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ABSTRACT: The calcium-dependent interaction between C1r and C1s, the two homologous serine proteases
of the first component of human complement C1, is mediated by their N-terminal regions. The latter
comprise an epidermal growth factor (EGF)-like module exhibiting the consensus sequence characteristic
of Ca2+-binding EGF modules, surrounded by two CUB modules. Due to its Ca2+ binding ability, the
C1r EGF-like module (C1r-EGF) is supposed to participate in the C1r-C1s interaction. An additional
interesting feature of C1r-EGF is the unusually large loop connecting the first two conserved cysteine
residues. The solution structure of synthetic C1r-EGF (residues 123-175) has been determined using
nuclear magnetic resonance and combined simulated annealing-restrained molecular dynamics calculations.
The resulting family of 19 structures is characterized by a well-ordered C-terminal part (residues Cys144-
Ala174) with a backbone rmsd of 0.7 Å and a disordered N-terminal, including the large loop between
the first two cysteines (Cys129 and Cys144). This loop is known to be surface exposed and may be
expected to participate in domain-domain or protein-protein interactions. In its C-terminal part, C1r-
EGF possesses the characteristic EGF fold with a major and a minorâ-sheet. The latter comprises a
â-bulge, and comparison with other EGF-like modules reveals the existence of two distinct structural and
sequential motifs in the bulged part. Additional experiments in the presence of 80 mM Ca2+ did not
show significant structural variation of C1r-EGF, in keeping with previous observations on blood-clotting
factors IX and X.

Human C1 is the multimolecular protease that triggers the
classical pathway of complement, a system that participates
in innate immunity against various bacteria, parasites, and
retroviruses (1). Its activation and enzymic activity are
mediated by two serine proteases, C1r and C1s,1 respectively,
which share the same type of modular organization, each

comprising two CUB modules surrounding a single EGF-
like module, a pair of complement control protein (CCP)
modules, and a serine protease domain [see reviews by
Schumaker et al. (2) and Volanakis and Arlaud (3)]. A
fundamental feature of C1r and C1s is that they exert their
catalytic activities within a Ca2+-dependent tetramer C1s-
C1r-C1r-C1s, which itself associates to a third, nonenzymic
protein C1q to form the C1 complex (4). The structural
determinants responsible for the Ca2+-dependent C1r-C1s
interactions involved in the assembly of the C1s-C1r-C1r-
C1s tetramer are located in the N-terminalR-regions of each
protein (5). Each of the corresponding fragments (C1rR and
C1sR) obtained by limited proteolysis, comprising the first
CUB module, the EGF-like module, and the N-terminal
disulfide loop of the second CUB module, contains one high-
affinity Ca2+-binding site and retains the ability to mediate
Ca2+-dependent protein-protein interaction (6). Association
of the C1s-C1r-C1r-C1s tetramer with C1q also involves
the C1rR and C1sR regions (7, 8), which therefore represent
key elements of the architecture of the C1 complex. In
addition to this structural role, theR-region of C1r has been
proposed to participate in the control of the autoactivation
of the serine protease domain of the molecule (7).

In addition to the usual EGF consensus sequence contain-
ing six cysteines forming three disulfide bonds, the EGF-
like modules of C1r and C1s exhibit the particular consensus
pattern Asp/Asn, Asp/Asn, Asp*/Asn*, Tyr/Phe (where *
indicates aâ-hydroxylated residue) that is characteristic of
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a subset of EGF modules shown to be involved in Ca2+

binding (9). The hydroxylated residue is an asparagine in
both C1r (Asn150) and C1s (Asn134), hydroxylation being
complete in C1r and only partial in C1s (10, 11). Given its
Ca2+ binding characteristics, it was initially assumed that
the EGF module of C1r (C1r-EGF) was responsible for the
observed Ca2+-binding and Ca2+-dependent protein-protein
interaction properties of the protein. However, deletion of
the first CUB module from C1r abolishes its Ca2+-dependent
interaction properties (12). In the same way, the isolated
C1r-EGF binds Ca2+ with a Kd of 10 mM, which is about
300 times weaker than that measured for fragment C1rR (13),
indicating the involvement of residues located outside the
EGF module.
A very unusual feature of C1r-EGF is the large size of

the loop between the two first cysteines, which comprises
14 residues, as opposed to 2-7 residues in other EGF-like
modules (14). This highly charged loop also contains the
single polymorphic site (Ser135/Leu) identified in human
C1r (15, 16).
Like other protein modules, EGF modules are found in a

wide variety of mostly extracellular proteins, where they
occur in different settings. We are hopeful that determination
of different high-resolution structures for a specific module
type will lead to a better identification of its characteristic
structural and functional properties. Only very little struc-
tural information has been obtained so far on modules from
proteins of the complement system. The particular localiza-
tion of C1r-EGF between two CUB modules and its
unusually large loop as well as its Ca2+ binding properties
make it an interesting subject for structural studies. With
this aim, the 53-residue EGF module of human C1r was
synthesized chemically and its three-dimensional structure
was determined by NMR spectroscopy. Our study shows
that C1r-EGF has a fold similar to that of other EGF-like
modules, with the exception of the loop between the first
two cysteines which is disordered. Structural comparison
with other EGF-like modules leads us to propose a clas-
sification of EGF-like modules with regard to structural and
sequential characteristics of aâ-bulge situated in the minor
â-sheet.

