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ABSTRACT. Blood coagulation is initiated by Gadependent binding of coagulation factor Vlla (FVIla)

to its cofactor, tissue factor (TF). The TF:FVlla complex activates factors IX and X, ultimately leading
to the formation of thrombin and the coagulation of blood. FVII consists of an N-termicakboxy-
glutamic-acid-containing (Gla) domain followed by two epidermal growth factor (EGF) like domains, the
first of which can bind one Ca ion (Kg ~ 150u4M) and a C-terminal serine protease domain. Usiig
nuclear magnetic resonance spectroscopy, we have determined the solution structure of a synthetic
N-terminal EGF-like domain (EGF1) of human FVII (residues—48%) in the absence of €a A
comparison of this structure of apo EGF1 with the#Ghound EGF1 in the complex of FVlla and TF
[Banner, D. W., et al. (1996)ature 380 41—-46] suggests that the structural changes in the EGF1 domain
upon Ca&* binding are minor and are concentrated near th& ®ading site, which is facing away from

the TF interaction surface. Amino acid side chains that are crucial for the binding of FVII to TF show
a similar conformation in both structures and are therefore unlikely to directly influence thel@asendent
binding of FVII to TF. As C&" binding to EGF1 does not lead to a conformational change in the residues
constituting the interaction surface for binding to TF, our results are consistent with the idea that the
altered orientation between the Gla and EGF1 domains that result frémb@aling is responsible for

the increased affinity of FVII/FVlla for TF.

Coagulation factor VII (FVI}is a 50 kD (406 amino acid) Gla EGF1 EGF2 Serine protease
vitamin K-dependent glycoprotein important in the initiation [ t : }

of the blood coagulation cascade-3). It circulates in an
inactive zymogen form in blood plasma at a concentration
of approximately 0.5 mg/L4). Simultaneously, 4g/L of

the activated protease form FVlla circulates in the blded (
7). The free enzyme is virtually inactive against its physi-
ological substrate. FVII, like coagulation factors IX (FIX)
and X (FX) and protein C, consists of an N-terminal
y-carboxyglutamic acid containing (Gla) domain followed
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1 Abbreviations: FVII, coagulation factor VII (zymogen); TF, tissue
factor; FVlla, activated coagulation factor VII; FIX, coagulation factor

IX; FX, coagulation factor X; Gla,y-carboxyglutamic acid; EGF,  Figure 1: FVII contains an N-terminal Gla domain followed by
epidermal growth factor; FIXa, activated coagulation factor IX; FXa, wyo EGF-like domains and a serine protease domain. We have

activated coagulation factor X; EGF1, N-terminal EGF-like domain; : : ~ : 3 :
Kg, dissociation constant; Fmas;(9-florenyl)methoxycarbonyl; NMR, ?gée'r:T)lncecgjn'g:stitre]gr’tlgﬁstsriléﬁtgge;g;he N-terminal EGF-like domain

nuclear magnetic resonance; COSY, two-dimensional correlation

spectroscopy; 2Q, two-dimensional double quantum; TOCSY, two- . .
dimensional total correlation spectroscopy; NOESY, two-dimensional by two domains homologous to epidermal growth factor

nuclear Overhauser enhancement spectroscopy; 2D, two-dimensional{EGF-like domains) and a C-terminal serine protease domain
TPPI, time-proportional phase-incrementation frequency discrimination; (Figure 1).

NOE, nuclear Overhauser enhancement; PDB, Protein Data Bank; TGF- ; ; ; ;
o, transforming growth factar; hEGF, human epidermal growth factor; Tissue factor (TF) is an integral membrane glycoprotein

U-PA, urokinase-type plasminogen activator; t-PA, tissue-type plasmi- (8, 9. It has an extracellular part that consists of two
nogen activator. p-strand modules of C2 immunoglobulin-like topolodyd(
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11). Under normal circumstances, TF is located in the blood- disulfide bridge connects the central part of the molecule to
vessel adventitia. Upon injury and vessel wall rupture, TF the C-terminal part which also contains a short stretch of

becomes exposed to blood, and FVII/FVlla binds to TF in
a C&"-dependent manner forming a complex on the phos-
pholipid membrane. Upon TF binding, FVII is rapidly
activated to FVlla by proteolytic cleavage between Atg
and llé®3leaving a two-chained molecule with an N-terminal
light chain of 152 amino acids and a C-terminal heavy chain

of 254 amino acids, connected by a disulfide bridge between

Cyst®5 and Cy$%2 (12, 13. FVlla with TF as cofactor
activates FIX and FX, ultimately leading to the formation
of thrombin and the coagulation of blootl4, 15. Several
biochemical studies, reviewed by Martin et al6), imply
that the N-terminal EGF domain (FVII EGF1) is important
for the binding of FVII to TF. In the crystal structure of
the TF:FVIla complex, all four domains of FVlla are shown

two-stranded antiparallgl-sheet.

