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Abstract. Synthetic peptides derived from the C-termi-
nal end of the human complement serine protease C1s
were analysed by circular dichroism and nuclear mag-
netic resonance (NMR) spectroscopy. Circular dichro-
ism indicates that peptides 656-673 and 653-673 are
essentially unstructured in water and undergo a coil-to-
helix transition in the presence of increasing concentra-
tions of trifluoroethanol. Two-dimensional NMR
analyses performed in water/trifluoroethanol solutions
provide evidence for the occurrence of a regular a-helix
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extending from Trp659 to Ser668 (peptide 656-673),
and from Tyr656 to Ser668 (peptide 653-673), the C-
terminal segment of both peptides remaining unstruc-
tured under the conditions used. Based on these and
other observations, we propose that the serine protease
domain of C1s ends in a 13-residue a-helix (656Tyr-
Ser668) followed by a five-residue C-terminal exten-
sion. The latter appears to be flexible and is probably
locked within C1s through a salt bridge involving
Glu672.

Human C1s is a highly specific modular protease that is
responsible for the enzymic activity of C1, the initial
component of the classical pathway of the complement
system [1, 2]. Its catalytic region, involved in the recog-
nition and limited proteolysis of complement
components C4 and C2, comprises two contiguous
‘complement control protein’ (CCP) modules con-
nected, through a short intermediary segment, to a
serine protease domain. Although no information about
the crystallographic structure of C1s is presently avail-
able, recent studies based on chemical cross-linking and
homology modelling [3] have led to a three-dimensional
model of the assembly of the C-terminal part of the
catalytic region, comprising the second CCP module,

the intermediary segment, and the serine protease do-
main. This model is based, in large part, on the occur-
rence of an ionic bond between Glu672, the penultimate
residue of the serine protease domain, and Lys405, in
the second CCP module.
A major uncertainty of this model arises from the
structure of the C-terminal end of the serine protease
domain which, based upon homology with serine
proteases of known structure [4], was initially simply
assumed to form a continuous a-helix. However, com-
pared with the corresponding region of classical serine
proteases such as trypsin, chymotrypsin and elastase,
the C-terminal end of C1s is prolonged by a six-residue
extension which contains a proline residue and is there-
fore unlikely to adopt an a-helical conformation. In-
deed, recent structural studies on blood coagulation* Corresponding author.
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factor Xa, another serine protease featuring a C-termi-
nal extension of the same length as C1s, indicate that
this segment does not fold as an a-helix [5]. These
considerations prompted us to further investigate the
structure of the C-terminal end of the C1s serine
protease domain by means of circular dichroism (CD)
and nuclear magnetic resonance (NMR) structural
studies performed on synthetic peptides derived from
this region. Our data are consistent with the occur-
rence of a 13-residue a-helix followed by a nonhelical
5-residue C-terminal extension.

Materials and methods

Peptide synthesis. Peptides 653Val-Lys-Asn-Tyr-Val-
Asp-Trp-Ile-Met-Lys-Thr-Met-Gln-Glu-Asn-Ser-Thr-
Pro-Arg-Glu-Asp673, 656Tyr-Asp673 and 665Gln-
Asp673, corresponding to different segments from the
C-terminal end of the human C1s serine protease do-
main, were synthesized chemically by the stepwise
solid-phase method [6], using an Applied Biosystems
430A automated synthesizer. Synthesis was performed
on a phenylacetamidomethyl resin, and the tert-buty-
loxycarbonyl group was used for protection of the N-
a-amino group of all amino acids. Protecting groups
for amino acid side chains were as follows: Arg
(mesitylene sulfonyl), Asp (cyclohexyl), Glu (benzyl),
Lys (2-chlorobenzyl oxycarbonyl), Ser (benzyl), Thr
(benzyl), Trp (formyl), Tyr (bromobenzyloxycarbonyl).
Met was used without side-chain protection. All cou-
plings were performed by the dicyclohexylcar-
bodiimide/1-hydroxybenzotriazole method, using N-
methylpyrrolidone and dimethylsulphoxide as coupling
solvents, according to the protocol defined by Applied
Biosystems.
Deprotection and cleavage of the peptides from the
resin was performed with trifluoromethane sulphonic
acid and removal of the protecting formyl group from
tryptophan was achieved by treatment of the peptide
for 5 min at 0 °C with 1 M ethanolamine in 6 M
guanidine-HCl, pH 11. Reduction of methionine
sulphoxide generated during synthesis was achieved by
treatment of the peptide with N-methylmercaptoac-
etamide as described previously [7]. The peptides were
purified by preparative reverse-phase high-pressure liq-
uid chromatography (HPLC) on a 30-nm Vydac C18
column (2.2 cm×25 cm, 10 mm) using a 30-min linear
gradient of acetonitrile (5–60%) in 0.1% trifluoroacetic
acid.
Mass spectrometry. Fast-atom bombardment mass-
spectrometry analyses were carried out on a VG ana-
lytical ZAB-SE double-focusing mass spectrometer, as
described previously [8]. Peptides were dissolved in 5%
acetic acid, and thioglycerol was used as the matrix.

