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Abstract. The plasma complement system comprisesdntroduction
several activation pathways that share a common termi-

nal route involving the assembly of the terminal comple- 1 '€ términal half of the complement cascade is a com-
ment complex (TCC), formed by C5b—C9. The order of Mon pathway shared by all the pathways of complement

emergence of the homologous components of TCC (Cegctwatlon. The proteins involved, C5, C6, C7,&&83,

C7, C8y, C83, and C9) has been determined by phylo- and C9, with the exception of C5, are comprised of sev-
ger’1etic ,analy’ses of their amino acid sequences, Using & ral conserved cysteine-rich modules and a cysteine-poor

the sequence data available for C6—C9 proteins, as welf9'on- Interestingly, the chain of C8 does not partici-

: ate in the formation of the C5b—9 complex (Brickner
as for perform;,.the results suggested that these TCBnd Sodetz 1984). Although C5b-9 is often called the
components originated from a single ancestral gene an

membrane attack complex (MAC), this martial term is

that C6 and C7 were the earliest to emerge. Our ewdencg propriate only for the defense agaiNsisseriapatho-
supports the notion that the ancestral gene had a compl ns and for the pathologic effects of C5b—9. It is more

modular composition. A series of gene duplications inaccurate to refer to C5b-9 as a terminal complement
combination with a tendency to lose modules resulted ir}:omplex (TCC), because it is normally involved in sig-
successive complement proteins with decreasing modysyjing to host cells (reviewed by Nicholson-Weller and
lar complexity. C9 and perforin apparently are the resulty,herin 1993). C5b-9 can insert into membranes and
of different selective conditions to acquire pore-forming jneract directly with G proteins, thus effecting signaling
function. Thus C9 and perforin are examples of evolu-i, the aphsence of a specific receptor (Niculescu et al.
tionary parallelism. 1994). The first step in activating C5b-9 is to activate
_ ) C5. While the amino acid sequence of C5 is homologous
Keywords:  Evolution — Complement system —Ter- 5 that of C3 and C4 (Nonaka and Takahashi 1992), C6,
minal compler_nent complex — Membrane attack com-c7 cg,. C8B, and C9 are homologous to perforin, the
plex — Perforin lytic protein of NK cells and cytotoxic lymphocytes
(Young et al. 1986a). The similarity in size, sequence
and function between perforin and C9 (reviewed by
Tschopp et al. 1986; Young et al. 1986b), led to the
Correspondence tod.P. Laclette;e-mail: laclette@servidor. hypothesis that C9 emerged from the original duplication
unam.mx of the common ancestral gene to perforins and to TCC
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Table 1. Matrix of identity and distance values betwen C6—C9 and the perforins

GenBank

reference Puffer C9 Trout C9 Rat C9 Mouse C9 Rabbit C9 Horse C9 Human C9
Puffer C9 1845349 — 68.3 48.44 47.29 47.74 48.16 47.59
Trout C9 116616 0.318 — 49.58 48.44 47.47 48.45 47.61
Rat C9 1256828 0.516 0.504 — 80.94 77.56 80.33 78.95
Mouse C9 755764 0.527 0.516 0.191 — 71.87 74.37 72.14
Rabbit C9 1352109 0.523 0.525 0.224 0.281 — 81.87 81.04
Horse C9 1352107 0.518 0.515 0.197 0.256 0.181 — 87.91
Human C9 1352108 0.524 0.524 0.211 0.279 0.19 0.121 —
Rabbit C& 1352105 0.65 0.649 0.613 0.594 0.614 0.588 0.614
Human C& 729167 0.657 0.646 0.606 0.598 0.602 0.59 0.61
Rabbit C® 1352106 0.675 0.665 0.62 0.616 0.641 0.634 0.64
Human C® 116612 0.658 0.659 0.605 0.607 0.617 0.628 0.628
Human C6 116609 0.644 0.65 0.639 0.624 0.632 0.641 0.635
Human C7 87197 0.656 0.645 0.612 0.622 0.609 0.615 0.612
Mouse perforin 110800 0.712 0.727 0.733 0.718 0.725 0.725 0.74
Rat perforin 548477 0.72 0.727 0.733 0.725 0.74 0.74 0.756
Human perforin 129819 0.735 0.727 0.74 0.733 0.733 0.74 0.756

2The identity values computed by MEGA appear above the diagonal. The distance values under the diagonal were calculated by PAUP t
reconstruct the phylogeny shown in Fig. 4.

proteins (Podack et al. 1988)_ According to this hypoth_database, as well as the cysteine-poor and epidermal growth factor
esis C8. C7. and C6 should have successively emergé@quences of human, rat, and mouse perforins, were initially aligned

o using the Clustal algorithm (Higgins and Sharp 1988) in DNAMAN
from C9 throth later ggne duPI,Icatlon events. Recently(Lynnon BioSoft 1994-1997) and then adjusted by eye. Sequences
a more complex evolutionary history for the TCC com- jcjudedHomo sapienghuman) C6, C7, G8, C88, and C9;Orycto-

ponents has been advanced, proposing that the ancestr@jus cunniculugrabbit) C&, C83, and C9; andRattus norvegicus
protein was a C6/C7-like molecule (Hobart et al. 1993, (rat), Mus musculugmouse),Equus caballughorse),Fugu rubripes
1995; Hobart 1998) and that the evolution of these pro_(puffer fish), andOncorhynchus mykigsainbow trout) C9. A branch-

