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Background: In the classical pathway of the complement system, activated Cls cleaves C4.

Results: C4 binding parameters and the crystal structure of CCP1-CCP2-SP of Cls zymogen are reported.
Conclusion: Cls must be activated, with repositioning of two loops in its SP domain, before it can bind C4.
Significance: Even when the SP of Cls zymogen is exposed, it cannot bind C4.

The complement system is an ancient innate immune defense
pathway that plays a front line role in eliminating microbial
pathogens. Recognition of foreign targets by antibodies drives
sequential activation of two serine proteases, Clr and Cls,
which reside within the complement Component 1 (C1) com-
plex. Active Cls propagates the immune response through its
ability to bind and cleave the effector molecule complement
Component 4 (C4). Currently, the precise structural and bio-
chemical basis for the control of the interaction between Cls
and C4 is unclear. Here, using surface plasmon resonance, we
show that the transition of the C1s zymogen to the active form is
essential for Cl1s binding to C4. To understand this, we deter-
mined the crystal structure of a zymogen Cls construct (com-
prising two complement control protein (CCP) domains and the
serine protease (SP) domain). These data reveal that two loops
(492-499 and 573-580) in the zymogen serine protease domain
adopt a conformation that would be predicted to sterically abro-
gate C4 binding. The transition from zymogen to active Cls
repositions both loops such that they would be able to interact
with sulfotyrosine residues on C4. The structure also shows the
junction of the CCP1 and CCP2 domains of Cls for the first
time, yielding valuable information about the exosite for C4
binding located at this position. Together, these data provide a
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structural explanation for the control of the interaction with
Cls and C4 and, furthermore, point to alternative strategies for
developing therapeutic approaches for controlling activation of
the complement cascade.

The complement system acts as a first line of defense against
viral and microbial pathogens (1), but it also plays a central role
in inflammatory and autoimmune diseases (2). Initiation of the
classical pathway is controlled by the proteases Clr and Cls
that form part of the C1 complex. When the C1q component of
the complex recognizes ligands, such as antigen-antibody com-
plexes, Clr is autoactivated and subsequently cleaves and acti-
vates the zymogen Cls. The primary substrates of active Cls
are C2 and C4. These molecules, once cleaved, propagate acti-
vation of the complement cascade through to the terminal
membrane attack complex (3, 4).

Cls and Clr share common domain architecture (5), con-
taining, from the N terminus, a CUB1-EGF-CUB?2 region, fol-
lowed by two complement control protein modules (CCP1 and
CCP2)® and a serine protease (SP) domain (6). The CUB1-EGF
region in each protease mediates key Ca®" -dependent interac-
tions between Cl1s, Clr, and Clq (7, 8), whereas the CCP mod-
ules play an important role in the interaction between the pro-
teases and their substrates (9, 10). The binding and cleavage of
C4 by activated Clsis a key event in propagating and amplifying
the activation of the classical pathway of complement: there-
fore, it is crucial that the binding of C4 by the enzyme is highly
regulated to prevent inappropriate activation of the pathway. In
addition, understanding the interaction between Cls and C4 is
important, not least because blocking the interaction between
C1s and C4 may permit therapeutic control of the complement
system. In a previous study, we identified a novel exosite for C4
on the C1s SP domain (11). The exosite was centered on loop D

8 The abbreviations used are: CCP, complement control protein-like domain;
SP, serine protease domain; MASP, mannose-binding lectin-associated
serine protease; SPR, surface plasmon resonance; RMSD, root mean square
deviation.
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(Trp°”°~Leu®®?) of Cls, a region that undergoes conforma-
tional change in other serine proteases when the zymogen is
activated. Most recently, the structure of C4 in complex with
MASP-2 (the lectin pathway homologue of C1s) has provided
molecular details of this interaction (12), revealing that two key
exosites govern MASP-2 interaction with C4; the first is located
at the junction between the CCP1 and CCP2 domains, and the
second is located on the SP domain.

We postulated that the Cls zymogen-to-active transition
may itself represent an important control point that governs
interaction between the C1 complex and C4. To test these
ideas, we performed surface plasmon resonance (SPR) experi-
ments aimed at understanding the interaction between Cls and
C4. We then interpreted these results by determining the crys-
tal structure of the CCP1-CCP2-SP zymogen.