Circular dichroism. Spectra were recorded at 25 °C be-
tween 180 and 250 nm on a Jobin-Yvon CD6 spectro-
dichrograph, using a quartz cell of 1-mm path length,
with a 5-s integration time for each 0.2-nm step. Peptides
were dissolved at 40 mg/ml in 2,2,2-trifluoro-ethanol
(TFE)/water mixtures containing 0–50% (v/v) TFE. For
each measurement, the baseline was corrected for the
corresponding solvent mixture. Estimation of the helical
content of peptides was based on the mean residue
ellipticity at 222 nm (−32,000 deg×cm2×dmol−1) re-
ported for a 17-residue a-helical peptide [9].
NMR spectroscopy. Peptides 656Tyr-Asp673 and 653
Val-Asp673 were dissolved at a final concentration of
12 mM in mixtures containing 150 ml of 50 mM phos-
phate buffer, pH 6.8, 50 ml of deuterated water, 300 ml
of CF3CD2OD (peptide 656Tyr-Asp673) and 250 ml of
50 mM phosphate buffer, pH 6.8, 50 ml of deuterated
water, 200 ml of CF3CD2OD (peptide 653Val-Asp673).
Samples were sealed in a 5-mm diameter NMR tube
under argon. For H/D exchange experiments, the solu-
tion of peptide 656Tyr-Asp673 was freeze-dried, then
amide proton exchange rates in D2O were monitored
over a day period by recording a series of one-dimen-
sional spectra every 30 min at 10 °C immediately after
dissolving the peptide in 40% D2O/60% CF3CD2OD.
NMR spectra were recorded at 10 °C on a Bruker
AMX spectrometer operating at a 600-MHz proton
frequency. Chemical shifts were reported relative to the
water resonance fixed at 4.92 ppm. 1H 2D spectra,
double quantum filtered correlation spectroscopy
(DQF-COSY) [10], total correlation spectroscopy
homonuclear Hartman–Hahn spectroscopy (TOCSY/
HOHAHA) [11,12], and nuclear Overhauser correlation
spectroscopy (NOESY) [13–14] spectra were recorded
in the States-time-proportional-phase incrementation
(TPPI) mode [15]. Water resonance was attenuated by
means of a coherent low-power (gB2/2P=50 Hz) pre-
saturation during the relaxation delay. For NOESY and
TOCSY experiments, this presaturation was further
combined with a ‘jump and return’ read pulse [16]. The
isotropic mixing time was set to 55 ms, and the NOE
mixing time to 75 and 150 ms. 2D spectra were collected
as 512 (t1) and 2048 (t2) complex point time-domain
matrix with spectral widths of 6250 and 6241 Hz, re-
spectively. Thirty-two scans were used per t1 increment.
They were transformed after zero-filling in the F1 di-
mension, into 1024 and 1024 real points in F1 and F2

