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Inhibition of complement activation by recombinant Sh-CRIT-ed1 analogues
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SUMMARY

Sh-CRIT-ed1 is a potent anti-complement peptide that inhibits the classical complement-
activation pathway by interfering with the formation of the C3-convertase complex, C4b2a.
C2 is an essential serum glycoprotein that provides the catalytic subunit of the C3 and C5
convertases of the classical pathways of complement activation. Because only in its C4-bound
state is C2a capable of cleaving its physiological protein substrates C3 and C5, the interaction
of Sh-CRIT-ed1 with C2 plays a decisive role of inhibition in the classical complement-
activation process. However, the role of individual Sh-CRIT-ed1 amino acid residues in C2
binding is not fully understood. We constructed nine recombinant Sh-CRIT-ed1 (rShl)
analogues, substituted at conserved residues, and evaluated their anti-complement and
C2-binding activities. Results from glutathione S-transferase (GST) pull-down and haemo-
Iytic assays suggested that residues '°K, '’E, 'K and >°Y are critical for the interaction of rSh1
with C2. We then constructed an improved anti-complement peptide by duplicating Sh-CRIT-
ed1 C-terminal motifs ("H=2°Y). This linear homodimer (rH17d) was more potent than rSh1
with respect to binding to C2 and anti-complement activity (the 50% inhibitory concentration
value was ~1-2 uM versus ~6-02 uM for rShl). Furthermore, rH17d showed higher anti-
complement activity in vivo, providing additional evidence that this duplication is a more
effective inhibitor of complement activation than rSh1. Taken together, these results identify
four key residues in rSh1 and strongly suggest that rH17d is a potent inhibitor of complement

activation that may have therapeutic applications.

INTRODUCTION

Complement activation is essential for immune defence against
pathogens. However, uncontrolled complement activation may
cause severe inflammatory tissue destruction in situations such
as autoimmune disease,' acute respiratory distress syndrome,?
Alzheimer’s disease,3 “ stroke,5 heart attack,6 burns’ and reper-
fusion injuries.®® Therefore, there is a pressing need for ther-
apeutically effective complement inhibitors.'® A number of
such inhibitors are currently being tested, including recombi-
nant forms of naturally occurring inhibitors, antibodies against
complement components, inhibitors of serine proteases, and
anaphylatoxin analogues.''™'® Recently, a relevant membrane
protein (Sh-CRIT) was discovered on the plasma membrane of
the Schistosoma parasite, the causative agent for bilharzia, a
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tropical disease that infects ~200 million people worldwide.'*

Sh-CRIT-ed1, a 26-residue fragment from the N-terminal extra-
cellular domain of Sh-CRIT, binds C2 via the C2a segment. C2
is an essential serum glycoprotein that provides the catalytic
subunit of the C3 and CS5 convertases of the classical pathways
of complement activation. Because only in its C4-bound state is
C2a capable of cleaving its physiological protein substrates C3
and CS5, the interaction of Sh-CRIT-ed1 with C2 plays a decisive
role of inhibition in the classical complement-activation pro-
cess. Sh-CRIT-ed1 inhibits the classical pathway of comple-
ment activation by interfering with the formation of the C3
convertase complex, C4b2a.'” Sh-CRIT-ed1 exhibits 42% simi-
larity to the B-chain of C4b,'® suggesting that this peptide may
serve as a potent anti-complement drug. Indeed, previous
studies demonstrate that recombinant Sh-CRIT-ed1 (rShl) is
an attractive anti-complement drug candidate,'” although little
is known about the relative importance of residues within
the peptide. In the present study, rShl, nine different rShl
analogues and rH17d [a linear homodimer constructed by
duplicating the C-terminal motif ('’H->°Y) of Sh-CRIT-ed1],
were tested for anti-complement and C2-binding activities
using haemolytic and GST pull-down assays. Four residues
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that are required for C2 binding and inhibition of complement
activation were identified. In addition, rSh1 and rH17d were
tested for inhibition of complement haemolysis in vivo, and
increased inhibition by rH17d relative to rShl suggest that
rH17d may represent a candidate investigatory drug for inhibit-
ing complement activation.