EXPERIMENTAL PROCEDURES

Expression, Refolding, and Purification of the Recombinant
Proteins—Mutagenesis of the synthesized cDNA for recombi-
nant C1s CCP12SP (residues Lys*®'—Asp®®®) (GenScript, Pisca-
taway, NJ) was carried out as described previously (11) to intro-
duce a cysteine residue at the N terminus of selected proteins.
The sequences of all variants were confirmed by double-
stranded DNA sequencing. Expression, refolding, and purifica-
tion of all proteins were carried out as described previously (11).
Briefly, after transformation of the vector into Escherichia coli
strain BL21(DE3)pLysS, the cells were cultured at 37 °C in 2X
TY (tryptone/yeast extract) broth with 50 ug/ml ampicillin and
34 ug/ml chloramphenicol to a Dy, of 0.6, followed by induc-
tion with 1 mm isopropyl B-p-thiogalactoside for 4 h. Following
induction, the culture was centrifuged (27,000 X g, 20 min,
4.°C), 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 on ice six times for 30 s. After centrifu-
gation 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 temperature for 3 h. Refolding was initiated by rapid dilu-
tion dropwise into 50 mm Tris-HCl, 3 mm reduced glutathione,
1 mMm oxidized glutathione, 5 mM EDTA, and 0.5 m arginine, pH
9.0. The renatured protein solutions were concentrated and
dialyzed against 50 mm Tris-HCI, pH 9.0, and renatured pro-
teins were purified on a 5-ml Q-Sepharose column (GE Health-
care). The bound protein was eluted with a linear NaCl gradient
from 0 to 400 mm over 35 ml at 1 ml/min. The recombinant
proteins were further purified using a Superdex 75 16/60 col-
umn (GE Healthcare) in a buffer of 50 mm Tris, 145 mm 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. Typically protein
yields were between 2 and 4 mg/liter. Where required, C1s was
activated prior to use by incubating overnight at room temper-
ature with Clr as described (11).

Surface Plasmon Resonance Studies—Surface plasmon reso-
nance studies were performed using a BIAcore T100. Activated
and zymogen forms of C1s CCP12SP (S632A) and activated Cl1s
CCP12SP (S632A, K575A, R576A, R581A, and K583A) were
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immobilized on the active flow cell of a BIAcore SA Series S
Sensor Chip (GE Life Science), by injecting each protein at a
concentration of 0.2 mm. Triplicate samples of 0 -3 um C4 were
injected for 60 s at 50 ml/min, with a 5-min dissociation.

The data were analyzed using SCRUBBER2 (BioLogic Soft-
ware, Campbell, Australia) and SIGMAPLOT version 11.0
(Systat Software, Inc., Chicago, IL) using a two-state model:
Cls + C4 < Cls:C4 < Cls*C4, where the initial complex (Cls:
C4) is converted into a higher affinity complex (Cls*C4)
because of conformational change. The rate constants for the
first (k,; and k) and second (k,, and k,,) step were derived
from the analysis using in-built equations for a two-state model
in SCRUBBER2. The K, for the initial binding step (K,) = k,/
ks, Ky = k,,/k,,, and the overall association rate constant
(K,) = K,(1 + K,). The calculated equilibrium dissociation
constant for the entire reaction (K,) = 1/K,. The maximal
response units obtained at equilibrium for each concentration
of C4 were plotted against the corresponding concentration of
C4 and fitted by nonlinear regression using GraphPad Prism
version 5.0 to a two-site binding model described by the follow-
ing equation: r = R [C4]/(K ' + [C4]) + R, [C4]/(KY° +
[C4]), where R represents the response units, Rl represents
the maximal response units for the high affinity binding site,
R represents the maximal response units for the low affinity
binding site, and K%' and K° represent the equilibrium disso-
ciation constants for the high and low affinity binding sites,
respectively.