dimension frequency-domain spectra using FELIX soft-
ware version 2.3 (Biosym Technologies/Molecular Sim-
ulation Inc., San Diego, CA, USA).
NMR-derived geometrical bounds. Interproton distance
restraints were derived from NOESY experiments ac-
quired at 10 °C with 75- and 150-ms mixing times, in
40% H2O/60% CF3CD2OD. NOE intensities were
classified as strong, medium, weak or very weak (corre-
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sponding upper-distance limits were 2.8, 3.8, 5.0 and 6.0
Å, respectively). These distances were calibrated using
the NHE–NHZ distances of Gln665 and Asn667 as
references. Unresolved protons were replaced by
pseudo-atoms, and an appropriate correction was ap-
plied to the measured distance [17]. Nonstereospecifi-
cally assigned but spectroscopically resolved protons
were allowed to float between the two prochiral posi-
tions during the simulated annealing protocols. All pep-
tide bonds were maintained in a trans conformation.
Structure calculations. Structure calculations were per-
formed using DISCOVER (version 2.9.7, 1993) from
Biosym Technologies interfaced to the INSIGHT II
program (version 2.3.0, 1993) for visualization and data
analysis. The AMBER4 force field [18] was used for all
calculations except for the simulated annealing proto-
cols, in which a simple quartic nonbond term was
employed. The protocol was divided into two parts: in
the first stage, a simulated annealing procedure was
used to provide the broadest possible sampling of the
conformational space. Cartesian coordinates were ran-
domized at the start of each run. In the initial stages the
calculation was dominated by the experimental
constraints (the force constant for the semiparabolic
distance constraints was 50 kcal mol−1 Å−2). Experi-
mental, covalent and nonbond terms were augmented
gradually during the high-temperature (1000 K) period
of the simulation before final cooling to 100 K [19]. The
nonbond terms were reduced to a simple repulsive quar-
tic term to facilitate sampling of a large conformational
space, and the Coulombic interaction was ignored in
this first step. The total simulation time was 62 ps.
These approximate structures were then refined by re-
strained molecular dynamics calculation using the full
AMBER4 force-field description (including Coulomb
and van der Waals terms). Solvent effects were approx-
imated using reduced charges for the polar residues [20].
The molecule was equilibrated at a temperature of 750
K, using a distance constraint of 25 kcal mol−1 Å−2,
allowed to evolve during a period of 11 ps and then
cooled over a period of 3.5 ps to 300 K, where the
molecule was again allowed to evolve over 12 ps. The
step size for calculation of velocities was 1 fs. The final
structures were energy-minimized using the same force
field with a conjugate gradient algorithm, and these
structures were used for analysis.

Results

Chromatographic analysis of the purified synthetic pep-
tides by analytical reverse-phase HPLC indicated that
they were homogeneous. This was confirmed by fast-
atom bombardment mass spectrometry analysis, which
also showed that all peptides had the expected sequence,

yielding mass values of 2584.890.4 Da (peptide
653Val-Asp673), 2243.290.4 Da (peptide 656Tyr-
Asp673) and 1074.090.4 Da (peptide 665Gln-Asp673)
(calculated average mass values were 2584.9, 2243.5 and
1075 Da, respectively).
CD studies. Far-ultraviolet (UV) spectra of the C1s
C-terminal peptide 656Tyr-Asp673 were recorded in
water as well as in different water–TFE mixtures at
25 °C (fig. 1A). The spectrum in water exhibited a mean
residue ellipticity at 222 nm of approximately −7000
deg×cm2×dmol−1, indicating a low but nevertheless
detectable helical content. Increasing the TFE concen-
tration gradually increased the a-helix content, as
shown by the progressive appearance of characteristic
minima at 208 and 222 nm. The isodichroic point at

Figure 1. (A) Far-UV CD spectra of the C1s C-terminal peptide
656Tyr-Asp673 in the presence of increasing concentrations of
TFE in water. The arrows indicate the minima at 208 and 222 nm.
(B) Plots of the mean residue ellipticity at 222 nm as a function of
TFE concentration. (�) peptide 665Gln-Asp673; (
) peptide
656Tyr-Asp673; (�) peptide 653Val-Asp673.
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Figure 2. Amide proton–amide proton region of the NOESY spectrum (600 MHz, 150 ms mixing time) of peptide 656Tyr-Asp673 (12
mM) in 40% H2O/60% TFE at 10 °C. Sequential connectivities are arrowed from residues Val657 to Thr669.

