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Mutation of recombinant complement component C9 reveals the significance of the
N-terminal region for polymerization

K. M. TAYLOR, A. R. TRIMBY & A. K. CAMPBELL Department ofMedical Biochemistry, University of Wales College of
Medicine, Cardiff, UK

SUMMARY

Complement component C9 binds to C5b-8 sites on target cells and polymerizes to form the
membrane attack complex (MAC). The aim of the work reported here was to discover which
region within C9 was responsible for protecting the globular protein against self-polymerization.
Computer prediction modelling highlighted the domain at the N-terminus of C9, which was then
investigated by site-directed mutagenesis. The mutated proteins were expressed using insect cells
infected with baculovirus. Removal of 16, 20 or 23 amino acids at the N-terminus of C9 resulted
in inactivation due to self-polymerization. In contrast, removal of 4, 8 or 12 amino acids resulted
in a C9 that did not polymerize spontaneously, had two to threefold enhanced lytic activity on

erythrocytes, and had increased binding to C5b-8 sites on rat neutrophils. These results suggest
that the domain within the first 16 amino acids at the N-terminus of C9 is crucial in preventing
the self-polymerization of the globular protein. We have also found that C9 contains a motif
(27WSEWS31) common to a family of cytokine receptors that is similar to a tryptophan-rich
motif (WEWWR) of the membrane pore formers, thiol-activated cytolysins. Mutation of this
motif in C9 resulted in polymerized protein, consistent with this site keeping the N-terminus in a

protected conformation and preventing premature self-polymerization.

INTRODUCTION

Human complement component C9, a glycoprotein of 538
amino acids and molecular weight on reduced sodium docecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of
71000 MW1 is the terminal component of the complement
pathway and is required for lysis of cells.2 Globular C9
interacts with target membranes by binding to C5b-8, followed
by a sequence of thresholds3 involving insertion, aggregation
and polymerization. No three-dimensional structure is avail-
able for C9, either native or within the membrane attack
complex (MAC). However, initial computer algorithms ident-
ified five domains in C9 with similarity to other proteins.'
These included a thrombospondin type I domain (residues
21-77), a low density lipoprotein (LDL) receptor class A
domain (residues 78-118), a hinge region (residues 226-267),
two amphipathic oc-helices that form the membrane-spanning
domain (residues 293-334), and an EGF precursor domain
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(residues 487-521). C9 can aggregate and self-polymerize in
vitro, especially in the presence of divalent cations such as
Zn2+ 4,5,6 involving cross-linking of S-H groups. Human C9
has 24 cysteines which are all disulphide bonded. Formation
of the complete ring polymer is irreversible and it cannot be
disaggregated into monomeric C9.7 This polymerization of C9
plays a key role in the formation of the MAC, which nucleated
cells are able to remove by vesiculation and/or endocytosis.Y'9
A key issue is what mechanism is responsible for signalling
formation of the C9 polymer in the MAC.

Our previous work suggested a role for the N-terminal
region of C9 in polymerization.'0 Furthermore, an antibody
to residues 19-28 of C9" bound and inhibited polymerization
of C9 as the MAC forms, but did not bind free C9, C9
polymer or the complete MAC. This inferred that the
N-terminal region was hidden in the globular protein, but
became exposed as the protein unfolded to form the MAC.

To investigate whether the N-terminus of C9 was respon-
sible for protection of globular C9 against self-polymerization,
we first analysed this region in detail using computer prediction
software for indication of the secondary structure and charge
distribution, and database searching for sequence similarity to
motifs in other membrane proteins. Recombinant C9s with a
mutated or deleted N-terminus were then expressed in insect
cells using baculovirus infection. This system was necessary to
produce active, correctly folded and glycosylated C9 that did
not self-polymerize.'0 12 Three criteria were used to investigate
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the effect of mutation on polymerization: (a) the ability to
self-polymerize; (b) the rate of haemolysis, which depends on
polymerization of C9 within the MAC; and (c) binding of the
mutants to C5b-8 sites on cells.

The results reported here showed that a domain within the
first 16 amino acids of the N-terminus of C9 is crucial in
preventing self-polymerization of the globular C9 protein.