. . .. and-bound parsimony analysis was carried out by 100 bootstrap repli-
teins proceeded from the complex t,o the §|mple. DeSpltéates with a prerelease version (4.0.0d61a) of PAUP (Swofford 1990),
the fact that more than a dozen amino acid sequences Qging the perforins as outgroups. Only the thrombospondin, low-
C6-C9 are already available, no phylogenetic analysisensity lipoprotein receptor, and epidermal growth factor modules plus
has been reported to test the two hypotheses. Thereforthe cysteine-poor region were included in the analysis because they are
we carried out standard analyses with all available amind}resgnt in all th_e TCC _proteins and can_be reIiabI)_/ aligned, excluding
acid sequences of C6-C9 and perforins as outgroup Il sites for which positional homology is uncertain (Swofford et al.

. 996) (Fig. 1). All other conditions were set at “default” for PAUP
Reconstructed trees suggest that C6 and C7, which ShaEtﬁaIysis. Distance phylogenetic analyses were also performed with

the greatest similarity to each other (Haeflinger et al.pPAUP by neighbor-joining searches in a bootstrap of 100 replicates.
1989; DiScipio et al. 1988), were the earliest TCC com-The distance measure is equal to the mean character difference. All
ponents to emerge. other conditions were set at “default.”

Relative Rate TesEvolutionary rates of change of perforins and
Materials and Methods TCC proteins were evaluated using the two-cluster relative rate test
(Takezaki et al. 1995) for the Poisson pairwise distances of the aligned
sequences. The test was carried out on all sequences that were used for
Phylogenetic Analysis of Amino Acid Sequend@sylogenetic  phylogenetic analysis, as well as on individual modules; gaps within
analyses were based on the amino acid sequence similarity of C6, CBequences were always excluded. The relative rate test calculations
C8ux, C83, C9 (C6-C9), and perforin. All of these are mosaic proteins were performed using the program PHYLTEST (Kumar 1996). In this
formed by a set of one to eight cysteine-rich modules of 30—70 amindest,L, andL, are the averages of observed numbers of substitutions
acids each and one central cysteine-poor region of approximately 35@er site from the common ancestor of each sequence clustet; then
residues (GorZez et al. 1996). The cysteine-rich regions include mod- L, is the null hypothesis under the constancy of the molecular clock,
ules that show similarity to sequences in other proteins, namely, thromt.e.,d = L, — L, = 0. Because the variance dfcan be estimated, the
bospondin, low-density lipoprotein receptor, epidermal growth factor,deviation ofd from 0 and thus the constancy of evolutionary rates
complement factor |, and the short consensus repeats present in thetween lineage A and lineage B could be examined with a two-tailed
“regulators of complement activation” gene cluster of the complementnormal deviate test, where the statisgishould not be larger than 1.96
control proteins (Reid and Day 1989). The epidermal growth factorto accept the rate constancy (null hypothesis) at the 5% level.
module and a partial cysteine-poor region are also present in perforin.
The amino- and carboxyl-terminal thrombospondin, low-density
lipoprotein receptor, cysteine-poor, and epidermal growth factor mod-  Statistic Analyseddentity was estimated by pairwise comparison
ules of all amino acid sequences available for C6—C9 in the GenBanlof the sequences used for phylogenetic analysis as well as of individual
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Table 1. Extended

Mouse Rat Human
Rabbit C& Human C& Rabbit C8 Human C® Human C6 Human C7 perforin perforin perforin

34.9 34.2 32.43 34.06 35.54 34.32 28.03 27.27 25.76
34.97 35.32 33.42 33.97 34.92 3541 26.52 26.52 26.52
38.66 39.36 37.96 39.51 36.14 38.77 25.95 25.95 25.19
40.64 40.18 38.39 39.32 37.58 37.77 27.48 26.72 25.95
38.55 39.83 35.89 38.34 36.83 39.14 26.72 25.19 25.95
41.16 40.99 36.62 37.23 35.93 38.53 26.72 25.19 25.19
38.55 38.95 36. 37.23 36.53 38.84 25.19 23.66 23.66
— 83.7 42.74 42.47 41.18 37.06 30.3 30.3 30.3
0.161 — 42.47 42.2 40.91 38.42 29.55 31.06 28.79
0.571 0.574 — 87.66 37.77 36.24 24.44 25.19 25.19
0.574 0.577 0.121 — 38.32 36.8 25.19 25.93 25.93
0.587 0.59 0.621 0.616 — 43.8 31.85 31.85 31.11
0.628 0.615 0.637 0.631 0.561 — 30.23 31.78 30.23
0.689 0.697 0.748 0.741 0.674 0.69 — 83.69 65.96
0.689 0.682 0.741 0.733 0.674 0.674 0.162 — 66.67
0.689 0.705 0.741 0.733 0.681 0.69 0.338 0.331 —

homologous modules of C6-C9 and perforins. Identijybgtween a  ponents. The only anomaly in the arrangement of C9

given pair of sequences was calculated by substitutinglintol - P sequences is the placement of horse C9, which also oc-
x 100, whereP is the number of difference®(distance) obtained using curred in the parsimony analysis. Distance values ob-