MATERIALS AND METHODS

Construction and purification of rShl, rShl analogues

and rHI17d

The glutathione S-transferase (GST) fusion protein system
(pGEX-KG; Amersham Pharmacia Biotech, Uppsala, Sweden)
was used to produce large quantities of rSh1 and its analogues in
Escherichia coli. This system is often used to stably express
small peptides and protect them against degradation.'®2° For
production of the recombinant peptides, 10 pairs of different
oligonucleotides (Fig. 1) were synthesized, as previously
described,'” and individually phosphorylated with T4 polynu-
cleotide kinase in kinase buffer containing 0-5 M Tris—HCl
(pH 7-5), 0-1 M MgCl, and 50 mM dithiothreitol (DTT). After
incubation at 37° for 2 hr, the oligonucleotides were mixed in
an annealing buffer containing 50 mmM NaCl, 1 mM EDTA
(pH 8-0) and 10 mM Tris—HCI. The mixture was boiled for
3 min and cooled slowly to room temperature. The annealed
DNA was cloned into the pGEX-KG expression vector, which
lends itself to purification and thrombin cleavage.?' Precultured
transformed E. coli (BL21) were inoculated (1 : 50) into Luria—
Bertani (LB) broth containing ampicillin and 0-4% glucose and
incubated at 37° until the absorbance (A) at 600 nm reached
0-5-0-6. Recombinant peptide expression was then induced
with 0-4 mM isopropyl-B-thiogalactopyranoside (IPTG) and
the cells were incubated for a further 4 hr (Aggg = 1-7). Cells
were then centrifuged (5000 g at 4°) resuspended in a 1 : 20
volume of 100 mM ammonium bicarbonate (pH 8-0) and
lysed by four sonications of 30-seconds each (Labsonic U.B.;
Braun Biotech International GmbH, Melsungen, Germany).
The lysate was centrifuged (15 000 g, 4°, 20 min) to remove
the insoluble fraction. The supernatant was incubated with
glutathione—Sepharose 4B resin (Amersham Pharmacia
Biotech) with gentle mixing for 30 min at room temperature,
followed by centrifugation at 500 g for 3 min. The peptide-
bound resin was washed four times with 100 mM ammonium
bicarbonate buffer to remove unbound proteins, and the peptide
was eluted by cleavage with 0-04 U of thrombin in 20 mM
Tris—HCI (pH 8-4), containing 150 mM NaCl and, 2-5 mM
CaCl,, at 22° for 22 hr. The flow-through was filtered by using
a 0-45-uM syringe filter (Corning NY 14831; Corning, GmbH &
Co. KG, Neustadt, Germany) to separate the desired peptide
from the thrombin. Recombinant (r)GST-Sh1 and its analogues
(for the GST pull-down assays) were obtained by washing the
bound resin with glutathione elution buffer (20 mM reduced
glutathione in 50 mM Tris—HCI, pH 8.0) before thrombin
proteolysis.

GST pull-down assay

GST pull-down assays were performed by using a modification
of the method of Lee et al.?* Briefly, aliquots (500 pl) of normal
human serum (NHS) (diluted 1: 10 in 20 mM Tris—HCI,

pH 8-0) were mixed with a constant amount of glutathione-
Sepharose 4B resin preloaded with 1, 4 or 10 pg of rGST-Shl,
its analogues or control GST. After four washes with a solution
containing 20 mM Tris—HCl (pH 8-0), 1 mM EDTA and 0-1 M
NacCl, the bound proteins were eluted by cleavage with 0-04 U
of thrombin. The eluted proteins were subjected to sodium
dodecyl sulphate—polyacrylamide gel electrophoresis (SDS—
PAGE) on a 10% gel and detected by Western blotting using
the enhanced chemiluminescence (ECL) kit (Amersham,
Arlington Heights, IL) with monoclonal antibody (mAb)
HYBS50-5 against C2 (Antibodyshop, c/o Statens Serum Insti-
tute, Copenhagen, Denmark) and anti-mouse immunoglobulin
G (IgG) secondary antibody-linked horseradish peroxidase
(Amersham Pharmacia Biotech).