MATERIALS AND METHODS

Materials
Magic polymerase chain reaction (PCR)-prep was obtained
from Promega Ltd (Southampton, UK), Geneclean from Bio
101 Inc. (La Jolla, CA), and all enzymes from Boehringer-
Mannheim UK Ltd (Lewes, East Sussex, UK). All other
reagents were obtained as previously described."0"2 The mini
plasmid kit Qiavac was obtained from Qiagen Ltd (Crawley,
West Sussex, UK), DH5ca competent cells from Gibco BRL
(Life Technologies, Paisley, UK), a Becton-Dickinson fluores-
cence-activated cell sorter (FACS III flow cytometer; Cowley,
Oxford, UK) was used. PCR products were purified using
talent cleanmix from VHBio Ltd, Newcastle, UK. Antiserum
raised to the surface protein 5'-nucleotidase of rat neutrophils"
has been used previously. The pool of anti-human C9 mono-

clonal antibodies included MC47, 11.60 and 9.4810.14 and
12.61 were produced by Mrs C. Rogers, UWCM, Cardiff UK.

Computer analysis ofsequence similarity
The Wisconsin GCG package was used for database searching
for sequence motifs that matched patterns defined in the
Prosite dictionary of protein sites and patterns (motifs), regions
of similarity to other proteins (bestfit), and the presence of
consensus sequences in C9 (findpatterns) as well as general
investigations of hydrophobicity, charge distribution and sec-

ondary structure predictions (pepplot and plotstructure).

Oligonucleotides
Oligonucleotides not used previously'0 were prepared using an

Applied Biosystems 392 DNA synthesizer as follows: C9(25):
CTTGTT-TTT-llA TGGTCGTGTA CATTTCTTAC
ATCTATGCGA GTTATGACCC AGAG. C9(26):
CTTGTTTTTllA TGGTCGTGTA CATTTCTTAC
ATCTATGCGG CTAACAGAA AGCAG. C9(27):
CTTGlTTT-T'TA TGGTCGTGTA CA'Tl CTTAC
ATCTATGCGA GCAGTGGCT CTGCATC. C9(35):
CTTGTTTTTA TGGTCGTGTA CATTTCTTAC
ATCTATGCGG ACCGCAGAA TGAGCCCCT. C9(36):
CTTGTllIT-'A TGGTCGTGTA CATFlTCTTAC
ATCTATGCGG CATCACACAT AGACCGCA. C9(28):
CAGAATGAG CCCCGCTAGT GCCGCCTCAC
AATGCGATCC. C9(29): GATCGCATTG TGAGGCGGCA
CTAGCGGGGC TCATTCTG. C9(32): 3' anti-sense remov-

ing stop, attaching factor Xa site (bold), hexahistidine tag
(underlined), stop and xbal site (bold), CCCATCTCTA
GATTAGTGAT GGTGATGGTG ATGCCGGCCC
TCAATTTTTT CATTGGGGA. C9(34): 5' sense attaching
BglII site (bold) and rest of honeybee melittin signal peptide
(underlined), CCACACAGAT CTGCGAGAATGAA
ATTCTTAGTC AACGTTGCCC TTGTTTTTAT GGTC.

Generation ofcDNA codingfor C9 mutants
The N-terminal region of C9 was mutated as illustrated in
[Table ]Table lb. First stage PCR added half the honeybee
melittin signal peptide and a hexahistidine tag at the
C-terminus (HIS). The following oligonucleotides were used:
C9(25) and C9(32) for mutant 5-538, C9(26) and C9(32) for
mutant 9-538, C9(27) and C9(32) for mutant 13-538, C9(35)
and C9(32) for mutant 17-538, C9(36) and C9(32) for mutant
21-538, C9(18) and C9(32) for mutant 24-538. Second stage
PCR used oligonucleotides C9(34) and C9(32) to attach the
remainder of the signal peptide. Mutant (24-538) had no

histidine tag. Mutant 27ASAAS31 was made using oligo-
nucleotides C9(28) with C9(32), and C9(29) with C9(11) to
make two fragments that were joined by second stage PCR,
as described above (see Fig. 1).