203–204 nm was indicative of a two-state coil-to-helix
transition. As judged from the plot of the mean residue
ellipticity at 222 nm as a function of TFE concentration
(fig. 1B), the a-helix content reached a plateau at 40–
50% TFE, with a value of about −20,000 degree×
cm2×dmol−1, consistent with about two-thirds of the
18 amino acids being in helical conformation.
CD analysis of the larger peptide 653Val-Asp673 under
the same conditions yielded comparable results, indicat-
ing that the peptide was essentially disordered in water
and acquired a-helical conformation in the presence of
increasing TFE concentrations. However, the helix con-
tent reached a plateau at a slightly lower TFE concen-
tration (30–40%) (fig. 1B), with mean residue ellipticity
at 222 nm comparable to that observed for peptide
656Tyr-Asp673.
CD analysis was also performed on peptide 665Gln-
Asp673, corresponding to the C-terminal end of the
preceding two peptides. In that case, the spectrum in
water showed a mean residue ellipticity at 222 nm of
about −4000 deg×cm2×dmol−1, which remained un-

changed upon addition of increasing amounts of TFE
up to 40% (fig. 1B). These data strongly suggested that
the ability of the larger peptides 653Val-Asp673 and
656Tyr-Asp673 to adopt helical conformations in
water–TFE mixtures was essentially a property of their
N-terminal end. Further structural characterization by
NMR spectroscopy was therefore performed only on
peptides 656Tyr-Asp673 and 653Val-Asp673.
NMR spectroscopy studies. The NMR sequence-specific
proton assignment [17] of peptide 656Tyr-Asp673 was
obtained in a straightforward manner in 40% H2O/60%
CF3CD2OD at 10 °C. Figure 2 shows a representative
part of the NOESY spectrum obtained under these
conditions. NOE correlations as well as 3JHNa spin–spin
coupling analysis and chemical shift index [21] provided
strong evidence for a-helix formation (fig. 3A). In good
agreement with the estimate based on CD analysis, the
medium-range NOEs together with the chemical shift
index and 3JHNa values were consistent with the pres-
ence of a helix spanning 10 amino acid residues, from
Trp659 to Ser668. Some of the NOE correlations in this
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Figure 3. Summary of the sequential NOE connectivities involving NH, CaH, and CbH. (A) Peptide 656Tyr-Asp673 analysed at 10 °C
with a 150-ms mixing time in 40% H2O/60% CF3CD2OD; (B) peptide 653Val-Asp673 analysed at 10 °C with a 150-ms mixing time in
60% H2O/40% CF3CD2OD. NOEs are classified as strong, medium and weak according to the height of the hatched bar under the
peptide sequence. Asterisks indicate a spectral overlap precluding observation of the NOE. Open and filled circles indicate 3JHNa

spin–spin coupling constants estimated from the COSY and TOCSY spectra to be less than 5 Hz and greater than 6 Hz, respectively.
Open squares indicate amide protons present in one-dimensional spectra or in TOCSY spectra after 4 h of H/D exchange, and filled
squares indicate protons absent after this period. The chemical shift index (CSI) represents the difference between the CaH chemical
shift of a residue and the mean value of the random-coil CaH chemical shift for this particular residue [21]. Positive and negative bars
indicate downfield and upfield shifts, respectively, of more than 0.1 ppm. The residue numbering used is that of the intact C1s protein.