Crystallization—Crystals of C1s-CCP12-SPz (Q436A,1438A
activation loop mutant) were grown using the hanging drop
method on siliconized glass coverslips at 20 °C above reservoirs
containing 18% (w/v) PEG 3350, 0.2 M potassium nitrate. Drops
contained 0.5 ul each of reservoir solution and protein solution
at 2.4 mg/ml in 20 mm Tris, 145 mm NaCl, pH 7.4, 0.02% (w/v)
NaNj. The crystals typically formed within 2 weeks and were
frozen using liquid nitrogen in synthetic mother liquor contain-
ing increasing concentrations of glycerol (5%, 10%, 20% (v/v)
final) prior to data collection.

Wild-type C1s-CCP1-CCP2-SPz was crystallized using the
hanging drop method at 20 °C above reservoirs containing 17%
(w/v) PEG 2000, 0.1 mM succinate/phosphate/glycine buffer
mixed at 35:5 ratio (pH 4—-10). Drops contained 1 ul each of
protein at 7 mg/ml in 20 mM Tris, 145 mm NaCl, pH 7.4, 0.02%
(w/v) NaN,, and reservoir solution. The crystals were cryopro-
tected using 30% (w/v) glucose in synthetic mother liquor, and
the data were collected at cryogenic temperatures on the MX1
beamline at the Australian Synchrotron.

X-ray Data Collection, Structure Determination, and
Refinement—Diffraction data were collected using the MX2
Beamline at the Australian Synchrotron at cryogenic tempera-
tures. Two 360° sweeps were acquired for the crystal at 1° oscil-
lation: one containing ice rings caused by ice on the outside of
the crystal and one without ice after washing with liquid nitro-
gen; resolution ranges containing ice rings in the first data set
were excluded, as were the final 80 frames collected because of
indications of radiation damage. The data were indexed, inte-
grated, scaled, and merged using the Xia2 data reduction pipe-
line (v0.3.4) (13) using the “—3daii” mode, which internally uses
XDS (14-16), Pointless and Aimless (v0.1.16) (17), and the
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CCP4 suite (v6.2.0) (18). 5% of the reflections were flagged as a
validation set for calculation of Ry ..

A summary of statistics is provided in Table 1. All diffraction
images are deposited in TARDIS (19) and are freely available
online. An initial molecular replacement solution was found
using the BALBES pipeline web service (20), which internally
uses MOLREP (21) with the coordinates for activated C1s (Pro-
tein Data Bank code 1ELV, containing the CCP2-SP domains)
as a search model and REFMACS5 (22) for postrefinement of the
solution. The initial solution contained the CCP2-SP domains
(with two monomers in the asymmetric unit); however,
BALBES failed to find a molecular replacement solution for the
CCP1 domain. Visual inspection of this solution indicated that
there was electron density N-terminal to the CCP2 domain. We
generated a comparative model of the C1s CCP1 domain using
Modeler v9.7 (23) based on the MASP-2 (Protein Data Bank
code 1ZJK) CCP1 domain as a template. This model CCP1
domain was used as a second ensemble for molecular replace-
ment using PHASER (24), along with the existing CCP2-SP
solution. The best solution (LLG = 3546) contained two con-
formations of the CCP1 domain (one for each monomer in the
asymmetric unit), only one of which was in the correct orienta-
tion with its C-terminal end (Pro®°) close to the N-terminal end
of the CCP2 domain (Val®'). The CCP1 domain in this correct
orientation was used to construct a complete 2X (CCP1-CCP2-
SP) model, which was used as input to the Phenix (25) (v1.7.2 or
dev-1048) AutoBuild protocol to generate a starting model
(Ryori/ Riree = 0.306/0.396). The starting model was subjected
to multiple rounds of manual model building using Coot (26)
and refinement using Phenix with individual B-factor refine-
ment, torsional non-crystallographic symmetry (NCS) restraints,
and translation, libration, and screw rotation displacement
refinement. ADP optimization was used in later rounds of
refinement. Iterative build omit maps (27) were generated and
inspected to reduce model bias. Final coordinates and structure
factors have been deposited with the Protein Data Bank under
accession code 4J1Y.