Haemolytic assay for anti-complement activity

Inhibition of complement pathway-based haemolysis was deter-
mined by using a modification of the method of Kweon et al.?
Different concentration ranges (0-1 to ~20 uM) of rShl and its
analogues were added to 50 pl of freshly prepared gelatin
veronal buffer (GVB2Y, pH 7-4) and preincubated with
100 pl of NHS (diluted 1 : 40 in GVB2+) for 30 min at 37°.
Residual haemolytic activity was measured by the addition of
50 pl of immunoglobulin M (IgM)-sensitized sheep erythro-
cytes (2 x 10% cells/ml; Nippon Biotest Laboratory, Tokyo,
Japan). As a control, NHS was incubated with GVB?* in the
absence of peptide. The degree of complement haemolysis
(amount of released haemoglobin) was measured in the super-
natant at 405 nm on a microtitre plate reader (Bio-Rad,
Hercules, CA). After correcting for background, the degree
of specific lysis was converted to Z units, as follows:

Z = —In(1 — fractional lysis),

which is proportional to the number of haemolytically effective
molecules per erythrocyte. Activity comparisons were based on
Z units/pg of rShl or rfSH1 analogue.

Forssman systemic shock

To determine the in vivo anti-complement activity of rSh1 and
the linear homodimer, rH17d, Forssman systemic shock was
provoked in male guinea-pigs (250-300 g; Japan SLC, Hartley,
Japan) in the presence or absence of the peptides, and prolonga-
tion in time-to-survival was measured. Forssman shock was
provoked by intravenous injection of haemolysin (a-haemoly-
sin from Staphylococcus aureus;24 Sigma, St Louis, MO) by
using a modification of the method of Ueda er al.® All
experimental procedures were carried out in accordance with
the NIH Guidelines for the Care and Use of Laboratory Ani-
mals. Guinea-pigs were sedated with intramuscular ketamine
(80 mg/kg) and anaesthetized with 1% halothane using an
anaesthesia machine to connect the cannula in the vein of
the leg. Haemolysin and inhibitor were administered in the
jugular vein as a bolus. Haemolysin (80 pg/kg) was injected
first, followed by the inhibitor, and a stopwatch was used to
measure the length of survival prolongation. Animals were
judged to be dead when their heart had stopped beating. In
order to introduce the appropriate shock in animals within
several minutes, a suitable haemolysin dose was determined
before the experiments. Test compounds (rSh1 and rH17d; the

© 2003 Blackwell Publishing Ltd, Immunology, 110, 73-79
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Analogue name

Sequence

rSh-CRIT-ed1(WT)

S1A

S3A

KI0OL

E17V

K19L

K10,19L

EK17,19VL

Y26F

BamH|
5'GATCC AGT CCG AGC CTG GTG TCC GAT ACC CAG AAA CAC
G TCA GGC TCG GAC CAC AGG CTATGG GTC TTT GTG CTTG3'(38bp)
5'GAA CGC GGC AGC CAC GAA GTG AAAATT AAA CAC
CG CCGTCG GTG CTT CAC TTT TAATTT GTG CCAA3'(33bp)
5'GGT TCT CCG TAT TAA A
GA GGC ATA ATT TTCGAZ" (16bp)
Hirdlll
Eanﬂ!.
5'GATCC GCG CCG AGC CTG GTG TCC GAT ACC CAG AAA CAC
G CGC GGC TCG GAC CAC AGG CTATGG GTC TTT BTG CTTG3'(38bp)
The 33bp, 16bp fragments are the same as wild-type

Bamtlly,
5'GATCC AGT CCG GCG CTG GTG TCC GAT ACC CAG AAA CAC
G TCA GGC CGC GAC CAC AGG CTA TGG GTC TTT GTG CTTG3'(38bp)
The 33bp, 16bp fragments are the same as wild-type

BamH|,
5'GATCC Eﬁﬁ CCG GCG CTG GTG TCC GAT ACC CAG AAA CAC
G CGC GGC CGC GAC CAC AGG CTATGG GTC TTT GTG CTTG3'(38bp)
The 33bp, 16bp fragments arc the same as wild-type

Bamt|,
5'GATCC AGT CCG AGC CTG GTG TCC GAT ACC CAG CTG CAC
G TCA GGC TCG GAC CAC AGG CTA TGG GTC GAC GTG CTTG3'(38bp)
The 33bp, 16bp fragments are the same as wild-type

