47 to GIn-50 (24).

Several lines of evidence (20, 21, 44-48) suggest that in the
absence of calcium the interaction between EGF-1 and the
C-terminal helix of the Gla domain (i.e., the hydrophobic
stack) is weak; the helical topology of the Gla domain con-
forms to the calcium-bound Gla domain on average, albeit with
higher mobility of the secondary structure elements (25, 26).
The crystal structure of prothrombin fragment 1 determined
in the absence of calcium placed the a-helical hydrophobic
stack adjacent to the kringle 1 domain (20); calcium binding
induces a conformational transition to a more ordered struc-
ture, with several Gla residues becoming partially buried and
membrane binding determinants such as Leu-6 or Phe-9
exposed (21, 25, 26).

According to this model, the EGF-1 domain of fIXap
interacts with the Gla domain mainly through the strictly
conserved Ile-66 and the preceding s2 — s3 loop of EGF-1 and
the side chains of Asn-39 and Lys-43 of the hydrophobic stack.
Gla-36 and Gla-40, 2 of the 12 fIXa Gla residues not present
in prothrombin, point toward the EGF-1 domain, the latter
possibly makKing a salt bridge to the strictly conserved Lys-63.
As in prothrombin (21), the first 9 Gla residues together with
the exposed hydrophobic residues of the Q-loop (Fig. 1a) are
most likely responsible for calcium-dependent phospholipid
membrane binding in a not fully understood manner (21, 25,
26, 44-48). The 90-A distance between the D-Phe-11 of fIXaB
bound PPACK and the center of the {)-loop is consistent with
distances of 89 and 73 A between D-Phe-1I-conjugated fluo-
rescence donors and membrane-bound acceptor dyes obtained
from fluorescence energy transfer measurements (49) if a
horizontal membrane orientation is assumed as in Fig. 1.
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Another important aspect is the interaction of fIXa with
cofactor VIIla and substrate fX. Competition experiments
with various enzyme fragments and chimeric molecules suggest
that both the light and heavy chains of fIXa bind to fVIIIa,
with somewhat weaker participation of the EGF-1 domain
(50-54). Residues particularly important to the fIXa—fVIIIa
interaction should be highly conserved, at the molecular
surface, specific to the coagulation factor (fIXa or fVIIIa), and
sensitive to mutation (and hence observable either through
clinical recognition of naturally occurring hemophilic variants
of high antigenic level or through clinical recognition of
naturally occurring hemophilic variants of high antigenic level
or through site-directed mutagenesis experiments). Examina-
tion of the fIXap surface according to these criteria reveals a
continuous broad strip, a kind of hemophilic surface, extend-
ing along the entire concave surface of the fIXa molecule (Fig.
1b), partially enclosing a hollow, which probably represents the
binding site of fVIIIa.

Specific residues associated with hemophilic mutations that
contribute to this putative f VIIIa binding surface can be found
in each domain of the light chain: in the Gla domain, Phe-9 (in
the Q-loop) and Phe-25 and Arg-29 (in the second helix) are
exposed and point toward the hollow created by the arched
fIXaB modules; each is strictly conserved in fIX. Ile-66,
Tyr-69, and Trp-72 (55) of the EGF-1 domain likewise face the
hollow; the latter is remarkably exposed and specifically
conserved in fIX. The same holds true for the side chains of
the strictly conserved EGF-2 residues Ile-90, Asn-92, and
Arg-94 (the latter involved in the fIX-specific salt bridge with
Glu-78).

In contrast, O-glycosylation of Ser-53 and Ser-61 of EGF-1
(56) in several fIX species (4-6) indicates that the convex
surface opposite the hollow is not involved in fVIIIa binding.
In general, this surface of the light chain (not visible in Fig. 1)
is less conserved and lacks sites of hemophilic mutations.

The a-helix Leu-330(c162)-Arg-338(c170) of the catalytic
module of fIXap is a site of particularly numerous mutations
(red patch on the upper left of Fig. 1b). Mutations in 6 of the
9 highly conserved residues manifest themselves in bleeding
disorders (cf. refs. 36-38). Arg-333(c165) forms part of a
contiguous positively charged surface patch, which is a poten-
tial anchoring site for acidic glycosaminoglycans such as hep-
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F1G.3. Thin section of the final
electron density map through the
EGF-1-EGF-2 interface of fIXap.
The unique salt bridge, formed be-
tween the fIX-specific conserved
residues Glu-78 (EGF-1) and
Arg-94 (EGF-2) (right), and part of
the connecting segment Leu-84-
Asp-85-Ala-86 (left) are shown.

arin. Heparin binds more tightly to fIXap and to fX or fVIIIa
but inhibits the activity of intrinsic Xase noncompetitively
rather than impairing assembly (57).