In the present study, we examine the role of Qzinding
to FVII EGF1 by determining the structure of the®Cdree
form of the isolated domain and comparing the results with
the EGF1 domain, with one €aion bound, in the structure
of the TF:FVlla complex.

MATERIAL AND METHODS

Protein SynthesisThe N-terminal EGF module of human
factor VII, residues 4585 (Figure 1), was synthesized using
Fmoc chemistry on a Milligen/Biosearch 9050 peptide
synthesizer. The peptide was simultaneously cleaved from
the resin and deprotected by treatment with 95% trifluoro-

to contact TF, the largest part of the intermolecular contact acetic acid and 5% scavenger mixture (equal volumes of

area being on FVII EGF11{). Analysis of the TF:FVIla

complex structure and biochemical studies suggest that EGFlevaporated to dryness.

is primarily responsible for tethering FVII to TF, while the

phenol and ethanedithiol), then extracted with ether and
The peptide was reduced and
reoxidized overnight at 18C in a refolding buffer consisting

cofactor function of TF is conveyed to the serine protease of 0.1 M Tris-HCI, pH 8.3, 3 mM cysteine, 0.3 mM cystine,
domain which undergoes a conformational change uponand 1 mM EDTA B4). The reoxidized material was purified

binding, dramatically increasing the enzymatic activitg-
21).

FVII contains seven low-affinity K4 ~ 1 mM) C&*-
binding sites in the Gla domain and two high-affinitgy(~
150 uM) C&* binding sites, one located in EGF1 and the
other one in the serine protease domdin, (22, 23. Ce&*-
binding to the low-affinity sites in the Gla domain enables
binding of FVII to anionic phospholipid membranes, while
the high-affinity sites are associated with amidolytic activity
and binding affinity to TF 24, 25. The C&t-ion in EGF1
is coordinated by six oxygen atoms from five residues in
EGF1 and one oxygen atom in a water moleculg, (29.
Out of the Ca&'-ligating residues, only Gf has direct

by reversed-phase high-performance liquid chromatography
(Kromasil 5, C8, 100A, 250« 21 mm) using a 1540%
acetonitrile gradient in 0.1% trifluoroacetic acid over 60 min,
after which the product was lyophilized.

Sample Preparation A total of 4.4 mg of the protein was
dissolved in 250uL of 90% H,0/10% DO, yielding a
protein concentration of 3.2 mM (sample 1). A second
sample of the same protein was prepared in a similar fashion,
this time, however, to 32@L of protein solution with a
protein concentration of 2.2 mM (sample 2). A@sample
was prepared by performing four cycles of lyophilizing of
sample 2 and redissolving it in 99.998%@ (sample 3).
The pH was adjusted to 5.56 by addition of microliter

contact to tissue factor in the complex. When site-directed amounts of NaOH and HCI (or NaOD and DCI for the®

mutagenesis was employed to abolish thé"Gznding of
EGF1, the mutated protein had a 25-fold higkgthan wild-
type FVII for binding to TF. Further, the amidolytic activity
was 2-3 times lower for the mutant compared with the wild-

experiments).

NMR Experiments.Homonuclear 2D'H NMR spectra
were acquired using standard pulse sequences and phase
cycling on two spectrometers; a GE Omega NMR spectrom-

type, in the presence as well as in the absence of the solublester operating at a proton frequency of 500.11 MHz and a

form of the cofactor 25). Other mutational studies have
shown similar results10). Previous structural studies of
homologous domain2{) as well as mutational studies of
FVila (19) have attributed the Ca dependence of the
function, which in the case of FVlla is TF binding and
amidolytic activity, to a rearrangement and stabilization of
the relative orientation of EGF1 and the Gla domain rather
than a local conformational change within the EGF domain.
Human plasma FVIlI has two O-glycosylated serine
residues in the N-terminal EGF-like domain and two N-
glycosylated aspargines in the serine protease dor2a&in (
29). The function of these glycosylations is unknown.
EGF-like domains are found in a wide variety of extra-
cellular proteins exhibiting diverse biological functio®{
33). In these proteins, the EGF-like domains are often
involved in protein-protein interactions. EGF-like domains
usually contain 4650 residues, including six conserved
cysteines forming three disulfide bridges pairee3] 2—4,
and 5-6. The main feature of the fold is a central two-
stranded antiparall@-sheet connected to the N-terminal part
of the domain by two of the disulfide bridges. The third

Varian Unity Plus NMR spectrometer operating at 599.89
MHz.

At 500 MHz using sample 1, COSY3%), 2Q (36),
TOCSY 37), and NOESY 88) spectra used for resonance
assignment were acquired at a temperature of@5 In
addition COSY and NOESY spectra were acquired at 15 and
35 °C to resolve ambiguities in case of resonance overlap.
With sample 2 at 600 MHz and 2%C, a high-resolution
COSY spectrum for measuringyy—ne coupling constants
and a TOCSY spectrum were acquired. Sample 2 was
freeze-dried and redissolved i@ and a series of one-
dimensional experiments was acquired to monitor the
exchange of amide protons. On the same instrument two
series of NOESY spectra with mixing times of 20, 40, 80,
130, and 200 ms were acquired using sample 2 (90@/H
10% D,O) and sample 3 (ED).

