THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 22, pp. 15571-15580, May 31,2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Molecular Determinants of the Substrate Specificity of the
Complement-initiating Protease, C1r*

Received for publication, January 9, 2013, and in revised form, March 21, 2013 Published, JBC Papers in Press, April 15,2013, DOI 10.1074/jbc M113.451757

Lakshmi C. Wijeyewickrema®, Tang Yongqing®, Thuy P. Tran*, Phillip E. Thompson®, Jacqueline E. Viljoen?,
Theresa H. Coetzer’, Renee C. Duncan®’, Itamar Kass*, Ashley M. Buckle*, and Robert N. Pike*’

From the *Department of Biochemistry and Molecular Biology, Monash University, Clayton, Victoria 3800, Australia, the SMonash
Institute of Pharmaceutical Sciences, Parkville, Victoria 3052, Australia, and the "Department of Biochemistry, School of Life
Sciences, University of KwaZulu-Natal (Pietermaritzburg Campus), Private Bag X01, Scottsville 3209, South Africa

Background: Classical complement pathway activation depends on cleavage of inactive Cls by Clr.

Results: P2 GIn and P1’ Ile residues in activation loop of Cls are crucial for activation by Clr.

Conclusion: Residues at P2 and P1’ in cleavage position of C1s make important interactions with Clr active site.
Significance: Critical determinants identified for activation of the classical complement pathway.

The serine protease, Clr, initiates activation of the classical
pathway of complement, which is a crucial innate defense mech-
anism against pathogens and altered-self cells. C1r both autoac-
tivates and subsequently cleaves and activates Cls. Because
complement is implicated in many inflammatory diseases, an
understanding of the interaction between Clr and its target sub-
strates is required for the design of effective inhibitors of com-
plement activation. Examination of the active site specificity of
Clr using phage library technology revealed clear specificity for
Gln at P2 and Ile at P1’, which are found in these positions in
physiological substrates of C1lr. Removal of one or both of the
Gln at P2 and Ile at P1’ in the C1s substrate reduced the rate of
Clr activation. Substituting a Gln residue into the P2 of the
activation site of MASP-3, a protein with similar domain struc-
ture to C1s that is not normally cleaved by C1r, enabled efficient
activation of this enzyme. Molecular dynamics simulations and
structural modeling of the interaction of the C1s activation pep-
tide with the active site of Clr revealed the molecular mecha-
nisms that particularly underpin the specificity of the enzyme
for the P2 Gln residue. The complement control protein
domains of Clr also made important contributions to efficient
activation of C1s by this enzyme, indicating that exosite interac-
tions were also important. These data show that Clr specificity
is well suited to its cleavage targets and that efficient cleavage
of Cls is achieved through both active site and exosite
contributions.

Complement activation represents a crucial innate defense
mechanism against invading microorganisms, providing an
immediate response against microbial invasion (1). It also plays
a vital role in the maintenance of immune tolerance and,
because it can also target altered-self structures, is a key player
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in tissue homeostasis through clearance of apoptotic and
necrotic cells. The complement system can be activated by the
classical, lectin, or alternative pathway. The Clr® protease is
responsible for the first enzymatic events in the classical path-
way of complement activation, through autoactivation and sub-
sequent initiation of the cascade by cleaving and activating pro-
enzyme Cls (2). The lectin pathway is activated by the MASP-1
and MASP-2 enzymes, whereas MASP-3, a splice variant of
MASP-1, plays a presently less well characterized role in the
system. The complement system is strongly implicated in many
inflammatory disease states, and therefore inhibitors of the ini-
tiating proteases could be powerful anti-inflammatory agents
(3). Understanding how Clr interacts with its target substrates
is the key to the knowledge required to design effective inhibi-
tors of complement activation by targeting this initiating
enzyme.

It has previously been shown that Cl1r and Cls pro-enzymes
form a heterotetrameric structure that associates with the rec-
ognition molecule, Clgq, in the C1 complex (4). Binding of C1q
to target ligands, such as antigen-bound antibodies, causes
autoactivation of Clr by an unknown mechanism (5). It has
been postulated that binding of the multiple C1q recognition
sites to their ligands essentially transmits a mechanical signal to
the heterotetrameric protease structure that loosens the con-
straints on Clr that prevent its autoactivation in the C1 com-
plex. The activated Clr molecule is then able to cleave and
activate the associated Cls enzyme, allowing it to in turn cleave
its C4 and C2 physiological substrates in sequence to thus acti-
vate the complement system (6).

