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ABSTRACT: The classical complement pathway, which plays a vital role in preventing infection, is initiated

by the action of the serine proteases Clr and Cls. We have examined the hydrolysis of substrates
representing cleavage sequences in the physiological substrates for C1s, C2 and C4. These studies showed
that the R —P4’ substrate residues of C2 and C4 conferred greater affinity of substrate for enzyme and
also induced a sigmoidal dependence of enzyme velocity on substrate concentration. This indicates that
the substrate gave rise to homotropic positive cooperative behavior in the enzyme. When C1s was in
complex with C1q and C1r, as would occur under physiological conditions, the same behavior was observed,
indicating that this mechanism is relevant in the complement pathway in vivo. We further investigated
the requirements of C1s for prime side amino acids by examining a substrate library in which each of the
Pi'—P4 positions had been substituted by different classes of amino acids. This revealed thdt the P
position was a major determinant of the selectivity of the enzyme, while certain substitutions at the
P:'—P4 positions abolished the allosteric behavior, indicating that contact residues at these positions in
the Cls enzyme must mediate the cooperativity. The studies reported here highlight the importance of
prime subsites in C1s for interaction with its cognate substrates in the complement pathway and therefore
yield greater understanding of the mechanism of interaction between this vital protease and its physiological
substrates.

The complement system plays an essential role in host(C4bC3bC2a). The cleavage and activation of C5 by C5 con-
defense mechanisms against infectious agents and in thesertase initiates assembly of the MAC, which, upon forma-
inflammatory process. The activation of the complement tion, attaches itself to the membrane of the initiating antigenic
system is achieved through the classical pathway, the alter-determinant, resulting in osmotic cell lysis)(
native pathway, or the mannose binding lectin (MBL) path-  Here we report the use of substrates based on the cleavage
way. All three pathways share a common terminal reaction sequences in the physiological substrates of human C1s, C2
sequence that leads to the generation of a membrane attackind C4, to investigate the kinetic parameters of the interaction
complex (MAC). of these substrates with the active site of the enzyme. These

Normal activation of the classical pathway is mediated studies showed that the prime side residues in these substrates
through the binding of specific antibodies to non-self-deter- mediated a large increase in affinity for C1s and also induced
minants. Initiation of the cascade occurs when the C1 com- positive cooperativity in the enzyme. A substrate library
plex binds to the Fc region of the antibody, triggering a based on the C4,P P, ! sequence was therefore synthesized
number of events. Clq, the first complement component, to investigate the role of the prime side residues with respect

undergoes a conformational change upon binding to theto affinity and the observed cooperative behavior.
antibody. This conformational change induces the autoacti-
vation of C1r, which is then able to cleave C15 @). EXPERIMENTAL PROCEDURES
Activated C1s cleaves complement components C4 and C2 ) )
to generate the C3 convertase (C4bZa)j. C3 convertase Materials. Fluorescent quenched substrates [G2-F}
acts to cleave C3 to form C3b, which in turn attaches to C3 Substrate (2Abz-Ser-Leu-Gly-Arg-Lys-lle-Gin-lie-Lys(Dnp)-
convertase to form the trimolecular complex C5 convertase NH;) and C4 R—Py substrate (2Abz-Gly-Leu-GIn-Arg-
Ala-Leu-Glu-lle-Lys(Dnp)-NH)] and coumarin substrates
* This work was supported by the CRC for Vaccine Technology. [C2 Pa—Pi substrate (Z-Ser-Leu-Gly-Arg-NHMec and C4
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' Cooperative Research Centre for Vaccine Technology. strates of proteases. The residues are numbered from the cleaved bond
U Victorian Bioinformatics Consortium, Monash University. (P—Py) as follows: R-...—Ps;—P3—P,—P1—Py'—P, —Py'—P/—...—Py'.

