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ABSTRACT: The serine protease factor Xa (FXa) is inhibited by ecotin with picomolar affinity. The structure
of the tetrameric complex of ecotin variant M84R (M84R) with FXa has been determined to 2.8 Å. Substrate
directed induced fit of the binding interactions at the S2 and S4 pockets modulates the discrimination of
the protease. Specifically, the Tyr at position 99 of FXa changes its conformation with respect to incoming
ligand, changing the size of the S2 and S4 pockets. The role of residue 192 in substrate and inhibitor
recognition is also examined. Gln 192 from FXa forms a hydrogen bond with the P2 carbonyl group of
ecotin. This confirms previous biochemical and structural analyses on thrombin and activated protein C,
which suggested that residue 192 may play a more general role in mediating the interactions between
coagulation proteases and their inhibitors. The structure of ecotin M84R-FXa (M84R-FXa) also reveals
the structure of the Gla domain in the presence of Mg2+. The first 11 residues of the domain assume a
novel conformation and likely represent an intermediate folding state of the domain.

Blood vessel trauma initiates a proteolytic cascade of
serine proteases that culminates in the cross-linking of the
clotting protein fibrin and the formation of blood clots. The
coagulation cascade is composed of two interconnected
pathways: the extrinsic and the intrinsic, which converge
in the activation of zymogen factor X (FX) to functional
factor Xa (FXa). This activation occurs either by the factor
VIIa (FVIIa)-tissue factor complex (extrinsic pathway) or
by the factor IXa (FIXa)-factor VIII complex (intrinsic
pathway). Mature FXa consists of two disulfide linked
polypeptide chains: a light chain composed of an N-terminal
γ-carboxyglutamate (Gla) containing Gla domain, followed
by two epidermal-growth-factor-like (EGF) domains, and a
heavy chain harboring a trypsin-like serine protease domain
(1, 2). In the presence of its cofactor, factor Va (FVa), FXa
cleaves the zymogen prothrombin to generate active thrombin
protease.

Because of its dual role as both the final enzyme of the
cascade and a positive feedback regulator of the intrinsic
pathway, thrombin has historically been the major protease
target of the blood coagulation cascade in the development
of anti-coagulant therapies. However, because thrombin is
so ubiquitous in the blood coagulation response, many
thrombin inhibitors have had low safety to efficacy profiles
in clinical trials, with their usage often associated with an
increased risk of bleeding complications (3).

The search for alternative targets has led to FXa. Like
thrombin, it is strategically placed to regulate both the
intrinsic and the extrinsic pathways, but because of its more
restricted activity, it is thought that inhibiting the upstream
FXa would be more efficient and less likely to elicit the side
effects seen with thrombin inhibitors. However, similarities
of structure and substrate selection among the serine pro-
teases of the blood coagulation cascade have challenged the
design of specific inhibitors against FXa (1, 4). Interactions
between FXa and its inhibitors have not been investigated
as thoroughly as interactions between thrombin and its
inhibitors. X-ray crystallography has been used to define
several FXa-inhibitor complexes (2, 5-9). However, no
structure of FXa with a canonically bound macromolecular
inhibitor showing the substrate-like interactions at both sides
of the scissile bond has been determined. Because of the
importance of extended interactions in FXa substrate speci-
ficity (10), such a complex may prove to be especially useful
in inhibitor design.

The Escherichia colimacromolecular protease inhibitor
ecotin (11) inhibits a broad range of serine proteases of the
chymotrypsin fold including trypsin, chymotrypsin, and
collagenase (12, 13). Previous structural analyses showed
that inhibition by ecotin occurs by the formation of a
tetrameric complex consisting of a domain swapped ecotin
dimer binding two protease molecules (14-17). Each ecotin
molecule binds its target at two distinct sites on the
protease: a primary site and a secondary site. The primary
site interaction is characterized by substrate-like binding of
the 80's loop of ecotin to the active site cleft of the protease.
Binding at the secondary site involves less specific interac-
tions involving the distally located 60's loop of ecotin with
a flat, hydrophobic patch on the protease.
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Ecotin is the most potent reversible inhibitor of FXa, with
an inhibition constant (Ki) of 54 pM (12). An M84R mutation
of the P1 residue of ecotin further increases inhibition by
5-fold to 11 pM (12). We have crystallized and determined
the X-ray structure of human FXa in complex with ecotin
M84R (M84R). The canonical binding mode of the ecotin
80's loop provides valuable insights into the role of extended
interactions in FXa substrate recognition. Comparisons with
the existing structure of thrombin-M84R reveal how ecotin
adapts to different proteases to achieve high affinity binding
(17).