Expression ofrecombinant C9 in insect cells
C9 cDNA from plasmid pSV5lHC9 was expressed in insect
cells using the method already described'0 with two minor
modifications. The multiple cloning site of the baculovirus
transfer vector, pVL1392 (R & D Systems, Abingdon, Oxford,
UK) was used allowing the DNA fragment to be inserted
unidirectionally with BglII and XbaI. A hexahistidine tag was
added to the C-terminus to aid purification. Greater than 80%
of the colonies contained inserts, orientation of which was

confirmed by PCR with oligonucleotides BV5 (5'-sense
attaching to pVL1392 upstream of insert site'0) and C9(32).
Mutants were sequenced to confirm mutation (ABI 373 auto-
matic DNA sequencer; Perkin-Elmer, Warrington, UK). Viral
stock was prepared as previously descibed'0 using Trichoplusia
ni (5BI4) cells maintained in protein-free medium, excel 401,
pH 6-2, at 270 (Cambridge Bioscience, Cambridge, UK).
Recombinant proteins were eluted from a nickel-agarose
column (Qiagen) using an imidazole gradient in 50 mm sodium
phosphate buffer, pH 7-4 with 300 nm sodium chloride.
Samples were concentrated by centrifugation using Millipore
ultrafree filtration units, dialysed with Krebs Hepes buffer
(KRH: 120 mm NaCl, 25 mM Hepes, 4-8 mM Kcl, 1-2 mM
KH2PO4, 1-2 mm MgSO4 and 1-3 mm CaCl2) to remove the
imidazole and stored in aliquots at -70°C. The hexahistidine
tag did not effect biological activity as shown by comparison
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Figure 1 Agarose gel of PCR products of normal and mutated recom-

binant C9. Agarose gel of final stage PCR products with addition of
honeybee mellitin signal peptide and enzyme sites. Lane 1, DNA of
mutant (5-538)HIS. Lane 2, DNA of mutant (9-538)HIS, Lane 3,
DNA of mutant (13-538)HIS. Lane 4, DNA of mutant (17-538)HIS.
Lane 5, DNA of mutant (21-538)HIS, Lane 6, DNA of mutant
(24-538), Lanes 7 and 10, DNA standards, Lane 8, DNA of full-
length 27ASAAS31, Lane 9, DNA of large fragment of 27ASAAS31.
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Figure 2. Immunoblot of normal and mutated recombinant C9. Samples (20 insect cell supernatant or 100 ng normal human
C9, reduced or non-reduced) were subjected to 4-20% gradient SDS-PAGE prior to western blotting onto nitrocellulose, reacting
with a pool of C9 monoclonal antibodies (see Materials and Methods), and developing with alkaline phosphatase. Lanes 1-9 are

non-reduced and lanes 10-16 are reduced. Lane 1, normal human C9; Lane 2, normal recombinant C9 with HIS tag; Lanes 3 and
13, mutant (5-538)HIS; Lanes 4 and 12, mutant (9-538)HIS; Lanes 5 and 11, mutant (13-538)HIS; Lanes 6 and 10, mutant
27ASAAS31 with HIS tag; Lanes 7 and 14, mutant (17-538)HIS; Lanes 8 and 15, mutant (21-538)HIS; Lanes 9 and 16, mutant
(24-538), Lane 17, normal human C9 incubated with zinc for six hours (see ref. 10 for details).

of lysis of pigeon erythrocytes by normal human C9, recombi-
nant C9 with no histidine tag and recombinant C9 with a

histidine tag (Fig. 3a).

C9-dependent lysis ofpigeon erythrocytes and rat peritoneal
neutrophils
Lysis of pigeon erythrocytes was detailed previously.12 Rat
neutrophils (more than 98% pure) were freshly prepared from
peritoneal exudate of rats as previously described.15 The same

amount of C9 (500 ng/ml) was added in each experiment, as

judged by densitometric analysis of the monomer band pro-
duced by immunoblotting each sample in non-reduced con-

ditions. Measurements of mutated recombinant protein were

repeated at least three times and compared to normal recombi-
nant C9 in each experiment. In order to test how much
recombinant C9 was bound to C5b-8 sites on rat neutrophils,
every effort was taken to ensure the same number of sites were
present for each test. This was achieved by making C5b-8 sites
on rat neutrophils before separating the cells for each
different mutant.