MEGA (Kumar et al. 1994). To estimate if the individual modules have | . . . . .

diverged at different rates, the means and standard deviations wetIeamed m, this analy3|s are also Shown in Table 1 One
calculated from the identity values of individual modules. The statis-€Xplanation for the lack of resolution of the parsimony

tical significance of differences in identity values among modules wasanalysis is related to the mosaic structure of C6-C9
tested using the Wilcoxon two-sample test included in the SAS Institutegenes; if the modules in the different proteins change at
package (SAS Institute, 1985), at a 5% significance level. different rates, the definition of some relationships could

be hindered in a parsimony analysis.

Results Rate of Evolutionary Change of TCC Protein Genes.
To determine the rate of evolutionary change within the

Phylogenetic Analysi#ll C6, C7, C8, C83,and C9 complete sequence data used for the analysis, a relative
share thrombospondin, low-density lipoprotein receptorrate test was carried out using all pairwise comparisons
cysteine-poor, and epidermal growth factor modulesamong proteins (Fig. 4). Each point on the graph repre-
with a total of 444 positions, including 314 informative sents theZ value obtained by comparing the distances
positions (Fig. 1). Perforins share part of the cysteine-between a given pair of TCC proteins and perforins. Two
poor and the complete epidermal growth factor modulesgroups of change trends were observedf @8oteins
involving 168 positions that can be reliably aligned to group with all C9 except human (Fig. 4A), whereas hu-
C6-C9, including 133 informative positions. Identity man and rabbit G8 group with C6 and C7, which follow
values from pairwise comparison of sequences range ben opposite rate trend (Fig. 4C). A significant rate diver-
tween 23.66 and 87.91 (Table 1). The branch-and-boundence (at the 5% confidence level) was observed only
parsimony analysis resulted in a tree showingr@®d  when human C9 was compared with C6 and C7 (Figs. 4B
C8B grouped and segregated from all seven C9, C6, andnd C), however, divergences close to the cutoff value of
C7 (Fig. 2). The internal arrangement of the C9 group,1.96 were also observed between human C9 and both
with the exception of horse C9, is in good agreementC8x (Fig. 4C). Most of the other pairwise comparisons
with the well-known phylogeny of these species. How-with human C9 resulted iZ values higher than the rest
ever, there was no resolution for the order of emergencérig. 4A and B). Additional relative rate tests carried out
of TCC components, as all C6—C9 appear to emerge ain pairwise comparisons of individual cysteine-poor or
the base of the branch of the complement proteins. Irepidermal growth factor modules indicated that signifi-
contrast, a neighbor-joining analysis using PAUP re-cant deviations of the rate constancy were caused by the
sulted in a fully resolved tree with bootstrap values bettercysteine-poor module (not shown). This divergence in
than those obtained by parsimony phylogenetic analysithe change rates most likely explains the lack of resolu-
(Fig. 3). In this tree, the clade formed by C6 and C7 istion of the parsimony phylogenetic analysis, which does
placed as the sister group of the rest of the TCC comnot consider heterogeneity in evolutionary rates.
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Copuffer CV...WSRWAPWSSCDPCTNTRRRSRGVEVFGQFAGIACQGSV..GDREYCITNAKCNLPPPRECSDSEFQC.ESGSCIKLRLKCNGDYDCEDGS.DE.D.CE. . PLRKT. CPPTVLDTN 144
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cotrout WSRWSEWTPCNSCTKIRHRSRSVEVFGQFGGKPCQG . QPTGEQQRCTSDAVCEQALPSECSSIEFTC . ESGACIKLRLSCNGDYDCEDGS . DE.D. CE . . PVRKP . CGTKLYDTN 127
corat . STNSQWSQCDPCLKQRFRSRSMEVFGQFQGKSCA . . DALGDRQHCEPTQECEEVQEN . C . GNDFQC . ETGRCIKRKLLCNGDNDCGDFS . DESD . CESDP . RLP . CRDRVVEES 161
Comus . SPWSNWSECDPCLKQRFRSRSILAFGQFNGKSCV . . DVLGDRQGCETTQECEEIQEN . C. GNDFQC . ETGRCIKRRLLCNGDNDCGDYS . DEND . CDDDP . RTP . CRORVAEES 128
C9rabb . SPWSEWSHCDPCLRQMFRSRSIEVFGQFHGKSCV . . DALGDRRACT PTEACEDAEE . DCEKDEFHCG . TGRCIKRRLLCNGDNDCGDFS . DEDD . CETEP . RLT . CRNREVQES 151
Cohorse SSWSEWSECDPCLRQMFRSRSIEVFGQFNGQRCV . . DAVGDRRQCVPTEACEEVED . DC . GNDFQCG . TGRCIKKRLLCNGDNDCGDFS . DEDD . CENDP . RPP . CRERVVEES 150
C9human . SPWSEWSQCDPCLRQMFRSRSIEVFGQFNGKRCT . . DAVGDRRQCVPTEPCEDAED . DC . GNDFQCS . TGRCIKMRLRCNGDNDCGDFS . DEDD . CESEP . RPP . CRDRVVEES 150
C8arabb . SSWSEWTDCFPCQDTKYRHRSLLQPNKFGGTICSG . DIW . DRASCYSPTACLRPAQ. . C . GQDFQCKETGRCLKRHLVCNGENDCLDGS . DEDN . CEDIRATESDCAQYD. . PT 146
C8ahuman SNWSEWTDCFPCQDKKYRHRSLLQPNKFGGTICSG . DIW. DQASCSSSTTCVRQAQ. . C . GQDFQCKETGRCLKRHLVCNGDQDCLDGS . DEDD . CEDVRAIDEDCSQYE . . PI 146
C8brabb SSWSSWTMCDPCQKKRYRHAYLLRPSQFNGEPCNFSDKEVED..CATSRPCRSQVR..CEG.,FVCAQIGRCMNRBLLCNGQHDCGDQS.DEAN.CRKIYKK...CHHEMEQYW 170