region are missing because of the spectral overlap of the
HN resonances of residues Met664, Gln665 and Glu666
(fig. 3A). Quantification of the sequential NOE correla-
tions within the C-terminal end of the peptide was made
difficult because of the overlap of the HN resonances of
Arg671, Glu672 and Asp673. However, the qualitatively
high daN values, the absence of da,b(i,i+3) and daN(i,i+3)

connectivities, together with the chemical shift index and

3JHNa values, clearly precluded an extension of the helical
conformation beyond Ser668. Also, the occurrence of
strong dad correlations between Thr669 and Pro670
indicated that the peptide bond was in a trans conforma-
tion. Finally, it should be mentioned that H/D exchange
experiments allowed observation, after 4 h, of the amide
protons from Ile660 to Gln665 (fig. 3A), indicating that
the helical conformation was stable over this period.
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Table 1. Structural statistics for the 34 structures of the C1s
C-terminal peptide 656Tyr-Asp673 determined at 10 °C in 60%
TFE/40% H2O.

Structural statistics 34 structures

Cartesian coordinate r.m.s.d. (Å)*
Residues 656-673 1.7690.28
Residues 659-668 0.1590.06
Residues 669-673 2.0090.12

Mean number of distance restraints
violations per structure
\0.40 Å 0
\0.30 Å 0.1
\0.20 Å 0.490.7
\0.10 Å 5.891.7

Mean number of distance restraints
violations per structure in residues 659–668
\0.40 Å 0
\0.30 Å 0.1
\0.20 Å 0.2
\0.10 Å 2.591.2

AMBER potential energies†
Ftotal (kcal mol−1) −250.4910.2
FCoulombic (kcal mol−1) −260.899.5
EL–J (kcal mol−1) −37.494.3
Eexp (kcal mol−1) 5.591.2

*Mean r.m.s.d. values were calculated vs. the averaged geometric
coordinates of the 34 structures using (N, Ca, C, O) backbone
atoms.
†FCoulombic is the coloumbic energy contribution to Ftotal. EL–J is
the value of the Lennard-Jones–van der Waals energy function
calculated by DISCOVER using the AMBER force field [18]. Eexp

is calculated using a force constant of 25 kcal mol−1 Å−2.

not used for the calculation, as 3JHNa coupling constants
could only be qualitatively estimated from the spectra
but not precisely measured. Seventeen structures were
calculated in the first stage of simulated annealing, and
each of them was used to generate two structures in the
second stage of restrained molecular dynamics. The
structural statistics are summarized in table 1. Figure 4
shows the superimposition of the 34 structures on the
backbone atoms from the residues 659 to 668. The
root-mean-square deviation (r.m.s.d.) value of these
atoms is 0.1590.06 Å, a value which represents only a
measure of the definition of the minimum in the confor-
mational space sampled by the structure calculation
algorithm, but not the amplitude of any dynamic pro-
cess. The structures exhibit a regular a-helix conforma-
tion from Trp659 to Ser668, and the N-terminal end
656Tyr-Asp658, although not a-helical, also shows a
preferential structure. In contrast, the C-terminal seg-
ment, from Thr669 to the end, is highly disordered,
although preferential orientations can be observed on
the side opposite to Ile660, Met664 and Asn667 (fig. 4).
NMR sequence-specific proton assignment of the larger
peptide 653Val-Asp673 was obtained in 60% H2O/40%
CF3CD2OD at 10 °C. As summarized in figure 3B,
NOE correlations as well as chemical shift index [21]
provided clear evidence for a-helix formation from
Tyr656 to Ser668 (fig. 3B) under these conditions. As
observed in the case of peptide 656Tyr-Asp673, the
C-terminal part, from Thr669 to Asp673, is unstruc-
tured. The observations of NOE correlations between
Thr669 and Arg671 indicate that the C-terminal part of
this peptide adopts the same preferential orientations as
described above for peptide 656Tyr-Asp673.