METHODS

Sample Preparation. The C1r EGF-like module (residues
123-175) was synthesized chemically by the solid-phase
method on an Applied Biosystem 430A synthesizer using
the Boc (tert-butyloxycarbonyl) chemistry and standard
methodology as described elsewhere (13). A serine residue
was placed at position 135, where a serine/leucine polymor-
phism occurs in native C1r, and an asparagine residue was
placed at position 150, instead of theâ-hydroxyasparagine
normally found at this position (10, 15-17). The latter post-
translational modification is not critical for Ca2+ binding as
deduced from studies on recombinant human C1s (18) and
blood-clotting factors IX and X (19). The peptide was
efficiently folded using a mixture of reduced and oxidized
glutathione, yielding a single major species (13). The correct
formation of the three disulfide bridges (1-3, 2-4, and 5-6)
characteristic of EGF-like modules was verified by using
mass spectrometry and N-terminal sequence analyses of
thermolytic fragments (13).

For the NMR experiments, approximately 5.4 mg of the
lyophilized peptide was dissolved in 500µL of 95% H2O/
5% D2O to a final concentration of about 1.8 mM. The pH
was adjusted to 6.7 by subsequent addition of small amounts
of 0.1 M NaOH. For experiments in D2O, the peptide was
lyophilized and redissolved in D2O. Additional experiments
were recorded in the presence of 80 mM CaCl2, correspond-
ing to a 90% saturation of the Ca2+ binding site, as
determined previously by one-dimensional NMR (13).
NMR Experiments and Experimental Constraints. All

NMR experiments were performed on a Bruker AMX-600
spectrometer operating at 600 MHz, equipped with a standard
5 mm Bruker probe with an internal pulsedB0 field gradient
(PFG) coil. Data were processed using the Bruker XWIN-
NMR software (version 1.1.1).
The sequential1H assignment was performed using the

following experiments: DQF-COSY (20), clean TOCSY (21,
22), NOESY (23), and13C-HSQC at natural abundance (24).
The latter was used for unambiguous assignment of side
chain protons using two complementary sets of information;
methylene protons were correlated pairwise, and character-
istic 13C chemical shift ranges were used for13C assignment
(24). All spectra were recorded in the phase-sensitive mode
[States-TPPI (25)]. Suppression of the water resonance was
achieved either by applying a weak pre-irradiation during
the relaxation delay or by applying the WATERGATE pulse
sequence in the case of the NOESY experiments (26).
Mixing times for TOCSY and NOESY spectra were 90 and
200 ms, respectively. Spectra were recorded at 15°C
(NOESY), 20°C (TOCSY, NOESY, and13C-HSQC), and
30 °C (DQF-COSY and TOCSY).
Distance constraints for the structure calculations were

obtained from the NOESY experiments acquired in the
absence of Ca2+ at 15 and 20°C with 1536 and 800 complex
points and spectral widths of 8475 and 6495 Hz in thet2
and t1 dimensions, respectively. An identical NOESY
experiment was performed in D2O at 15 °C in order to
discriminate between amide and aromatic resonances. Cross-
peaks were assigned by hand and classified in four categories
corresponding to upper distance bounds of 2.6, 3.4, 4.5, and
6.0 Å. Pseudo-atom corrections were added for degenerate
methylene, methyl, and aromatic protons as proposed by
Wüthrich (27). In addition to the distance constraints, seven
ø1 dihedral constraints were added on the basis of the relative
NH-CâH1,2 NOESY peak intensities and the CRH-CâH1,2

cross-peaks in the COSY experiment. No hydrogen bonding
distance constraint was used in the structure calculations.
Structure Calculations. Structure calculations were per-

formed using DISCOVER (Version 2.9.7) interfaced to the
INSIGHT II program (Version 95.0) for structure visualiza-
tion and result analysis (Molecular Simulations Inc.). A
three-stage simulated annealing-restrained molecular dy-
namics (SA-rMD) protocol was employed, as described in
detail elsewhere (28). The AMBER4 force field was used
in all calculations except the SA protocols, in which a simple
quartic nonbond term was employed. Allω dihedrals were
forced to trans since all three prolines showed the charac-
teristic strong CδH2(i)-CRH(i - 1) NOESY cross-peaks. The
three disulfide bonds, whose localization has been determined
independently (13), were introduced as covalent constraints.
First, the global fold of the peptide was determined using