The Clr, Cls enzymes, and MASP enzymes are composed of
six domains (Fig. 1) (7): the N-terminal CUB1-EGF-CUB2 seg-
ment of the structure contains calcium binding sites and is most
likely required to bind to recognition molecules such as Clq
and for homo- and heterodimerization of the enzymes. The

3 The abbreviations used are: C1r, complement subcomponent 1r; AMC,
7-amino-4-methyl coumarin; C1, complement component 1; C1q, com-
plement subcomponent 1qg; C1s, complement subcomponent 1s; CCP,
complement control protein; CUB, module originally found in comple-
ment C1r/Cls, Uegf, and bone morphogenetic protein; MASP, man-
nose-binding lectin-associated serine protease; SP, serine protease.
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FIGURE 1.C1s and MASP-3 constructs used in this study. Schematic represents the domain structures of plasma and recombinant C1r, C1s,and MASP-3.The
two CUB domains, an EGF-like domain, two CCP domains, and the SP domain are indicated. The black arrow indicates the Arg-lle cleavage site, which is required
for activation of the enzyme, held together by a disulfide bond. The amino acid sequence surrounding the activation point of wild type MASP-3 and C1s are in
bold type. The amino acids altered by site-directed mutagenesis are shown in red.

C-terminal CCP1-CCP2-SP segment is responsible for catalysis
of both a neighboring C1r molecule (autoactivation) and Cls.
The CCP1 domain has been shown to play a major role in
dimerization of Clr but no role in catalytic processes, whereas
the CCP2 domain apparently provides an additional binding
site for substrate C1r that facilitates catalysis of this substrate by
the active site of the SP domain (8, 9). The precise active site
specificity of Cl1r has never been mapped, and the relative roles
played by the active site and proposed exosites in the catalysis of
substrates have not previously been determined. Here we have
used phage display technology to map the substrate specificity
of the enzyme and then validated the data obtained using acti-
vation of the Cls protein substrate as a molecular “readout.”
The data obtained and the analysis performed, including
molecular dynamics simulations, indicate that the P2 Gln resi-
due in substrates plays a vital role in catalysis by C1r, in addition
to important contributions by exosite(s) most likely contained
on the C1r CCP2 domain.

EXPERIMENTAL PROCEDURES

Construction of Recombinant Plasmids for Expression of
the Clr, Cls, and MASP-3 Fragments—Recombinant Clr
CCP12SP (residues Arg***~Asp’°®), recombinant Clr SP (res-
idues Pro*°—Asp”®®), recombinant Cls CCP12SP (residues
Lys®®'—Asp®®®), recombinant C1s SP (residues Pro***~Asp®®®),
and recombinant MASP-3 CCP12SP (residues Lys**®*~Arg”>®)
were expressed and refolded with some modifications to previ-
ously described methods (10, 11). Briefly, genes for all recom-
binant proteins were synthesized (GenScript), and the DNA
was cloned into the pET17b vector (EMD Biosciences). After
transformation of the vector into Escherichia coli strain
BL21(DE3)pLysS, cells were cultured at 37 °C in 2XTY (tryp-
tone/yeast extract) broth with 50 ug/ml ampicillin and 34
png/ml chloramphenicol to an A4 0of 0.6, followed by induction
with 1 mM isopropyl B-p-thiogalactopyranoside for 4 h. Follow-
ing induction, the culture was centrifuged (27,000 X g, 20 min,
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4.°C), and the cells were collected in 30 ml of 50 mm Tris-HCI,
20 mM EDTA, pH 7.4, and then frozen at —80 °C. The cells were
thawed and sonicated onice for 6 X 30 s. After centrifugation at
27,000 X g for 20 min, inclusion body pellets were sequentially
washed and centrifuged with 10 ml of 50 mm Tris-HCI, 20 mm
EDTA, pH 7.4. The washed pellet was resuspended in 10 ml of
8 M urea, 0.1 M Tris-HCI, 100 mm DTT, pH 8.3, at room tem-
perature for 3 h. Refolding was initiated by rapid dilution drop-
wise into 50 mm Tris-HCI, 3 mm reduced glutathione, 1 mm
oxidized glutathione, 5 mm EDTA, and 0.5 M arginine, pH 9.0.
The renatured protein solutions were concentrated and dia-
lyzed against 50 mm Tris-HCI, pH 9.0, and renatured proteins
were purified on a 5-ml Q-Sepharose Fast Flow column (GE
Healthcare). The bound protein was eluted with a linear NaCl
gradient from 0 to 400 mM over 35 ml at 1 ml/min. The recom-
binant proteins were further purified using a Superdex 75 16/60
column (GE Healthcare) in a buffer of 50 mm Tris, 145 mMm
NaCl, pH 7.4, aliquoted, snap frozen, and maintained at
—80 °C. The purity of the protein was confirmed by SDS-PAGE
followed by Western blotting and N-terminal sequencing. Typ-
ically protein yields were between 2 and 4 mg/liter.