C8bhuman CEL. ..SSWSSWITCDPCQKKRYRYAYLLQPSQFHGEPCNFSDKEVED. . CUVTNRPCGSQVR. . CEG. . FVCAQTGRCVNRRLLCNGDNDCGDQS . DEAN . CRRIYKK. . . CQHEMDQYW 170
Cé6human CLLGDFGPWSD. . .CDPCIEKQSKVRSVLRPSQFGGQPCTEPLVAFQP. .CIPSKLCKI .EEADC.KNKFRCD.SGRCIARKLECNGENDCGDNS .DERD.CGRTKAV. . .CTRKYN.PI 187
C7human CQEDFYAPWSE.. CNGCTKTQTRRRSVAVYGQYGGQPCVNAF . ETQS . . CEPTRGCPT . EE.GC.GERFRCF . SGQCISKSLVCNGDSDCDEDSADE . DRCEDSE . RRPSCDIDK .PP 132
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copuffer EQGRTQ.AGYGINIL.GADPRMNPFNND4FFNG.RCDKVRNPNTLQLDRLPWNIGVLNYQLTNI KNKSEMRVKGRLOLSTYRMRSHQ . LOVADEFVAHVKSLPLEYEKGI . YYAFLE.D 324
Cotrout EQGRTA..GYGINIL.GMEPRINPENND.YFNG.MCNKVKNINNNEYNRLPWNVGLLNYEYTTI .KNKSFMRVNGRVQLSTYRMRSRD . LOVAGEFLEHVKSLPLEYEKGQ.YFSFLE.D 311
corat ELGRTA. . GYGINIL.GMDPLGTREDNE . FYNG . LCDRVRDGNTLTYYRKPWNVAFLAYEYLSQTK . KMFLHVRGMIQLGRFVMRNRG . VMLTTTFLDDVKALPVSYEKGE . YFGFLE. T 356
Comus ELGLRA . . GYGINIL.GMEPLRTPFDNE . FYNG . LCDRVRDEKT . . YYRKPWNVVSLIYEYLSQSK . KMFVHLRGVVQLGRFVMRNRD . VVLRSTFLDDVKALPTSYEKGE . YFGFLE . T
C9rabb  ELARTA..GYGINIL.GMDPLATPFDNE.YYHG.LCDRVWDGNTLTHYRKPWNVAVLAYEYSSQ . KEKMFLLVKGI IQLGRFVMKNRG . VMLTNTFLDDIKSLPTTYEKGE . YFAFLE.T 346
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Cohorse ELARTA..GYGINIL.GMDPLSTPFDNE.YYNG.LCDRVRDGNTLTYYRKPWNLASLAYEYSSK . KEKMFLHVKGVIQLGKFVMRSRD . VVLTTTFLDDIKALPTAYEKGE . YIAFLE.T 341
Cohuman ELARTA..GYGINIL.GMDPLSTPEDNE . FYNG . LCNRDRDGNTLTYYRRPWNVASLIYEYSSK . KEKMFLHVKGEIHLGRFVMRNRD . VVLTTTEVDDIKALPTTYEKGE . YFAFLE. T 341
C8arabb PGSEKAALGY..NILTQEEAQS..VYDARYY .GGRCETVYNGEWRHVRYDPVCER . LHHGYNEK . KYN . FMRIFTKVQTAHFKMRRDD . IVLDEGMLQALVELPEQYNYGM. YSKFIN .
CBahuman PGSQKAALGY..NILTQEDAQS..VYDASYY.GGQCETVYNGEWRELRYDSTCER . LYYGYNEK.KFI . FTRIFTKVQTAHFKMRKDD . IMLDEGMLQOSLMELPDQYNYGM. YAKFIN.D 336
C8brabb AIGSLAS...GIN.LFTNSLEG.PVLDHRYYAGG . CNPHYILDMR .KSK.FLHARSALEVAHYKL . KPRNLMLHYDFLQRVQRVPLEYSYGE . YRD . LFRD 339
C8bhuman GIGSLAS...GIN.LFTNSFEG.PVLDHRYYAGG.CSPHYILNTR .KSV. FLHARSDLEVAHYKL . KPRSLMLHYEFLQRVKRLPLEYSYGE . YRD . LFRD 339
Céhuman PSVQLM. .GNGFHFLAGE . PRGEVLDNS . FT . GGICKTVKSSRTSNPYRVPAN . . . LENVASHK . KDSSFIRIHKVMKVLNFTT . KAKDLHLSDVFLKALNHLPLEYN . SALYSR . IFDD 360
C7human  PNIELT..GNGYNELTGQFVNR.VINTKSF . .GGQCRKVFSGDGKDFYRLSGN . . VLSYT. . HKGKSYQLLVVENTVEVAQF INNNPEFLQLAEPFWKELSHLPSLYDYSA . YRR . LIDQ 296