RESULTS

Prediction of key domains involved in the polymerization of C9

Computer modelling software that predicted the secondary
structure, charge distribution and sequence similarity to other
C9s, cytolysins and membrane proteins, was used to identify
key domains at the N-terminus of C9 that might prevent self
polymerization. The N-terminal region of C9 contains two
proline residues (8 and 26), which may cause a bend in protein
structure, and although there is a known disulphide bond
between C22 and C57,16 removal of this domain may expose

parts of the protein not normally exposed in the globular
protein. This was supported by analysis of sequence similarity
between different C9s, showing low similarity in the initial 18
residues of C9 (range 18-54%) compared to high similarity in
residues 19-47 (range 62-93%) (Table la). We have located a

cytokine receptor family signature motif in human C9
(27WSEWS31) (Table 2a), which was present in every C9 so
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Figure 3. Haemolytic activity of normal and recombinant C9 on

erythrocytes. (a) Effect of C-terminal polyhistidine tag on haemolytic
activity of normal and recombinant C9 on erythrocytes. (b) Effect of
N-terminal deletion of amino acids on haemolytic activity of normal
and recombinant C9 on erythrocytes. * normal C9; * recombinant
C9 without HIS tag; recombinant C9 with HIS tag; * mutant
(5-538)HIS; * mutant (9-538)HIS; V mutant (13-538)HIS; 0

mutant (17-538)HIS; A mutant (21-538)HIS; O mutant (24-538);
V; 27ASAAS31 with HIS tag.
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Table 1. The N-terminal sequuence of different C9's and list of all C9 mutations (A) Amino
acids 1-47 at the N terminus of C9 (similar regions (5/6) in bold). Key sequences are underlined
and detailed in the text. Residues 1-6 fit a consensus calcium binding site motif, residues 27-31
fit a cytokine receptor motif, and residues 42-47 fit a consensus serine phosphorylation site (B)
List of six human C9 N-terminal deletion mutations expressed in insect cells and mutant altering

27WSEWS31 to 27ASAAS31

(a)
Residues = I

Human C9
Horse C9
Mouse C9
Rabbit C9
Rat C9
Trout C9

(b)
(5-538aa)
(9-538aa)
(13-538aa)
(17-538aa)
(21-538aa)
(24-538aa)
27ASAAS31

24 47

= QYTTSYDPELTESSGSASHIDCRMSPWSEWSQCDPCLRQMFRSRSIE
= GPTPNYAPEPEQQSGTPLPIDCRMSSWSEWSECDPCLRQMFRSRSIE
= QMPIPVSREEQEQH.YPIPIDCRMSPWSNWSECDPCLKQRFRSRSIL
= GPTPSYVHEPIQRSDPLQPIDCRMSPWSEWSHCDPCLRQMFRSRSIE
= QAPEPTPREEPSADALL PIDCRMSTWSQWSQCDPCLKQRFRSRSME
= QANGTLGRSRWL ... PLDPVDCVWSRWSEWTPCNSCTKIRHRSRSVE

SYDPELTESSGSASHIDCRMSPWSEWSQCDPCLRQMFRSRSIE
ELTESSGSASHIDCRMSPWSEWSQCDPCLRQMFRSRSIE

SSGSASHIDCRMSPWSEWSQCDPCLRQMFRSRSIE
ASHIDCRMSPWSEWSQCDPCLRQMFRSRSIE

DCRMSPWSEWSQCDPCLRQMFRSRSIE
MSPWSEWSQCDPCLRQMFRSRSIE

QYTTSYDPELTESSGSASHIDCRMSPASAASQCDPCLRQMFRSRSIE

far sequenced: i.e. human, mouse, rabbit, rat, trout and horse
C9, as well as C6, C7, C8cx C8#, T-cell perforin and properdin.
A similar tryptophan-rich sequence (WEWWR) was found in
pore-forming thiol-activated cytolysins, five residues extra-
cellularly from the cholesterol binding site (Table 2b).

Using a consensus sequence for calcium binding proteins,'7
a putative Ca'2 binding loop was found at the N-terminus of
C9, residues 1-16 (Table la), containing a strong negative
charge, making it a good candidate for a cation binding site.
The predicted site was rich in oxygen containing amino acid
side chains, similar to domains in EF-hand Ca'2 binding
proteins where evolution has selected oxygen rather than
nitrogen for 8 co-ordination of Ca"+ to be selective over
Mg'+.'7 A potential serine phosphorylation site 42RXXSXE47
was also identified, consistent with the report that C9 can be
serine phosphorylated near the N-terminus.'8

These results highlighted the need to remove or mutate
amino acids within the N-terminus of C9, and test whether
this region had a role in protecting globular C9 from self-
polymerization. The mutants generated (Table lb) were
expressed in insect cells using baculovirus infection (Table 3).