5'GAA CGC GGC AGC CAC GTT GTG AAA ATT AAA CAC
CGCCGTCG GTG CAACAC TTT TAATTT GTG CCAA3'(33bp)
The 38bp, 16bp fragments are the same as wild-type

B'an‘l*lil
5'GAA CGC GGC AGC CAC GAA GTG CTG ATT AAA CAC
CG CCG TCG GTG CTT CAC GAC TAATTT GTG CCAA3'(33bp)

The 38bp, 16bp fragments are the same as wild-type

5'GATCC AGT CCG AGC CTG GTG TCC GAT ACC CAG CTG CAC
G TCA GGC TCG GAC CAC AGG CTATGG GTC GAC GTG CTTG3'(38bp)
5'GAA CGC GGC AGC CAC GAA GTG CTG ATT AAA CAC
CG CCG TCG GTG CTT CAC GAC TAATTT GTG CCAAZ(33bp)
The 16bp fragment is the same as wild-type

5'GAA CGC GGC AGC CAC GTT GTG CTG ATT AAA CAC
CG CCG TCG GTG CAA CAC GAC TAA TTT GTG CCAA3 (33bp)
The 38bp, 16bp fragments are the same as wild-type

5'GGTTCT CCGTTIC TAA A
GA GGC AAG ATT TTCGAJ® (16bp)
s Hirdlll
The 38bp, 33bp fragmentis are the same as wild-type

Figure 1. Sequence of the primers used to generate the mutant forms of Sh-CRIT-ed1.

© 2003 Blackwell Publishing Ltd, Immunology, 110, 73-79
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Figure 2. Interaction of C2 protein with recombinant glutathione S-
transferase-Sh1 (rGST-Sh1) in vitro. Western blot showing C2 that was
bound to GST fusion proteins retained on the glutathione—Sepharose
resin. Normal human serum (NHS; 10-fold dilution) was loaded in lane 1.

doses had been determined by preliminary experiments) were
injected intravenously into animals just prior to the injection of
haemolysin. The survival time was continuously monitored.

RESULTS
rSh1 inhibits complement haemolysis and binds C2

We previously reported that 10 pM rSh1 has 83-2% anti-com-
plement activity in the haemolytic assay and that the 50%
inhibitory concentration (ICs() for rShl is 6:02 uM. To address
C2 binding, a GST pull-down assay was conducted with NHS
and purified recombinant rGST-Sh1l bound to glutathione—
Sepharose. rGST-Sh1 interacted with C2, as demonstrated by
Western blot analysis using the mAb HYBS50-5 against C2
(Fig. 2). GST alone did not bind C2.

Construction of rShl analogues, and their
anti-complement activities

Sequence comparison between rSH1 sequences and human and
mouse C4 -chains revealed that rSH1 residues 1S, 3 S, 1OK, 17E,
YK and 2°Y are conserved (Fig. 3). To determine the impor-
tance of each of these residues with regard to the rSh1-C2

rSH1 F&USDT ~HERGSHEVK 1|
Hu-C4 NSSTAFEVK-KYVLPNF
Mo-C4 NRSTHFEVK-KYVLPN
carp-C4 TTSLEFEVK-EYVLPT

rH17d | g——- HEVKI KHFSPYHEVK |

Figure 3. Alignment of rSh1 and rH17d with the equivalent regions in
human (hu), mouse (mo) and carp C4 proteins. Important consensus
residues in the sequence are shown in boxes. rSh1 residues substituted in
mutagenesis experiments are shown in red. Dashes indicate gaps
introduced into the sequence to facilitate alignment.

rSh-CRIT-ed1(WT) SPSLVSDTQKHERGSHEVKIKHFSPY

S1A APSLVSDTQKHERGSHEVKIKHFSPY
S3A SPALVSDTQKHERGSHEVKIKHFSPY
S1,3A APALVSDTQKHERGSHEVKIKHFSPY
K10L SPSLVSDTQLHERGSHEVKIKHFSPY
E17V SPSLVSDTQKHERGSHYVKIKHFSPY
KI19L SPSLVSDTQKHERGSHEVLIKHFSPY
K10,19L SPSLVSDTQLHERGSHEVLIKHFSPY
EK17,19VL SPSLVSDTQKHERGSHYVLIKHFSPY
Y26F SPSLVSDTQKHERGSHEVKIKHFSPE