Structure Analysis—Fitting for RMSD calculations was per-
formed using the McLachlan algorithm (28) as implemented in
the program ProFit (available online). PyMOL 1.2r2 (DeLano
Scientific, LLC) was used to produce figures containing molec-
ular graphics. Intermolecular contacts at the CCP interface
were determined using the CONTACT program as part of the
CCP4 suite (18). PISA (29) was used for the analysis of potential
quaternary structures and assemblies and associated surface
area of contact measurements.

RESULTS AND DISCUSSION

SPR Experiments Reveal That Zymogen Cls Is Unable to
Interact with C4—Qur previous attempts at coupling Cls
to sensor surfaces for SPR analysis via amine residues failed to
reveal significant binding between Cls and C4. Because our
work had implicated positively charged residues in Cls in its
interaction with C4 (11), we reasoned that the amine coupling
approach we initially deployed may interfere with C4 binding
by modifying key lysine residues. We therefore developed an
SPR-based assay where a form of C1s CCP1-CCP2-SP that was
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FIGURE 1. SPR curves for 0-3 um C4 flowed over biotinylated zymogen
form CCP1-CCP2-SP C1s attached to streptavidin immobilized to the
chip. The obtained responses were fitted to a two-step binding equation
within the program SCRUBBER.

biotinylated at the N terminus was immobilized to a streptavi-
din-coated chip.

Using this approach, we were able to investigate the ability of
zymogen and activated forms of a S632A mutant (the active site
Ser residue had to be mutated to Ala to prevent cleavage of C4)
to bind C4. The zymogen form was unable to bind C4 effec-
tively, with very low binding responses only observed at high
concentrations of C4 (Fig. 1), in complete contrast to the acti-
vated form (Fig. 2). The data obtained with the activated form
allowed us to ascertain the kinetic mechanism and rate con-
stants underlying the binding of C4 by Cls. Because previous
data (12) strongly suggest that two binding sites for C4 exist on
Cls, we plotted the SPR response units as a function of C4
concentration to yield a curve that could be fitted using a two-
site binding model (Fig. 2B). This analysis gave two K, values:
one for a low affinity site of 540 nM and one for a high affinity
site of 43 nm. The low affinity equilibrium dissociation constant
would most likely correlate with an initial binding step in a
two-step/state mechanism, and the high affinity one would
most likely correlate with a second, locking step in the interac-
tion. Indeed, the SPR data obtained for the binding of C4 by
activated CCP1-CCP2-SP Cls could be fitted to a two-state
binding model: Cls + C4 < Cls:C4 < Cl1s*C4, where the
initial complex (C1s:C4) is converted into a higher affinity com-
plex (C1s*C4) because of conformational change. The follow-
ing rate constants were obtained: k,;, = 7.9 X 10° (+ 5.7 X 10%)
M b7k, =048 (£ 0.003)s Sk, =25X10* (£ 1 X
107% s Y andky, = 6.5 X 107° (=2 X 10~°) s~ *. The individ-
ual rate constants for each of the two steps in the binding mecha-
nism yielded an overall association rate constant (K,) of 7.8 X 10°
M s~ 1 and the K , for the overall reaction was estimated to be
128 nm. The K, for the initial binding step was estimated to be 607
nM, in reasonable concordance with the low affinity binding con-
stant obtained from two-site equilibrium binding analysis (540
nM). The estimated K, for the overall reaction is between the val-
ues for the low and high affinity sites estimated from the equilib-
rium analysis, as might be expected. Thus, the constants obtained
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by fitting the equilibrium data to the two-site binding model cor-
relate with calculated constants from the data obtained from the
SPR kinetic analyses, indicating that the use of the two-state bind-
ing model to analyze the SPR data was justified.
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FIGURE 2. A, SPR curves for 0-425 nm C4 flowed over biotinylated activated
CCP1-CCP2-SP C1s attached to streptavidin immobilized to the chip. The
obtained responses (red lines) were fitted to a two-state binding equation in
Biacore T100 Evaluation Software (fitted curves shown by black lines superim-
posed on the obtained responses). The experiments were conducted in trip-
licate and showed excellent overlap. B, the response units obtained at equi-
librium for each concentration of C4 were plotted against the C4
concentration and fitted using a two-site binding model on GraphPad Prism
(regression coefficient for the fit = 0.99).

catalytic "SP" domain

activation loop

The data given here are consistent with an initial low affinity
interaction with a K, value of ~500 nm. The concentration of
C4 in plasma varies between individuals, but lies in the range
from 0.4 to 1.7 pum. The initial binding interaction would thus
be expected to occur with an affinity in the range of the physi-
ological concentration of C4 and would represent the encoun-
ter complex between the protease and the substrate. The lock-
ing step yielding a high affinity interaction would then be
predicted to bring the cleavage/activation loop in C4 into the
active site of Cls.