Western Blotting and Antibodies—Proteins were resolved by
SDS-PAGE, transferred, and immunoblotted with various anti-
bodies. The antibodies used were polyclonal Clr (Abcam), a
Cls antibody directed against the unique peptide sequence
CSTSVQTSRLAKSKM, and a MASP-3 antibody directed
against the unique peptide sequence NPNVTDQIISSGTRT.
The latter antibodies were raised in chickens as described pre-
viously (12).

Phage Display—The Novagen T7Selectl-1b Phage Display
system was used to generate a randomized substrate peptide
library as described previously (13, 14), following the approach
of Cwirla et al. (15). Amino acid peptides were displayed in low
copy number (0.1-1/phage) from the T7Selectl-1b vector
used, making them suitable for the selection of displayed pep-
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tides that were highly susceptible to protease cleavage. As
described previously (14), the substrate library was constructed
by synthesizing a degenerate oligonucleotide, annealing it to
complementary half-site oligonucleotides, ligating the result-
ing heteroduplex to vector arms and adding to a T7 phage pack-
aging extract. The half-site oligonucleotides were 5'-GCCGC-
CTGGAGTGAGAG-3" and 5-AGCTTAGTGATGGT-
GATGGTGATG-3'. This library was made by using the degen-
erate oligonucleotide 5'-AATTCTCTCACTCCAGG-CGGC-
(NNK)9CATCACCATCACCATCACA-3" (where N repre-
sents any nucleotide and K is either T or C). This added a ran-
domized unconstrained nonameric peptide (apart from a fixed
arginine residue at the fifth position) and a His, tag to the C
terminus of the 10B coat protein. The complexity of this ran-
domized library was 7 X 10° plaque-forming units (pfu).
Approximately 10° pfu of amplified phage in phage extraction
buffer were bound to nickel-Sepharose beads at 4 °C. Unbound
phage were removed by washing the beads with phage wash
buffer (850 mm NaCl, 0.1% (w/v) Tween 20 in PBS), followed by
1 mm MgSO, in PBS. Selection commenced by the addition of
500 nm human Clr (Clr purified from human plasma (EMD
Biosciences) to the treatment tubes for rounds 1- 6 of selection.
Equal volumes of 1 mm MgSO,, in PBS were added to the con-
trol tube instead of protease. Both the treatment and control
tubes were incubated overnight at 37 °C. Cleaved phage were
recovered from the supernatant and subsequently titrated and
amplified to form the sublibrary for the next round of selection.
Phage that remained bound to the beads were eluted with 0.5 m
imidazole and titrated to assess protease cleavage efficiency.
Randomly selected individual phage plaques from round 4 were
chosen for DNA sequencing. Phage DNA was amplified by PCR
using dedicated primers (T7Select cloning kit; Novagen).
Sequencing of PCR products using the same primers was per-
formed using the Big-Dye 3.1 kit (GE Healthcare).

The sequencing results were analyzed to determine the sta-
tistical distribution of each amino acid at each position of the
nonamer (16). This analysis allowed for codon redundancy, as
well as the fact that only 32 of a possible 64 codons were repre-
sented by NNK. In the following equation, Ao indicates the
difference of the observed frequency from the expected fre-
quency in terms of standard deviations

Ao = Obs(X) — nP(X)/(nP(X)[1 — PX)D1/2  (Eq. 1)
where Obs(X) is the number of times amino acid X occurs in the
selected sequences, P(X) is the theoretical probability of amino
acid X occurring, and # is the total number of sequences
analyzed.