The structure of FXa-ecotin M84R (M84R-FXa) is also
the first structure of FXa determined in the presence of an
ordered Gla domain. The Gla domain is a highly con-
served N-terminal domain found in many of the proteins
involved in blood coagulation including factors VII, IX, and
X; proteins C, S, and Z; and prothrombin. About 45 amino
acids in length, the Gla domain is characterized by 9 to 12
γ-carboxyglutamates that are added post-translationally by
a vitamin K-dependent carboxylase (18). In the presence of
Ca2+, the Gla domain binds negatively charged phospho-
lipids, anchoring the protein to the membrane surface. This
is thought to be critical for the proper functioning of these
proteins, as binding to the membrane not only assists in
localizing these enzymes to sites of injury but also helps
properly position them for interaction with activators, co-
factors, and substrates (1).

Previously, the Gla domain of FXa was either disordered
or proteolytically cleaved from full-length FXa to aid in
crystallization (2, 5-9, 19). The Gla domain of M84R-FXa,
however, was well ordered. This represents the first structure
in the presence of an ordered Gla domain as well as the first
crystal structure of the Gla domain in the presence of Mg2+.
Three bound Mg2+ ions define the locations of three high
affinity, low specificity cation binding sites predicted in
earlier studies (20-23). The structure thus provides a glimpse
of an intermediate folding state of the domain and provides
key insights into how the Gla domain attains the membrane
bound state.

MATERIALS AND METHODS

Purification and Crystallization of the FXa-Ecotin M84R
Complex.Ecotin M84R was purified by standard procedures
as described (24, 25) and subsequently sent to Haematologic
Technologies Inc. (Essex Junction, VT) to be complexed with
purified FXa from human plasma. Equimolar quantities of
FXa and ecotin M84R were incubated on ice before being
purified by gel filtration in the presence of 150 mM NaCl,
2 mM MgCl2, and 20 mM Tris at pH 7.4.

The purified M84R-FXa complex was concentrated to
5.4 mg/mL and crystallized at room temperature by the sitting
drop method. Initial crystals were obtained by the PEG/Ion
screen (Hampton Research) with a well solution containing
20% PEG 3350 and 0.2 M sodium potassium tartrate at pH
7.1. Final crystals were optimized by adding a trace amount
of glycerol (to a final concentration of 2%) and 1µL of MPD
to 4 µL of well solution and 5µL of protein solution.

Data Collection, Structure Determination, and Refinement.
Orthorhombic crystals of M84R-FXa diffracted to 2.8 Å.
A full data set was collected at the Advanced Light Source

(ALS) beamline 5.0.2 with an ADSC Quantum 4 CCD
detector. Data sets were integrated and merged using
SCALEPACK/DENZO (26). The symmetry of crystals of
M84R-FXa is described by the space groupI222, witha )
66.8 Å, b ) 108.0 Å, andc ) 186.3 Å. Data statistics
indicated that one FXa and one ecotin molecule were present
per asymmetric unit. Solvent content was estimated to be
58%.

The structure of M84R-FXa was solved using molecular
replacement with rotation and translation functions from CNS
1.0 (27). Data to 3.5 Å were used in all rotation searches.
Initially, a heterodimer search model of FXa (from PDB
1FAX) bound to ecotin (from PDB 1ID5) was constructed
based on the structure of trypsin-ecotin (14) using Insight
II (Accelrys, San Diego, CA). The light chain of FXa was
omitted in this model for molecular replacement. This
heterodimer model, however, did not result in any rotation
solutions that could be improved by further translation
searches. A second approach was undertaken involving a two
step rotation search. Rotation solutions from a first search
using the heavy chain of FXa were used to fix the orientation
of FXa in a second search using ecotin as the search model.
The top 10 solutions from the second rotation search were
then subjected to translation searches and rigid body refine-
ment using data to 2.8 Å to produce a starting model of
M84R-FXa with an initial R value of 43.5%. The final
structure was refined to 2.8 Å with anR of 20.7% and an
Rfree of 23.4% using CNS 1.0/1.1 (27) and Quanta 2000
(Molecular Simulations Inc., San Diego CA). Detailed data
and refinement statistics are listed in Table 1. The coordinates
of M84R-FXa have been deposited in the Protein Data Bank
under accession code 1P0S.

