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Topological mapping of complement component C9 by
recombinant DNA techniques suggests a novel mechanism for its
insertion into target membranes
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cDNA molecules coding for mouse and trout C9 have been
isolated and the derived amino acid sequences compared with
that of human C9. Regions of high homology between the
closely related species (mouse and human) correlate with
putative domains in the protein structure supporting a model
of C9 having five globular domains. Comparison between the
more distant species (trout and human) suggests regions of
particular importance to C9 structure and function. In ad-
dition the three related sequences allow the secondary struc-
ture to be predicted with more confidence and we have tested
the prediction by mapping surface features of the protein.
Reported here is a recombinant DNA approach to fine map-
ping of antibody epitopes. Two of the putative domains of
C9 are connected by a stretch of about 40 amino acid residues
in which features characteristic of individual conformational
forms of C9 are concentrated. We suggest that this region
might act as a hinge allowing the rearrangement of globular
domains necessary for membrane insertion. In the membrane
inserting domain one highly conserved sequence has the
potential to form an amphipathic a-helix once it is buried in
the lipid bilayer. These features suggest a novel mechanism
for the irreversible, post-translational insertion of C9 into
target membranes.
Key words: complement/epitope mapping/membrane assembly/
species homology/protein topology

Introduction
Complement component C9 is a globular plasma protein which
has the ability to insert into membranes containing a preformed
C5b-8 complex (Hadding and Muller-Eberhard, 1969; Tschopp
et al., 1982a). As, or soon after, C9 interacts with the C5b-8
complex it undergoes a major conformational change (Silverman
and Nelsestuen, 1986) in which the molecule approximately
doubles in length (Podack and Tschopp, 1982) and hydrophobic
structures become exposed which can be labelled with membrane
restricted photo-affinity probes (Ishida et al., 1982; Amiguet et
al., 1985). This conformational change is also associated with
the appearance of previously hidden antibody epitopes (Podack
et al., 1982). Only small differences in the total secondary struc-
ture can be detected with circular dichroism, however (Tschoop
et al., 1982b) suggesting that a redistribution of globular domains
rather than a wholesale refolding of the protein is involved. We
have used a variety of techniques to map residues which are likely
to be located at the surface of the C9 protein. These include the
sites of N-linked oligosaccharide attachment, sites of proteolytic
cleavage, and the position of amino acids whose codon is inter-

rupted by introns in the gene (Stanley et al., 1985; Marazziti,D.,
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Eggertsen,G., Stanley,K.K. and Fey,G., in preparation).
Reported here are studies on the conservation of C9 sequences
between different species and the mapping of antibody epitopes.
Mouse C9 was chosen so that comparisons would eventually be
possible with the structurally and functionally related protein,
perforin (Tschopp et al., 1986; Lowrey et al., 1987), present
in cytoplasmic granules of mouse cytotoxic T-lymphocytes. Trout
was taken as an example of a distantly related C9 molecule as
normal cytolytic activity has been described in trout (Nonaka et
al., 1981) allowing conclusions to be made about the functional
significance of conserved sequences. Taken together with publish-
ed biochemical experiments the inter-species sequence
homologies and topological mapping suggests a 5 domain model
for C9 structure, and a possible mechanism for the unfolding
of the molecule and its interaction with the lipid bilayer of a target
cell.

Results
Inter-species comparison of C9 amino acid sequences
cDNA libraries were constructed from mouse and trout liver
poly(A)+ RNA using an adaptor cloning strategy (Haymerle et
al., 1986) and screened with radioactive cDNA probes (human
C9 for isolating the mouse C9 cDNA and mouse C9 for isolating
the trout clone). Clones were selected on the basis of size and
the largest clone was sequenced. The DNA sequences which are
not presented here have been submitted to the EMBL nucleotide
sequence data library.

Figure 1 shows a comparison of the amino acid sequences of
mouse, trout and human C9 using the matrix comparison method
of Argos (1987). In both cases all possible spans of 25 amino
acid residues were compared on the basis of the Dayhoff
relatedness odds matrix (Barker et al., 1978) and five residue
physical parameters (Argos, 1987). The score relating each pair
of 25 residue spans was then re-expressed as a function of the
distribution of scores in the whole comparison matrix. The points
in the upper panels of Figure 1 represent pairs of sequence spans
in the comparison matrix with scores at least four standard devia-
tions above the mean. Using this procedure the broad areas of
greatest homology are emphasised as a series of diagonal lines
with gaps defining the regions of lower homology. It is striking
that the large gap at residue 228 in the mouse-human comparison
is also found in the trout-human comparison, and that the gaps
at 360 and 436 are also common, although of different widths.
Each diagonal line contains further information about the