The 2D spectra were acquired using a standard protocol
of 512t; increments collected using States-TPPI, with 2048
complex data points in the domain. The high-resolution
COSY spectrum was recorded with 4096 complex data points
in the acquisitiontg) dimension. Inthe TOCSY and NOESY
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experiments, 96 scans were collected in each spectrum and, 3J4«_n# couplings were estimated in the same COSY

in the COSY, 64 scans were acquired. The carrier frequencyspectrum and categorized as small, medium, or large

was set on the water resonance, which was suppressed usingoupling. Together with intensity information fronfHH?

a selective pulse for presaturation. and H'-H cross-peaks in an 80 ms NOESY spectrum, we
Zero-filling in the evolution {;) dimension provided final identifiedy; restraints and stereospecific assignments for H

2D spectra of 1024 2048 real points, except in the high- protons. Proline H protons could be stereospecifically

resolution COSY spectrum, which after processing consistedassigned directly on the basis of the-H* cross-peak
of a 1024 x 16 384 matrix. intensity in an 80 ms NOESY spectrum. Of the two

For all experiments, the spectral width in both dimensions /#-Protons in proline, HP is closer to I and thus gives rise
was set to 7692 Hz on the 600 MHz and 6410 Hz on the !0 the stronger of the two cross-peaks. In a similar fashion,
500 MHz spectrometer, except for the 2Q experiment where the side-chain terminal amide protons of aspargine and

the spectral width was 6410 Hz in the acquisition dimension glutamine residues were stereospecifically assigned based
and 10 000 Hz in the evolution dimension. on the H22 proton being closer than the’H proton to the

p-protons in an aspargine residue, and analogous in a

Data Processing and Analysisill spectra were processed glutamine residue the #? proton is closest to thg-protons

and analyzed on Silicon Graphics and Sun workstations using f the two terminal amide proton
the program FELIX 95 (Molecular Simulations Inc). of e two te a amice protons.

Identificati fSpin S qs 2l Assi Distance and dihedral angle restraints were included in
entification of Spin Systems and Sequential Assignment.g,, e calculation using the program X-PLO®)( The

Sequence-specific resonance assignments were made using - P :
o 2 . _ ; ructure calculation was initialized by distance geometr
standard methods39) by first identifying amino acid spin y g Y

. embedding without metrization. On the embedded structures,
systems from cross-peak patterns in COSY, TOCSY, and g

5 foll db ial ) , restrained simulated annealing and simulated annealing
Q spectra, followed by sequential assignment using cross-..socment was performed).
peaks in the 200 ms NOESY spectrum. For spin system

! . . . After the first rounds of structure calculation, the prelimi-
|den_t|f|cat|on anq sequential resonance assignment, we useqwary structures were used to reduce the ambiguity of the NOE
a side chain directed approach closely resembling the

. cross-peak assignments as well as assignment of previously
approach presented by Cha_zm et 40,(4]). Secondary ._unassigned peaks in the NOESY spectra. Averaging using
structure elements were assigned based on the observatio

f brotected amid ton&l i q | E‘Zr*‘i)*lf6 sum produces loose restraints, often in which none
of protected amide protonsjyt—e Couplings and reguiar of the jndividual components of the distance restraints are
patterns of NOE peaks39).