10.1021/bi035507b CCC: $25.00 © 2003 American Chemical Society
Published on Web 11/22/2003



14940 Biochemistry, Vol. 42, No. 50, 2003 O’Brien et al.

sized at greater than 80% purity by Auspep (Melbourne, 51 A

Victoria, Australia). Substrate library peptides were designed i
by substituting the P, P,’, P5', or Py amino acid of the C4 41
P,—P4 sequence with Ala, Thr, Leu, Pro, His, Lys, GIn, Phe,
Glu, or Met residues. The substrate library peptides were
synthesized at greater than 70% purity by Auspep. Human
Cls (activated two-chain) was purchased from Calbiochem
(San Diego, CA) and made to 1 mg/mL using sterile 14
laboratory-grade water. Human C1, human C1r (activated

two chain), and human Cls (activated two-chain) were 0
purchased from Calbiochem. Human C1 inhibitor and plasma

kallikrein were purchased from Sigma (Sydney, New South [C4 P4-P4] (M)
Wales, Australia). 100-

Determination of Enzyme Act Site Concentratian -
Human plasma kallikrein, which had previously been active 751 -
site titrated, was used to determine the active concentration -
of C1 inhibitor. Once titrated, the C1 inhibitor was used to
determine the active concentration of C1s.

Preparation of Substrate Stock Solution€4 B,—P;
substrate (5 mg) was resolubilized in @ of dimethyl
sulfoxide (DMSO) and made up to a final concentration of .
10 mM using sterile laboratory-grade water. C2 and C4 i i i i !
substrates (2 mg) were resolubilized in &0 of dimethyl- ’ 100 200 500 400 500
formamide (DMF) and made up to a final concentration of [C4 Py-P1] (M)

2 mM using sterile laboratory-grade water. Substrate library FIGURE 1: Cleavage of C4 P-P; substrate by human C1s. Kinetic
peptides were also resolubilized in 0 of DMF and made analysis was performed as described in the Experimental Proce-

. . . . dures. C4 P—P; substrate (1.6400 uM) was incubated in the
up to a final concentration of 2 mM using sterile laboratory- presence of act%ve Cls (9.5(nM) for ﬁo Znin at*®, during which

grade water. The concentration of the fluorescent quenchediime the increase in fluorescence was measured. The curves show
substrate stocks were determined by using an extinction(A) a Michaelis-Menten curve where initial velocityg) is plotted

coefficient Assonn(1%) = 10000. against substrate concentration ([C4P4]) and (B) a Hanes plot
. where substrate concentration/initial velocity ([C41P.]/vo) is
Coumarin Substrate Assall assays were conducted at plotted against substrate concentration ([G4 P]).
37 °C. A range of substrate (Z-GLQR-AMC) dilutions,

performed in triplicate, were prepared in fluorescent assay Determination of Steady-State Reaction Constafite
buffer (FAB; 50 mM Tris, 150 mM NacCl, 0.2% PEG 8000, initial reaction rate was estimated at a single concentration
0.02% NaAzide, pH 7.4), and 10Q. was added to the wells ~ of enzyme from triplicate measurements over a range of
of an assay plate. The plate was incubated at@7for substrate concentrations. To determine steady-state reaction
several minutes. Cls (1 mg/mL) was diluted toAgmL constants Km, Keas KealKm, Vmax Ko, h [Hill coefficient],
in FAB and incubated at 37C for several minutes. A 100 and k../Kos), the experimental results were fitted, using
uL sample of enzyme was then added to each substratethe GraphPad Prism Version 3.0 computer program, to
dilution and the rate of increase in fluorescence measuredthe Michaelis-Menten single site binding equatioV &
immediately on a BMG Technologies FluoStar Galaxy Vma{[SI/([S] + Km)}, which explains the relationship
fluorescent plate reader using an excitation wavelength of between reaction rate and substrate concentration, or an
370 nm and an emission wavelength of 460 nm. equation describing positive cooperativity £ Vima{S1"[S]"
Fluorescent Quenched Substrate Assa\fsassays were + [Kog]™, which defines the relationship between reaqtiop
conducted at 37C. A range of substrate dilutions, performed rate and _substrate concentration when more than one binding
in triplicate, were prepared in FAB, and 100 was added  Sit€ applies. Hanes plots ([S]kersus [S]) were also drawn
to the wells of an assay plate. The plate was incubated at 37t_o confirm th_e klne_tlc analyses. quts of residual va_lues for
°C for several minutes. C1s (1 mg/mL) was diluted to 10 fits fc(_) the Mlchae_llfs—Menten equatlon or the equation for
ug/mL in FAB, unless otherwise indicated, and incubated posmye_ cooperativity were carried out to further resolve the
at 37°C for several minutes. A 100L sample of enzyme  Pest fitting of the data. o
was then added to each substrate dilution and the rate of Activation of the C1 ComplexSpontaneous activation was
increase in fluorescence measured immediately on a BMG Performed according to the method of llly et a) (by
Technologies FluoStar Galaxy fluorescent plate reader usingincubating the complex at 37C for 30 min.
an excitation wavelength of 320 nm and an emission RESULTS
wavelength of 420 nm. To determine whether C1s in
complex with the other complex components behaved the Activity of Cls against P-P; Substrate.The kinetic
same as Cls alone, the C1 complex (1 mg/mL) was alsoparameters for cleavage of the C4 and G2 substrates
used at a concentration of 71.8 nM as a source of Clshy Cls were determined. The reactions followed classic
enzyme in this assay. The reaction using C1 was performedMichaelis-Menten kinetics and thus demonstrated normal
in the presence of 150M CaCb. The ability of C1r to cleave  rectangular hyperbolic curves (see Figure 1A for results with
this substrate was also analyzed as a control. the C4 substrate). The resultant Hanes plots were found to
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Investigating the Active Site of C1s