a 60 ps SA protocol starting from randomized coordinates.
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The exploratory period of 50 ps was calculated at a nominal
temperature of 1000 K. The NOE force constant was scaled
to 50 kcal mol-1 Å-2 during the first 30 ps. After slow
cooling to 100 K, the molecule was minimized in the
complete AMBER force field. Resolved, but non-stereospe-
cifically assigned protons or methyl groups were allowed to
float between the two prochiral positions.
Structures were then refined using a two-stage SA-rMD

protocol (28). During the SA step, the nominal temperature
was set to 2000 K and the NOE force constants were
progressively scaled to 50 kcal mol-1 Å-2. After an
exploratory period of 2 ps and subsequent smooth cooling,
the molecule was subjected to energy minimization in the
full AMBER force field.
In the following rMD calculation, the use of the full force

field and an implicit solvent simulation led to physically more
viable structures (28). After equilibration, the temperature
was held to 600 K with the experimental force constant set
to 25 kcal mol-1 Å-2. The molecule was allowed to evolve
for a period of 10 ps, and then it was slowly cooled to 300
K where dynamics was continued for 12 ps. Finally, the
molecule was minimized using a conjugate gradient algo-
rithm.
As the NOESY spectra acquired in the presence of 80 mM

CaCl2 showed no significantly different cross-peak patterns,
additional structure calculations were performed in order to
test whether the conformations obtained in the absence of
Ca2+ were compatible with Ca2+ binding. In these calcula-
tions, a Ca2+ ion was added whose ligands were analogous
to the structures of the first EGF module of factor IX (29)
and the EGF module pair from fibrillin-1 (30). Five distance
constraints with force constants of 200 kcal mol-1 Å-2,
allowing the Ca-O distance to lie between 2.2 and 2.6 Å,
were added to the original constraints determined in the
absence of Ca2+, and the three-step SA-rMD protocol was
employed as described above.
The final structural ensembles were selected on the basis

of an experimental energy term, including contributions from
NOE distance,ø1, andω dihedral as well as chiral constraints.
The mean structures of the ensembles were calculated using
INSIGHT II by superposing the N, CR, and C′ atoms of
residues Gln145-Glu175. rmsd values were calculated for
the specified atoms in comparison with the mean structure.
Hydrogen bonds were considered to be identified if the
distance between the hydrogen and the heteroatom or
between two heteroatoms was less than 2.5 or 3.0 Å,
respectively, and provided that the hydrogen bond angle was
greater than 135°.
For structural comparisons, the following coordinates for

EGF modules were taken from the Brookhaven Protein Data
Bank: E-selectin, crystal structure, 1esl (31); human tissue
type plasminogen activator (t-PA), minimized average NMR
structure, 1tpg (32); porcine blood-clotting factor IX (FacIX 1
and FacIX 2), crystal structure, 1pfx (33); human FacIX 1,
Ca2+-loaded, crystal structure, 1edm (29); human des(1-
45) factor Xa (FacX 2), crystal structure, 1hcg (34); and
heregulin-R (Her-R), minimized average NMR structure, 1haf
(35). The coordinates for the minimized average NMR
structures for human EGF peptide hormone [hEGF (36)],
human transforming growth factor-R [TGF-R (37)], and a
pair of Ca2+-binding EGF-like modules from human fibril-
lin-1 [Fib 32 and Fib 33 (30)] were taken from I. D.

Campbell’s home page. In the case of C1r-EGF, the
structure that was the closest to the mean structure in its
ordered part was chosen. The coordinates of the structural
ensemble have been submitted to the Brookhaven Protein
Data Bank (accession code 1apq).
For the search of sequential motifs, the PROSITE tool was

used (38).

RESULTS

Assignment of Proton Resonances. Using standard tech-
niques, the sequential assignment of the C1r-EGF module
was straightforward except for a single residue, Cys144,
whose amide proton was absent from the TOCSY spectra.
Interestingly, the same phenomenon was recently observed
for the homologues Cys9 of the P-selectin EGF module (39).
Figure 1 shows the fingerprint region of the NOESY spectra.
Note the significant downfield shift of the Arg160 and Ser171
amide proton resonances. The same characteristic downfield
shift has been observed for a glutamic acid residue in the
NMR spectra of several EGF modules [factor IX (40), factor
X (41), TGF-R (42), urokinase type plasminogen activator
(u-PA) (43), and P-selectin (39)]. The amide proton
resonances of most of the residues in the N-terminal part of
the peptide (Ala123-Gln143) are clustered in a region
centered around 8.4 ppm, suggesting its conformational
flexibility. No line broadening is observed as it would occur
in the case of slow chemical exchange. A table listing the
proton chemical shifts is available as Supporting Information.
Careful analysis of the NOESY spectra recorded in D2O
revealed cross-peaks between the CâH2 protons of cysteines
linked by a disulfide bond, providing further confirmation
of their correct pairing.
Structure Calculations and Structure Description. Five