Measurement of the Kinetics of Activation of Zymogen Pro-
teases by CIr—Recombinant Clr at 100 nm was added to vary-
ing concentrations of zymogenic Cls or MASP-3 in 20 mm
Tris-HCI, 100 mm NaCl, pH 7.4, and 50 um Z-Leu-Gly-Arg-
AMC (for C1s measurements (LGR-AMC)) or Z-Val-Pro-Arg-
AMC (for MASP-3 measurements (VPR-AMC)) previously
preincubated at 37 °C for 10 min. The appearance of fluores-
cence was measured using excitation and emission wavelengths
of 355 and 460 nm, respectively. C1r was not active against the
peptide substrates at the concentrations used, and therefore the
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increase in fluorescence seen was due entirely to the activity of
C1s or MASP-3 activated by Clr.

The observed increase in fluorescence over time was fitted to
an equation for exponential increase by nonlinear regression in
GraphPad Prism: Y = Y0*exp(k,,s*X). This gave a &, value
that equated to the observed rate of increase in fluorescence.
The ks values obtained at different concentrations of sub-
strate (zymogen Cls or MASP-3) were plotted against the sub-
strate concentrations to yield a Michaelis-Menten plot that
could be fitted by nonlinear regression in GraphPad Prism to
the equation: Y = V,_ *[SI/(K,, + [S]). The V.. values

obtained from this analysis were converted into k_,, values by
taking into account the k_,, of activated C1s or MASP-3 for the
cognate reporter substrate used for each enzyme to yield esti-
mates of product formation at the V_,, values obtained. The
Michaelis-Menten plots could thus be used to derive K,,, k_,,,
and k_,/K,, values for the reaction of Clr with the zymogen
forms of Cls and MASP-3.

Molecular Modeling and Dynamics—Missing residues (493—
497) in the Clr x-ray crystal (Protein Data Bank ID code 1MD8
(7) were modeled using Modeller version 9.8 (17) The model
was then superimposed onto the kallikrein chain of the kal-
likrein-hirustasin complex (18) using PyMOL version 1.3r2
(19). Peptides EEKQRIILG, EEKNRIILG, EEKQRAILG, EEK-
GRIILG, and EEKNRAILG were threaded onto the hirustasin
coordinates, resulting in two Clr-peptide complexes. Each
complex was then placed in a cubic unit cell with a minimum
distance of 1.4 nm to the box edge and solvated in explicit SPC
water (20). To neutralize the system at a physiological salt con-
centration of 0.1 M, CI~ and Na™ ions were randomly replaced
with water molecules.

All models were then subjected to energy minimization with
the conjugate gradient algorithm and a tolerance of 100 kJ
mol ™ 'nm ™. Following the EM stage, systems were subjected
to a positional restraints procedure in which a harmonic
restraint was applied to all heavy atoms in C1r and bound pep-
tides. In the procedure, the restraint was gradually decreased
from 1000 to 0 k] mol™*nm™" during 0.5-ns simulations. All
models were then subjected to a 100-ns-long molecular dynam-
ics simulation, each repeated three times with different random
initial velocities. All simulations and trajectories analysis were
conducted using the GOMACS package version 4.0.7 in con-
junction with the GROMOS 53A6 united atom force field (21).
During the energy minimization, the lengths of all bonds within
the system were constrained using the LINCS algorithm (22).
Nonbonded interactions were evaluated using a twin range cut-
off scheme: interactions falling within the 0.8-nm short range
cutoff were calculated every step, whereas interactions within
the 1.4-nm-long cutoff were updated every three steps, together
with the pair list. A reaction-field correction was applied to the
electrostatic interactions beyond the long range cutoff (23),
using a relative dielectric permittivity constant of ey = 62 as
appropriate for SPC water (24). Temperature and pressure
were kept constant during simulations using the Berendsen
coupling algorithm (25). Temperature was maintained at 300 K
by independently coupling both protein and solvent to external
temperature baths with a coupling constant of 7 = 0.1 ps. The
pressure was maintained at 1 bar by weakly coupling the system
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FIGURE 2. Subsite profiling of human C1r using a phage display library with a fixed P1 arginine. A library of peptides exploring the P5-P4’ positions was
exposed to 500 nm human C1r over six rounds of panning. Sequences of phage cleaved by C1r were analyzed, yielding Ao values for each subsite. The Ao values

"

represent the number of S.D. away from an expected “norma

to an isotropic pressure bath, using an isothermal compressibil-
ity of 4.6 X 10—5 bar™ ' and a coupling constant of 7, = 1 ps.