The effect of N-terminal mutation on the self-polymerization of
C9

It is well established that only correctly folded proteins are
able to enter the secretory pathway of cells. 19,20 All the
N-terminal mutants presented here were secreted from insect
cells into the supernatant, implying that they were correctly
folded. We have evidence that mis-folded C9 is degraded
within the cell and not secreted." The C9 mutants were
compared on gel electrophoresis under reducing and non-
reducing conditions and in their ability to bind a pool of
monoclonal antibodies to native C9 (Fig. 2) to gauge the
production of polymer C9. Removal of 4, 8 or 12 amino acids
from the N-terminus did not effect polymerization as judged

© 1997 Blackwell Science Ltd, Immunology, 91, 20-27

by immunoblotting the insect cell supernatant in non-reduced
conditions (Fig. 2, lanes 1-5). In contrast, removal of 16, 20
or 23 amino acids produced proteins containing no free
monomeric C9 under non-reducing conditions (Fig. 2, lanes
7-9) and a band of high molecular mass, that did not react
well with antibodies, indicating formation of aggregates or
polymer. However, under reducing conditions, a band of high
molecular mass material was still evident, indicating the pres-
ence of strong covalently linked full-ring polymer that was
resistant to reduction and SDS (Fig. 2, lanes 14-16). This can
be compared to lane 17 showing normal human C9 full-ring
polymer after incubation with zinc at 370 for 6 hr.'0 A mon-
omer band was also visible, indicating the presence of aggre-
gates or non-ring polymer which only disappeared completely
after incubation at 370 for 3 days.'0 This suggested a pro-
portion of mutant polymer was not as tightly covalently linked
as the normal ring polymer in the MAC, which is non-
dissociable. Mutant 27ASAAS3 1 also self-polymerized
(Fig. 2, lanes 6 and 10), suggesting that the WSEWS motif
was important for maintaining the correct folding of the
N-terminus and preventing it from opening out prematurely.

Haemolytic activity of recombinant C9 mutants on pigeon
erythrocytes

The haemolytic activity of recombinant mutants on pigeon
erythrocytes fell into two categories, those with normal or
enhanced haemolytic activity (mutants 5-538, 9-538, and
13-538) and those without (mutants 17-538, 21-538, 24-538
and 27ASAAS31) (Fig. 3b). These differences in haemolytic
activity reflected the presence (mutants 5-538, 9-538 and
13-538) or absence (mutants 17-538, 21-538 24-538, and
27ASAAS31) of monomer C9 in non-reduced conditions
(shown in Fig. 2) from the mutated or normal recombinant
C9 purified from the insect cell medium.

These results suggest that removal of 16 or more amino
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Table 2. Proteins from Genbank database containing WSXWS (A) or WEWWR (B) motifs
(a)

Accession Start Total
Protein number Motif AA AA Sequence

Human C9
Horse C9
Mouse C9
Rabbit C9
Rat C9
Trout C9
Human C6
Human C7
Human C8a
Human C8fl
Perforin
Properdin
Properdin
Cytokine rec fl-chain
Human CNTFR
Human EPOR
Human G-CSFR
Human GM-CSFR
IL2R-beta
IL4-R alpha
IL5-R alpha
IL6-R alpha
IL6-R beta
IL7-R alpha
IL9-R
Prolactin-R
ThrombopoeitinR
Thrombospondin 1
Thrombospondin 2
Thrombospondin 2
Colicin B
Colicin D

(b)
Alveolysin
Perfringolysin-O
Pneumolysin
Streptolysin-O
Listeriolysin-O
Ivanolysin
Seeligeri

P02748
U19381
P06683
U20055
U52948
P06682
P1 3671
P10643
P07357
p07358
x13224
p27918
p27918
p32927
P26992
P19235
Q99062
P15509
P14784
P24394
Q01344
P08887
P40189
P16871
Q01113
P16471
P40238
P07996
P35442
P35442
p17998
pO5819

P23564
P19995
P11990
P21131
P13128
P31831
P31830

WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWT
wsxwS
WSXWS
WSXWS
WSXWS
WSXWG
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS
WSXWS