Buried surface areas between protein domains were
calculated by the program NACCESS (28). Superposition
data were calculated with LSQMAN (29). The relative
orientations between superimposed molecules were calcu-
lated by the program GEM (30). Figure 1 was made with
Molscript and Raster3D (31). Figure 2B was generated with
Ligplot (32). All other figures were made with Pymol (33).

Table 1: Data and Refinement Statistics for Ecotin M84R-FXa
Complex

structure M84R-FXa

space group I222
unit cell constants (Å)

a 66.8
b 108.0
c 186.3

highest resolution (Å) 2.8
unique reflections 16994
completeness 92.9%
〈I/Iσ〉 11.2
Rmerge

a 9.3% (three data sets)
solvent content 57.6%
Rbafter molecular replacement 41%
refinement resolution range (Å) 20.0-2.8
R 20.7%
freeRc 23.4%
water molecules 51
rmsd in bond lengths (Å) 0.008
rmsd in bond angles (deg) 1.4

a Rmerge) ∑|(I - 〈I〉 )|/∑(I). b R ) ∑hkl(|Fobs(hkl)| - k|Fcalc(hkl)|)2/
∑hkl|Fobs(hkl)|. c FreeR: cross-validationRcalculated by omitting 10%
of the reflections (61).
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RESULTS AND DISCUSSION

OVerall Structural Features of the FXa-Ecotin M84R
Complex.Like other ecotin-protease complexes, ecotin
M84R binds as a dimer to two FXa molecules, forming a
tetramer via two distinct binding sites on the protease: a
primary site at the active site and a secondary site located
distally near the C-terminus (Figure 1A). Both binding
interactions occur on the heavy chain of FXa. The light chain
of FXa binds to the heavy chain via the C-terminal EGF
domain (EGF2) in an extended conformation that is nearly
perpendicular to the complex formed between the heavy
chain and ecotin (Figure 1B). The Gla domain is involved
in crystal contacts primarily with the heavy chain of a
neighboring symmetry mate. Surprisingly, the N-terminal
EGF domain (EGF1) was found to be disordered. Numerous
sparse density peaks in this region were observed in electron
density maps, but efforts to trace a backbone through these
peaks did not improve refinement statistics or result in
improved density. The EGF1 domain was therefore omitted
from the model.

Overall, M84R-FXa maintains the general tetrameric
features found in other ecotin-protease complexes. However,
comparisons of M84R-FXa with the structure of thrombin-
ecotin M84R reveal that the relative orientation between
ecotin and protease, as measured by the major angle between
the major axis of the two proteins, differs by nearly 8°.

Extended Interactions between Ecotin M84R and FXa.It
was previously thought that the specificity of FXa relied
mostly on the P11 Arg residue, making FXa more similar to
the digestive protease trypsin than thrombin. However, when
the reactive site loop of the serpin antithrombin (AT) was
replaced by the two corresponding P4′-P4 fragments from
the FXa cleavage sites in prothrombin, its capacity in
inactivating FXa was significantly altered (10). This observa-

1 Protease-ligand interaction is described by conventional nomen-
clature. Residues in the substrate are labeled+NH3-...P4-P3-P2-P1-
P1′-P2′-P3′-P4′...-COO-. The P1-P1′ peptide bond is cleaved by the
protease. The corresponding subsites on the enzyme are labeled ...S4-
S3-S2-Sl-S1′-S2′-S3′-S4′...(34) so that the P2 residue of the ligand binds
in the S2 pocket of the enzyme. Pockets N- and C-terminal to the
cleaved bond constitute the nonprimed and primed sites, respectively.

FIGURE 1: Ribbon diagram of the tetrameric FXa-ecotin M84R complex. Panel A is rotated 90° with respect to panel B. The Gla domain
is shown in blue; the EGF2 domain in orange; the catalytic domain in green; and ecotin M84R in purple. The catalytic triad is shown in
red. The EGF1 domain (transparent white) was disordered and modeled using the EGF1 domain from PDB 1XKA. The symmetry mate
that comprises the other half of the tetrameric complex is shown in gray.