perfomus .YHR.LISS 217
perforat .YRR.LISS 217
perfohum .YLR.LISN 217

0 OFCCOG O COO00OECEOCLO0000 COGE0OURE T DO D000 0000 GO0 00 U0 000 00 CULEET COCEn
copuffer YGTHYTKNGKSGGEYE.LVY..VLNQDTIKAKN.LTE.RKIQECLKIGIVVDNVMTSVKGGSLESAVTMWARTIASA.PALINSEPEPIYM.LIPTDIPGA. .NSRIANLKQATADYVAE 488
C9trout YGTHYTRNGKSGGEHQ.LVY..VLNQDTIKDKK.LTE .RKLODCIKVGILVDKVITVVRGGTLEAAVAMWARTVGDA . PALLSSEPEPIQT . LIPLSMPDA . . NTRRLNMQRATQEYEAE 475
corat YGTHYSSSGSLGGLYE.LIY. . VLDKASMKEK . GVE . LSDVKRCL . . GFIIDDVISFIRGGTRKQAVLLWASSLDDA . PALISQKLSPIYN . LIPLTMKDA . . YAKKONMEKAIEDYVNE 526
Comus YGTHYSTSGSLGGQYE. IVY . . VLDKASMKEK . GVD . LNDVKHCL . . GFIIDDVISFIRGGTREQAILLWASSLANA . PALISQRMSPIYN . LIPLKIKDA . . YIKKQNLEKAVEDYIDE 487
C9rabb  YGTHYSSSGSLGGRYE.LIY..VLDKASMKEK.GIE.LNDIKKCL..GFLIDDVISLIRGGTQKFAFELWASSLSDA.PVLINQKLSPIYN.LIPVKIKDA. . HQKRONLERGIEDYINE 514
Cohorse YGTHYSSSGSLGGLYE.LIY..VLDKASMDQK.GVE.LRDIQRCL. .GFLIDDVISLIRGGTRKYAFELWASSLNDA . PVLISQRLSPIYN . LIPVKMKDA . . HOKKONLERAIEDYINE 504
Cohuman YGTHYSSSGSLGGLYE.LIY..VLDKASMKRK.GVE . LKDIKRCL. .GYLIDDVVSLIRGGTRKYAFELWASSINDA . PVLISQKLSPIYN . LVPVKMKNA . . HLKKONLERAIEDYINE 504
C8arabb YGTHYITSGSMGGTYE...YILVLNTEKMESL.GVTS.EDISSCE .GGF . . KDIISRVRGGSSGWGGGLWGRSLKYN . PVVIDFEMQPIHEVLLHTNLGHY . . EAKRQNLRRALDQYLME 495
C8ahuman YGTHYITSGSMGGIYE. . .YILVIDKAKMESL.GITS.RDITTCF.GGS. . .DIISRVRGGSSGWSGGLWGRSLKYN . PVVIDFEMQPIHEVLRHTSLGPL . . EAKRONLRRALDQYLME 493
C8brabb FGHHFITEAVLGGIYE. ..YTLIMNKEAMER. .ADYSLNDVQACAKNDF . . . DLVVLVRGGASEHITALWGDAVQYN . PAITKIKVEPLYE . LVTATDV . AYSSTVKQNMRQALEEFQGE 499
csbhuman FGTHYITEAVLGGIYE. ..YTLVMNKEAMER . .GDYTLNNVHACAKNDF . . . DLVVLVRGGASEHITTLWGDAVQYN . PALIKVKVEPLYE . LUTATDF . AYSSTVRONMKQALEEFQKE 499
Céhuman FGTHYFTSGSLGGVYD.LLY.QFSSEEL.KNS.GLTEE. EAKHCVRIET. . . .. .. LIRGGRSEYGAALWLESVKEN . PAVIDFELAPIVD . LVRNIPC.AV. . TKRNNLRKALQEYAAK 517
C7human YGTHYLQSGSLGGEYRVLFY . .VDSEKL.KQNDF . . NSVEEKKCKSSGW. IRGGGAGFISGLWAESVT . NLPQVIKQKLTPLYE . LUKEVEC . AS . . VKKLYLKWALEEYL. . 447
perfomus YGTHFITAVDLGG..RISVLTALRTCQLTLN. .GLTAD.EVGDCLNVEA. . LGGPLDSTHDLWTASLPSN . PGLVDYSLEPLHT . KREALRQAISHYIMS 369
perforat YGTHFITAVDLGG..RVSVLTALRTCQLTLD..GLTAD.EVGDCLSVEA. . LGGPLDSSNDLWIASLPTR . PDVVDYSLEPLHI . LL/ KREALRQAISHYVMS 369
perfohum YGTHFIRAVELGG..RISALTALRTCELALE..GLTDN.EVEDCLTVEA. . VGGHHTS INDLWVNSLPGS . PGLVDYTLEPLHV . LLI RREALRRALSQYLTD 369