WEWWR
WEWWR
WEWWR
WEWWR
WEWWR
WEWWR
WEWWR

27
27
26
27
26
24

571
503,506
542,545
551
425
80

382
425
290
233
318
306
220
212
322
300
310
217
245
215
474

438,441
440,443
497,500

83
82

538 RMSPWSEWSQCDP
526 RMSSWSEWSECDP
528 RMSPWSNWSECDP

RMSPWSEWSHCDP
534 RMSTWSQWSQCDP

VWSRWSEWTPCNS
934 QWGCWSSWSTCDA
843 DGGWSCWSSWSPCV
584 GSWSCWSSWSVCR
591 KWNCWSNWSSCSG
556 FIQAWSLWGDWFT
469 RSPRWSLWSTWAP
469 LKGSWSEWSTWG
897 GIWSEWSEAR
372 EIGTWSDWSVAA
508 FGGFWSAWSEPVS
836 LPGHWSDWSPSL
400 RILNWSSWSEAI
551 EFTTWSPWSQPLA
825 YNTTWSEWSPST
420 EAGLWSEWSQPI
468 GQGEWSEWSPEA
918 GKGYWSDWSEEA
459 FKGFWSEWSPSY
522 YTGQWSEWSQPV
622 DHGYWSAWSPAT
635 YQGPWSSWSDP
1170 DGGWSHWSPWSSC
1172 DGGWSHWSPWSSC
1172 DGRWSPWSPWSAC
697 EEGDWSGWSVSV
510 EEGDWSGWSVSV

466 501 CTGLAWEWWRTVVD
464 500 CTGLAWEWWRDVIS
432 470 C TGLAWEWWRTVYE
535 571 CTGLAWEWWRKVID
489 529 CTGLAWEWWRTVID
488 528 CTGLAWEWWRTVVD
490 530 CTGLFWEWWRTVID

acids exposes a region of C9 that allows polymerization to
occur without C5b-8 and inactivates the protein.

Effect of mutants on neutrophil permeability and vesiculation

Neutrophils and other nucleated cells exhibit a series of
permeabilty thresholds following C9 attack. First, a rapid
influx of Ca2", followed by permeability to propidium iodide
(PI), and then lysis, or removal of the MAC by vesiculation.3'
21 The effect of mutation at the N-terminus on PI permeability
was investigated using FACS analysis. Our results have con-

firmed the sequence of threshold events previously illustrated
by this method2' and show how the timing of this sequence
can change by mutating the N-terminus of C9.

Cells attacked by normal C9 did not become PI positive
before increasing in size, as judged by an increase in forward

scatter at 6 min, returning to normal within 15 min. These
cells then either recovered, remaining negative to PI, or became
positive to PI followed by lysis or recovery. Table 3 shows the
percentage of cells that were positive to propidium iodide after
15 min of incubation with C9 under the same conditions as
those used for Fig. 4. The end point lysis was measured by
incubating the cells with C9 for 60 min before adding propid-
ium iodide. Two hyperactive mutants (5-538 and 9-538) caused
the cells to react sooner (less than 3 min) than normal recombi-
nant C9, and all three mutants maintained the effect for longer
than the normal recombinant C9, taking 30 min to return to
normal (Fig. 4a). This was not due to a concentration effect
of C9 since four times the dose of normal recombinant C9
(2 yg/ml) produced the same effect as 500 ng/ml (results not
shown). After 15 min of complement attack a population of
cells emerged that were small in size (very low forward scatter)

C 1997 Blackwell Science Ltd. Immunology, 91, 20-27
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Table 3. Expression of normal and mutant recombinant C9 in insect cells

Recombinant C9 Non-reduced % Cells PI End point Vesicle
C9 (pjg/pl)* positivet lysist production§

Normal human C9 21 4+1-7 13-9+1 9 9 9+2-4
Recombinant C9 no HIS 47 +0 4
Recombinant C9-HIS 5-8 +0 3 24-3 +2 1 142+2-+1 10-6+4-6
Mutant (5-538aa)HIS 59+04 22-3+1 5 175+2-3 162+49
Mutant (9-538aa)HIS 50+03 23-4+1-9 19-3+0-6 21 5+7-8
Mutant (13-538aa)HIS 4-7 +0 5 25 1 +34 21-7+0-6 18-8+7 4
Mutant (27ASAAS31)HIS 0 7+0 3
Mutant (17-538aa)HIS 0-6+0 4
Mutant (21-538aa)HIS 0 4+003
Mutant (24-538aa) 0 3+0 2

*Concentration of recombinant C9in insect supernatant as judged by monomer band
after non-reducing SDS-PAGE and immunoblot.

tPercentage of total cells positive to PI after 15 min of incubation with C9 under the
same conditions as Fig. 4. The PI was added at the time of C9 addition.