FIGURE 2: Extended interactions between FXa and ecotin M84R shown in panel A as a three-dimensional surface rendering of FXa, with
ecotin residues 78-86 in purple, FXa in green, and the catalytic triad highlighted in red and in panel B as a two-dimensional Ligplot (32).

Structure of Factor Xa Bound to Ecotin M84R Biochemistry, Vol. 42, No. 26, 20037961



tion suggested a significant role for extended interactions in
FXa substrate recognition whose details small molecule
inhibitors may not have revealed. Because ecotin is not
hydrolyzed when bound to FXa, it was possible to observe
interactions between FXa and inhibitor on both sides of the
scissile bond. The entire buried surface area of interactions
between the primary site of ecotin and FXa is 1980 Å2.
Detailed interactions, spanning from ecotin residue 78-86,
are depicted in Figure 2A,B.

Like most serine proteases from the blood coagulation
cascade, FXa prefers substrates with an Arg at the P1 site.
In the M84R-FXa structure, the positively charged side
chain of Arg84 of ecotin forms two salt bridges with the
negatively charged side chain of AspH189, as well as a
hydrogen bond with the carbonyl oxygen of GlyH218 (to
distinguish FXa from ecotin residues, FXa residue numbers
are written as superscript following its chain label: H for
heavy chain and L for light chain). The aliphatic part of the
Arg side chain is sandwiched between two groups of
hydrophobic residues, with the first group formed by AlaH190,
CysH191, and CysH220 and the second group formed by ValH213

and TyrH228. The main chain atoms of P1 Arg are coordinated
by four hydrogen bonds from three protease residues:
GlyH193, SerH195, and SerH214 (Figure 2A,B).

It is interesting to note that while an M84R mutation in
ecotin increases the binding affinity for thrombin by over
104-fold (17), the same mutation increases the binding affinity
for FXa by only 5-fold (12). This apparent discrepancy can
be explained by the presence of a bulky 60’s loop insertion
in thrombin. By obstructing access to the active site cleft,
this loop hinders the establishment of the full array of
interactions necessary for binding. Tighter binding to the S1
pocket caused by an M84R mutation provides energy to
displace the 60’s loop and ensure the proper register of
interactions between the 80’s loop of ecotin and the residues
of the thrombin active site cleft (17). Thus, in the case of
thrombin, the observed increase in inhibition upon an ecotin
M84R mutation is not solely attributable to the energetic
contribution of a single Arg side chain. In contrast, the
absence of a protruding 60’s loop in FXa results in a more
open active site. This allows the 80’s loop of ecotin to
establish the full extent of interactions with FXa without
having to overcome an energy barrier caused by the
displacement of an obstructing surface loop. As a result, the
interactions of both wild-type and M84R ecotin with FXa
are very similar, resulting in a far less dramatic change in
inhibition constants.

The M84R-FXa structure reveals that the hydrophobic
S2 pocket is defined by residues HisH57, TyrH60, PheH94,
TyrH99, and SerH214 (Figure 2A,B). Previous modeling sug-
gested that larger hydrophobic residues would bind well in
the S2 pocket. This was confirmed by in vitro substrate
scanning analyses that showed Gly, the highly conserved
natural P2 residue, was only slightly better, or in some cases,
even worse than the much bulkier residues of Trp, Phe, or
Tyr (35, 36). Although existing FXa-inhibitor structures and
known natural substrates of FXa argue for a small and
shallow S2 pocket, the M84R-FXa structure reveals an
unusual conformation of TyrH99 that explains the apparent
paradox for the S2 pocket size (Figure 3A). In M84R-FXa,
TyrH99 swings 70° away from the P2 Thr, dramatically
increasing the size of the S2 pocket. This unusual conforma-

tion of TyrH99 is firmly held by two hydrogen bonds between
the terminal Oη from TyrH99 and the carbonyl oxygens from
ecotin residues Leu52 and Val81. It is clear that in this
conformation, Thr83 from ecotin only occupies a small part
of the S2 pocket, most of which is still left open to
accommodate even larger hydrophobic residues. In its small
molecule inhibitor bound state, TyrH99 will likely deny Thr
binding in the S2 pocket because of a clash between Thr83
and the Oη from TyrH99, which is less than 2 Å away.