The electrostatic potentials were calculated using APBS ver-
sion 1.3 (26). Atomic parameters for the calculation were taken
from the GROMOS 53A6 force field (21). Electrostatic poten-
tial was visualized using PYMOL version 1.3r2 (19) with positive
potential in blue and negative potential in red in a range
between —1 and +1 k,T/e., where k is the Boltzmann con-
stant, T is the temperature (set to 300 K), and e_ is electron
charge.

RESULTS

Analysis of the Active Site Specificity of C1r Using Phage Dis-
play Technology—The specificity of Clr for positively charged
residues at the P1 position of physiological substrates was
known (7), and therefore the phage library was constructed
with an Argresidue fixed at the fifth position in the randomized
sequence. A large concentration of the enzyme had to be used
to obtain selection with the library. Six rounds of panning using
cleavage by Clr were conducted, with the titer of the protease-
selected sublibrary increasing at each round until round five. 94
samples were selected for sequencing, with 29 viable sequences
obtained. Once adjusted statistically, the results (Fig. 2) clearly
revealed that the enzyme displays considerable specificity at
every position apart from P4, P3’, and P4’. The most significant
results (Ao = 5) were: Gln at P2 (Ao = 6.4), Leu at P3 (Ao = 5.8)
(Ile was nearly as high as Leu with Ao = 4.3), lle at P1’ (Ao =
5.3) (Val is quite significant with Ac = 3.9), and Tyr at P2’
(Ao = 6.4), with Trp also significant at this position (Ao = 4.3).
The presence of Arg residues at P5 was significant (Ao = 6.4),
although it must be noted that this position is close to the phage
capsid. Of the residues identified to be important at each posi-
tion, it was notable that the preference for Gln residues at P2
and Ile residues at P1’ matched that of the physiological sub-
strates for Clr, particularly those found in zymogen Cls.
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to identify overrepresentation of particular amino acids at any given substrate position.
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FIGURE 3. C1r cleavage of zymogen C1s. Recombinant wild type zymogen
C1s (1 um) was incubated with recombinant wild type C1r (10 nm) and sub-
jected to SDS-PAGE, with subsequent immunoblot analysis using antibodies
raised against a SP domain peptide of C1s (middle panel) and a polyclonal C1r
antibody (bottom panel). Each panel of the experiment shows a time course (0,
1,5, 10, and 30 min) for incubation at 37 °C (second through fifth lanes).

Analysis of the Importance of Cleavage Site Residues to Catal-
ysis by CIr—Having noted that Gln and Ile residues at P2 and
P1’, respectively, were important for cleavage of phage dis-
played substrates, we set out to confirm the importance of these
residues for cleavage by C1r. A series of fluorescence-quenched
peptide substrates, comprising residues from the cleavage site
in Cls and some peptides found among the phage-displayed
peptides, were synthesized. Unfortunately, very high concen-
trations of Clr were required to cleave such peptides, and
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FIGURE 4. Kinetics of activation of C1s and MASP-3 mutants by C1r. Left panels, progress curves of C1r (100 nm) activation of indicated concentrations of WT
C1s,Q462N C1s CCP12SP, MASP-3 K448Q, and C1s SP in the presence of either 50 um LGR-AMC (for C1s) or VPR-AMC (for MASP-3). AFU, arbitrary fluorescence

units. Right panels, plots of the observed rate of activation (k) as a function of the concentration of substrate.

erratic results were recorded for kinetic analyses. This indi-
cated that the enzyme displayed poor activity in general against
peptide substrates, and therefore another means had to be
found to investigate cleavage by Clr.