) X ] satisfied; therefore, it is important to resolve ambiguities
Assignment of Remaining NOE Cross-Peaks, Experimentalyhen this is possible.
Restraints and Structure Calculationds far as possible, Several cycles of structure calculation and reassessment
the remaining medium- and long-range NOE cross-peaks of ambiguous NOE restraints were performed until no further
were assigned based on the chemical shifts. In cases of shiffy5rovements could be made. This resulted in structures
degeneracy, up to two assignment alternatives in eachpaying low X-PLOR energy as well as good convergence
dimension were retained. Volumes were measured, andy, g single region of conformational space. We used the
build-up curves were determined for all resolved NOE cross- NOEVIO program 48) to identify additional stereospecific
peaks in a series of five NOESY spectra recorded under 5ssignments for diastereotopic atoms showing significantly
identical conditions. Distances were calculated from the yitferent NOE intensities to external spins by comparison
initial slope of the build-up curves on the basis of calibration 4 gistances in intermediate structures. Hydrogen bond
with known distances in regular secondary structural ele- geometry in the intermediate structures was analyzed using
ments. The upper bound of the distance restraint was set tohe HBONDS programd@). Hydrogen bonds predicted from
the calculated distance plus a correction factor of 10% 10 he calculated structures that corresponded to slow amide
take into account remaining effects caused by internal motion gy change were introduced as hydrogen bond restraints during
and spin diffusion. For methyl groups, a correction of 0.3 the final structure calculations. Each hydrogen bond was
A was added to the upper bound prior to addition of the jnroduced as a 2.8 0.3 A distance restraint between the
correction factor42, 43. Where ambiguities existed inthe  pyqgrogen and the acceptor and a 300.3 A distance
assignment of NOEs yielding the restraints, the possible (astraint between the donor and the acceptor.
distances occurring as a consequence of the altemative pying the process of structure determination, intermediate
assignments were treated s (°) °sum, as were distances  gyr;ctures were analyzed with respect to energies, restraint
determined for equivalent and nonstereospecifically assigned, j|ations, and distribution of dihedral angles using programs
atoms #44). No build-up curves were calculated for over- NOEVIO, ANGLES @8), and PROCHECK 49). The
lapped peaks; instead the upper bound was set o0 4.95 Agnsemble of 23 finally accepted structures were selected out
All lower bounds were set to 1.8 A. of 100 calculated structures on the criteria that no distance
3Jyn—ne couplings were measured in a high-resolution or dihedral angle restraint was violated by more than 0.2 A
COSY spectrum with a digital resolution after zero-filling  or 2¢, respectively. For superposition of structures involving
of 0.47 Hz/point (experimental resolution 1.8 Hz/point) in  side-chain atoms, the positions of symmetry-related pairs of
the acquisition dimension, using the built-in function of atoms (@YC?%2 and C%C<2 of Tyr and Phe; /O of Glu;
FELIX 95, and were used for restraining dihedral angles 0d1/0%2 of Asp) were exchanged as needed to populate a
according to the Karplus equatioAd). unique dihedral rotomer using the program ANGLES)(
For3Jyn_pe < 6 Hz ¢ = —60 £ 40° and®Jyv_pe > 8 Hz Superpositions and rmsd comparisons of structure ensembles
¢ = —120+ 40°. Intermediate couplings were not used as were made with the POSER program using precision weights
restraints during structure calculations. (50) which increases the contrast in rmsd per residue,
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prolyl rings are in the trans conformatioB9). On the basis
of the 3Jyv_pe and3J4e_y coupling constants, as explained
| in the Material and Methods section, #4and 5y; angle

#

;

40

restraints could be included in the structure calculations.
30 I By evaluating®Jq«_# coupling constants andH? and
5

HN-H? NOE cross-peaks, thefkprotons of Ph& and Lys$®
could be stereospecifically assigned. On the basis of relative
NOE intensities, the stereospecific assignments of the H

NN S

20

by s NN
CAYET ]

]

gl protons of Préf and all side-chain terminal amide protons
; except those of G could be made. Analysis of the
QE accepted structures after preliminary rounds of structure
- calculation yielded further stereospecific assignments of eight
0 : HA-proton pairs, the Mprotons of Gly°® and the methyl

55 65 75 85 groups of Let®. In the final calculation, six hydrogen bonds

Residue number were included (Table S2, Supporting Information).
FIGURE 2: Graph indicating NOE-derived distance restraints per  girycture. A total of 546 restraints was used for the

residue. Intraresidue NOEs are black, sequential NOEs are hatched . . . . -
medium-range NOES are gray, and long-range NOEs are white. In Structure calculation, including 521 NOE derived distance

addition, 37 ambiguous NOE-derived distance restraints were usedrestraints distributed as 248 intraresidpe-(), 98 sequential

in the structure calculation. ( =i+ 1), 43 medium rangg & i + 2,3, or 4), and 95
long range (> i + 4) (Figure 2). A total of 37 ambiguous

compared to uniform weights, between well-defined and distance restraints remained in the final restraint set and could

disordered regions without the need to preselect superpositiomot be resolved on the basis of the final structures, possibly

Number of NOE restraints
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residues. due to contributions from several pairs of protons to the
measured NOE intensity. The remaining restraints were
RESULTS distributed as 14 and 5y; angle restraints and six hydrogen

Assignment.Complete sequence-specifld assignments ~ bond restraints. Nineteen diastereotopic centers were ste-
were made for synthetic FVII EGF1 with the exception of reospecifically assigned prior to the final structure calcula-
labile protons which undergo rapid exchange (Table S1, tion.

Supporting Information). In the case of Ptand Pr@*, the The salient features of the tertiary structure (Figure 3) are
dusi-1j) NOE is clearly seen, while the.gi-1j) NOE is two antiparallel 5-sheets, one majof-sheet comprising
absent, which indicates that the peptide bond preceding bothresidues S&—Asp®® and Tyf8—Phe?, and a smaller one

Ficure 3: Stereoview of the 23 accepted structures of FVII EGF1. Shown is a precision-weighted superposition of backbone atgms (N, C
C) for all residues (4585) made using the POSER program. This figure was generated with a locally modified version of MOLSCRIPT,
v1.1 program 75).
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Ficure 4: Graph demonstrating the angles (A) andy angles (B) for each residue. Angles of each of the 23 final NMR structures are
represented as plus signs and angles of the crystal complex are represented as a circle.

involving residues PHé-Glu’” and Th#3—His?%. Moreover, Table 1: Statistical Summary of Average Conformational Energies
the N-terminal half of FVII EGF1 is connected to the and rmsds for the 23 Accepted Structures of FVII EGF1
C-terminal half by several NOEs between residues“Pro energy (kcal mol?)