Figure 4. Nomenclature and amino acid sequence of 1-26 segment
analogues examined in this study.

interaction, analogous residues were substituted individually or
in combination (Fig. 4). These rSH1 analogues were expressed
in E. coli at levels similar to rSH1 (~=5-10 mg/1 of culture). The
relative anti-complement activity of these analogues was
assessed by the complement haemolysis assay averaged across
triplicate samples (Fig. 5a). Analogues in which 'S and *S were
replaced with alanine (S1A, S3A, S1,3A) retained significant
anti-complement activity. However, substitutions at other posi-
tions (including mutants KI10L, E17V, KI9L, KI10,19L,
EK17,19VL, Y26F) resulted in substantially decreased activity.
To confirm that the anti-haemolytic activity of the analogues
was the result of inhibition of C3 convertase formation, a GST
pull-down assay was performed. The ability of rSHI and its
analogues to bind C2 was compared quantitatively by Western
blot (Fig. 5b). Relative band intensities indicated a striking
similarity between C2-binding activity (Fig. 5c) and anti-com-
plement activity (Fig. 5a).

rH17 homodimer inhibits haemolysis and binds C2

Although the CRIT-H17 motif occurs only once within Sh-
CRIT-edl1, it has been found to act as a site of dimerization in
many other receptors. To investigate the role of dimerization of
the CRIT-H17 motif in haemolysis, the C-terminal 11 amino
acids of Sh-CRIT-ed1 (with homology to the C4 a-chain CRIT-
edl domain; see refs 26, 27) were allowed to duplicate. This
homodimer was denoted rH17d. Both rSh1 and rH17d inhibited
complement activation in a dose-dependent manner, although
rH17d showed a fivefold higher anti-complement activity
(ICsp = ~1-2 uM versus ~6:02 uM for rShl; Fig. 6a). In addi-
tion, a GST pull-down assay showed that rH17d bound C2 much
more strongly than did rShl (Fig. 6b, 6c), providing further
evidence that rH17d inhibited complement activation more
effectively than rShl.

Forssman systemic shock

To determine the anti-complement activities of rSh1 and rH17d
in vivo, Forssman systemic shock was induced in guinea pigs,
and survival time was measured following treatment with rSh1
or rH17d (Fig. 7). The optimal shock-inducing dose of haemo-
lysin was determined to be 80 pg/kg, and rShl and rH17d
significantly inhibited Forssman systemic shock at 104 pg/kg
(P < 0-005) and 522 pg/kg (P < 0-001), respectively. Animals

© 2003 Blackwell Publishing Ltd, Immunology, 110, 73-79
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Figure 5. Haemolytic assay of complement inhibition by rShl analo-
gues, and the C2-binding assay. (a) Comparison of the haemolytic
activities of recombinant wild-type (rSh1) and rShl analogues substi-
tuted at various conserved residues. Results are expressed as a percen-
tage of wild-type haemolytic activity. (b) Western blot showing C2 that
was bound to glutathione S-transferase (GST)-analogue fusions
retained on glutathione—Sepharose. (c) Quantitative Phosphorlmager
analysis of gels shown in (b). The relative band intensity was determined
by quantifying the optical density at 595 nm in each gel lane (Gel-Pro
v3-1; MediaCybernetics, Carlsbad, CA).

treated with rH17d or rShl (522 pg/kg) lived 3-5 times and
three times longer, respectively, than those treated with hae-
molysin alone. These results suggest that rH17d is a more
effective inhibitor of death than rShl under these conditions.
The difference between rH17d and rShl, with respect to the
delay of death, occurred at all doses tested (data not shown).