We therefore decided to use a CCP1-CCP2-SP form of
zymogen Cls to test for cleavage by recombinant Clr and Clr
purified from human plasma. We could show that the protein
substrate was efficiently cleaved by both forms of Clr, making
this a better means of testing the specificity determinants for
Clr cleavage (Fig. 3). We therefore constructed mutants of
zymogenic Cls in which the P2 and P1’ positions were altered
(Fig. 1) and tested the kinetics of cleavage of the substrates using
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a coupled assay in which activation of the Cls was revealed by
measuring its activity against the peptide substrate, LGR-AMC
(Fig. 4). The C1r had no activity against the peptide substrate at the
concentrations of enzyme used. Varying the concentration of the
Cls substrate allowed the effect of substrate concentration on
the observed rate of activation of Cls (k) to be measured. The
curves of fluorescence obtained could be fitted to an exponential
function (Fig. 4). Plots of the &, values obtained versus the sub-
strate concentration could be fitted to the Michaelis-Menten
equation (Fig. 4), thus allowing K, and k_,, values to be esti-

mated once the kinetics of cleavage of the peptide substrate
by C1s was taken into account (Table 1).
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TABLE 1

Kinetic parameters for cleavage of wild type and mutant forms of C1s and MASP-3 by C1r CCP12SP and C1r SP enzymes
Cleavage of the wild type and mutant forms of C1s and MASP-3 was followed by monitoring the appearance of their activity using fluorescent substrates, and data were fitted

to allow the determination of the kinetic parameters shown below.

Substrate K, Keae koo K,
nm st m st
Substrate with C1r CCP1-CCP2SP
Wild type C1s CCP1-CCP2SP 22.0 6.45 X 1072 2.9 X 10°
Cl1s CCP1-CCP2SP Q462N 148 6.3 X102 4.2 X 10*
Cl1s CCP1-CCP2SP Q462G 42.6 39X 102 9.1 X 10°
Cl1s CCP1-CCP2SP 1464A 38.8 4.75 X 1073 1.2 X 10°
Cl1s CCP1-CCP2SP Q462N and 1464A 445 ND“ ND
Cls SP 45.4 3.25 X 102 7.2 X 10°
Wild type MASP-3 CCP1-CCP2SP 237 ND ND
MASP-3 K448Q 62.2 2.1 X102 3.4 X 10°
Substrate with C1r SP
Wild type C1s CCP1-CCP2SP 191 7.4 X103 3.9 X 10*
Cls SP 1730 33x10°2 1.9 X 10*
“ ND, not determined because rates of cleavage were too low to allow determination of these parameters.
A B
0.08+ 2‘5x10-02-
D
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FIGURE 5. Dependence of initial velocity on substrate concentration for wild type C1s and C1s 1464A. Initial velocity values for cleavage of Z-LGR-AMC
(0-500 um) by 100 nm wild type C1s (A) and C1s 1464A (B), to the substrate are shown. Data were fitted by nonlinear regression to the Michaelis-Menten

equation.

The data obtained showed that wild type zymogen Cls was
very efficiently cleaved by Cl1r, with a very low K, value of 22 nm
and an overall /K, value of 2.9 X 10° M~ "-s™'. Substitution
of the P2 GIn residue of zymogen Cls by a chemically similar
Asn residue (Q462N) resulted in a 69-fold decrease in the
k../K,,, value for the reaction, strongly influenced by a 7-fold
increase in the K, value. Interestingly, substitution of the P2
Gln by a Gly residue (Q462G) brought about a much smaller
3-fold decrease in the k_,,/K,,, value, indicating that the substi-
tution by the Asn residue was especially detrimental at this
position.

Altering the P1’ Ile residue to an Ala residue (1464A) also had
a strong effect on the k_,,/K,,, value for the reaction, decreasing
it 24-fold, mainly due to a decrease in the k_, value for the
reaction (14-fold). Interestingly, the activated Cls with an Ala
residue at the new N terminus was still active against the pep-
tide substrate, with the k_/K,, value of 1.2 X 10° M s ! for
the mutant only 6-fold lower than that for wild type C1s (7.1 X
10° M~ s~ 1) (Fig. 5), indicating that the Ala residue was able to
substitute for Ile at this crucial position. It is worth noting that
substituting the Ile at the new N terminus of activated trypsin
with an Ala residue resulted in a similar reduction in activity
against most peptide substrates tested (27). Alteration of both
the P2 and P1’ residues simultaneously resulted in a form of C1s
which Clr was only able to cleave very weakly, such that k_,,
residues could not be estimated and the K, value was increased
>20-fold.