homology of the two sequences since the quality of fit at each
point is given by its score in the comparison matrix. These scores
are plotted in the lower panels of Figure 1 as a function of the
sequence position in human C9. It can be seen from this com-
parison that human C9 is more closely related to mouse C9 than
to trout C9, having wide plateaus of high homology separated
by narrow valleys which often correspond to insertions and dele-
tions in the alignment. Trout C9 on the other hand has only nar-

row peaks of high homology which always fall within the plateaus
of high homology seen in the mouse-human comparison. These
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Fig. 1. Comparison of the amino acid sequences of mouse, trout and human C9. Mouse (A) and trout (B) C9 amino acid sequences were compared with the
sequence of human C9 over all possible spans of 25 residues. Points in the comparison matrix 4.0 or more standard deviations above the mean of the matrix
are shown in the upper plot. The highest standard deviation value in the comparison matrix for each sequence position of human C9 (corresponding in every
case to the diagonal line) are shown below. Arrows indicate the cleavage sites of chymotrypsin and o-thrombin, the bar indicates the position of the
neoantigen epitope.

sharp peaks presumably represent regions where particular amino
acids are of special importance to C9 structure or function.

Sequence and biochemical considerations suggest that C9 folds
into several globular domains, which would also be consistent
with its image in negative stained electron micrographs (Podack
and Tschopp, 1982). The first domain, containing six cysteine
residues in a stretch of 66 amino acid residues in human C9,
is found duplicated in the fl-chain of complement component C8
(Haefliger et al., 1987) suggesting that it folds as an indepen-
dent entity. The second domain (residues 78-115) corresponds
to the class A cysteine rich homology (Doolittle, 1985; Stanley
et al., 1986) which has been found in the low density lipopro-
tein (LDL) receptor and several other complement components
(Haefliger et al., 1987; Rao et al., 1987; Catterall et al., 1987).
By analogy with the cysteine rich sequences of wheat germ ag-
glutinin (Stanley et al., 1985; Drenth et al., 1980) it is very likely
that this region also folds as a small globular domain. In the cen-
tral portion of the molecule, between the a-thrombin and tryp-
sin cleavage sites (residues 245 and 392) lies the principal region
defined biochemically as interacting with the lipid bilayer when
C9 unfolds and inserts into a target membrane (Ishida et al., 1982;
Amiguet et al., 1985). It is likely that this region also forms a
discrete domain of the protein (Hammer et al., 1977; Podack
and Tschopp, 1982). There is less data about the remaining two
areas of the protein, but by default they must constitute at least
one domain each, giving a protein of five domains. In the trout-
human comparison (Figure 1B) these five domains correspond
to the five major diagonal lines and five highest peaks of
homology.
The five peaks of high homology in the trout-human com-

parison (Figure iB) are of special interest since they probably
define areas of pivotal significance to C9 structure and function.

Fig. 2. A possible membrane interacting region of C9. (A) Conserved
amino acid sequence (residues 310-326 in human C9), (B) projection of a
hypothetical a-helix showing amphipathic structure (shaded area is
hydrophobic).

One of these falls within the area which interacts with lipids in
the target cell membrane and might therefore be the principal
element involved. The sequence of this region is shown in Figure
2. This sequence can be folded into an amphipathic ca-helix pro-
vided that glycine residues can be tolerated in the helix. Although
this is very unusual for ce-helices in globular proteins (it may
be seen in Figure 3 that this region does not predict as a-helix
using parameters for soluble proteins), it has been shown that
for membrane spanning helices glycine is tolerated, and even
slightly favored (Rao and Argos, 1986). Previous studies on
possible membrane interacting structures (Stanley et al., 1986)
did not take account of this. The other possible membrane in-
teracting structures predicted in that study have conserved
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Topological mapping of complementation component C9

QMPIPVSREEQEQH.YPIPIDCRMSPWSNWSECDPCLKQRFRSRSILAFGQFNGKSCVDVLGDRQG.CETTQECEEIQ.ENCGN.DFQCETGRCIKRRLL

1::IIllIlllll!:: 1:1 1 1:11:1 111 :111 I:II Il: lll 1 1 1:: ::: 11:111I1:1II QYTTSYDPELTESSGSASHIDCRMSPWSEWSQCDPCLRQMFRSRSIEVFGQFNGKRCTDAVGDRRQ.CVPTEPCEDAE.DDCGN.DFQCSTGRCIKMRLR

QANGTLGRSRWL...PLDPVDCVWSRWSEWTPCNSCTKIRHRSRSVEVFGQFVGKPCQGQPIGEQQACTSDAVCEQALPSECSSIEFTCESGACIKLRLS
tttttttaaaaatttttbbbbbbbtttttttttt bbbbbbbbbtttttttbbbbttttt aaaaaaa tttt ttt aaaaa
<---El----> <-E2-> <--E3-->