A set of 244 geometrical constraints, including 128
sequential and 111 medium-range upper-bound dis-
tances, was derived from the NOESY spectra. Only five
intraresidue distance restraints were used in the struc-
ture calculation procedure. Dihedral constraints were

Figure 4. R.m.s. superimpositions of the (N, Ca, C, O) atoms of residues 659-668 of 34 calculated structures of the C-terminal
656Tyr-Asp673 peptide from the serine protease domain of C1s. The structures were calculated from the geometrical boundaries derived
from the NMR experiments performed at 10 °C in 40% H2O/60% CF3CD2OD. Only backbone atoms are represented. Nt, N-terminal
end; Ct, C-terminal end.
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Figure 5. Alignment of the C-terminal sequences of various serine
proteases. Underlined is the extent of unequivocal a-helical sec-
ondary structure in the known X-ray structures [5, 24–28], which
was controlled with the PROCHECK program [29]. (B · · · · ·\ ),
proposed length of the C-terminal a-helix in C1s; Chy, bovine
chymotrypsin; Try, bovine trypsin; Ela, porcine elastase; Thb,
human thrombin; FXa, human coagulation factor Xa. PDB codes
are indicated for the available X-ray structures. The numberings
shown are those of chymotrypsin and C1s.

The NMR analyses of both peptides 653-673 and 656-
673 clearly preclude the occurrence of a helical structure
from Thr669 to Asp673. As recently shown for the
C-terminal extension of factor Xa [5], it is therefore very
likely that the very C-terminal segment of C1s, 669Thr-
Asp673, does not fold as the continuity of the preceding
a-helix. The NMR-derived model shown on figure 4
suggests that this segment is flexible and able to adopt a
variety of conformations. In view of the intramolecular
interaction shown to occur between the serine protease
domain and the second CCP module of C1s [3], a likely
hypothesis is that its final orientation within C1s is
driven by long-range interactions with the remainder of
the protein, and stabilized mainly by the salt bridge that
takes place between Lys405, in the second CCP module,
and Glu672, the penultimate residue of the protease.
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Ernst R. R. and Wüthrich K. (1983) Improved spectral resolu-
tion in COSY 1H NMR spectra of proteins via double quan-
tum filtering. Biochem. Biophys. Res. Commun. 117: 479–485

11 Braunschweiler L. and Ernst R. R. (1983) Coherence transfer
by isotopic mixing: application to proton correlation spec-
troscopy. J. Magn. Reson. 53: 521–528

12 Davis D. G. and Bax A. (1985) Assignment of complex 1H
NMR spectra via two-dimensional homonuclear Hartmann–
Hahn spectroscopy. J. Am. Chem. Soc. 107: 2820–2821

Discussion

Although the mechanism of action of TFE remains
poorly understood, its ability to induce or enhance the
helicity of peptides in water solutions has been widely
demonstrated, and it is generally considered that TFE
stabilizes a-helices in peptides possessing intrinsic heli-
cal propensity [22, 23]. On the other hand, the occur-
rence of an a-helix in the C-terminal region of serine
proteases is a well-established feature shared by this
family of proteins. Therefore, our observation that TFE
promotes formation of stable helical structures from
residues Trp659 to Ser668 and Tyr656 to Ser668 in
peptides 656-673 and 653-673, respectively, strongly
suggests that segment 656Tyr-Ser668 forms an a-helix
in intact C1s. Comparison of available 3D structures of
serine proteases (fig. 5) reveals that the C-terminal a-
helix, which comprises between 9 residues (in coagula-
tion factor Xa) and 15 residues (in chymotrypsin), starts
at the level of residue 656 of C1s in all proteases but
chymotrypsin. In that case, however, a bend occurs at
residue 233, and the canonical helix only starts at
residue 234, which is homologous to residue 656 in C1s
(fig. 5). The fact that residues 656Tyr-Val-Asp658 do
not adopt a helical conformation in the shorter peptide
656-673 is likely due to their location at the N-terminal
tip of the peptide, which may exert a destabilizing
effect. In the same way, residues 665Gln-Glu-Asn-
Ser668 are an integral part of the helix in both peptides
653-673 and 656-673 but, as judged from our CD anal-
ysis, show no significant helical structure in peptide
665-673. On the basis of these observations, it is highly
likely that the C-terminal helix in intact C1s encom-
passes 13 residues, from Tyr656 to Ser668. By analogy,
it may be hypothesized that most, if not all, of the
C-terminal 13 residues of C1r, the other serine protease
of C1, form a regular a-helix (fig. 5).
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