Table 1: Kinetic Constants for the Proteolytic Activity of C1s on
Four Synthetic Substrates Based on Cleavage Sequences in the
Complement Proteins C2 and €4

Michaelis—Menten
kinetics

Km Keat  KealKm  Kos Keat
substrate  (uM) (sY) (MMI/s) (uM) (s

C4(P—P) 358.10 0.38 1.06
c4 (P—Py)

C2 (P—P) 136.9
C2 (P—P4) 15.60 1.39x 1073

a All values had errors of less than 10%.

allosteric enzyme
kinetics

kealKm
(mM/s) h

10.8 2.1x 10* 0.019 1.96
12.89 94.2

0.089 1.40
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substrate. As expected, C1r did not cleave this substrate (data
not shown), and therefore did not contribute to the reaction
catalyzed by the C1 complex.

Analysis of Positie Cooperatiity Using Truncated C4
P,—P4 SubstratesWe attempted to delineate which prime
side position caused the positive cooperativity and higher
affinity seen for C1s by synthesizing a set of three substrates
which had been truncated such that they ended,'atPR,
and R' and compared the kinetics of cleavage with that for
the C4 R—P4 substrate (Table 3). The substrate with an
Ala residue at P displayed strong positive cooperativity and
increased affinity compared to the-FP; substrate, the latter
very similar to that found for the~ P, substrate, indicating

be linear and therefore confirmed the operation of a single that the R residue must be mediating most of the effects

binding site (Figure 1B). The values for the Michaelis
Menten constantq,), turnover numberi¢.y), and specificity
(KealKm) for hydrolysis of the C4 and C2,PP; substrates

seen overall for the substrate containing all of the prime side
residues. Substrates with further residues,aaRd R’ did
not display positive cooperativity, and the affinity constant

catalyzed by Cls are presented in Table 1. C1s demonstratethcreased. One drawback of these substrates is that the bulky

a Ky, value for the C4 PP, substrate of 358.4M, while

theK, value for the C2 P-P; substrate was somewhat lower

at 136.9uM.
Activity of Cls against P-P, SubstratesThe kinetic
parameters for C2 and C4+P, substrate cleavage by ac-

Lys(Dnp) quenching residue would be expected to sit at
positions consistent with,R Ps', and R’ in the R’, P,’, and

Ps' truncated substrates, respectively. This substrate set
therefore indicated that the,Pposition may be very
important, but it is also likely that the positioning of the Lys-

tive Cls were investigated. In the example of the C4 (Dnp) group might have negatively affected the overall

substrate, the kinetics did not conform to Michaelhenten

kinetics, as judged by the poor fit of the nonlinear regres-

sion line specified by the MichaetidMenten equation

interaction of the enzyme with these substrates.
Substrate Library StudiesWe further investigated the
importance of each prime side position by examining the

(Figure 2A) and the nonrandom residuals (Figure 2B). cleavage of a library of substrates with substitutions at each
Instead, the data were best fitted by an equation describingposition from R’ to Py'. All results were uniformly analyzed

a sigmoidal relationship between initial velocity and sub- using nonlinear regression fitting to a sigmoidal plot. In cases
strate concentration, indicative of cooperative behavior in whereh s close to 1.0, the reaction is likely to proceed under
the interaction between enzymes and substrates (Figuresiormal Michaelis-Menten kinetics. Prior to substitution of
2A,C). Further, the Hanes plot for the data described an the Lys residues in the prime side positions, we showed that
upward facing curve instead of a linear one (Figure 2D). a substrate in which the;RArg residue was substituted for