CNGDNDCGDYSDENDCDDDPRTPCRDRVAEESELGLRAGYGINILGME.... PFDNEFYNGLCDRVRD..EKTYYRKPWNVVSLIYETKADKSFRTENYD

111111111:111:11: :11 llllll:ll~ll I I1111111111:i 1111111111:1I:11 11:1111111 1:1i 111 199 CNGDNDCGDFSDEDDCESEPRPPCRDRVVEESELARTAGYGINILGMDPLSTPFDNEFYNGLCNRDRDGNTLTYYRRPWNVASLIYETKGEKNFRTEHYE

CNGDYDCEDGSDE.DCEP.VRKPCGTKLYDTNEQGRTAGYGINILGMEPRINPFNNDYFNGMCNKVKNINNNEYNRLPWNVGLLNYETIAEETVSKEIYE
tttttttttttttt ttttttttt aaaaaaa tttttbbbb tttttttttttttt tttttttttttttbbbbbbbbaaaaaa aaaaa

EHLEVFKAINREKTSNFNADFALKFSPTEVPQKGAGEVSPAEHSSKATNISAKFTISYFMGKNFRRLSSYLSQSKKMFVHLRGVVQLGRFVMRNRDVVLR
: : 1l : 1: : : : : : : :

199 EQIEAFKSIIQEKTSNFNAAISLKFTPTETNKAEQCCEET..ASSISLHGKGSFRFSYSKNETYQLFLSYSSKKEKMFLHVKGEIHLGRFVMRNRDVVLT
: : ::: :: : I1 : 11 11 11 :: : : I1 : : : : 1:: 1:1 1: I1 : : I1 I:1 ::
DTYTLLRELMTETKLTVSAGLNLKFTPTEKSMA......... KSNTTVSGGVGLDAEYDRTQMIKEVSEYTTIKNKSFMRVNGRVQLSTYRMRSRDLQVA
aaaaaaaaaaaaaatttttaaaaaattttaaaaaaaaaaaaaattt tttttbbbbttttt bbbbb aaaaaaaa bbbbbbbbb bbbbb

<----E4---->

STFLDDVKALPTSYEKGEYFGFLETYGTHYSTSGSLGGQYEIVYVLDKASMKEKGVDLNDVKHCLGFNMDLRIPLQDDLKDASVTASVNADGCIKTDNGK

297 TTFVDDIKALPTTYEKGEYFAFLETYGTHYSSSGSLGGLYELIYVLDKASMKRKGVELKDIKRCLGYHLD.... VSLAFSEISVGAEFNKDDCVKRGEGR
I::: :1I I IIIIIIII111 : iIl:: I: II I:I: 1I: I1: :: I : :: I : :

GEFLEHVKSLPLEYEKGQYFSFLEDYGTHYTRNGKSGGEHQLVYVLNQDTIKDKKLTERKLQDCIKVGIS...ANFDTNIGIGGDAHIRPGHCKDTVNKN
bbaaaaaaaa tttttttt tttt ttttttttt bbbbbaaaaaaaaaaaaaaaaaabbbb aaaaaabbbb tttt ttttt

TVNITRDNIIDDVISFIRGGTREQAILLKEKILRGDKTFDKTDFANWASSLANAPALISQRMSPIYNLIPLKIKDAYIKKQNLEKAVEDYIDEFSTKRCY

393 AVNITSENLIDDVVSLIRGGTRKYAFELKEKLLRG.TVIDVTDFVNWASSINDAPVLISQKLSPIYNLVPVKMKNAHLKKQNLERAIEDYINEFSVRKCH

TAEKEGKALVDKVITVVRGGTLEAAVAMRTQITKE.GLMDVKTYQNWARTVGDAPALLSSEPEPIQTLIPLSMPDANTRRLNMQRATQEYEAEYSVCKCK
t bbbbbbbbbttttaaaaaaaaaaaatttbbbbbbbtttt ttt tttbbbbbbaaaaaaaaaaaaaaaaaaaaaaaabbbbbb

<------E5------> <--

PCLNGGTIILLDGQCLCSCPMMFRGMACEIHQQI
: : : :

492 TCQNGGTVILMDGKCLCACPFKFEGIACEISKQKISEGLPALEFPNEK

PCHNGGSLALLDGKCLCLCLPQFEGLACQDAKADNNKNTKTPVRVFLEKGNWSVGQPGQAAVEENV
tttt aaaaa aaaaaaaaa

-----E6-------><------E7------->

Fig. 3. Alignment of the C9 sequences from mouse, trout and human C9. The cDNA derived amino acid sequences of three species of C9 and predicted
secondary structure. Solid lines indicate identities, broken lines indicate conserved amino acids according to the groups: (RK), (DENQ), (ST). (GP).
(MCHAVLIFYW), and symbols representing probable structures are: a = ce-helix. b = 3-pleated sheet. t = turn. The position of epitopes El -E7 are

indicated below the sequence.