The X-ray Structure of Zymogen Cls CCPI-CCP2-SP and
Structural Comparison with the Active Form—OQur kinetic data
suggested that the transition from the zymogen to the active
form is an important determinant that governs the interaction
between Cls and C4. The structure of active Cls (CCP2-SP) is
known (30). Accordingly, to understand the conformational
changes that occur upon enzyme activation, we determined the
2.7 A structure of the C1s CCP1-CCP2-SP zymogen. The con-
struct contained two mutations (Q436A and [1438A) in the acti-
vation loop (the region targeted for cleavage by C1r) (Fig. 3 and
Table 1), designed to stabilize the mutant against cleavage by
Clr. Two molecules were present in the asymmetric unit.
Throughout this work, we refer to the (more complete) mole-
cule A. We also determined a low resolution (3.5 A) structure of
wild-type zymogen CCP1-CCP2-SP; this structure was essen-
tially identical to the higher resolution mutant structure
described here (Fig. 4).

Several regions in Cls zymogen structure were not visible in
electron density (Glu®”’, Gly**®, Glu***-11e**%, and Lys**°—
Ala®®”). Most notably, they include the activation loop region
(residues Glu***~Ile**®). This region was also disordered in
the lower resolution wild-type structure. Together, these
data suggest that the activation loop is exposed and flexible
in the Cls zymogen and that once appropriately positioned
within the C1 complex, this region would be readily available
for cleavage.

We compared the structure of the SP of the Cls zymogen
determined here with the activated SP in the previously deter-
mined structure of the CCP2-SP form (30) (Fig. 5). As with
other members of the chymotrypsin family (31-33) (Table 2),

CCP2 CCP1
b~
/\? ~7 t',-_\v\ N
(7 "—ki(/“n' g
)

FIGURE 3. The catalytic domain of C1s zymogen (gray) shows a chymotrypsin-like fold composed of two six-stranded B-barrels and a short a-helix at
the extreme C-terminal end, whereas the CCP domains (red and cyan) are a “sushi domain” fold. One of the two C1s-CCP12-SP zymogen molecules in the
asymmetric unitis shown, represented as a cartoon ribbon. The SP, CCP1,and CCP2 domains and the N and C termini of each molecule are labeled. The catalytic
triad (Ser®321195] His#75157] and Asp>2°192)) s shown as magenta sticks, and loops 1, 2, A, and D are colored blue. The activation loop region is colored yellow.

Regions not visible in electron density are shown by dashed lines.
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TABLE 1
Data collection and refinement statistics

The values in parentheses are for the highest resolution shell (2.66-2.73 A). The
loops with no observed electron density and side chains with partial or no observed
electron density beyond CB atoms are listed (C1s-CCP1-CCP2-SPz, Q436A,1438A
activation loop mutant).

Data collection

Space group C222
Cell dimensions

a, b, c(d) 149.9, 158.9,78.7

By ) 90.0, 90.0, 90.0
Resolution (A) 63.8 (2.66)
Il 20.6 (2.5)
R (%) 9.3 (112.5)
Riimaty (%) 2.8(39.2)
Completeness (%) 99.4 (97.8)
Redundancy 12.2 (9.3)
Total observations 331,946 (18,225)

Refinement

Resolution (A) 63.8 (2.66)
Unique reflections 27,106 (2614)
R/ Rivee (%) 20.1/25.8
No. atoms 5661

Protein 5620

Ligand/ion 0

Water 41
B-factors

Protein 103.4

Water 70.10
RMSDs

Bond lengths A) 0.011

Bond angles (°) 1.52
Ramachandran favored (%) 93.7
Ramachandran outliers (%) 0.7
Molprobity score” 2.40
Molprobity clashscore” 11.11
Number of protein residues 741