hundred forty-three distance constraints (94 intraresidual, 203
sequential, 66 medium-range, and 180 long-range) as well
as 6ø1 dihedral constraints were used for the calculation of
the Ca2+-free C1r-EGF module structures. From the se-
quential distribution of NOESY-derived distances shown in
Figure 2a, it became obvious that the N-terminal part of the
molecule, particularly the tip and the segment between
residues 134 and 142, lacks a well-defined structure, in
agreement with the chemical shift values.
After completion of the three-step SA-rMD calculation,

an ensemble of 25 structures was obtained, of which 19
conformations were chosen on the basis of their experimental
energy violation. The energetic and geometric statistics of

FIGURE 1: Fingerprint region of the NOESY spectrum. This
spectrum was recorded at 15°C in the absence of Ca2+ with a
sample concentration of 1.8 mM. The HN-CRH cross-peaks of
Arg160 and Ser171 are indicated. Note the very crowded region
about an HN frequency of 8.4 ppm (see the text).
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the resulting ensemble are summarized in Table 1 and Figure
2, and the structural ensemble is shown in Figure 3. No
structure had NOE violations greater than 0.32 Å. Hydrogen
bonds occurring in more than 25% of the final structures
are listed in Table S2 (Supporting Information). The
N-terminal part (Ala123-Gln143) of the molecule is highly
disordered, with the exception of residues Asp127-Ala130
which are fixed by the Cys129-Cys148 disulfide bond to
the C-terminal part of the module. It is also noteworthy that
residues Glu128-Ser131 show a slight preference for an
R-helical conformation, as can be seen from theφ andψ
dihedral means. A similar observation has been made on
the corresponding part of human EGF (36).

Residues Cys144-Ala174 are structurally well-defined,
with a backbone rmsd of 0.7 Å (Table 1), and exhibit a fold
characteristic of the EGF modules, consisting of two double-
stranded antiparallelâ-sheets. The major sheet is formed
by residues Leu147-Tyr151 and Gly154-Ser158. It is
stabilized by a regular hydrogen bond network as shown in
Figure 4. The two strands of this sheet are linked by a type
II â-turn formed by residues Tyr151-Gly154. The hydrogen
bond between Tyr151-O and Gly154-HN is observed in 14
of the 19 structures.

A type II â-turn between residues Arg160 and Tyr163
connects this majorâ-sheet to the second, minorâ-sheet. In
that case, the Tyr163-HN‚‚‚Arg160-O hydrogen bond is found
in 5 of the 19 structures. The minor sheet is formed by
residues Glu164-Gln166 and Ser171-Gln173. A poorly
defined tight turn consisting of residues Gln166-Arg169 is
followed by aâ-bulge, involving three residues (Arg169,
His170, and Ser171). In this particular area, the normal
hydrogen bond pattern of aâ-sheet is interrupted by a
hydrogen bond between Gln166-O and Arg169-HN. This
bulge can therefore be classified as S3 according to Chan et
al. (44). A more detailed description of this region is given
in the Discussion.

No unique geometry could be determined for the three
disulfide bonds, even thoughø1 dihedral constraints were
used for Cys148, Cys157, Cys159, and Cys172. According
to theø3 dihedral, all three disulfides are mixtures of left-
and right-handed conformations.

Calcium Binding. To determine whether Ca2+ binding
induces structural changes, particularly in the disordered
N-terminal part of the molecule, a set of NMR spectra was
acquired in the presence of 80 mM CaCl2 [i.e. a concentra-
tion corresponding to 90% saturation of the binding site (13)],
under otherwise unchanged experimental conditions. The
complete peak assignment was performed as in the case of
the Ca2+-free sample. Chemical shift changes induced by
Ca2+ ligation are summarized in Figure 5 for HN, CRH, and
CâH protons. Significant chemical shift changes occur in
two regions, comprising residues Asp125-Ala130 and
Tyr151-Tyr155. Note that the Tyr155-CRH chemical shift
variation has previously been used to determine the apparent
Kd for Ca2+ binding by C1r-EGF (13). Both of the regions
exhibiting chemical shift changes include or are contiguous
to those residues identified as Ca2+-binding ligands in other
EGF modules (Asp125, Leu126, Glu128, Asn150, and
Tyr151 in C1r) (9, 29). Therefore, on the basis of sequence
comparison and the chemical shift variations observed upon
Ca2+ binding, it may be postulated that C1r-EGF binds Ca2+

FIGURE 2: Experimental statistics. (A) Sequential distribution and
range of NOE constraints: black, intraresidual; gray, sequential;
hatched, medium-range (ie4); and white, long-range constraints.
(B) The positional backbone rmsd (N, CR, and C′) calculated with
respect to the mean structure. (C) Mean values ofφ angles. (D)
Mean values ofψ angles. The standard deviation is given by error
bars.