[ 2 A

00000 0 G 000 00000000 O 0 D00000ee o O 00 OO g a0 oL Excluded sites
Copuffer YNV...CKCRPCHNGGTLALLDGKCICMCSNLFEGLG .CQWSCWSSWSNCQ.GQKRSRTRYCNTEGVL . .GAECRGEIRSEEYC 586 1-36, 200-268, 369-404, 425-441, 525-545
C9trout YSV...CKCKPCHNGGSLALLDGKCLCLCLPQFEGLA .CQWSCWAAWSGCS .GGKRIRTRSCNTQGLS . . DATCRGDIVTEDYC 574 1-18, 183-255, 356-391, 412-428, 512-533
C9rat FSARK. . . CYPCQNGGTAILLDGQCMCSCTIKFKGIA. 1-53, 217-300, 399-441, 462-479, 563-567

1-20, 182-263, 362-402, 423-440, 524-528
1-42, 207-290, 389-429, 450-467, 551-557
1-42, 206-285, 384-419, 440-457, 541-547
1-42, 206-285, 384-420, 441-457, 541-559

C9mus FSTKR. . .CYPCLNGGTIILLDGQCLCSCPMMFRGMA .
C9rabb FSTKK. . . CSPCONGGTALLMDGQCLCTCPFMFEGIA .
C9horse FSVRK CHPCQNGGTVIQIDGQCLCSCPIAFEGIA.

C9human FSVRK. ..CHTCQNGGTVILMDGKCLCACPFKFEGIA.

C8arabb F...NACRCGPCFNNGKPILEGTSCRCQCSLGLQGPA.CEWSCWGSWSPCTAGTRERRRE . CNNPAPQNGGAPCPGWRVQTQAC 585 1-38, 201-281, 380-417, 436-446, 531-542
C8ahuman F...NACRCGPCFNNGVPILEGTSCRCQCRLGSLGAA.CEWSCWSSWSVCRAGIQERRRE . CDNPAPQNGGASCPGRKVQTQAC 584 1-38,201-281, 380-417, 435-445, 530-54
C8brabb VSP...CRCAPCQGNGVPVQKGSRCDCICPVGFQGSA. CENSCWSRWSSCSGGQKTRRRQ . CNNPAPQDGGSPCSGPASETLAC 590 1-64, 210-284, 384-421, 439-451, 536-547
C8bhuman VSS. . .CHCAPCQGNGVPVLKGSRCDCICPVGSQGLA . CENNCWSNWSSCSGRRKTRORQ . CNNPPPQNGGSPCSGPASETLDC 590 1-64, 210-284, 384-421, 439-451, 536-547
Céhuman FDP. . .CQCAPCPNNGRPTLSGTECLCVCQSGTYGEN . CENGCWSSWSTCDATYKRSRTRECNNPAPQRGGKRCEGEKRQEEDC 611 1-81, 240-304, 405-442, 456-471, 554-567, 612-934
C7human .DP...CHCRPCQNGGLATVEGTHCLCHCKPYTFGAA . CENSCWSSWSPCVQGKKTRSR . ECNNPPPSGGGRSCVGETTESTQC 543 1-27, 188-242, 343-376, 389-405, 488-502, 546-843
perfomus RARWQNCS.RPCRS.GQHKSSHDSCQCECODSKVINODC. . . v\t vttt teteeteee e at et aeeanens 406 1-210, 262-302, 314-326, 407-554

perforat RARWRDCN.RPCRA.GQHKSSRDSCQCVCQODSNVINODC . .. ..ttt ittt ete e eene et etaeaeaeennnns 406 1-210, 262-302, 314-326, 407-554

perfohum RARWRDCS.RPCPP.GRQKSPRDPCQCVCHGSAVITODC . . .« vt e otee et oot e e e e e e e e 406 1-211, 263-303, 315-327, 406-555