JPercentage lysis of cells. Percentage of cells positive to PI when added after incubation
with C9 for 60 min.

§Percentage of total cells in population not fluorescent to PI and of small size after
incubation with C9 for 45 min.

and not fluorescent to PI. The appearance of this population
after 15 min was consistent with neutrophil recovery by vesicle
formation. The three mutants tested had more cells in this
population after incubation for 45 min than the normal
recombinant C9 (Table 3, vesicle production). We have not
collected this population for further study, and therefore
cannot rule out the possibility that they were contaminated
by fragments of dead cells, but suggest they are vesicles due
to their size, lack of fluorescence to PI and time of production.
The physical size of this population was the same (as judged
by forward scatter) for normal and the mutant recombinant
C9.

Effect of deletion of up to 12 N-terminal residues on the binding
of C9 to neutrophils

To investigate whether the enhanced activity of mutants 5-538,
9-538, and 13-538 was the result of increased binding to C5b-8,
FACS analysis was used to quantify C9 antibody binding of
various C9s to C5b-8 sites on rat neutrophils. All three mutants
bound 50% more to C5b-8 sites at 40 than normal recombinant
C9 (Fig. 4b), which remained elevated on warming to 370,
confirming that their increased activity was due to increased
binding to C5b-8 sites on cells.

DISCUSSION

The results reported here have important implications for the
mode of action of C9, confirming our hypothesis that the
N-terminus of C9 is crucial for protection of the globular
protein against polymerization and irreversible inactivation.
Removal of 12 amino acids from the N-terminus of C9 did
not reduce biological activity (Fig. 3b), whereas removal of
16 or more inactivated the protein by self-polymerization (Figs
2 and 3b). This result agrees with our computer-aided hypoth-
esis that the N-terminus of C9 is bent, hiding a region critical
for polymerization.

The 12 N-terminal amino acids of C9 exhibit a strong

negative charge and the 16 N-terminal amino acids contain a
consensus sequence'7 for calcium binding proteins (Table la).
Clearly these residues are necessary for the predicted protection
by the N-terminus, as removal (mutant 17-538) resulted in a
polymerized protein. Partial removal of this region (mutants
5-538, 9-538, and 13-538) resulted in C9 with a two-threefold
greater haemolytic activity on erythrocytes (Fig. 3b) and 50%
increased binding to CSb-8 sites on neutrophils (Fig. 4b). The
observed result that an increased dose of normal C9, and
presumably increased binding to cells, did not produce the
same result as the mutants by FACS analysis suggests that the
effect of the mutants was not just one of increased binding to
cells. The formation of the mutants in the MAC may have
been different. The results are however, consistent with removal
of a few residues causing premature unfolding of the
N-terminus enabling the partially unfolded protein to bind
cells more readily.

C9 belongs to a heterogeneous group of proteins, including
22 ~~~~23thiol-activated cytolysins,22 T-cell perforin, many bacterial