Table 1: Statistics of C1r-EGFa

(a) Experimental Statistics
no of experimental violations

>0.05 Å 26.2( 3.5
>0.10 Å 11.0( 2.5

(b) Energetic Statistics
energy termb

bond 8.7( 0.6
angle 73.4( 5.4
dihedral 67.7( 7.0
out of plane 2.3( 0.5
H bond -26.4( 2.1
VDW -146.6( 8.2
electrostatic -651.0( 19.7
total -670.7( 20.5
experimentalc 8.9( 3.0

(c) Structural Statistics
BBd (145-174) 0.70( 0.16
heavy (145-174) 1.39( 0.25

a Final ensemble of 19 structures after SA-rMD calculations.b All
values are given in kilocalories per mole.c Force constants used:kNOE
) 25 kcal mol-1 Å-2, kø1 ) 60 kcal mol-1 rad-2. d rmsd values (in
angstroms) are the average pairwise rmsd relative to the ensemble mean
for the residues and atoms shown; backbone atoms correspond to C′,
CR, and N.
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in a manner similar to that observed for EGF modules from
blood-clotting factors IX (29) and X (45) as well as from
human fibrillin-1 (30).
Comparison of the NOESY spectra acquired under identi-

cal experimental conditions either in the absence or in the
presence of Ca2+ did not reveal significant change in the
cross-peak patterns. However, the quality of the NOESY
spectra decreased with added Ca2+, probably because of the
dielectric losses in the NMR probe due to increased ionic
strength and exchange effects due to incomplete calcium
saturation. No additional NOEs between the two amino acid
stretches involved in Ca2+ binding were observed. These
two regions are already in contact in the apo form as deduced
from NOEs between residues Asp127, Glu128, and Cys129
and the Asn150 side chain and are linked by the Cys129-
Cys148 disulfide bond. From these NOE data, we could
not deduce significant Ca2+-induced structural stabilization
of the N-terminal residues involved in Ca2+ binding, or of
the disordered loop between Cys129 and Cys144. This

confirms previous observations made on the first EGF
module of factor X that Ca2+ binding does not induce
significant structural changes (41, 45).
This prompted us to test whether our experimental data

set obtained in the absence of Ca2+ was compatible with
Ca2+ binding by analogy with the crystal structure of the
first Ca2+-bound EGF module of human factor IX (29). Five
additional distance constraints (from Ca2+ to Asp125-Oδ,
Glu128-Oε, Asn150-Oδ, Leu126-O, and Tyr151-O) were
added according to this structure (29). A sixth ligand is
probably provided by the Glu128 side chain, as factor IX
Asp64 is replaced by Asn150 in C1r-EGF (9; see also the
sequence alignment presented in Figure 7). Addition of Ca2+

distance constraints did not lead to systematic violations of
NOE distance constraints, and both the experimental and
physical energy terms were found to be almost identical with
those obtained in the absence of Ca2+ (23.5 and-701 kcal
mol-1, respectively). A final ensemble of 26 conformations
selected on the basis of their experimental energy was

FIGURE 3: Backbone superposition of 19 C1r-EGF structures in a stereorepresentation. The backbone atoms (N, CR, and C′) of residues
Cys144-Ala174 were superposed on the mean structure.

FIGURE 4: Secondary structure and hydrogen bond network of residues Cys144-Glu175. Hydrogen bonds are given by dotted lines, and
the amide proton is represented by a broad tick. Side chains have been omitted for clarity.
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obtained after the three-stage SA-rMD protocol, of which
three were further excluded because the orientation of the
large loop was not consistent with the experimental con-
straints. Figure 6A shows the resulting 23 structures in the
same orientation as the apo form (see Figure 3), and Figure
6B shows the Ca2+ binding ligands on a ribbon representa-
tion. The ordered C-terminal part of the molecule adopts
the same conformation as that in the apo form as deduced
from the rmsd between the two ensembles (0.42 Å for the
CR, N, and C′ atoms of residues 145-174 of the correspond-
ing ensemble means), the distribution ofφ andψ dihedrals,
and the hydrogen bond networks (data not shown). On the
other hand, the order in the N-terminal part, particularly from
residue Val124 to Ala130, is significantly increased due to
the additional Ca2+ distance constraints. However, this
observation is only based on the structure modeling and could
not be related to any increase in the number of NOEs in the
corresponding spectra (see above).