Asn®” on one hand and residues A%aCysi! on the other total 70.4+7.9
hand. The majop-sheet is preceded by two turns where bonds 248+ 0.37

. , angles 46.1 3.4
residues 5653 form a type I'turn and reS|due35_69 form impropers 6.20F 0.36
atype I turn (61, 52. The first strand of the majg#-sheet van der Waals 5.314+2.15
is brought back to the second strand by an irregular turn NOE restraints 10.2+£ 2.6
comprising residues 6467. After the second strand of the dihedral restraints . 0.148 0.068

. . . . . rmsd from experimental restraints
major 3-sheet, the peptide chain continues into a type | turn, NOE distance restraints (A) 0.01940.0025
consisting of residues 7376, which is succeeded by the dihedral angle restraints (deg) 0.3370.087

minor 3-sheet where the two strands are connected by atype rmsd from ideal covalent geometry

| turn made up by residues 781. Residues Cy5-GIug?, gg”%ss(é)e ) 0605032&&006(2)802
which precede the last strand of the miribsheet, form a imgropers ?deg) 0.366 0.010

-bul har riz hydrogen bond from
p-bulge, characterized by a hydrogen bond from €8 a|dealized covalent geometry and force constants are defined by

78 i i
to Gly"® 0. A f-bulge, either of the same _type_ as m_ '_:V”_ the X-PLOR parameter file “parallhdgnew.pret). ® For the van der
EGF1 or of the S3 class, has been found in this position in waals function a simple repulsive energy term was usédsquare-

several homologous domair&3j. All three disulfide bonds  well potential with force constants of 50 kcal mbR~2 and 200 kcal
are a mixture of left- and right-handed conformations. mol~* rad2 for NOE and dihedral angle potentials, respectively, was
No interresidue NOEs were found to the four most Used forthe final calculations.
N-terminal residues (S®-Asp*®), and as a result, this part
of the domain is poorly defined in the structure. We believe DISCUSSION
that this is an effect of having an isolated EGF1 domain  Comparison with the Corresponding Part of the X-Ray
lacking the N-terminal Gla domain which precedes EGF1 Structure of the Complex between TF and FWle have
in the intact protein. Also, the absence of &Cian in the compared the structure of apo FVII EGF1 in solution to the
EGF1 site contributes to the apparent disorder in this part corresponding domain in the X-ray structure of the complex
of the molecule. Similar results were reported for the between FVlla and TF, where one aon is bound to the
previously determined structures of homologous dom&iris (  N-terminal EGF-like domain (PDB code 1dar)7j.
54, 59. For the residues 4984, we have calculated the The protein backbones are similar with the exception of
rmsd to the average structure to 0.54 A for the backbone the first few N-terminal residues, which are flexible in the
atoms (N, @, C) and 1.04 A for all heavy atoms. For the solution structure, and a small stretch around®Swhich
same residues, 98% of the backbone dihedral angles (Figurewill be discussed below. The average rmsd between the 23
4) fall within the allowed regions according to PROCHECK NMR structures and the X-ray structure is 1.10 A for
(49). The corresponding rmsd numbers for the N-terminal backbone atoms (N,%CC) in residues 4984. Calculation
part of the protein, residues 493, are 0.50 and 0.93 A.  of precision-weighted rmsd per residue for the 23 NMR
For the C-terminal part, residues 784, the rmsd is 0.29  structures and the X-ray structure versus the average NMR
and 1.06 A. A statistical summary of conformational structure reveals significant differences (larger than two
energies and rmsds for the accepted structures is presentedtandard deviations) for residues Bdrys®?, GIns, and Set’
in Table 1. and smaller but still significant deviations for C9sCys’?,
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Ficure 5: The solid line shows the precision weighted rmsd for the 23 accepted NMR structures versus the average structure with error
bars indicating two standard deviations. The dashed line corresponds to the precision weighted rmsd between the X-ray structure and the
average NMR structure. Backbone atoms (N, C) (A) and all heavy atoms (B).

Ala’™, and Hi$* (Figure 5A). An alternative way of  which is close to the cut offJn_e > 8 Hz) used to produce
comparing structures is to calculate a distance differencea ¢ angle restraint of—=120 + 40°. Uncertainty in the

matrix (56, 57. We calculated a distance difference matrix calibration of the Karplus curve4p) and in the coupling

of average intramolecular°c C* distances using the pro- measurement yield degenerate solutiongsfaear—120 and

gram DISCOM ¢8). The matrix (Figure 6) reveals that a +65°, the latter of which is adopted by the crystal structure.

short stretch of residues centered around®@ire closer to In our structures, this unrestrainedangle varies between

the N-terminal region (residues 460) in the crystal —36 and—104°. With the exception of Gi¥, the angle
structure than in the NMR structures. This may be due to comparison (Figure 4) shows a high correspondence of
an effect of C&" ligation as nearby residues ASand GIrf* residues with positive angles in the solution and the crystal
approach remaining ligands A8pGly*’, and GIrf®. Par- structures, although no explicit positive restraints were
ticularly, the shorter distance between Asand GIr#* on applied during the structure calculation.