In the fIX zymogen, the 35-residue activation peptide is
presumably located on the front surface in Fig. 1. The zymogen
fIX is known not to form a complex with fVIIIa (51-53).
Cleavage of the zymogen only at Arg-180(c15)-Ile-181(c16)
results in the active species fIXaa; full cofactor binding activity
requires additional cleavage at Arg-145-Ala-146 and removal
of the activation peptide (2), suggesting sterical hindrance by
the peptide. fIXa cleavage of fX also requires conservation of
residues in the vicinity of the active site, in agreement with
observed mutations of conserved surface residues resulting in
hemophilia B (36-38).

In the absence of a suitable phospholipid membrane surface
and of fVIIla, collisional encounters leading to binding of
fIXap and fX occur rarely, reflected in the very large K, value
of 33,000 nM; in addition, the catalytic efficiency is low, with
a kear of 0.003 sec™! (57-59). Binding to phospholipid mem-
brane restricts translational and rotational diffusion from six to
two dimensions, and the binding encounter frequency is
increased 150-fold; since k., is nearly unaffected, the catalytic
module is disengaged from membrane binding (Fig. 4).

The high affinity of fIXap for fVIIIa (58, 59, 61) implies an
extended interaction surface between the two factors, pro-
vided especially by the EGF-2 and catalytic modules of fIXap
(47-50). We suggest that the arched fIXap molecule lies across
a substructure of fVIIIa, with the fIXaB surface described
above providing most of the contacts (see Fig. 4). Since fVIIIa
does not influence the activity of fIXap toward chromogenic
substrates or chloromethyl ketones (10-14), formation of the
fIXap-fVIIla binary complex would not complete active site
formation and rigidification at the hypothetically collapsed S1
site, even in the presence of phospholipid. Instead, we suggest
that binding of spatially similar but less rigid fX to the opposite
side of fVIIIa could force the fX cleavage sites close to the
substrate binding site of fIXap and provide the energy for
active site rigidification (see Fig. 4). This could explain why, in
the absence of phospholipid, fVIIIa binding enhances Kcat
300-fold but minimally affects the Ky, value (63-65), since the -
energy of cofactor binding is diverted to active site formation.
Addition of phospholipid, which reduces the degrees of free-
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Factor X

Factor Villa Factor IXa

FiG. 4. Schematic drawing of intrinsic Xase complex formation. In
the absence of fVIIIa, the specificity pocket of fIXa is mobile and
incompletely formed. The bent fIXaB molecule could arch across a
substructure of fVIIIa [represented as a compact membrane-bound
molecule of dimensions roughly similar to those recently derived for
fVa from electron microscopy (60)] and simultaneously interact with
the elongated fVIIla substructure through residues on the left side
(with respect to Fig. 1). fX, of a similar overall shape, arches across the
fVIIIa substructure from the opposite side; interaction forces the
activation cleavage site Arg-194-Ile-195 into the fIXap active site,
opening the S1 specificity pocket and enabling activation cleavage.

dom by preorienting the factors for complexation, leads to a
100-fold reduction in Ky (to 60 nM; i.e., far beyond plasma
concentration) and a further 10-fold enhancement in Kkca
[8 sec™! (58, 59)].

The structure of fIXap presented here allows a more reliable
assessment of the structural and functional importance of
specific residues, in particular those susceptible to deleterious
mutants (36-38), and thus an understanding of the molecular
mechanisms underlying hemophilia B. The Xase model shown
in Fig. 4 is a starting point in understanding the millionfold
enhancement in the catalytic efficiency of fIXaB upon forma-
tion of the intrinsic Xase complex; aspects of this model might
be transferable to related structures such as the prothrombi-
nase complex. It provides a framework for localizing the
interaction sites involved in Xase function, making testable
predictions of sites suitable for mutagenesis experiments.
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