DISCUSSION

The family of EGF modules is extremely widespread, and
probably more than 600 different versions of the EGF module
have so far been identified from sequence analysis (14). As
sequence comparisons of various EGF modules reveal that
the number of amino acids located between the six conserved
cysteines varies consistently (14, 46), EGF-like modules may
be best characterized by the presence of two double-stranded
antiparallelâ-sheets, connected by loops of varying lengths.
Figure 7 shows a sequence alignment for selected EGF-

like modules with known three-dimensional structures.
Besides the six cysteines involved in the three disulfide
bonds, there are only very few residues which are conserved
among the different EGF-like modules. Indeed, the glycine
at position 162 in C1r-EGF seems to be the only strictly
conserved residue, this being always followed by an aromatic
amino acid. In addition, the subclass of Ca2+-binding EGF-
like modules (cbEGF) contains the characteristic Ca2+-
binding consensus sequence highlighted in Figure 7.

Table 2 resumes the structural comparison of different
EGF-like modules, for which the trace atoms of the reduced
core have been superimposed. The core of the EGF-like
modules is defined as the region between the third cysteine
and the conserved aromatic amino acid (residues Cys148-
Tyr163 in C1r-EGF) and includes the majorâ-sheet and the
adjacent turn (30). However, in several EGF-like modules,
residue insertions at the top of the majorâ-sheet lead to the
replacement of the tight turn by anΩ-loop. Therefore, we
introduce a reduced core which excludes the central residues
of the turn orΩ-loop. It becomes obvious that the structure
of C1r-EGF is very similar to FacIX 2 and FacX 2 (rmsd
< 0.9 Å), whereas the rmsd with the other EGF-like modules
varies between 1.2 and 1.9 Å. The three-dimensional
structures of some representative EGF modules superposed
on that of C1r-EGF are shown in Figure 8, the N-terminal
part of the molecules being discarded for clarity. It can be
seen that the backbone conformations of C1r-EGF, FaxIX 2,
and FacX 2 are nearly identical, whereas the folds of TGF-
R, E-selectin, and FacIX 1 differ from that of C1r-EGF,
mainly in the shape and orientation of the minorâ-sheet.
Indeed, sequence comparison shows that in these particular

cases the two C-terminal cysteines [Cys(5) and Cys(6)] are
separated either by 12 residues, as in the case of C1r, or by
8 residues, as for example in the human EGF peptide

FIGURE 5: Chemical shift variation induced by Ca2+ binding. The
chemical shift difference (δCa- δapo) is given in parts per million:
HN, open circles and continuous line; CRH, closed circles and broken
line; and CâH, crosses and dotted line. In the case of two different
values (CâH2, and CRH2), the most important one has been
taken.

FIGURE 6: Model of the Ca2+-bound form of C1r-EGF. (A)
Backbone representation of the 23 selected structures shown in the
same orientation as in Figure 3. The backbone atoms of residues
Cys144-Ala174 were superposed on the mean structure. (B)
Ribbon representation of the mean structure. The heavy atoms of
the Ca2+-binding residues are shown for one structure. Ca2+ is
represented by a sphere.

Table 2: Comparison of Atomic Coordinates for Different EGF-like
Modulesa

C1r-EGF (148-151,
154-163)b

hEGF (20-23,
28-37)b

TGF-R (21-24,
29-38)b

C1r-EGF - 1.21 1.62
FacIX 2 0.76 1.16 1.68
FaxX 2 0.85 0.95 1.53
FacIX 1 1.71 0.97 1.29
E-sel 1.55 0.79 0.85
hEGF 1.21 - 1.27
TGF-R 1.62 1.27 -
t-PA 1.85 1.25 1.59
Her-R 1.96 1.02 1.31

a rmsd calculated in angstroms over the trace atoms of the reduced
EGF core as defined in the text.bResidue numbers corresponding to
the reduced EGF core.
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hormone (see Figure 7). In what follows, we will discuss
conserved structural motifs for each of these two groups,
referred to as C1r and hEGF homologues for differentiation.
Other examples of C1r homologues are the second EGF-
like modules of factors IX (FacIX 2) and X (FacX 2), that
do not possess the Ca2+ binding consensus sequence, whereas
human transforming growth factor-R (TGF-R), heregulin-
R, the first EGF-like module of factors IX (FacIX 1) and X
(FacX 1), and the EGF-like modules from E- and P-selectin
as well as that from human tissue type plasminogen activator
(t-PA) are hEGF homologues.
Figure 9 shows a schematic representation of the minor

â-sheets of three C1r and three hEGF homologues. Com-
parison of the individual structures within each group reveals
that long-range hydrogen bond networks are well-conserved.