The curve highlights a digression from normal Michaelis

a Lys residue was not cleaved even at high substrate and

Menten kinetics and suggests that Cls exhibits positive enzyme concentrations, indicating that we would not be
cooperativity. Similar results were obtained for the C2 introducing secondary cleavage positions by substituting Lys

P,—P, substrate.
The values for the half-saturation constai4), Keas
keafKo s, @and Hill coefficient ) for hydrolysis of the C4 and

residues in the prime side positions.
Substitutions of amino acids of the different classes at the
P, position gave rise to quite small changesKigs (Table

C2 R—P4 substrates catalyzed by C1s were calculated from 4), although it is notable that a change from the Ala residue
the fit to the equation for cooperativity and are presented in to a His residue abolished the positive cooperativity and

Table 1. In both cases, C1s demonstrated a much |&yer
value for interaction with the /P, substrate compared to
the R—P; substrate. Both enzymesubstrate reactions

displayed Hill coefficients greater than 1, confirming the

positive cooperative behavior.
Proteolytic Actiities of C1-Complex-Associated CT$he
kinetic parameters for C4,PP, substrate cleavage by C1-

increased th&g s affinity constant 7.6-fold. The substitution

of a Pro residue at;Pyielded a substrate which could not
be cleaved even at high enzyme or substrate concentrations.
Substitutions at P did give rise to large changes K
values, particularly with the substitution of a Thr residue,
which gave rise to an 8.9-fold increasekig: compared to

the base C4 substrate. This yielded a substrate which had

complex-associated C1ls were investigated. Analysis of thethe second highed:./Kos value of any substrate in the
data fits (not shown) once again showed that C1l-complex- library (Tables 4 and 5). The lowekg, in the R’ library
associated C1s displayed positive cooperativity in the cleav-was for the substitution to the negatively charged Glu residue.

age of the C4 P-P, substrate and displayed dnvalue
greater than 1. The values &bs, Keaw KealKos, andh for

hydrolysis of the C4 P-P,' substrate catalyzed by complex-

Overall, on the basis of the./Ky s value, the selectivity for
the R’ position was 107, which was the highest of any
position tested.

associated C1s are presented in Table 2. Association of the At the B’ position, selectivity (factor of 50.6) was lower
C1 complex occurs in a calcium-dependent manner; thus,than at the P position (Table 4). The biggest effect &4 s
Cls alone was analyzed under the same conditions. Thewas registered by the change to an Ala residue, with the

presence of calcium increased tgs value somewhat and
also increased thk., value. For the C1 complex, theys
value was decreased and thg substantially increased; thus,

substitutions to a Pro residue also having a measurable effect.
Changes to Glu or GIn had surprisingly little effect i§gs,
although the change to a Glu residue did significantly

Cls in the C1 complex was more efficient at cleaving this decreasek.,, as did the substitution with a Pro residue.



14942 Biochemistry, Vol. 42, No. 50, 2003 O’Brien et al.

2o B
1.25+
A 0.14
1.00 :% o0 10 20 30 ° 40 , 50
©
014"
‘Tw 0.754 -0.24
s [C4 P4-P4] (M)
:0.50— o2y (C
01
0.25 E X
2 o0 0 20 T 30 | 40 50
4 .
0.1
0.00 T T T T 1
0 1 0 20 30 40 50 02 [C4 P4-P4] (UM)

[C4 P4-P,T (M)

75_ D

0 I I I I I I I I I |
0 5 10 15 20 25 30 35 40 45 50
[C4 P4-P4T (M)

Ficure 2: Cleavage of C4 P-P, substrate by human Cls. C4-FP, substrate was incubated in the presence of human Cls (14.4 nM)
for 40 min at 37°C, during which time the increase in fluorescence was measured. The curves show (A) a comparison of fits for Michaelis
Menten (dotted line) and sigmoidal (solid line) curves, where initial veloeity i§ plotted against substrate concentration ([G4P/]),

(B) a plot of the residuals for the Michaetidenten fit against ([C4 P-P,]), (C) a plot of the residuals of the sigmoidal fit against
substrate concentration ([C4-PP,']), and (D) a Hanes plot where substrate concentration/initial velocity ([4lP)/v,) is plotted against
substrate concentration ([C4-PP,]) for 0.5—20.0 uM substrate.