Bold = Identical positions v = Points where variable sites were excluded =»===... = Cysteine-poor region

Underlined = Same group amino acids ~—_—— = Thrombospondin module [ =Epidermal Growth Factor module

i1 = Informative position -l -, Density Lipoprotein receptor module

Fig. 1. Alignment of partial amino acid sequences of C6-C9 and GenBank. puffer, puffer fish; trout, rainbow trout; mus, mouse; rabb,
perforins used for the phylogenetic analyses. All sites for which posi-rabbit; perfomus, mouse perforin; perforat, rat perforin; perfohum, hu-
tional homology was uncertain were excluded (listed at the end of theman perforin.

alignment). Numbering of sequences is used as they appear in
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Puffer C9 Table 2. Average pairwise identity values for individual thrombo-
spondin, low-density lipoprotein receptor, cysteine-poor, and epider-
100 Trout C9 >
—— mal growth factor modules among TCC proteins
Rat C9
100 Module Average SB
56 Mouse C9
Rabbit C9 Low-density lipoprotein receptor 63.9 115a
100 — Thrombospondin C terminal 50.1 11.5b
Horse C9 Thrombospondin N Terminal 43.8 15.3¢c
86 Epidermal growth factor 42.2 16.7 cd
80 Human C9 Cysteine-poor region 38.4 16.7d
Rabbit C80 2 Letters following the SD values show the results from a Wilcoxon
100 -————l:: two-sample test. Data followed by different letters are significantly
100 Human C8a .
different from each othemp(= 0.05).
64 ~ RabbitCsp
100 Human C8 bospondin module (also present in C9 from fish). The
Human C6 more complex modular structures of C6 and C7 show
Human C7 additionally two short consensus repeats and two

complement factor | modules; finally, C6 also possesses
Mouse perforin one more amino-terminal thrombospondin module (Ho-
= I Rat perforin bart et al. 1995). The tree .obt.ained from our distance

analysis suggests that duplication of the ancestral gene
Human perforin with a complex modular composition evolved through
Fig. 2. Parsimony analysis. Fifty percent majority-rule consensus WO pathways, each characterized by a tendency to lose
tree resulting from a branch-and-bound analysis of the amino acidnodules: one pathway led to the simple structure of per-
sequences of C6-C9 with 100 bootstrap replicates. Perforins were useforin, which functions independently to form pores. The
as outgroups. second evolutionary pathway produced the ancestor of
C6-C7, with its complex modular structure. Further du-
plications and loss of modules led successively to C8 and
C9. The TCC evolutionary pathway, unlike the perforin
pathway, retained the evolutionary intermediate proteins
(C6-C8), presumably because of their function in sig-

If a given module has changed at a rate significantly
different from the others, its identity values should cor-
relate with these differences. As shown in Table 2, iden
tity values of the low-density lipoprotein and carboxyl- naling, vide infra.

terminal thrombospondin modules are significantly Our results suggest a single origin for C6-C9 proteins

d|ﬁer9nt from those O.f the other modules, wherggs theand that the minimum common ancestor of the terminal
cysteine-poor and amino-terminal thrombospondin 'den'components must have possessed a complex modular

tity values are not significantly different from that. of th.e structure, in agreement with the concept that it extended
epidermal growth factor module. The mean of |dent|tyfr0m the amino-terminal region of C6 up to exon 10 or

values within the cysteine-poor region is the lowest, SU91 of the carboxyl-terminal of C8 (Hobart et al. 1993,

gesting that this module has changed more rapidly thaf ggs. y5hart 1998). The fact that puffer fish and trout
the rest. C9’s are similar in their modular composition to human
rabbit C& and C (Yeo et al. 1997; Tomlinson et al.
_ _ 1993), and different from the more recent C9 of mam-
Discussion mals, might be indicative of this tendency to lose mod-
ules after the emergence of the ancestral complex gene.
Our results from the distance phylogenetic analysis usingdobart et al. (1993, 1995; Hobart 1998) also proposed
all deduced amino acid sequences available for perforinthat C6 and C7 emerged first, then C8, and later C9. In
and C6—C9 suggest that C6 and C7 were the earliest dheir genetic analysis of C6 and C7 proteins, they noted
the homologous TCC proteins to emerge during evoluthat intron—exon boundaries occurred commonly within
tion. Perforins have a simple modular composition in-modules, as opposed to between modules. This complex
cluding single cysteine-poor and epidermal growth factorintron—exon relationship between the low-density lipo-
modules. Among TCC components, the C9 proteins argrotein receptor and the cysteine-poor, as well as be-
the simplest, with cysteine-poor and epidermal growthtween the low-density lipoprotein receptor and the adja-
factor modules like the perforins, plus thrombospondincent thrombospondin module is conserved from C6 to
and low-density lipoprotein receptor modules. In ad-C9. Thus, it would be unlikely that C9 could have arisen
dition to the cysteine-poor, epidermal growth factor, by simple exon shuffling.
low-density lipoprotein receptor, and thrombospondin  The earlier emergence of C6 and C7 has functional
modules of C9, C& and C® possess an extra throm- implications: C5b and C5b6 cannot signal, but C5b67
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0.160 Puffer C9