one hand and Gff on the other hand would support such When the precision-weighted rmsd per residue is calcu-
an argument. However, Gy which is part of the turn lated including all heavy atoms, the same trend as for the
connecting the two strands of the majdisheet, is in the  backbone atoms emerge (Figure 5B). Alanine-scanning
center of a three residue stretch of residues lacking long- mutagenesis identified Gif) 11e%°, Phée?, and Arg® and three
range distance restraints (Figure 2). As a consequence thigesidues in the protease domain as important for TF binding
region, is underdetermined in the NMR structures and (18). In the structure of the complex, it was demonstrated
conclusions have to be drawn with caution. Other notable that 1€, Phé?, and Arg® played a crucial role for binding
differences between the structures are found for the distancesy providing the major hydrophobic interaction with TF.
between residues 663 and 69-74 on one hand and the Arg’® makes several hydrogen bonds to TF and is important
most C-terminal turn of the domain involving residues-78  for binding as revealed by studies of a naturally occurring
79 on the other hand. These distances are shorter in themutant where this residue was replaced by a glutantife (
NMR structures than in the crystal structure. Again, caution We have found that these side chains in the solution structure
has to be taken in the interpretation as residues7BBlack are located in approximately the same orientations as in the
long-range NOEs. A comparison of backbone dihedral complex (Figure 7). For IR and Phé' the positions of the
angles in the NMR structures and the X-ray structure (Figure side chains in the crystal structure correspond roughly to the
4) also reveals a high degree of similarity with the exception outer perimeter of the NMR ensemble, while Atgs

of the most N-terminal residues which are disordered in the centered in the NMR ensemble. Several intermolecular
NMR structures. However, in three cases (residues3h hydrogen bonds were reported between residues in EGF1
65—66, and 83-84), we observe a rotational displacement and TF. Most of these residues have the same orientation
of the peptide plane about the%G—C% virtual bond in the solution structure of the isolated EGF1 domain. The
characterized by anticorrelateg-,, ¢; dihedral angles. The  exceptions are Gl where the side-chain position in the
largest effect is seen for the peptide plane betweerfSLeu crystal structure superpose to the perimeter of the solution
and GIrfé, which is in the three residue stretch described structure ensemble, and Gtnwhere both they; and y»
above. TheJyn_pe coupling constant for GR is 7.9 Hz, angles differ and thes angle is disordered in the NMR
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When the solution structures of the<Cdoaded and Cd-
free EGF1 domains from FX were compared, it was reported
that in the C&™-loaded structure the majgl-sheet moves
closer to the N-terminal part, and both of these parts of the
structure become better defined. The structural change was
also accompanied by amide proton shift changes for some
of the C&"-ligating residues and some other residues near
to the C&"-binding site. Notably, among the nonligating
residues that displayed large shift changes were residues 51
52 and 65-66 (the numbering of FX and FVII is coincident)
(54). In our comparison of solution and crystal structures
of FVII EGF1, residue 52 and 66 are significantly different
judging from precision-weighted rmsd measurements and for
the latter also from the distance difference matrix. Also,
for the EGF-like domain of C1r, shift changes were reported
for non-C&*-ligating residues in the turn region upon®a
binding 63). To further put our observations in perspective,
we compared the NMR structure of an isolated domain of

- - - - apo human FIX EGF134) to the crystal structure of an

45 55 65 75 85 isolated domain of Ca-bound human FIX EGF156) and
FiGure 6: Graphical representation of a distance difference matrix the crystal _StrUCture of intact porcine FIX lacking Can
containing the average distance differences betweeérQZ the EGF1 site§9). These comparisons show the same trend
distances in the 23 final NMR-derived structures of FVIl EGF1 as our observations for FVII with regard to distance
and the corresponding part of the crystal complex. The lower right differences for the sequence range-63 (FVII numbering)
half of the matrix shows all differences while the upper left half \,orsus the N-terminal part of the protein. This raises the

shows only significant differences (larger than 2 standard devia- s . h
tions). The differences are color coded in a linear RGB (red, green, possibility that differences could, in part, be due to other

blue) scale from cyan to magenta. Cyan (0, 1, 1) corresponds tofactors than Cﬁ binding.
distance differencesfd A or larger positive values and magenta Our comparison of the structure of residues involved in

(1,0, 1) to—1 A or larger negative values. If there is no difference  Fv|la binding to TF suggests that the interaction surface on

conresponding distance in e crystal sircture, the matrx element /| EGFL is preformed for binding to TF independently
b 9 4 y of binding of C&" to the EGF-like domain.