The S3 region, as is usual for serine proteases, is solvated.
Aside from Gln at 192, no charged or other discriminatory
residues are nearby. It has been hypothesized that the Gln
at position 192 may contribute to FXa’s preference for acidic
residues at P3, as mutating Glu192 to Gln in both thrombin
and activated protein C resulted in both enzymes selectively
cleaving substrates with acidic residues at the P3 position
(37, 38). Our M84R-FXa structure indicates that a possible
polar-charge interaction may occur between GlnH192 and the
P3 residue (Figure 2A). The distances between the Oγ of
Ser82 and the Nε and Oε of GlnH192 are 3.6 and 4.3 Å,
respectively, and it is conceivable that in the presence of a
negatively charged P3 residue, interactions could occur
between the side chain of P3 and GlnH192.

Together with two additional hydrophobic residues, PheH174

and TrpH215, residue TyrH99 also defines the S4 substrate
binding pocket (7) (Figures 2A and 3A). Its macromolecular
inhibitor induced conformation inevitably changes the size
of the S4 pocket. The long-established belief that the S4
pocket of FXa is fit to accommodate large bulky hydrophobic
motifs no longer holds, as in M84R-FXa the S4 pocket
shrinks to maximize interactions with a smaller residue such
as Val. Although changes in the size of the S4 pocket are
due in large part to TyrH99, PheH174 also makes a significant
contribution by rotating over 120° in response to Val81 from
ecotin. The position of TrpH215 remains unchanged as the
large flat floor of the S4 pocket (Figure 3A).

FIGURE 3: S2 and S4 substrate binding pockets of M84R-FXa
(FXasgreen, ecotinspurple) are shown superimposed in panel A
with three FXa-inhibitor complexes (PDB 1XKAsyellow, 1EZQs
dark gray, and 1F0Ssbright green) and in panel B with M84R-
thrombin (PDB 1ID5; thrombinswhite, ecotinsorange).
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Beyond P4, it is difficult to conclude whether there is any
significant specificity. Our structure suggests that ecotin may
bind FXa better if its Ser78 is replaced by a large charged
residue to establish interactions with SerH173, GluH217, or
LysH224. The primed site in FXa is also predominantly
hydrophobic, but unlike thrombin the S1′ and S2′ pockets
of FXa are well-separated by residue GlnH61.

Residue 192 in Substrate and Inhibitor Discrimination.
Besides its possible influence on acidic residues at the P3
position, residue 192 may have a more significant role in
the regulation of coagulation proteases (39). Sequence
alignments show that for the major serine proteases of the
coagulation pathway, the amino acids surrounding the
catalytic SerH195 are almost completely conserved across
species, with the exception of residues 192 and 190 (Figure
4A). In contrast to residue 190, which makes a fairly
conservative fluctuation between Ala and Ser, residue 192
varies dramatically from the positively charged Lys (FVIIa),
to the neutral but polar Gln (FXa) or Asn (mTSP), to the
negatively charged Glu or Asp (thrombin and activated
protein C (aPC)). In general, there is a trend in the charge
of residue 192 from negative at the bottom of the coagulation
cascade to positive at the top, which may be related to the
order in which these enzymes evolved (40). Possibly because
it served as an intermediate during the evolutionary process,
FIXa is the only exception, showing a wide charge distribu-
tion among different species. Figure 2A,B reveals that 192
lies within hydrogen bonding distance to the P2 carbonyl
oxygen of a substrate or canonically bound inhibitor (in this
case, ecotin). The presence of a negatively charged residue
at this position, as in thrombin and aPC (Figure 4A), would
cause charge repulsion with any incoming P2 residue (Figure
4B). The energy barrier caused by such repulsion would not
only render the protease more selective but also would
decrease the likelihood of inhibition from such endogenous
protease regulators such as tissue factor pathway inhibitor
(TFPI) (41) and antithrombin III (ATIII) (42). This would
explain why both human thrombin and aPC become highly
susceptible to inhibition by bovine pancreatic trypsin inhibitor

(BPTI) or TFPI once the negative charge at 192 is eliminated
by mutagenesis (38, 43, 44). On the other hand, a positively
charged or polar amine containing residue at 192 would be
thought to have the opposite effect. In FXa, GlnH192 forms a
hydrogen bond with the carbonyl oxygen of ecotin Ser83
(Figures 2B and 4B) promoting the proper alignment of
interactions between ecotin and FXa. Together with residue
TyrH99, it forms a clamp to secure tight binding of FXa to
ecotin (Figure 2A).