hydrophobic residues in mouse and trout C9, but do not have
the high level of overall homology shown in Figure 2. It is con-

ceivable therefore that this metastable helix serves some special
function, for instance to lock C9 into the target membrane by
forming a hydrophobic surface after becoming embedded in a

hydrophobic environment. The ability of this region of C9 to
pass through the endoplasmic reticulum membrane during its
secretion on the other hand could be ascribed to the charges pre-
sent on the other face which make it quite different from a 'Stop
transfer' signal. Only by polymerisation to form a membrane
pore could a stable interaction with the lipid bilayer result.
An alignment of the three sequences is shown in Figure 3.

Although the amino-terminus of mouse and trout C9 is not known
a glutamine residue situated adjacent to a hydrophobic leader pep-
tide was chosen in each case as a likely start of the mature pro-
tein. In this alignment 22 out of 24 cysteine residues in human
C9 are found in the same position as those in mouse and trout
C9. The two cysteines found in the hinge region in human C9
(residues 234 and 235) are not found in mouse or trout but are

unlikely to be disulphide linked since they are adjacent. Trout

C9 has one extra cysteine at a position equivalent to residue 482
in human C9. This lies just before the region with homology to

urokinase (Doolittle, 1985; Stanley et al., 1986) and is

A Globular C9

(tt

B Extended C9

Epitope 4

chymotrypsin a-thrombin

Fig. 4. A domain model for complement component C9. The 5 globular
domains suggested by comparison of the species sequences of C9 have been

arranged to explain the transition from globular to extended forms. The

'hinge region is shown as a zigzag line in globular C9 which unfolds in

extended C9 giving access to the neoantigen epitope 4 (monoclonal antibody
bC5). and occluding the cleavage sites of chymotrypsin and a-thrombin.
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Fig. 5. Apolipoprotein homology of C9. The receptor binding region of
apo-E and apo-B is compared with a sequence in human C9 that shows a
high homology on the basis of residue physical parameters (Argos, 1987).
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Fig. 6. Linear map of C9 epitope clones. Plasmid DNA was prepared from
clones positive with each monoclonal or affinity purified antibody and the
ends sequenced by double stranded DNA sequencing. Fragments were also
excised wtih Ncol and end-labelled to check that only one fragment was

present in the clone. The position of each clone is shown on a linear map
of the C9 molecule. Heavy bars indicate the minimum areas of overlap of
each group of clones. The shaded area shows the leader peptide, and the
open box the open reading frame of human C9. The scale is calibrated in
base pairs.

presumably not disulphide bonded. Interestingly, an extra cys-
teine also occurs in this position in C8f (Haefliger et al., 1987).
The most variable region of the sequences was at the carboxy
terminal end of the molecule, which in human C9 corresponds
to a separate exon of the C9 gene (D.Marazziti,, G.Egertsen,
K.K.Stanley and G.Fey, in preparation). Only human C9
therefore contains the pentapeptide homology with melittin (Esser,
1987) making it unlikely that this sequence plays any direct role
in C9 function.

In the centre of the C9 sequence (residues 228-271 in human
C9) is a region showing low homology between all three species.
The position of this low homology region is identical in each
species. Although lacking a conserved sequence, suggesting that
no binding function of C9 can reside in this portion, the region
does contain a high concentration of features present in only one
of the two conformational forms of C9 suggesting a structural
role in the unfolding of C9. Thus two proteolytic cleavage sites
only accessible in the globular form of human C9 (chymotryp-
sin and a-thrombin) and an antibody epitope found only in its
unfolded state are located here (Figure 1). As detailed below,
a hinge region at this point of the molecule would also be
necessary to move the biochemically defined membrane inser-
ting domain to the physical end of the molecule where polymeris-
ed C9 interacts with a target membrane (Podack and Tschopp,
1982).

A domain model for C9 unfolding
Based on the above analysis it is proposed that complement com-
ponent C9 consists of five globular domains. In order to pack
into an elipsoidal globular shape, as is observed for monomeric
C9 (Podack and Tschopp, 1982), these globular domains are
presumably arranged in a cluster similar to that shown in Figure
4a with the hydrophobic faces of membrane inserting structures
either hidden from the aqueous environment or destroyed by a
different folding of the membrane inserting region (see above).
In this conformation the two proteolytic cleavage sites in the
'hinge' region are exposed, but the neoantigen epitope is occluded
(Figure 4a). Since in the membrane attack complex the mem-
brane interacting segment of C9 is present on the tip of the cylin-
drical pore complex, we propose that rearrangement of the
globular domains allows the membrane interacting domain to
migrate to the end of the molecule even though it is not situated
at either physical end of the polypeptide chain. For this reason
we postulate in Figure 4b that the 'hinge' region unfolds during
the monomer to unfolded C9 transition to expose the neoantigen
epitope and occlude the proteolytic cleavage sites. The hinge
region contains one predicted oa-helix (Figure 3), which if it were
unfolded could account for 2% of the ae-helix content, consis-
tent with the change in the circular dichroic spectra of the
molecule in its two forms (Tschopp et al., 1982b).
An important corollary of the conformational transition in C9