is colored blue (0, O, 1). Thus, an element colored in cyan indicates - '
that the corresponding distance is longer in the crystal structure In the TF:FVlla complex, the side-chain oxygen of &in
than in the NMR structures, while a magenta-colored matrix element was reported to form a hydrogen bond to &%n TF. Other
indicates the reverse. The maximum distance differences (excludingthan that, the residues important for TF binding are located

the disordered four N-terminal and one C-terminal residue) are 2.02 . o . :
A (Lyss?—Arg®) and —4.20 A (Se¥—GInss). On top and t%) the away from the C# site, and it is hard to imagine that the

right of the matrix the secondary structure of the protein is indicated. SMall local changes mentioned above can have a direct
The boxes represent the strands offkgheets and a line represents  implication on the ability of FVlla to bind TF. Still, we
all other parts of the protein (turn region or region with no regular know that the C&-binding site is essential for complex
secondary structure). The matrix was plotted using Mathematica formation. It has been shown for a Gla-EGF1 pair from FX
(Wolfram Research). that the relative orientation between the two domains change
upon C&" binding to the EGF1 domair2y). Mutational
structures. Also, the cavity close to the @yso Cys$? studies on FVII have shown that mutations ofGhgating
disulfide bridge, where Ly8 of TF interacts with FVII, is residues lead to impaired TF binding. It was also shown
located in the same position in the two structures. Th& Ca that this effect is additive to the effect caused by a mutation
ion is ligated by Asff 0%, Gly*’ O, GIr*® O, Asp®® O%1, of a residue in the interaction surface, either in FVII or in
Aspf® 02, and GI#* O. As mentioned, the N-terminal TF, suggesting that the impairment of binding due to
residues (SéP—Asp*®) are poorly defined in the NMR  mutations in the Cd-binding site on one hand and of
structures. A comparison of the location of the remaining interaction surface residues on the other hand are independent
C&" ligands in the C& -free solution structure and the €a of one anotherX9). All of these observations support the
bound crystal structure reveals that the side chain of*GIn hypothesis that Ga binding to the EGF-like domain is
has the same direction, although a considerable spread* GIn important for rearranging and stabilizing the relative position
O and Asp® Cf are in the same position as in the crystal of the N-terminal EGF-like domain with respect to the Gla
structure; however, thg, angle of Asf§® is disordered. As  domain and thereby facilitating binding to TF, rather than
mentioned, the side chain of Gfnwhich makes a hydrogen initiating a local conformational change in the N-terminal
bond to GIA'%in TF in the complex structure, is disordered. EGF-like domain. This hypothesis can now be strengthened
However, mutational studies have shown that the effect on as the comparison of the structure in this work with the TF:
the complex formation by the G — Ala mutation is FVlla complex does not reveal any major conformational
additive to the effect caused by the A%p~ Ala mutation; changes of the interaction surface.
therefore, it is not likely that the conformational change of = Comparison with Astt — Asp Mutant. It has been
the GIrf* side chain is responsible for the reduction in TF reported that the naturally occurring mutant Alsa> Asp
affinity for the C&*-free FVlla as compared to FVIla with  does not bind to TF as a result of misfolding of the EGF1
C&" in the EGF1 site 19). domain due to the inability to form the hydrogen bond

85

75

65

55

45
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FIGURE 7: Stereo representation of the backbone trace of residue8%and side-chain heavy atoms of residues®Glie®d, Phée?, Glu™?,

Arg”, Cys?, and Cy&!, the latter two constituting the-% disulfide bond. The ensemble of 23 accepted NMR structures is magenta
(backbone trace), cyan (side chains), and yellow (disulfide beng)5and the crystal structure (PDB code 1ldan) black. Backbone atoms

(N, C*, C) of all residues (4585) were used for precision-weighted superposition using the program POSER. The displayed side chains
have been pointed out on structural and biochemical grounds as being important for interaction with TF. This figure was generated with the
program MOLMOL (76).

between Aspy N°2and Cy$§' O (60). In the crystal structure,  yielded energies slightly 410 kcal/mol) above our original
the distance between these atoms is 2.83 A, indicating thatcalculations. We believe that the presence of theSAf?

a hydrogen bond is formed. In our structures, we see to Cy$! O hydrogen bond, important for the tertiary fold of
significant variation of this distance (3.22 0.61 A), the domain, is consistent with the NMR structures although
although most structures have a donacceptor distance they are not proven.

compatible with a hydrogen bond. However, the angle Comparison with Homologous Protein&VIlI EGF1 has
defined by donor-hydrogen and hydrogen-acceptor vectorsa high degree of sequence similarity with the corresponding
lies near 90 for both protons while a value in the range domain in FIX and FX, with a sequence identity of 61% for
135-180C would be expected for a hydrogen bord); As human factor IX and 49% for bovine factor X (Figure 8).
a consequence, the proton-acceptor distances are longer (3.1%/e have assigned tiel NMR resonances from FVII EGF1