DISCUSSION

The rH17 homodimer, rSh1 and nine rSh1 analogues substituted
at one or more conserved residues were produced as soluble
peptides at high yields (=5-10 mg/l of culture). These peptides
were evaluated for their anti-complement activities, both in vitro
and in vivo. A GST pull-down assay confirmed that rSh1 and
some of its analogues bound C2 as well as the native protein,

© 2003 Blackwell Publishing Ltd, Immunology, 110, 73-79
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Figure 6. Haemolytic assay of complement inhibition by linear homo-
dimer rH17d, and C2 binding by rH17d. (a) Comparison of inhibition of
complement activation by rSh1 and rH17d across a range of concentra-
tions. The percentage of lysis is based on the degree of sheep red blood
cell (SRBC) lysis, evaluated by quantification of haemoglobin release,
as measured by Agos. (b) C2 binding by recombinant glutathione S-
transferase (rGST)-Sh1 and rGST-H17d. Western blot analysis showing
C2 that was retained on the glutathione—Sepharose resin in the presence of
varying amounts of rGST-Sh1 and rGST-H17d. (c). Quantitative Phos-
phorImager analysis of gels shown in (b). The relative band intensity
was determined by quantifying the optical density at 595 nm in each gel
lane (Gel-Pro v3-1, MediaCybernetics, Carlsbad, CA).

Sh-CRIT, suggesting that these recombinant peptides may
inhibit the classical complement-activation pathway by inter-
fering with the formation of the complement C3 convertase,
C4b2a. However, six substituted analogues (KI10L, E17V,
K19L, K10,19L, EK17,19VL and Y26F) showed three- to
fourfold less C2 binding than rShl, clearly indicating that
residues '°K, '"E, 'K and ?°Y are important in binding C2.
In addition, double mutations at these key residues signi-
ficantly reduced C2 binding (Fig. 5). These results are in good
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Figure 7. Effects of rSh1 and rH17d on survival time during Forssman
systemic shock. rSh1 and rH17d were intravenously injected into guinea
pigs (n = 3) just prior to the induction of Forssman systemic shock. The
results show the mean values £ standard deviation (SD) of three
independent experiments. Significant differences from the control group
were determined using the sum test (¥*P < 0-005, **P < 0-001).

agreement with recent work'® demonstrating that an 11-residue
peptide (H'7—Y?") within the C2-binding ed1 region, along with
the K'© residue, constitutes the ligand-binding site. These
residues are normally found at the binding interface (e.g. lysine
or phenylalanine)*® or at binding hotspots (tryptophan, tyrosine
or arginine)?” of proteins. Taken together, these results indicate
that residues IOK, 17E, 9K and *°Y are important for the
interaction between Sh-CRIT-edl and C2 for activation of
the classical complement pathway. Using this information,
we developed an anti-complement peptide homodimer with
characteristics superior to those of rSh1. The rH17d homodimer
contained the C-terminal 11 residues of Sh-CRIT-edl (H'’-
Y?"). This homodimer not only maintained the required '°K,
17E, 19K and 2°Y residues, but also matched the B-turn structure
of human C43, which is known to be involved in intermolecular
interactions. In the complement haemolytic assay, rH17d was
nearly fivefold more effective than rShl at inhibiting haemo-
lysis (Fig. 6a). Interestingly, rH17d was also more effective than
rShl with respect to C2 binding (Fig. 6b, 6¢). Furthermore,
during the in vivo Forssman systemic shock assay in guinea-
pigs, rtH17d promoted survival to a greater extent than rShl
(Fig. 7), confirming the increased inhibitory effects of this
homodimer.

Further work will be required to evaluate the exact role of
rH17d as an anti-complement drug candidate and to understand
its mode of action. Although the CRIT-H17 motif occurs only
once within Sh-CRIT-ed1, two CRIT-H17 motifs may be pre-
sented for ligand binding within other receptors.'¢ In the case of
peptides that compete with thrombopoietin for binding to its
receptor, the peptide dimer stimulates in vitro proliferation and
promotes a greater increase in platelet count in normal mice
relative to the peptide monomer.*° In the case of erythropoietin,
a peptide dimer induces an almost perfect twofold dimerization
of the receptor.>' Hence, in these cases, peptide dimers may
interact more favourably with their target proteins in a manner
similar to that of rH17d. The results of three independent
approaches, namely the haemolytic assay, C2 interaction assay
and in vivo assay of Forssman systemic shock, all strongly

suggest that rH17d is a more potent complement inhibitor than
rSh1, indicating that rH17d may be an attractive candidate anti-
complement drug. Furthermore, because rH17d is selective for
the classical complement pathway, this homodimer may allow
the complement system to function in a therapeutically relevant
manner, thus maintaining the ability to defend against patho-
gens via an alternative pathway.'°
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