Table 2: Kinetic Constants for the Proteolytic Activity of Cls Table 3: Kinetics of Cleavage of C4PP4 Substrate Truncated at
Alone and as Part of th_e C1 Complex on a Synthetic S_ubstrate P1, P2, and P3by C1¢
Based on the P-P,/ Amino Acids of Complement Protein €4 peptide Kos Ken kefKos Hill
allosteric enzyme kinetics sequence (uM) (s (mM/s) slope
Kos Keat Keal Km GLQR-ALEI 10.81 2.05x 104 0.019 1.96
enzyme preparation (uM) (s (mM/s) h GLQR-A 10.69  3.94x 10° 3.69x10° 212
4
o 2a 0T oo 1  GOTAL X s g@d oo
C1s (+0.15 mM CaC)) 16.6 8.31x 10* 0.050 1.70 : : i .
C1complex #0.15mM CaCf) 4.80 1.78x 10° 0.371 1.90 aAll values had errors of less than 10%The reaction follows

aAll values had errors of less than 10%. normal Michaelis Menten kinetics.

Substitution with a Lys residue yielded a substrate which substitution with a His residue (the largé&st of any substrate
was not cleaved even at high substrate and enzyme concenin the B'—P,’ library) (Table 5). This was accompanied by
trations. Substitution of the Leu with a His residue once again a 14-fold increase irKos however, and once again an
abolished the positive cooperativity, reducing the Hill con- abolition of the positive cooperativity. Reduction of the Hill
stant to a value of 1.0. The bdst/Ko s at this position was  constant to unity was also seen with a substitution to a Met
for the Phe residue substitution, suggesting that the enzymeor a GIn residue. Selectivity at the'Pposition was 24, with
prefers a hydrophobic residue at thg position. the substitution of a Phe residue at this position rather
Substitutions of the £ Glu uniformly gave rise to large  surprisingly yielding the highest./Ko s value. Substitution
increases in thé, value, the largest of which was for the with a Lys residue at fyielded the lowesk../Ko s value.
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Table 4: Kinetic Constants for the Proteolytic Activity of C1s on
Synthetic Substrate Library Peptides

substrate
position of library Kos Keat kealKos
substitution peptide (uM) (s (mM/s) h
control GLQR-ALEI 10.8 2.1x10* 0.019 1.96
Py GLQR-TLEI 9.1 1.55x 10 0.170 1.49
GLQR-LLEI 5.2 7.02x 105> 0.014 2.0
GLQR-PLEI no cleavage
GLQR-HLEI 486 4.15x 10* 8.54x 102 0.90
GLQRKLElI 28.6 7.62x 10° 2.66x 10° 1.38
GLQR-QLEI 4.8 7.02x 1075 0.015 2.0
GLQR-ELEI 129 2.05x 10° 1.59x 10°% 15
GLQRFLEI 2.5 1.55x 10* 0.062 2.2
GLQR-MLEI 5.9 2.39x 10% 0.041 1.6
P, GLQR-AAEI 40.9 1.69x 10“ 4.32x 10°° 2.1
GLQR-ATElI 11.67 1.47x 10* 0.013 1.7
GLQR-APEI 20.8 1.89x 10°° 9.09x 10* 1.4
GLQR-AHEI 11.2 3.23x 10“ 0.029 1.0
GLQR-AKEI no cleavage
GLQR-AQEl 7.6  1.83x 10* 0.024 15
GLQR-AEElI 6.5 4.21x10° 6.48x 10° 2.8
GLQR-AFEI 7.2  3.30x 10“ 0.046 1.9
GLQR-AMEI 7.1 1.19x 10* 0.017 1.3

a Substitutions for P and B' amino acids are shown in bold text.
All values had errors of less than 10%.

Table 5: Kinetic Constants for the Proteolytic Activity of C1s on
Synthetic Substrate Library Peptides

substrate
position of library Kos Keat KealKo s
substitution peptide (uM) (s (mM/s) h

control  GLQR-ALEI 10.8 2.1x10* 0.019 1.96

= GLQR-ALAI 16.3 2.74x 10°° 0.168 1.3
GLQR-ALTI 23.94 2.79x 103 0.117 1.9
GLQR-ALLI 32.61 2.96x 10°% 0.091 2.2
GLQR-ALPI 18.08 2.44x 103 0.135 1.6
GLQR-ALHI 88.53 8.21x 10°% 0.093 0.9
GLQR-ALKI 16.3 1.36x 10“ 8.34x 10°° 1.45
GLQR-ALQI 35.45 2.32x 10°% 0.065 11
GLQR-ALFI 14.20 2.88x 103 0.203 1.8
GLQR-ALMI 32.74 2.27x 10°% 0.069 11