0.111

100 0.158 Trout C9
0.066 0% Ratco
77
100 0.022,
Mouse C9

Rabbit C9

69
0.020—

] 0.053 porse C9

100 { %96 Human C9
0081 Rabbit C8at
0.194
100 | %909  Human C8ar
0.225
100 0’”9’(;3 0065 Rabbit C8P
0.240
100 | %056 Human C8p
0.279 Human C6
0.049
0.281
64 Human C7
100 0.081
— Mouse perforin . . . .
0.083 Fig. 3. Distance analysis. Fifty percent
0.081 majority-rule consensus tree resulting from a
: Rat perforin neighbor-joining analysis of the amino acid
sequences of C6—C9 with 100 bootstrap replicates.
0.170 Branch lengths (iritalics) and bootstrap values are
Human perforin also shown. Perforins were used as outgroups.

can transduce intracellular signals by two mechanismsence of control proteins (DiScipio and Hugli 1985). In
(Vanguri and Shin 1988; Niculescu et al. 1993). C5b67normal circumstances C8 can bind only to C5b—7, while
can insert into the membrane (Hammer et al. 1975) aneC9 can bind only to C5b-8. This enforced order of re-
signal using Gi (Niculescu et al. 1994) proteins or canactivity provides further functional evidence that the or-
refold and signal from outside the cell (Wang et al. der of evolution was from C6 to C9.

1995), also using Gi proteins (Wang et al. 1996). Impor- In summary, our phylogenetic analysis strongly sup-
tantly, C5b67 is the smallest functioning signaling unit of ports the earlier emergence of C6 and C7, followed suc-
the TCC. The subsequent emergence of C8 would haveessively by C8 and C9. The functional similarities be-
allowed a floppy C5b678 channel to form (Gee et al.tween C9 and perforins have two independent origins in
1980), which enhanced the basal Gi signaling with athe phylogeny presented, and the selective conditions
modest C&" flux. Finally, the emergence of C9 would that led to these two proteins with pore-forming ability
allow a rigid channel to form and a major €dlux could  were presumably different. The need for a cell lytic po-
supplement the basal Gi signaling (Michaels et al. 1976)tential led to the evolution of perforin, whereas the se-
The functional consequences of the incremental signallective advantage of enhancing the C5b-8 signal through
ing afforded when C8 or C8 plus C9 is added to mem-increasing the C4 flux led to the evolution of C9. The
brane-inserted C5b—7 are well documented (Niculescu alivergence after the duplication of the common ancestral
al. 1993, 1997). Although purified C9 can polymerize by gene, which gave rise through separate pathways to the
itself to form a channel in vitro, the conditions necessarypore-forming perforin and C9, is supported by the fact
for this activity are not physiologic, i.e., a high molar that nonhomologous regions appear to be responsible for
concentration of C9, an absence of C5b—8, and an althe lytic activity in both proteins (Liu et al. 1995). Ac-
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A
—&— C9.puf
—— C9.tro
—&— C9.rat
—»— C9.mus
—%— C9.rab
~&— C9.hor
~—6—C38[3 .rab
=8-C38f3 .hum
2.5
B
2
15+
z —— C9.hum
1 L
0.5
0 +
2.5
C
Fig. 4. Heterogeneity of evolutionary change
2 among C6—C9. Statisti£ values obtained from
the relative rate test by pairwise comparisons
15 —&—C6.hum among sequences. Each point on the graph
7 —@—C7.hum represents th& value obtained from comparing
. —#—(C8a.rab the distance from a couple of sequences to the
=¥ C8a.hum perforins. Points are joined by lines only for
presentation purposes. Therizontal lineshows
0.5 the cutoff value (above 1.96 is considered to be
out of a constant evolution rate). C9.puf, puffer
o | ‘ ‘ ‘ . ‘ ¥ n ; fish C9; C9.tro, rainbow trout C9; C9.mus, mouse
S & 8 3 € 5 E 8 E § E E E C9; C9.rat, rat C9; C9.rab, rabbit C9; Cg.h_or,
& & g E g = £ & & 5 & £ Z horse C9; C9.hum, human C9; &8ab, rabbit
o © S © 9 3 = 38 % S8 O C8a; C8x.hum, human C8&; C8B.rab, rabbit C8;
. © © C8B3.hum, human C@; C6.hum, human C6;
Comparisons C7.hum, human C7.

Cording to this view, the pore-forming ability shared by The structure of human complement component C7 and the C5b-7
C9 and perforin is an example of parallelism. complex. J Biol Chem 263:549-560
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