While these results and others suggest a critical role for
residue 192 in substrate and inhibitor discrimination, the role
of other factors such as the presence of multiple extended
surface loops and the conformation of subsite residues such
as residue 99 must not be discounted (45). In addition, it is
necessary to keep in mind that many of these studies were
performed in vitro in the absence of a complete ensemble
of physiological cofactors. While this does not detract from
the relevance or utility of such studies toward a better
understanding of these enzymes, in particular toward the
design of more selective inhibitors, studies demonstrating
the importance of exosite binding in the activity and
regulation of these enzymes illustrate that a complete
understanding of the coagulation proteases can only be
achieved by considering the full context of these proteins in
vivo (46-50).

Gla DomainsOVerall Structure.In previous FXa struc-
tures, the Gla domain was either disordered or proteolytically
cleaved to aid in crystallization (2, 5, 7-9, 19). In the
structure of M84R-FXa, all residues except the N-terminal
three were ordered and unambiguously traced through
electron density maps (Figure 5A). The Gla domain forms a
bundle of threeR helices that are stabilized by a core of
hydrophobic amino acids composed of LeuL5, LeuL13, TyrL24,
AlaL27, ValL30, PheL31, PheL40, PheL41, and TyrL44 (Figure 5B).
Except for GlaL39, which is not involved in any contacts, all
11 Gla residues are involved in crystal contacts or Mg2+

binding and presumably would be solvent exposed in
solution.

FIGURE 4: (A) Alignment of partial sequences of major serine proteases from the coagulation pathways. (B) Depicts the position of residue
192 and its interactions with the main-chain carbonyl of inhibitor P2 residue. M84R-FXa (green) is superimposed with two other structures,
the M84R-thrombin (PDB 1ID5, pink) and thrombin E192Q-BPTI (PDB 1BTH, light blue).

Structure of Factor Xa Bound to Ecotin M84R Biochemistry, Vol. 42, No. 26, 20037963



With the exception of the 11 N-terminal residues, the Gla
domain of M84R-FXa is quite similar to structures reported
for other Gla domains (Figure 6) (51-55). The rms devia-
tions in the R carbon positions for residues 12-44 (FX
numbering) between the M84R-FXa Gla domain and the
Ca2+ bound structures of the prothrombin, FVIIa, FIX (lowest
energy model), and the FX Gla domain are 0.72, 0.54, 0.87,
and 0.56 Å, respectively. The rms deviation for the same
residues of the lowest energy NMR structure with Mg2+

bound is 1.44 Å. Because of the unusual conformation of
the N-terminus, the Gla domain of M84R-FXa forms a more
globular structure than the flat, ellipsoid structures observed
previously. The positions of the N-terminal 11 amino acids
deviate quite dramatically from those previously observed.
This Gla domain represents a novel conformation. In previous
structures with Ca2+ bound, these residues form anω loop

structure whose Gla residues face toward the protein interior,
and together with Gla residues from helix 1 and 2, chelate
a line of Ca2+ ions. Three conserved hydrophobic residues
at positions 4, 5, and 8, which are solvent exposed in this
loop, are thought to be involved in interactions with the
phospholipid membrane (54, 56-59). In the one available
structure with Mg2+ bound, the conformation of the N-
terminal 11 residues are not defined because of disorder (54).
These residues in M84R-FXa assume a largely helical
structure, extending helix 1 by almost a full two turns as
compared to the structures with Ca2+ bound. The remaining
N-terminal residues (3-6) form a random coil partially
extending over the top of the helical bundle. LeuL5 makes
hydrophobic contacts with PheL31, effectively capping the
top of the Gla domain’s hydrophobic core (Figure 5A,B).
The absence of theω loop structure in the Gla domain of

FIGURE 5: (A) Electron density of the Gla domain (2Fobs - Fcalc) in the region around LeuL5 contoured at 1σ. (B and C) Two views of the
Gla domain. Residues composing the hydrophobic core are highlighted in panel B while Gla residues and bound magnesium ions are
shown in panel C.

FIGURE 6: Gla domain of M84R-FXa (blue) superimposed with the calcium bound Gla domains of FVIIa (green), prothrombin (purple),
FX (red), FIX (yellow), and the magnesium bound NMR structure of the FIX Gla domain (gray).
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M84R-FXa is probably due to the charge repulsion that
would occur between GlaL6 and GlaL7 and GlaL16, GlaL20,
GlaL26, and GlaL29 upon formation of this structure in the
presence of unoccupied Ca2+ binding sites.