Missing loops

Molecule A: Glu**7, Gly**®, Glu***--11e**®, and Lys*?--Ala®"”

Molecule B: Gly**°, Phe***--Gly**!, Thr***--Ala*"®, Lys*"*--Arg’®,
Lys®--Tyr®'°, and Gly**

Missing side chains

Molecule A: Lys®®®, Glu>”, Asp*®®, Lys'°, Lys®®, Lys**°, Lys®'?,
Glu®*8, GIu™”, Glu®%, Lys®*, Lys®”7, and GIn®*°

Molecule B: GIn*7, Lys®*!, Lys®**°, Asn®*°, Lys**°, Lys**’, Thr***,
Lys*?, Lys®®L, GIu®™®, Val™®, Lys®®®, Lys*, Leus™, Met™°, Arg®”®,
ArgSBI’ LYSSSS, ArgSSS, LYS596, Glu597' LYSSZS, LY8629, Ly5644, and Ly5677

“ Molprobity score and clashscore are in the 92nd and 97th percentile, respec-
tively, compared with structures at this resolution.

FIGURE 4. The structure of wild-type C1s (magenta) determined at 3.5 A
resolution superimposed with the 2.7 A activation loop mutant structure
(blue). RMSD over backbone CA atoms is 0.445 A.

the catalytic domain of Cls undergoes significant structural
changes upon activation. Most notably, large conformational
changes and rearrangements are observed in loops 1 (Gly®**'-
Asp®'), 2 (Trp®®>~Thr®®"), and D (Trp®’°~Leu”®?) (Fig. 54).
These loops form the “activation domain” of chymotrypsin
family serine proteases (34) and surround the acyl (nonprime)
side of the substrate binding site. Of these changes, the move-

AV N
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FIGURE 5. A, superimposition of the catalytic domain of zymogen and loops
showing displacement from active (1ELV) CTs, represented as cartoon rib-
bons. Regions of the backbone that show significant displacements between
the active (orange) and zymogen (blue) form are labeled with the nomencla-
ture of Perona and Craik (36). Regions not visible in electron density are
shown by dashed lines (part of the activation peptide (yellow) and loop 3).
Loop 1 spans residues 621-631, loop 2 spans residues 655-661, and loop D
spans residues 570-582. B and C, atomic details of key side chains in the
zymogen (B) and active (C) protease are shown: Asp®% (red), which is found at

the base of the S1 pocket in the active form, and Asp®*' (red), which makes

ionic interactions with the cleaved activation peptide N terminus. Arg>”?,

which in the zymogen bridges loops 1 and 2 via backbone hydrogen bonds
and occludes the S1 pocket, is shown in green. The disulfide bond (Cys®*®-
Cys®*®) between loops 1 and 2 is shown with yellow sticks. The side chains of
the catalytic triad are represented as magenta sticks (Ser®>21'%!, His*”>>7] and
Asp529[102])-

ments in the D-loop are particularly striking, with residue shifts
of up to 11 A apparent.

In the C1s zymogen, the oxyanion hole is unformed as a con-
sequence of the distortion of the peptide backbone in the loop 1
region (Ser®’—Asp®*"). The amide of Gly®*°"*3! (throughout
the manuscript, residue numbers in brackets following the
native C1s numbering refer to the canonical chymotrypsinogen
numbering) on loop 1 is flipped ~180° and is ~7.7 A away from
its position in the active enzyme. The catalytic triad of zymogen
Cls (Ser®32(*°1 His?7?[57] and Asp®?°1'°%)) is essentially posi-
tioned in the active conformation. His*”*°”! is best modeled as
two alternative conformations: one mimicking the active con-
formation and a second where the side chain is rotated away
from S632[195] such that it makes no side chain hydrogen
bonds.
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Chymotrypsinogen (2CGA/1YPH)

1.57/238 (0.63/228) Cys'~Asn®™
5-18 (cleaved at Arg'” |, 1le*®)
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RMSD values are also shown between superimposed catalytic domains of Cls active and zymogen forms and other related serine proteases. The values shown are the RMSD/number Ca atoms.