is that specific forces must hold the monomeric C9 in its globular
form and a specific mechanism must exist for unfolding the
molecule. Since C9 contains a globular domain with a high level
of homology to the LDL receptor including the cluster of negative
charges responsible for apolipoprotein binding (Yamamoto et al.,
1984), an attractive hypothesis would be that an internal ligand-
receptor interaction occurs within the C9 molecule. For the LDL
receptor the interaction with apolipoproteins E and B (apo-E and
apo-B) is mainly electrostatic, involving one or two clusters of
basic residues arranged on a predicted ae-helical region of the
protein (Innerarity et al., 1984; Knott et al., 1986). No overall
consensus is found in these sequences although one of the regions
in each apolipoprotein shows good homology (Figure 5). When
the human C9 sequence was compared with that of apo-E using
the sensitive search procedure of Argos (1987) the best homology
between the two proteins, having a score five standard devia-
tions above the mean of the comparison matrix, fell in the se-
quence of apo-E which interacts with the LDL receptor. This
region (residues 415 -425 in human C9, Figure 5) falls in the
fifth putative domain of C9. Two of the positive charges are
preserved in mouse and trout C9. Some other sequences with
conserved positive charges in a predicted a-helix (e.g. residues
469-489) are present close by. These sequences are therefore
of interest for investigation of C9 structure and function by site
directed mutagenesis.
Secondary structure prediction of C9
The secondary structure of C9 was predicted using the Chou and
Fasman rules (1974a,b) for both the individual sequences and
an average of all three sequences. For the human C9 sequence
alone the predicted content of a-helix was 24% agreeing with
the measured value for monomeric C9 (Tschopp et al., 1982)
while the $-pleated sheet was underestimated at 20% (compared
with 32% measured). When the average prediction for all three
sequences was computed the at-helix increased to 30% and the
$-pleated sheet decreased to 18%. The positions of elements of
secondary structure were in general not changed but became more
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Table I. Sequences of polyclonal anti-human C9 epitopes

Epi- Species/
tope Position Sequence Charges

1 1-11 QYTTSYDPELT Human 2
2 29-34 EWSQCD Human 2

NWSECD Mouse 2
3 79-85 DCGNDFQ Human 2
4 229-238 KAEQCCEETA Human 4
5 412-426 RKYAFELKEKLLRGT Human 6

REQAILLKEKILRGD Mouse 5
6 487-505 KCHTCQNGGTVILMDGKCL Human 3

RCYPCLNGGTIILLDGQCL Mouse 2
7 505-521 LCACPFKFEGIACEISK Human 4

Table II. Epitope composition of polyclonal anti-human C9 sera

Epitope Antibody Number of positives

1 A.P. 52
2 M47 1
3 A.P. 14
4 bC5 45
5 M42 12
6 M3 21
7 A.P. 32

165 positive clones obtained using a polyclonal antibody were divided into
groups using monoclonal antibodies or the polyclonal antibody affinity
purified (A.P.) on an individual clone. 16 clones were not classified in this
procedure, but these were all very weak with the original polyclonal
antibody.

Table III. Size requirement for antibody binding

Size of fragments % Positive colonies
base pairs M47 M3 M42

100-200 0.6 2.3 3.2
200-400 3.1 4.0 2.6
400-600 18.5 10.6 11.6

1000 colonies from three libraries having different DNA insert sizes were
transferred from Petri dishes to nitrocellulose filters and screened for
binding to each monoclonal antibody using the colony blot procedure
(Stanley, 1983).

clearly defined and changed in length. These conserved elements
of secondary structure are shown beneath the sequence in Figure
3.
Mapping of antibody binding sites in C9
Libraries of 100-200 base pair random fragments of human C9
cDNA were screened in pEX 627 using a polyclonal antibody.
Positive clones were identified as belonging to one of seven
epitopes by challenging the polyclonal positive clones with
monoclonal antibodies, and where this gave negative results, by
repeating the procedure with the polyclonal antibody affinity
purified on one of the polyclonal positive clones. Where tested,
both procedures yielded the same pattern of positive clones show-
ing that the antibody affinity purified in this way was essentially
monospecific. 90% of the polyclonal positive clones could be
identified as belonging to one of seven discrete antibody
specificities in this manner. The remaining clones were all very
weak in the original polyclonal antibody strain and by hybridisa-
tion with DNA probes made from the epitope clones in each
region they could be assigned as belonging to one of the existing