Py GLQR-ALEA 15.62 3.92x 10“ 0.025 1.07
GLQR-ALET 27.99 4.40x 10* 0.016 0.89
GLQR-ALEL 10.53 9.78x 107° 9.31x 102 1.50
GLQR-ALEP 16.67 8.07x 10* 0.048 1.20
GLQR-ALEH 22.10 2.44x 10“ 0.011 1.36
GLQR-ALEK 12.0 8.67x10° 7.35x 10°% 1.7
GLQR-ALEQ 9.63 9.78x 10°° 0.010 1.85
GLQR-ALEE 6.70 9.78x 10°° 0.015 1.56
GLQR-ALEF 5.89 2.20x 10“ 0.037 1.47
GLQR-ALEM 545 1.71x10“ 0.031 1.16

a Substitutions for P and B' amino acids are shown in bold text.

Overall, any substitution at the;Fposition gave rise to an
increase in théy s values. Substitutions at the'Bosition
generally had smaller effects &6 s andk., values, although

substitutions with Ala or Thr decreased the Hill constant to

unity (Table 5). The selectivity factor at/Pvas only 6.5,

indicating that this position had the least overall effect on

Cl1s specificity of any of the prime sites investigated.

DISCUSSION
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expect these enzymes to be highly specific for their cognate
substrates in the pathway. Complement is also associated
with detrimental events, such as the activation of the pathway
by prion aggregated) or Alzheimer’s tangles§, 9), which
leads to an augmentation of these diseases. Detailed study
of the specificity of these enzymes is a precursor not only
to further understanding of the detailed mechanism of
interaction with their cognate physiological substrates and
inhibitors, but also to the rational design of effective
inhibitors against the proteases. In this study, we have shown
that the prime site binding residues of the complement
proteases are vital in the recognition of amino acids at the
cleavage site of substrates, such as the C4 complement
protein.

Cls is highly restricted in terms of its cleavage of protein
substrates, with C2 and C4 the only protein substrates cleaved
by this enzyme. Initially, the activity of C1ls against the
P,—P; sequences found at the cleavage points in C4 and C2
was examined. The cleavage of the C4 and GZHe
substrates by C1s followed Michaetidenten kinetics and
showed moderately good kinetics, with the C2 sequence
having a significantly bettet../Ko s value. However, th&,
values were ultimately too high to allow optimum substrate
concentrations to be used in assays to study the active site
characteristics of the enzyme. It is interesting to note that
the Z-GLQR sequence has previously been used to produce
an efficient substrate for C1& = 41 uM), but in this case
the substrates were synthesized with a thioester leaving group
(10). It is possible that the NHMec group in the Bosition
had a negative effect on binding, which is concordant with
later results showing that this position is important in
recognition of substrates by C1ls (see below).

We then examined the cleavage of substrates on the basis
of the full cleavage sequence in C2 and C4, incorporating
the R—P/' residues from these substrates. This was done in
the form of a fluorescence quenched peptide, a strategy which
has proved useful in the evaluation of cleavage of physi-
ological sequences in proteins in the pakt, (12). When
we initially attempted to analyze results from cleavage of
these substrates by C1s using MichaeNgenten kinetics,
we had difficulty due to the poor fit of the curves. Attempting
to linearize the data by means of the Hanes plot showed
that we were dealing with positive cooperativity in the
system. Thus, subsequent analysis of the data was per-
formed using nonlinear regression fitting to a sigmoidal plot
(Figure 2). In doing so, we found that C1s had a much higher
affinity for the C4 and C2 P-P, sequences, in addition to
the positive cooperativity displayed. This implies that the
prime site residues in the substrate must be inducing the
cooperativity, since this was not seen with the—P;
substrate.