These data indicated that the Gln residue found at the P2

position of the physiological substrates was of high importance
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for efficient cleavage by Clr. To further verify this, we substi-
tuted the Lys residue found at the P2 position of zymogen
MASP-3 with a Gln residue (K448Q) (Fig. 1) and investigated
whether Clr, which was essentially unable to cleave wild type
MASP-3 (Fig. 5), could efficiently activate this protease with a
similar domain structure to Cls. Interestingly, the mutated
MASP-3 was efficiently activated by Clr (Fig. 6), with a k_,./K,,
value only 8.5-fold lower than that for wild type Cls zymogen
(Fig. 4 and Table 1). The k_,, value was comparable with that
found for Cls, whereas the K|, value was nearly 3-fold higher.
Investigation of the Relative Effect of CCP Domains on Cleav-
age by CIr—These data indicate that the residues found in the
activation loop of the zymogens capable of being activated by
Clr play a major role in recognition of the active site of C1r and
in turn validate the results demonstrated using phage display
technology. It appears that there was still some activation of
Cl1s occurring even when both the important P2 and P1' resi-
dues were altered, however, indicating that other parts of the
enzyme might be playing a role in recognizing cognate physio-
logical substrates of the enzyme. It has previously been demon-
strated that the CCP domains of Clr play an important role in
the recognition of substrate C1r molecules in the autoactiva-
tion reaction (8). We therefore set out to determine the
importance of such exosites on the body of the protease by
examining the effect of eliminating the CCP domains from the
Cls substrate, reasoning that these domains may be playing an
important role in the recognition of the substrate protein. We
found that the C1s SP domain alone was activated with a 4-fold
lower k_,/K,, value than that found for the CCP1-CCP2-SP

cat
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FIGURE 6.C1r cleavage of wild type and mutant MASP-3. Top panel, zymogen forms of wild type MASP-3 and K448Q MASP-3 were incubated with or without
Clrat 37 °Cfor 60 or 300 min, as indicated, and samples were analyzed by SDS-PAGE. Bottom panel, cleavage of the K448Q mutant after 300 min was further
analyzed by immunoblotting using antibodies raised against a MASP-3 SP domain peptide.

form of the substrate, due to changes in both the K, and k_,,
values for the reaction (Fig. 4 and Table 1). Removal of the CCP
domains from Clr had a much stronger effect on the interac-
tion, decreasing the k_,, /K, value 74-fold. Removal of the CCP
domains from the Cl1s substrate resulted in only a further 2-fold
decrease in the k_,,/K,,, value, indicating that the CCP domains
of Cl1r played the dominant role in recognition of the substrate
protein.

Molecular Dynamics Simulations of the Interaction between
ClIrand Zymogen C1s—Both phage display libraries and kinetic
studies have shown the importance of Gln and Ile residues at
position P2 and P1’, respectively, for substrate cleavage by C1r.
To gain a structural and dynamic insight into Clr-substrate
interactions, we modeled a series of five nona-peptides bound
to Clr and subjected them to molecular dynamics simulations.
Snapshots after 100 ns of simulations indicate that whereas the
WT Cls peptide maintains the modeled canonical and stable

conformation in the active site (Fig. 7A), other peptides, repre-
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senting mutations at P2 and P1’, undergo rapid conformational
fluctuations, resulting in the loss of most protein-peptide inter-
actions (Fig. 7, B-F, and supplemental Movies S1 and S2). The
calculated root mean square deviation for the last 90 ns of sim-
ulation for the peptide similar to WT Cls was 0.22 = 0.05 nm
(EEKQRIILG), significantly lower than the root mean square
deviation calculated for the other peptides: 0.62 = 0.09 nm
(EEKNRIILG), 0.52 = 0.07 nm (EEKQRAILG), 0.56 = 0.09 nm
(EEKGRIILG), and 0.53 £ 0.1 nm (EEKNRAILG). The simula-
tions provide a simple and physically straightforward molecular
insight into the differences in measured K, and k. The muta-
tion Ile—Ala at P1’ causes a weakening of its interactions at
S1'. This is also the case for the mutation Gln— Gly at position
P2, in which an amide group is removed, resulting in a loss of
interactions between P2 and S2. In contrast, the mutation
Gln—Asn at P2 results in conformational change of the side
chain and subsequent loss of interactions with S2 (Fig. 8). Mod-
eling and molecular dynamics simulations suggest that the
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FIGURE 7. Structural models of complexes between C1r protease and bound peptides. A-E, snapshot after 100 ns of simulation of C1r protease, repre-
sented as a gray scheme, with bound EEKQRIILG (A), EEKNRIILG (B), EEKQRAILG (C), EEKGRIILG (D), and EEKNRAILG (E) represented as sticks. F, root mean square
deviation (RMSD) of backbone atoms of the EEKQRIILG (black), EEKNRIILG (red), EEKQRAILG (blue), EEKGRIILG (green), and EEKNRAILG (orange) peptides

calculated after structural fitting of C1r backbone atoms.