groups. The same 7 groups of positive clones were obtained us-
ing three different polyclonal antibodies raised in different
laboratories to different preparations of C9, suggesting that they
represent particularly immunogenic surface features of the C9
molecule. One epitope however corresponded to the anti-
neoantigen monoclonal antibody described by Mollnes et al.
(1985), and has its epitope situated in the 'hinge' region of C9.
The random distribution of positive epitope clones for this an-
tibody about a short common sequence (E4 in Figure 6) sug-
gested that this was one of the most 'continuous' of all 7 epitopes
of C9 detected by this method within the polyclonal antiserum.
It is not possible however to distinguish between the possibilities
that this sequence is either inaccessible in globular C9 or simply
folded in a different manner. Clones from each subset of positives
were sequenced by double stranded DNA sequencing. Each
subset contained clones unique to one region of the C9 cDNA
(Figure 6) indicating that specific sequences must be expressed
to achieve antibody binding. Only in the case of epitopes 6 and
7 were some clones found that were positive with two different
monospecific antibodies, but analysis of the DNA fragments in
these colonies showed that this was because these two epitopes
were suffficiently close to be present on a single DNA insert.
The minimum region of overlap defined by these sequences rang-
ed from 6-18 amino acids (Table I) and in every case contain-
ed more than two charged amino acids, suggesting a surface
location. When compared with the secondary structural predic-
tion it was found that the antigenic regions nearly always overlap-
ped with high turn or coil probabilities, consistent with a surface
location (see Figure 3). One exception to this was the neoan-
tigenic epitope E4, but this region of the polypeptide might un-
fold in the extended form as conjectured above. Three epitopes
contained two cysteine residues and might represent extended
turn structures held in a loop by disulphide bond formation. Fur-
ther data were obtained by examining the cross-reacting epitopes
in mouse C9. By screening libraries of mouse C9 DNA fragments
with the polyclonal antibody raised against human C9 it was found
that three of the epitopes in human C9 were conserved in mouse.
Aligning the sequences in these regions (Table I) shows that
predominantly conservative changes occur, especially in the polar
amino acids.
The seven epitopes unexpectedly were obtained at very dif-

ferent frequencies when the polyclonal positive clones were
analysed into groups (Table II). For a random DNA fragment
library all epitopes would be expected at the same frequency.
Monoclonal antibody M47 in particular was poorly represented.
When libraries containing different size cDNA fragments were
screened with this monoclonal antibody and two control anti-
bodies (M42 and M3, Table III), it was found that the propor-
tion of positive clones was only different for the library containing
small fragments. This suggests that this antibody requires more
flanking region in order to define the correct folding of a small
continuous epitope, or that the antibody epitope was partially
discontinuous in nature, requiring amino acids from distant parts
of the polypeptide chain to form an epitope. Indeed only a single
clone (Figure 6) allowed the definition of the short epitope in
Table I. Without this clone the epitope for M47 extended from
residue 29-75 of human C9.

Discussion
The terminal complement component, C9, is capable of an
unusual rearrangement of its protein structure which enables it
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to interact with, and insert into lipid bilayers. During this transi-
tion the molecule unfolds to approximately double its length and
cryptic sites capable of interaction with the lipid bilayer are ex-
posed. A similar transition probably occurs in C6, C7 and C8
since the antibodies which bind to neoantigens in C9 also cross
react with these earlier components (Tschopp et al., 1986).
Elucidation of the molecular mechanism of this transition is of
interest not only in complement action, but also in the understan-
ding of membrane protein insertion in general.

Analysis of the C9 amino acid sequence in several species sup-
ports the view that the C9 molecule is composed of several small
globular domains. Surprisingly, the membrane interacting do-
main is not located at the physical end of the polypeptide chain,
but an unfolding 'hinge' region in the molecule could account
for its displacement and the differential access of several sur-
face topographical features in the transition from globular to ex-
tended C9.
C9 in its monomeric form is a stable globular protein which