Named loops of C1s and related serine proteases

TABLE 2
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“ RMSD values are based on all equivalent Ca atoms. RMSD of equivalent Ca atoms in core regions aligned by ProFit (iterative alignment) are in square brackets. The Protein Data Bank codes are: MASP-2 zymogen, 1ZJK (37),
and active form, 1Q3X (38); C1r zymogen, 1GPZ (39), and active form, 1MD8 (40); chymotrypsinogen, 2CGA (41); and chymotrypsin, 1YPH. Where Protein Data Bank crystal structure numbering does not match the native

numbering (i.e., Clr structures), full-length native sequence numbering is indicated in brackets.

The primary (S1) substrate binding site of the C1s zymogen is
unformed. The acidic side chain of Asp®*® on loop 1 (equivalent
to the specificity determining Asp'®® in trypsin), which sits at
the base of the S1 pocket in the active form, is exposed to the
solvent in a position away from the S1 pocket in the zymogen
(Fig. 5, B and C). The top of the S1 pocket is also completely
occluded by residues from loop 2 (Gly®**~Cys®*®) and Arg”>
from loop D. Most notably, Arg®”? from the loop D bridges loop
1 and 2 via hydrogen bonds to the backbone carbonyl oxygens
of Gly®*® and Gly®*® (Fig. 5B).

Comparison of the C1s Zymogen with the MASP-2/C4 Com-
plex Suggests a Conformational Switch in loop D Governs C4
Binding—In mammals, a second proteolytic system, the man-
nose-binding lectin assembly, feeds into the complement sys-
tem. Like C1, the mannose-binding lectin complex includes
proteases that are suggested to be analogous to Clr (MASP-1)
and Cls (MASP-2; which shares similar domain structure and
36% sequence identity in the protease domain to C1s). Recently,
the structure of MASP-2 in complex with C4 was determined
(12). By analogy, these data provide important insight into the
interaction between Cls and C4.

Superimposition of the active form of Cls with MASP-2
reveals that the conformation of the key loops (and in particular
loop D) that contact C4 are essentially in the same conforma-
tion (Fig. 6, A and B, and 7). Furthermore, both MASP-2 and
Cls contain a cluster of basic residues that contact the C4 sul-
fotyrosine sequence. In particular, in the active form of Cl1s, we
note that Arg®”®and Arg®®' are positioned such that they would
be able to interact with the sulfotyrosine and aspartyl residues
on C4. Together, these data suggest that activated Cls could
bind to C4 in a similar orientation.

In contrast, similar superimposition experiments with the SP
domain of the Cls zymogen reveal that the position of loop D
(and 576 -579 in particular) would be anticipated to sterically
interfere with C4 binding (Fig. 6C). Interestingly, in the Cls
zymogen, changes to loop D are such that Arg®”® is ~10 A
[CB-CB] from its position in the active enzyme, oriented away
from the sulfotyrosine residues.

To test these ideas, we used a mutant that combined the
S632A mutation with mutations to alanine of all four basic res-
idues inloop D that are predicted to act as an SP domain exosite
for C4 (Lys°”®, Arg®”®, Arg®®', and Lys®®). We subjected this
mutant (biotinylated at an N-terminal Cys residue) to further
SPR analysis (Fig. 8) in comparison with the S632A mutant
described previously (Fig. 2). Our data revealed that the acti-
vated form of the mutant was as impaired in its ability to bind
C4 as the zymogen form of the enzyme. Together, these data
support the idea that this region does indeed form a binding
exosite for C4 (11).