FIGURE 8. Electrostatic potential of C1r protease with bound EEKQRIILG (A) and EEKNRIILG (B) represented as sticks mapped on its solvent accessible
surface. Color coding is according to the electrostatic potential gradient, where positively and negatively charged areas are represented in blue and red

(iso-values from +1 k,T/e_to —1 k,T/e,), respectively.

shortening of the side chain and different side chain rotamer
preferences of Asn compared with Gln may result in the intro-
duction of its polar amide group into the nonpolar portion of
the S2 binding pocket, destabilizing the Clr-peptide complex.

DISCUSSION

The complement system is vital for the proper function of the
immune system, but also contributes to inflammatory diseases,
therefore understanding initiating events in the pathways con-
trolling activation is crucial to the design of inhibitors that can
precisely target them to alleviate diseases in which complement
is involved (3). Here we have provided evidence that indicates
that the recognition of residues in the cleavage site by the active
site of Clr, the initiating protease of the classical pathway, is
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equally important to recognition of substrate Cls via exosites
found on the CCP domains of the activating Clr enzyme.
Analysis of the specificity of C1r using phage display technol-
ogy revealed that the enzyme displayed strong specificity for
residues at the P2, P1’, and P2’ of substrates. The strong pref-
erence displayed for Gln residues at P2 and Ile residues at P1’
matched those found in physiological substrates of Clr, ie.
itself and zymogen Cl1s. The lack of convincing activity of Clr
for peptide substrates meant that entire protein substrates had
to be used to map the importance of the cleavage site residues
for recognition by Clr. These analyses confirmed the impor-
tance of the P2 Gln residue in particular and introduction of
this residue alone into MASP-3, a lectin pathway protease with
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similar domain structure (6), but different cleavage site residues
at the nonprime side in particular, were sufficient to render this
protease efficiently activated by Clr.

Molecular dynamics simulations confirmed that the Gln res-
idue found at P2 was indeed highly important for recognition by
the active site of Cl1r. These studies particularly explained why
substituting an Asn residue at the P2 site was so much more
detrimental than altering this residue to a Gly. Reduction of the
side chain group of the P2 residue by one carbon most likely
brings the polar head groups of the Asn residue into contact
with hydrophobic residues surrounding the S2 pocket of Clr,
which is clearly highly detrimental for binding, as demon-
strated in the molecular dynamics simulations. Alteration of
the P2 Gln to a Gly residue eliminates the binding interaction
predicted to occur at S2 for the polar head group of the Gln
residue, but the clash between the polar group on Asn and the
hydrophobic surrounds of the S2 pocket is not found for the Gly
residue, thus explaining its lower effect on the k_,./K,,, value for
Clr activation of Cls.

Our results indicate that the CCP domains of Clr also play an
important role in the activation of C1s by Clr, whereas the CCP
domains of Cl1s play a lesser role in recognition of the activating
protease. The crystal structure of C1r (7) shows the protease in
a head to tail dimer, with the CCP domains of the protease
mediating strong contacts with the dimer partner. Clr and Cls
apparently form a tetramer in the C1 complex, and it has been
postulated that the head to tail dimer of Clr forms the core of
the tetrameric structure. Such an arrangement would indeed
facilitate contact between the active site of one C1lr molecule
with the cleavage loop of the other partner, albeit that a rear-
rangement would still be required over that found in the crystal
structure to allow these regions to form the intimate contacts
required for activation (28). Our results indicate that a substan-
tial change must occur in the C1 complex following autoactiva-
tion of Clr to allow the C1r CCP domains to mediate contacts
with the C1s molecule. Such exosite interactions would then be
in addition to the contacts formed between active site of Clr
and the cleavage loop of Cls. Our results have therefore pro-
vided important insights into the contacts required between
the active site of Clr and the cleavage loop of Cls, with the P2
Gln residue being of particular importance in this regard. These
data will facilitate the development of inhibitors of C1r for the
treatment of inflammatory diseases.
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