In both groups, aâ-bulge immediately precedes the tight
turn. The nomenclature of Richardson et al. (47) has been
adopted, in which residues on the bulged side are labeled 1,
2, 3, ..., whereas the residue on the opposite strand is called
X. The bulge in the C1r homologues belongs to the S3 class
(44) in which the amide of residue X is linked to the carbonyl
of residue 1 and the amide of residue 3 to the residue X
carbonyl. In the three C1r homologues, residue 1 is
characterized by a positiveφ-angle (33, 34). In most EGF-
like modules containing the Cys(5)-Xxx12-Cys(6) pattern,
there are two residues which are highly conserved. A residue
with a long and bulky side chain is found at the position
before residue X, which most often corresponds to a leucine
(Leu165 in C1r-EGF), but can be replaced by methionine,
valine, glutamine, or isoleucine. As in our structures, this

FIGURE 7: Sequence alignment of selected EGF-like modules. The six conserved cysteines are boxed. Residues belonging to the Ca2+

consensus sequence are in bold letters, and Ca2+-binding residues are shaded. Arrows illustrate theâ-sheet regions observed in C1r, and
the numbering corresponds to the C1r sequence. All sequences are from human species except for the Fac IX sequences which are from
porcine factor IX.

FIGURE 8: Superposition of the backbone atoms of several EGF-like modules in a stereorepresentation. C1r-EGF is shown in white, and
the second EGF-like modules of factors IX and X are shown in yellow and orange, respectively; the first EGF-like module of factor IX is
shown in pink, E-selectin in blue, and TGF-R in violet. This representation results from the superposition of the reduced core on the
C1r-EGF coordinates, as defined in the text.
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residue is found to be in van der Waals contact with Cys157,
and its possible function might be the stabilization of the
minor â-sheet. The second conserved residue corresponds
to C1r Asp168, situated in the tight turn. A residue with a
polar side chain is conserved in most cases. It may be that
the corresponding side chain is involved in hydrogen bonds,
as was found in the case of C1r-EGF, FacIX 2, and FacX 2
(see Figure 9). Note that most EGF-like modules that do
not possess a bulky residue (L, M, I, V, and Q) at position
X - 1 do not have the second conserved residue in the tight
turn. This strongly suggests that these two residues are
characteristic of the structural motif found in the C1r
homologues.
On the other hand, the bulges of the hEGF homologues

do not fall into one of the classes described by Chan et al.
(44). In this group, residue X always corresponds to a

glycine. It receives a hydrogen bond from residue 1, which
corresponds to Cys(6), and has a positiveφ-angle, as in the
C1r homologues. The same hydrogen bond pattern also
occurs in heregulin-R and in t-PA. As in the C1r family,
two residues are highly conserved in theâ-bulge structure
of the hEGF homologues. The first one is the above-
mentioned glycine, the second one being a glutamic acid,
located at position 2. As in the C1r homologues, this residue
can be replaced by residues with polar side chains (Q, D, N,
T, and S), able to form hydrogen bonds. Again, a correlation
exists between the conservation of the glycine and this polar
side chain, indicating their importance for the corresponding
structural motif.
An interesting consequence of the occurrence of these two

different structural motifs is the position of Cys(6) relative
to theâ-bulge; in both cases, this lies on the bulged strand,

FIGURE 9: Schematic representation of the minorâ-sheet of three C1r (left) and three hEGF homologues (right). Hydrogen bonds are
indicated by arrows from the donor to the acceptor. The functional groups of side chains involved in such hydrogen bonds are shown.
Residues with a positiveφ angle are shaded in dark gray, and those whose amide proton is characterized by a strong downfield shift are
marked in light gray. The nomenclature used in the text is made explicit for the two structures at the top.
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but corresponds to residue 1 in the hEGF homologues,
whereas it is located immediately after the bulge structure
in the C1r homologues. It is clear therefore that there is
sequential but no structural homology for this cysteine
between these two types of EGF-like modules.
Two other striking features are the conservation of a

hydrogen bond between the minorâ-sheet and the residue
following the second cysteine (see Figure 9), as well as the
downfield shift observed for an amide proton in theâ-bulge
structure. In the hEGF homologues, it corresponds to the
conserved glutamic acid following Cys(6) (E44 in TGF-R).
The chemical shift of its amide proton has been found above
9.6 ppm in several hEGF homologues (36, 39-43, 48). There
is no chemical shift information available on the C1r
homologues except C1r, in which the Ser171 amide proton
has been detected at 10.4 ppm. A possible reason might be
a hydrogen bond with a carboxyl group, as described by
Freedman et al. (39) in the case of P-selectin. Such hydrogen
bonds involving the conserved glutamic acid have been found
in at least two hEGF homologues, FacIX 1 (33) and
E-selectin (31), whereas in the solution structures of hEGF,
TGF-R, heregulin-R, and u-PA, the glutamic acid side chain
seems to be unconstrained. In the three C1r homologues
with known three-dimensional structures, analogous hydro-
gen bonds exist which are formed with the side chain of the
conserved polar residue preceding theâ-bulge (Asp168 in
C1r-EGF; see above).
C1r-EGF contains an unusual loop connecting the first and