The CCPI Domain of C1s Likely Contains an Additional Exo-
site for C4 Binding—The three-dimensional structure of the
Cls CCP1 domain has not been previously reported, because
the published structure of active Cls does not contain this
domain (30). Previously, the CCP1 and CCP2 domains of Cls
and MASP-2 have been implicated in C4 binding (10, 35). In the
MASP-2/C4 complex (12), the “C345C” domain of C4 inter-
acts with the CCP1 and CCP2 domains of MASP-2, particu-
larly via long range electrostatic interactions with Glu®>*® and
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FIGURE 6. A, schematic representation of the MASP-2/C4 complex and the proposed C1s/C4 complex. Boxed regions in A are shown in B-D. The coordinates of
active (orange loops) and zymogen (blue loops) C1s were superimposed on the MASP-2 SP domain from the MASP-2/C4 complex structure (Protein Data Bank
code 4FXG), maintaining the relative orientation of C4 (cyan). Band C, the potential C1s/C4 exosite interface between active (B) and zymogen (C) was compared
with that of MASP-2/C4. Active C1s has essentially the same backbone conformation as activated MASP-2, and by analogy with MASP-2, the positively charged
residues Lys®’®, Arg®’¢, Arg®®', and Lys>®® (magenta) would be anticipated to form a binding site for the C4 sulfotyrosine tail. Active C1s does not make any large
steric clashes with C4 in this arrangement. In contrast, the sulfotyrosine exosite interface is deformed in the C1s zymogen, in particular because of the
conformational change in loop D. The C1s zymogen makes steric clashes with C4 in this orientation (Arg®”®~Arg>”® in loop D, Asn**” in loop A, and GIn*®3,
backbone is colored red and indicated with an asterisk at clash regions where proposed interfacial heavy atoms are closer than 2 A). The C4 activation loop
(residues 750-760), which makes steric clashes with C1s zymogen loops 1 and 2 because of the unformed S1 pocket, is omitted for clarity. The two sulfotyrosine
residues on the C-terminal end of C4 are represented as yellow sticks. D, comparison of the CCP domain exosite between MASP-2/C4 and a potential C1s/C4
complex. C1s was superimposed with MASP-2/C4 based on aligning the CCP2 domain only to compare the potential exosite interfaces. In this orientation, C1s
is predicted to make conserved long range electrostatic interactions with C4 via C1s-Glu®?® (MASP-2 Glu®**3) and C1s-Asp>>® (MASP-2 Asp>>°) to Arg"”'¢, Arg' ",

and Arg'”?* on C4. Based on our model, we further predict that C1s-Arg®*' may make an additional interaction with C4-Asn'”?° and ionic interactions with
C4-Asp'732,

4
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FIGURE 7. Activated C1s (gray with orange loops) superimposed with acti-
vated MASP-2 (pink) from the MASP-2/C4 complex. Positively charged res-
idues that form the proposed exosite for the C4 sulfotyrosine tail (yellow) are
colored magenta (C1s) and blue (MASP-2).

Time (secs)

FIGURE 8. SPR curves for 0-3 um C4 flowed over biotinylated activated
form CCP1-CCP2-SP C1s with mutations to all four positively charged
residues in the exosite on the SP domain, attached to streptavidinimmo-

Asp>®®; these positions are conserved in Cls (Glu®*® and

Asp>°®, respectively) (Fig. 6D). The CCP1 domain of Cls
contains an extended B-hairpin loop (327-334), which is
structurally equivalent to the 333—-340 loop of MASP-2. We
therefore suggest that, as in the MASP-2 complex, the 327-
334 loop may comprise an exosite for interaction with C4
(Fig. 6D). In addition, we note that Arg**! (not conserved in
MASP-2) on the tip of the C1s CCP1 B-hairpin loop is placed
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bilized to the chip. The obtained responses were fitted to a two-step binding
equation within the program SCRUBBER.

such that it would be predicted to make a salt bridge with
Asp'7?? of C4.

Concluding Statements—Our own work (11) and that of oth-
ers has suggested the importance of exosites on the CCP (10)
and SP domains (12) for the interaction between C1s/MASP-2
and C4. Here, we have shown by SPR that the C1s zymogen is
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unable to form significant interactions with C4. In contrast,
active Cls is able to form a tight complex with C4. These latter
data obtained using SPR could be fitted to a two-state binding
model, yielding an overall K, value of 32 nm.

In support of these ideas, we demonstrate through structural
studies that the conformations of key loops maintained in the
Cl1s zymogen form would predictably occlude interaction with
C4. Mutagenesis studies performed here and previously (11)
further reveal that positively charged residues Lys®”, Arg®’®,
Arg®®!, and Lys®®® in loop D are essential for binding C4.
Together our data suggest that the C1s SP domain contains an
exosite under conformational control that is able to bind C4
upon the transition from the zymogen to the active form.
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