shows little tendency to interact with biological membranes. This
is in contrast to the related protein, perforin, found in cytotoxic
and natural killer cells which spontaneously inserts into biological
membranes in the presence of calcium ions once it is released
from the effector cell. In this respect C9 most likely represents
a later evolutionary form of this killing molecule, having evolv-
ed a mechanism which allows its constitutive secretion into the
blood stream without damage to normal cells in the blood vessel
walls. Two additional properties would be expected in the C9
molecule that are not present in the perforin molecule for this
to occur. The first of these is a mechanism to hold the molecule
in its non-cytolytic globular conformation. We have shown here
that a possible explanation of this stability is an intra-molecular
ligand-receptor like interaction which is conserved in C9
molecules but is absent in the perforin sequence (Lowrey et al.,
1987). In this respect C9 may be an example of a molecule from
which both ligand and receptor have evolved (Pfeffer and Ullrich,
1985). The second necessity for a constitutively secreted killing
molecule is the evolution of a highly specific activation
mechanism. It is of interest therefore to note that both C8 a and
,B chains are C9-like (Haefliger et al., 1987; Rao et al., 1987)
and that C8a is apparently incorporated into the tubular C9 com-
plex (Podack, 1984) consistent with its close relation to C9. Taken
with the fact that C8 addition to the membrane attack complex
is essential for C9 binding, these findings suggest that C8 and
C9 evolved as a 2-stage killing process from an ancestral perforin-
like gene.
At 4°C it has been shown that C9 can reversibly associate with

C5b-8 assembled into a target membrane (Boyle et al., 1978).
If a monoclonal antibody directed against the amino-terminal por-
tion of C9 is included with a marker inside erythrocyte ghosts
before addition of C9, no efflux of marker is observed after the
ghosts are subsequently warmed up to 37°C (antibody C9-34,
Morgan et al., 1984). This has been interpreted as an inhibition
of C9 polymerisation (Stanley et al., 1986), since the amino-
terminal portion of C9 polymerisation is unlikely to be accessi-
ble to the cytoplasmic face of the membrane after polymerisation,
and because the antibody will inhibit zinc ion catalysed
polymerisation in vitro (D.Maldonado and K.K.Stanley, un-
published). The binding site for globular C9 must therefore lie
on a portion of C8 close to, or within the unstable pore created
by C5b-8 since otherwise the antibody could not gain access to
C9 from the inside of the erythrocyte ghosts. After warming up
for a few seconds to 37°C in the absence of antibodies, C9
becomes irreversibly bound to the membrane and trypsin sen-
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sitivity, characteristic of the monomeric form of C9 is lost (Boyle
et al., 1978), presumably indicating a transition to the extended
form of C9. The rearrangement of globular domains in the ex-
tended conformation of C9 could be driven by the formation of
an amphipathic helix in the hydrophobic environment of the mem-
brane as described here. By forming a membrane interacting ele-
ment after entry into the lipid bilayer the insertion event would
be rendered effectively irreversible.

Analysis of polyclonal antibodies using libraries of random
DNA fragments expressed in E. coli provides a rapid method
for mapping their binding sites. In essence the method is the same
as using overlapping synthetic peptides (for review see Atassi,
1984), except that the size of the peptide probe can be made
larger, possibly allowing a more native fold of the protein. Syn-
thesis as a fusion protein with E. coli 3-galactosidase may have
an additional stabilizing effect. Using plasmid expression vec-
tors for this purpose has the advantage over X-vectors (Nunberg
et al., 1984; Mehra et al., 1986) that DNA sequencing is more
simple, allowing a finer map to be produced. For this method
to work the antibody must be capable of binding to SDS-denatured
antigen in a Western blot. In the case of C9, antibodies were
also detected which had partially discontinuous epitopes, since
they required larger lengths of DNA to express the antibody bin-
ding site. Furthermore, in the case of the two adjacent epitopes,
E6 and E7, some clones expressing the sequence for both bin-
ding sites were capable of binding only one antibody. This again
suggests some specificity to the folding of the fusion protein even
after SDS treatment and transfer to nitrocellulose. Care should
perhaps be exercised in calling the regions defined by this method
as 'epitopes' since the stretch of polypeptide chain so defined
might represent only the major part, rather than necessarily the
whole of an antibody binding site. Nevertheless this method pro-
vides a quick check on secondary structural predictions by map-
ping loops of the protein likely to be situated at the surface of
the protein. Knowing the major binding sites of antibodies hav-
ing inhibitory activity allows possible functional surfaces of the
protein to be defined for analysis by in vitro mutagenesis. Thus,
antibodies against epitopes E2 and E5 can inhibit the flux of small
molecules through complement lesions (Morgan et al., 1984) sug-
gesting that parts of domains 1 and 5 are close to the lumen of
the pore. In addition the fusion protein clones which express these
surface located portions of the polypetide chain are particularly
suitable as antigens for making antibodies of predetermined
specificity which will bind to native protein. The affinity purifica-
tion of polyclonal antibodies on these 'epitope' clones also gives
monospecific reagents (Tooze and Stanley, 1986) which in many
cases are more useful than monoclonal antibodies because they
have lower background binding and are composed of antibodies
having a variety of dissociation constants.
We have described two recombinant DNA approaches which

together give a wealth of information about the folding and sur-
face features of a protein. When X-ray crystallographic data is
difficult to obtain (as in the case of C9 which has so far resisted
attempts to crystallize it) these techniques can give sufficient in-
formation about the important structural and functional regions
of a protein to allow functional hypotheses to be made and then
tested by site-directed mutagenesis.