toxins,2425 bee melittin,26 some viral proteins, and several
invertebrate toxins,27 which insert themselves into the plasma
membrane of cells. This is followed by aggregation, and
sometimes cross-linking, which in the case of complement
component C9 involves polymerization through disulphide
cross-bridges. We have identified a motif in C9, 27WSEWS31,
that is common to a family of cytokine receptors (Table 2a),
where it resides extracellularly a few residues from the mem-
brane. A similar tryptophan-rich motif (WEWWR) in the
pore-forming thiol-activated cytolysins (Table 2b) is also situ-
ated extracellularly five residues from the cholesterol binding
cysteine.22 Cytolysins produce pores by binding membrane
cholesterol and oligomerizing. The membrane spanning
domain of C9 is located between residues 293-334,1 clearly
not adjacent to this motif unless it interacts with it. The C9
motif (27WSEWS31) is preceded by a cysteine residue at
position 22, the same relative position upstream as in the
cytolysin motif. There is also a proline residue in C9 at position
26 producing a predicted angle of 10-4 nm compared to 0-1 nm
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Figure 4. FACS analysis of the effect of normal and recombinant C9
on rat neutrophils. (a) Graph showing increasing forward scatter with
time after C9 addition to C5b-8 sites on rat neutrophils. C5b-8 sites
were prepared on rat neutrophils (106/ml) by incubating with anti-
serum (1/20) on ice for 30 min. The cells were then resuspended in
fresh KRHA and incubated with C9-depleted human serum (1/10) at
370 for 30 min before separating into different tubes for C9 addition.
Propidium iodide (1 jg/ml in KRHA), used to investigate the per-
meability thresholds induced by complement attack, was added at the
time of C9 (500 ng/ml) addition and the change in fluorescence was
measured with time by FACS analysis. (b) Binding of C9 to C5b-8
sites on rat neutrophils after 30 min on ice (time 0) followed by
warming to 37°. To investigate the binding of C9 (500 ng/ml) to
C5b-8 sites on rat neutrophils, cells were incubated with C9 at 00 for
30 min followed by incubation at 370 for 0-9 min. The cells were then
incubated at 00 for 30 min each with a C9 antibody that only
recognized C9 in the MAC (C9-B7, kindly provided by Catherine
Rogers, UWCM) and a fluorescein isothiocyanate (FITC)-conjugated
second antibody prior to FACS analysis. Deletion of 4, 8, or 12 amino
acids from the N-terminus of C9 increased the ability of the protein
to bind C5b-8 sites on rat neutrophils. O recombinant C9 with
HIS tag; * mutant (5-538)HIS; 0 mutant (9-538)HIS; V mutant
(I 3-538)HIS.

for the cytolysin motif, when analysed by computer modelling
software. This suggests a bend in the motif which may be
important for preventing its premature exposure. The motif
WSEWS has been shown to have a role in the activity of other
transmembrane proteins. For example, mutation of WSEWS
in the human granulocyte-macrophage colony-stimulating
factor (GM-CSF) receptor destroyed activity,28 mutation of
the motif in the growth hormone receptor disrupted ligand

binding and receptor signalling,29 and this motif may contrib-
ute to efficient receptor folding in the erythropoietin receptor.30
This motif is obviously important for the activity of C9, as
mutant 27ASAAS31 produced an inactive self-polymerized
protein. The question arises whether it is involved with the
membrane insertion of C9 or the interaction with other regions
to prevent premature polymerization.

The protecting effect of the N-terminal domain demon-
strated here has been found in other proteins unrelated to
pore formers. For example, we have proposed that some
bioluminescent proteins create a solvent cage required for high
quantum yield photon emission by folding of the C- or
N-terminus.3' Removal of the C-terminal 12 amino acids of
beetle luciferases destroys activity, which can be restored by
peptides of sequences unrelated to the original protein. The
question now arises whether this can be achieved with C9.
Furthermore, whilst there is a high sequence similarity
(60-80%) between the beetle luciferases from different species,
the sequence similarity is much less in the C-terminal domain.
Similarly, in the C9s so far sequenced there is little or no
sequence similarity in the first 18 residues of human C9 (range
18-54%) compared to high sequence similarity in residues
19-47 (range 45-95%) (Table la). Our results and computer
analysis of C9 are consistent with the concept that peptides
that have evolved to protect other domains in proteins do not
need a conserved primary sequence. What matters is the
polarity, enabling the protecting peptide to bend over and
bind to other sites in the protein. The stimulus that breaks
this interaction when C9 binds to C5b-8 in the cell membrane
will expose the new active site and start the molecular sequence
of events for C9 attack.3 It will be interesting to investigate
whether the potential serine phosporylation site at 42-47 is
necessary for N-terminal interaction.

In conclusion, the results reported here shed new light on
how globular C9 inserts and polymerizes in the plasma mem-
brane. The question now arises how the unfolding at the
N-terminus, predicted by our results, relates to the signal for
removal of the MAC, and whether activation of the protection
mechanism requires polymerization of C9 to occur. Our data
indicate a new approach to engineering C9 which could lead
to therapeutic procedures enabling the effects of pore-forming
proteins to be controlled in vivo in inflammatory disease.
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