Gla DomainsMg2+ Binding. While the Gla domain can
bind a number of different cations, only Ca2+ and Sr2+ have
been shown to induce the state that binds phospholipid
membranes (20). Previously, fluorescence, circular dichroism,
and conformation-specific antibody studies on the homolo-
gous Gla domain of prothrombin have shown that there are
two classes of cation binding sites (20-23). The first is
composed of 3-4 cooperative, high affinity, but low
specificity sites, while the second is characterized by 3-4
sites of lower affinity but higher specificity. Based on these
observations, two cation-dependent folding transitions have
been proposed (23). The first transition could be produced
by binding to the nonspecific, high affinity sites, while the
second transition responsible for the final membrane bound
conformation may only be triggered by the specific binding
of Ca2+ to the lower affinity sites.

Three large, positive difference electron density peaks
between GlaL14 and GlaL19, GlaL16 and GlaL26, and GlaL25 and
GlaL29 were modeled as Mg2+ ions because of the presence
of 1 mM MgCl2 in the crystallization buffer (Figure 5C).
Previously, an NMR structure of the FIX Gla domain was
solved in the presence of Mg2+. However, because of cross-
peak broadening, side chain positions were poorly defined,
and the locations of the Mg2+ binding sites could not be
deduced (54). Because of the presence of Mg2+ during
crystallization and the finding that Mg2+ can induce the first
transition but not the second (20), we believe that the
locations of the three bound Mg2+ ions represent the three
high affinity, low specificity sites predicted in earlier studies
and that this structure represents an intermediate folding state
of the Gla domain. At first glance, these sites would not be
the ones predicted because they are spread out across the
domain and do not appear to interact with each other. Indeed,
the original sites proposed were adjacent to one another, and
cooperativity was thought to be due to the orientation of Gla
residues in a way that facilitated cation binding to an adjacent
site in a polymeric array (51, 58). Instead, we propose that
the cooperativity observed in these high affinity sites is due
more to global rearrangements of secondary and tertiary
structure than to local rearrangements of side chains. In a
scheme similar to that proposed previously (54), binding of
a cation to one site would nucleate and stabilize secondary
structure elements, organizing these elements into more
ordered tertiary structure. This in turn would help properly
position adjacent Gla residues for binding to the next site,
which would then further order the domain and facilitate the
positioning of Gla residues for cation binding at the last site.
Binding at this last site would complete the transition to the
intermediate state described here. Once in this intermediate
state, we speculate that binding of Ca2+ to the remaining
lower affinity sites promotes the ordering of the N-terminal
residues into theω loop structure and the formation of the
final membrane bound state through bridging of GlaL6 and
GlaL7 of the ω loop with GlaL16, GlaL20, GlaL26, and GlaL29

via bound Ca2+ ions.
This model is supported by NMR and crystal structures

of the Gla domain solved in the absence of Ca2+ (52, 58,
60). In these structures, the Gla domain has clearly defined

elements of secondary structure, but individual helices are
truncated and do not form well-ordered tertiary structure.
Moreover, the NMR structure of the FIX Gla domain in the
presence of Mg2+ shows that while most of the Gla domain
is well-ordered, forming a globular core essentially equivalent
to that seen in the Ca2+ bound structures, residues 1-11 have
no defined structure (Figure 6) (54). In addition, equilibrium
dialysis studies have shown that in the presence of Mg2+,
Ca2+ affinity is increased (21). This observation, combined
with studies that have shown that Mg2+ can promote the first
transition but not the second required for phospholipid
binding (20), suggests that binding to the high affinity sites
primes the Gla domain for Ca2+ binding at the low affinity
sites and subsequent formation of the membrane bound
conformation. Although the possibility exists that the unusual
conformation of the N-terminal 11 residues observed here
does not exist in solution, and may have been induced by
crystal contacts, the finding in NMR studies that these
residues are disordered in the absence of Ca2+ implies that
the N-terminus is highly flexible and may attain a number
of different conformations. The capping of the hydrophobic
core of the domain by LeuL5 and the formation of additional
secondary structure through the N-terminal extension of helix
1, both energetically favorable interactions, suggest that this
conformation is not a mere crystallization artifact, and we
speculate as to whether this may indeed be biologically
relevant. Further experiments will show whether this is the
case.
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