Materials and methods
Cloning of mouse and trout C9 cDNA
Mouse and trout liver were pulverised in liquid nitrogen and homogenised in
6 M guanidine HCI, 1mM DTT, 20 mM acetate buffer pH 7.0. RNA was selec-
tively precipitated with 0.5 vols ethanol as described by Cox (1968) and modified
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by Deeley et al. (1977). After two cycles of solubilisation and precipitation the
guanidine HCI solution was extracted with buffered phenol, chloroform and isoamyl
alcohol (24:24: 1, v/v/v), and precipitated with 0.5 vols of ethanol. The pellet
was taken up into water and reprecipitated with sodium acetate (0.3 M) and ethanol
(2.5 vols). Poly(A)+-RNA was prepared by the method of Werner et al. (1984)
and cDNA libraries constructed in pEX 1 (Stanley and Luzio, 1984) using adap-
tor oligonucleotides as described by Haymerle et al. (1986). The mouse liver
library was screened with a cDNA coding for human C9 radioactively labelled
by the method of Feinberg and Vogelstein (1983). After washing the filters at
intermediate stringency (1 x SSC buffer at 42°C), areas containing positive col-
onies were scraped off the agar plates and resuspended in 5 ml of broth. 0.1 ml
of this was kept at - 80°C in freezing medium while plasmid DNA was amplified
and then extracted from the remainder. The mixed plasmid preparations were
then cut with BamHI to release the cDNA inserts and analysed by Southern blot-
ting with the human C9 probe. The preparation with the largest hybridising frag-
ment was chosen and the corresponding frozen aliquot of cells used to re-plate
and colony purify the clone. A similar procedure was used to screen for trout
C9 using mouse C9 as a probe. In both cases clones containing the full open
reading frame were obtained. The clones were fragmented by ordered deletion
(Labeit et al., 1987) and random shotgun approaches and sequenced using the
dideoxy method (Sanger et al., 1977). All sequences were determined on both
strands of the DNA.

Construction of epitope libraries
Human C9 cDNA (5 Ag) was fragmented by digestion with DNase I in the presence
of manganese ions and repaired using the Klenow fragment of E. coli DNA
polymerase. Adaptor oligonucleotides (Haymerle et al., 1986) were separately
ligated to these fragments and to BamHI cut pEX627 plasmid. pEX627 is a
derivative of pEXl, having bases 628-3195 deleted. It produces a smaller fu-
sion protein than pEX 1 and is easier to use for double stranded plasmid sequenc-
ing. The adaptor-ligated fragments were fractionated on a low melting point agarose
gel, and fragments of 100-200 base pairs in length were excised, melted and
ligated to the adapted vector at 37°C. DNA was then extracted from the agarose
gel ligation mix using phenol and chloroform, and precipitated with sodium acetate
and ethanol. Competent cells of strain pop 2136 were used to make a library
of about 2 x 104 transformants which were screened according to published pro-
cedures (Stanley, 1983; Stanley and Luzio, 1984) with a polyclonal antiserum
raised against C9 protein purified by affinity purification on a monoclonal anti-
body column (Morgan et al., 1983) or using commercial antisera against
biochemically purified C9. 165 positive clones were picked onto cellulose nitrate
filters and, after expression, challenged with monoclonal antibodies and the
polyclonal antiserum affinity purified on individual 'epitope' clones. This step
was carried out by spreading about 1000 colonies from a colony purified clone
onto a nitrocellulose filter and processing as described for the colony blot to ob-
tain a filter with solubilsed fusion protein and E. coli proteins bound. This filter
was then incubated with polyclonal antiserum diluted 1: 100 for 16 h at 4°C, and
washed 4 x in phosphate buffered saline containing 0.1 % gelatin, 0.1 % Triton
X-100, 1 mM benzamidine and 40 p:g/ml phenylmethylsulphonyl fluoride. Specific
antibody was eluted by incubation for 3 min at 0°C in Tris glycine pH 2.5 con-
taining 0.1% gelatin. Eluted antibody was immediately neutralised in an appropriate
amount of 2 M Tris base and used immediately to stain filters of the original
165 epitope clones. These procedures are described in detail elsewhere (Stanley,
1987).
Clones selected for sequencing were grown up in 40 ml cultures in order to

isolate plasmid DNA. This was then subjected to double stranded sequencing
as described (Chen and Seeburg, 1985) using the following primers: 5' sequenc-
ing primer (pEX627); GAATTATTTTTGATGGCGTTAACTCGGCG
3-sequencing primer: CTAGAGCCGGATCGATCCGGTC.
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