second cysteines (Cys129 and Cys144). With its 14 amino
acids, it is much larger than the corresponding segment of
most EGF-like modules identified so far [maximum of 7
residues (14)], with known exceptions being the 29th EGF-
like module of the notch gene product fromDrosophila
melanogaster(49) and the recently identified tunicate MASP
protein fromHalocynthia roretzi(50). From the structural
studies presented here, it is clear that this loop does not
possess a unique structure, at least in the isolated EGF-like
module. The high number of charged residues (two basic
and three acidic amino acids) and the absence of hydrophobic
residues strongly suggest that this loop is surface-exposed,
in agreement with the observation that the arginyl bond at
position 134 is cleaved upon limited proteolysis of intact
C1r by trypsin (6). A likely hypothesis is that this loop
participates via electrostatic contacts in domain-domain
interactions within C1r, or in protein-protein interactions
within the C1 complex. Indeed, various data provide support
for the occurrence of a Ca2+-dependent interaction between
theR-region of C1r and its C-terminal catalytic region (7,
51). Another possibility is that the extended loop of C1r-
EGF participates in the interaction between the C1s-C1r-
C1r-C1s tetramer and C1q (7). Whatever the precise
interaction role of this loop, its large size and apparent
flexibility make it particularly well adapted for such a
function.
EGF modules with the consensus sequence for Ca2+

binding occur in a number of extracellular proteins with
diverse functions. To understand the structural and func-
tional consequences of Ca2+ binding, numerous structural
investigations have been performed on single modules or
module pairs in the presence and absence of Ca2+ (29, 30,
33, 40, 41, 45, 52-55). In this study, we have shown that
the binding of Ca2+ to the EGF-like module from C1r does

not induce major structural modification of its solution
structure. This observation is in accordance with previous
results obtained on the single cbEGF modules from blood
coagulation factors IX (29, 52) and X (41) as well as those
from human fibrillin (55). From the NMR investigation of
Ca2+-bound factor X EGF, there was some indication that
Ca2+ might stabilize the peptide N-terminal end, but the
authors discussed the possibility that the lower resolution of
the apo form might be due to the lack of experimental
constraints (41). In our case, there is no experimental
evidence for Ca2+-induced stabilization of the N-terminal
end, but modeling studies with additional Ca2+-binding
constraints suggest an increased order in this region. There-
fore, the present study does not allow us to draw a firm
conclusion on this question. As C1r-EGF possesses the
unusually large loop in its N-terminal part, one other aim of
our study was to determine whether Ca2+ binding would have
some influence on the stability of this loop. This hypothesis
can be ruled out on the basis of both the experimental data
and modeling studies.
Nevertheless, chemical shift changes are observed upon

Ca2+ addition, and their profile (see Figure 5) suggests that
C1r-EGF binds Ca2+ in the same way as blood coagulation
factors IX and X or fibrillin EGF modules (41, 45, 52).
Interestingly, all studies performed on isolated Ca2+-binding
EGF modules show Ca2+ binding constants that are much
weaker than those determined on the entire molecule or
functional parts of it (13, 56-59). It was initially assumed
that the reason for this may be the incomplete ligation of
the Ca2+ ion by the EGF-like module on its own, as this
provides only six of the ideally seven Ca2+ ligands (29, 41),
and that the additional ligand could be provided by the
preceding module. Experimental support for this hypothesis
came from the crystal structure of the first factor IX cbEGF
module in which an asparagine belonging to a second
molecule in the crystal lattice participates in Ca2+ ligation
(29). More recently, NMR structures of two module pairs,
γ-carboxyglutamate (GLA)-cbEGF from factor X (45) and
cbEGF-cbEGF (Fib 32,Fib 33) from human fibrillin-1 (30),
became available. In these studies, the donation of an
additional Ca2+ ligand from the N-terminal module could
not be confirmed. Indeed, the difference in Ca2+ binding
affinity, also observed on the two Ca2+ sites of the Fib 32,-
Fib 33 double module (59), seems to reflect the stability of
the Ca2+ binding site (30). The module-module interface
would thus contribute to the maintenance of the correct
conformation for high-affinity Ca2+ binding (30). In addi-
tion, it may be assumed from these two studies that Ca2+

intervenes at the module-module interface by inducing a
relative reorientation of the module pair as seen in factor X
(45) and/or by the stabilization of the module-module
contacts. The observation that Ca2+ binding stabilizes
fibrillin-1 against proteolytic degradation underlies this
hypothesis (60). With respect to C1r, recent experiments
on the recombinant N-terminal CUB-cbEGF module pair
(N. Thielens, K. Enrie´, M. Lacroix, A. F. Esser, and G. J.
Arlaud, unpublished data) show that this assembly exhibits
a high-affinity Ca2+ binding site and is able to interact with
C1s in a Ca2+-dependent fashion. It is clear therefore that
the N-terminal CUB module contributes in some way to Ca2+

binding. Additional structural studies on this particular
module pair are required to elucidate the mechanism of Ca2+
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binding and its functional role in human C1r. These would
also provide a further model for the study of Ca2+ binding
by an EGF module within a module pair.
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