The positive cooperativity was also found for the C1
complex, which represents the physiologically relevant form
for this pathway. Proper assembly and function of the C1
complex is thought to depend on the presence of calcium
ions; therefore, assays with the complex were carried out in
the presence of an appropriate concentration of calcium. We

The classical complement pathway plays a vital role in also carried out assays with Cls alone in the presence of
host defense against infection. The pathway is set off after calcium, which resulted in a 1.5-fold increase in tgs
initial binding events mediated through C1q, following which value, indicating that calcium was affecting the active site
there is a cascade of proteolytic events. The action of of the enzyme. Of further interest is the finding that this
complement proteases is highly specific; thus, one would effect was negated in the C1 complex, whereKhe value



14944 Biochemistry, Vol. 42, No. 50, 2003 O’Brien et al.

was reduced 3.5-fold compared to that of C1s in the presencepeptide substrate with a Lys residue substituted at the P
of calcium. There was also a concomitant substantial increaseposition. Interestingly, C1ls had the greatest affinity for
in thekeavalue. The overak:,/KosVvalue of the C1 complex  substrates containing &'FGlu: these data may reflect an
therefore increased 7.4-fold compared to that of C1s in theionic interaction between PGlu and R563. Despite en-
presence of calcium. This indicates that the C1 complex hanced affinity for a P Glu containing peptide, turnover of
cleaves the representative C4 cleavage site sequence witlhis substrate was poor, perhaps reflecting impaired product
much greater efficiency than C1s alone. release. The Sand §' binding pockets were less defined
Initially, we considered that the positive cooperativity seen in the structure of C1s, and thus, it was not possible to make
in cleavage of the C2 and C4 substrates might be due toa meaningful interpretation of the data for these positions.
interaction between active sites in a C1s dimer, analogous What is the physiological relevance of these findings?
to the dimer seen in the crystal structure of C18)( Most usually, the induction of positive cooperativity in
However, Cls dimers are calcium-dependdd),(and we enzymes may be seen to allow reactions to occur in the
were able to demonstrate positive cooperativity even in the physiological milieu in which they operate. It is interesting
presence of EDTA (results not shown), indicating that to note that the C4 protein is found at a concentration of
dimerization of C1s is unlikely to be important for the effect. approximately 1.9xM in plasma (given a molecular weight
At present, therefore, the localization of the binding site on of 205000 (9) and a plasma concentration of 40¢/mL
Cls mediating cooperativity with the active site of the (20)). Thus, if one examined the kinetics of cleavage
enzyme is unknown. The finding that the enzyme is capable displayed by C1s for cleavage of the-fP; sequence of this
of undergoing conformational transitions in its structure is protein, the low affinity displayed by this enzyme for this
interesting in light of the possibility of designing molecules substrate would imply that the reaction would be unlikely
to interact with the second binding site on the enzyme to to occur in physiological conditions. Taking into account the
either positively or negatively affect the binding of substrates full sequence, however, the affinity is brought much closer
at the active site and thus modulate the activity of this crucial to the physiological concentration of the substrate. The
enzyme. influence of the prime binding site residues in the substrate
Overall, these results indicate that the prime binding sites would therefore be expected to markedly enhance the
of the complement proteases are highly important for efficient activation of the complement pathway. It must be noted that
cleavage of substrates. We therefore screened a limitedothers have postulated that additional parts of the complement
library of substrates for their kinetics of cleavage by C1s to protease structure, such as the CCP modul, (are
further investigate the residues required for both the higher required to efficiently interact with protein substrates, and
affinity seen and the positive cooperativity induced. The this may indeed be the case. The findings of this study
amino acid substitutions made at each of the four positions indicate both that the interaction with the prime side residues
in the library were selected to incorporate changes to at leastat the cleavage point in C1ls enhances the affinity of the
each of the major classes of amino acids found. enzyme for C2 and C4 substrates and also that these residues
We were able to show that the'Rposition is the most  mediate positive cooperativity in the cleavage of the sub-
selective site of these four positions, yielding a selectivity strate. The present and future studies in our laboratory aim
factor of 107 for cleavage of the best compared to the worst to establish whether similar principles govern the cleavage
substrate at this position. The introduction of a Thr residue of substrates by other complement proteases and the local-
at this position gave rise to a very good substrate for C1ls, ization of sites of interaction mediating the positive coop-
which is interesting given that this is the residue found at erativity.
Pi' in its physiological inhibitor, C1-inhibitori(5). It must
be noted that substitution to a Pro residue at this position ACKNOWLEDGMENT
rendered the substrate apparently noncleavable, which is
similar to the results seen for other serine proteases such ag,
thrombin and factor Xal, 17). Substitution of a His residue
at any of the P—Ps' positions gave rise to a loss of the REFERENCES
positive cooperativity seen, as well as large decreases in
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