+ 0.55 and 3.11 1.10 A for H2* and H?22to the acceptor,  and compared the secondary chemical shif8 ¢f backbone
respectively) than anticipated for a¥---O=C hydrogen amide protons and the%protons with the shifts from the
bond (2.00+ 0.01) 61). We believe this to be an effect of  corresponding Gd-free N-terminal EGF-like domains from
the absence of attractive electrostatic or van der Waals term&-1X (63) and bovine FX §4) (Figure S2, Supporting
used in the structure calculations. In exchange experiments|nformation). This comparison revealed a striking similarity
AspP’ HY22js exchanging slowly, while the exchange rate of for all three domains. As the chemical shift to a high extent
Asp” H?! cannot be determined due to overlap. A slow is determined by the local environment of the spin, this
amide proton exchange rate as determined by NMR indicatesimplies that the structures of these domains must be similar
that the amide is involved in a hydrogen bond, but there is (Figure 9). It is, however, not apparent from the secondary
no way of identifying the acceptor with this technique. To shift comparison that either of the three EGF1 modules is
test whether the structures would accommodate a hydrogemrmore similar to any one other.

bond in this position two new structure calculations were  The pairwise rmsd of the 23 accepted structures of FVII
performed where we included a hydrogen bond restraint from EGF1 and the 13 deposited structures of FX EGF1 is 1.52
either Asit” H%2L or H%22to Cys$1 O. The latter calculation 4 0.16 A for backbone atoms (N,*CC) of residues 49
yielded energies on the same level or lower, while the former 84. The most apparent difference is that the distance between
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' I ——
1 | I
hFVII EGF1 SDGDQC ASSPCONGGS CKDQLQSYIC FCLPAFEGRN CETHK

hFIX EGF1l YVDGDQC ESNPCLNGGS CKDDINSYEC WCPFGFEGKN CELDVT

bFX EGF1 KDGDQC EGHPCLNQGH CK{$GIGDYTC TCAEGFEGKN CEFSTR
45 50 55 60 65 70 75 80 85

Ficure 8: Alignment of the primary sequence of the N-terminal EGF-like domain (EGF1) in human FVII, human FIX and bovine FX.
Disulfide bonds are indicated by lines. Residue 63 in FX EGFeryshro3-hydroxyaspartic acid, formed by postribosomal hydroxylation

of an aspartic acid. In human FIX this residue is 30% hydroxylated, while in human FVII it is not hydroxylated at all. The sequences are
aligned according to FVII numbering (same as FX numbering). Addition of 1 to the residue number gives the FIX numbering.

Ficure 9: Stereoview of the structures of EGF1 domains from the homologous clotting factors VII (magenta, 23 structures), IX (black,
minimized average structure PDB code lixa) and X (cyan, 13 structures PDB code 1apo). Shown is a precision-weighted superposition of
backbone atoms (N,%CC) for all residues (4585) made using the POSER program. The orientation of the molecules in this figure is the
same as in Figure 3. This figure was generated with a locally modified version of MOLSCRIPT, v1.1 pr@@am (

the most C-terminal turn (residues781) and last strand  Phe&*-Gly’>-Phe® (FVII numbering) in FIX. This turn is of
(residues 8384) on one hand and the majérsheet on the  type | in FVII while, in both FIX and FX, itis a type Il turn
other hand is shorter in FVII than in FX. However, the (51,52.
orientation of the C-terminal part of the molecule (residues  The chemical shift of the amide proton of the residue
75—-85) relative to the rest of the molecule is not very well corresponding to Gfd has been reported to be downfield
determined in FVII structures due to a limited number of of 9.6 ppm in several NMR studies of EGF-like domains
long-range NOE restraints to that region. from other proteins34, 63-69). In our study, this shift is

FIX EGF1 is more similar to FVII EGF1 in amino acid at 10.38 ppm and the amide proton is exchanging slowly. It
sequence (Figure 8). The rmsd for the 23 FVII EGF1 struc- has been suggested that this unusual chemical shift is a
tures to the minimized average structure of FIX EGF1 is consequence of the amide forming a hydrogen bond to its
1.16 4 0.07 A for backbone atoms (N,*CC) of residues own side-chain carboxylat€%). We measured the possible
49—83 (FVII numbering). The most significant dissimilarity donor-acceptor as well as the hydrogen-acceptor distances
between FIX and FVII structures is, again, a tighter packing in our structures but found no evidence of a hydrogen bond.
of the C-terminal loop to the rest of the molecule in FVII. However, as discussed above, there was no driving force
In addition, the turn at residues 735 is structurally different  included in the structure calculation to encourage the
as the sequence LEPro*-Ala’>-Phe®is replaced by Pré- formation of hydrogen bonds. In the crystal structure of the
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TF:FVlla complex, the GI#? N to GIug? O<! distance is 2.66

A and thus indicative of a hydrogen bond. In homologous
domains, hydrogen bonds have been found in crystal

structures, FIX EGF159) and E-selectin{0), while they
have been absent in solution structures, FIX EGH), (FX
EGF1 (71, TGF- (72), hEGF 67), u-PA 68), and t-PA

(73). A recent NMR study of the EGF-like domain from

the

downfield shifted amide proton resonance, although at a

complement protease CHJ| also reveals a strongly

slightly different position, which is structurally homologous
to the EGF2 domains of FIX5Q) and FX (74).
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