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Abstract. Complement control proteins (CCPs)
contain repeated protein domains, short consensus
repeats (SCRs), which must be relevant to diverse
functions such as complement activation, coagula-
tion, viral binding, fetal implantation, and self-non-
self recognition. Although SCRs share some
discontinuous and imperfect motifs, there are many
variable positions and indels making classification in
subfamilies extremely difficult. Using domain-by-do-
main phylogenetic analysis, we have found that most
domains can be classified into only 11 subfamilies,
designated «a, b, ¢, d, e, f, g, h, i, j, or k and identified
by critical residues. Each particular CCP is charac-
terized by the order of representatives of the sub-
families. Human complement receptor 1 (CRI) has
ajefbkd repeated four times and followed by ch. The
classification crosses CCPs and indicates that a par-
ticular CCP is a function of the mix of SCRs. The aje
set is a feature of several CCPs including human CR/
and DAF and murine Crry and appears to be asso-
ciated with the success or failure of implantation inter
alia. This approach facilitates genomic analysis of
available sequences and suggests a framework for the
evolution of CCPs. Units of duplication range from
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single SCRs, to septamers such as efbkdaj, to exten-
sive segments such as MCP-CRIL. Imperfections of
duplication with subsequent deletion have contrib-
uted to diversification.
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Introduction

The complement control protein (CCP) family has
been conserved from invertebrates to provide re-
quired regulation of complement and other cascades
and to enable self-nonself discrimination. The CCPs
have evolved in parallel with the complement cascade
and can be regarded as the major agents of regula-
tion. During vertebrate evolution the family has ex-
panded such that there are numerous copies clustered
throughout the vertebrate and indeed human
genome. Apparently functions have diverged and
now include viral receptors, regulation of adaptive
immunity, and maintenance of fetomaternal toler-
ance. (Bell 2000; Xu et al. 2000).

The CCP family is defined by the presence of reit-
erated protein domains known as short consensus re-
peats (SCRs). An SCR typically comprises 56—70
amino acids, including four cysteines and a tryptophan
which are thought to be essential in holding the domain
inits rigid triple-loop structure (Schwarzenbacher et al.
1999) which permits the formation of complex proteins
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and multiple binding affinities. Each CCP has a specific
number of SCR units at the genomic level, e.g., human
(Homo sapiens) CRI has 30 and Homo sapiens decay
accelerating factor (DAF) has four SCRs. Numerous
SCR-containing proteins are encoded within the ge-
nomic region known as the regulators of complement
activation (RCA) complex on 1q32.

It remains to be determined how such domains could
be responsible for such diverse functions, how each
CCP achieves a remarkable degree of ligand specificity,
and how self-nonself discrimination is mediated. In-
deed, it is still uncertain how it will be possible to ex-
plain the similarities as well as the differences in
function when component SCRs are compared.

Structure—function studies have exploited several
different approaches but can be difficult to interpret.
For example, the X-ray structure of two SCRs of
CR2 in complex with C3d highlights some of the
problems including similarities in sequence of SCRs
and therefore cross-reactivity of antibodies and in-
hibitory peptides (Szakonyi et al. 2001).

Valuable insights have been provided through the
use of in situ mutagenesis. For example, the Atkinson
group (Krych et al. 1998; Krych-Goldberg et al.
1999) has shown that some residues are important in
the binding of C4b to CRI. Interestingly, some of the
effects of mutagenesis are unexpected in that the
critical mutation is remote from the putative binding
site. Furthermore, a major conclusion is that combi-
nations of SCRs are more important than single do-
mains (Kirkitadze et al. 1999), suggesting that the
evolutionary unit is a specific set of SCRs. There is a
need for alternative approaches to define the se-
quence characteristics of these sets. Here we illustrate
the value of phylogenetic analysis.

From an evolutionary perspective, the CCP family
is a very useful model. Undoubtedly, duplication has
been the driver of expansion and diversification but
the extent of the region duplicated must have ranged
from a single domain or less through multiple con-
tiguous domains as fixed sets to genomic segments
containing large genes. All of these processes are
suggested from a comparison of cDNA sequences
and apparent to various degrees from genomic anal-
ysis of the data available for the RCA complex
(Heine-Suner et al. 1997; Rodriguez de Cordoba et al.
1999; http://www.ncbi.nlm.nih.gov).

With the dual aims of elucidating structure—func-
tion relationships and defining mechanisms of ge-
nomic duplication, we have analyzed genes within the
RCA complex and compared the results with those
obtained after earlier analyses of duplication within
the major histocompatibility complex (MHC)
(Dawkins et al. 1999).

We show here that SCRs can be classified into a
limited number of groups and the arrangement of
these groups relates to function. By analogy, each

SCR is a letter, the order of the letters defines sets (or
words), and the number and content of the words
create CCPs (or sentences).

We also show that, as in the MHC, it is the im-
perfection of the duplication processes that contrib-
utes to diversity.

Methods

Primate and Rodent RCA Sequences

The relationships between individual SCRs were investigated using
the following amino acid and nucleotide sequences: Homo sapiens
CRI1 (P17927 and YO00816), Homo sapiens CRIL (positions
1278188-1355188 on gi:22041066), Homo sapiens complement re-
ceptor 2 (CR2) (PL0009), Homo sapiens DAF (P08174), Homo
sapiens membrane cofactor protein (M CP) (P15529), Homo sapiens
MCPL (positions 1263188-1273188 on gi:22041066), Homo sapiens
C2 and factor B (Bf) (AF019413), chimpanzee (Pan troglodytes)
CRI1 (AAAS1438), Pan troglodytes DAF (AAF73177), baboon
(Papio hamadryas) CRI (AAA62170), Papio hamadryas DAF
(AAF73178), Papio hamadryas MCP (AAB66815), house mouse
(Mus musculus) CR1 (AAAT78271), Mus musculus complement
regulatory protein (Crry) (AAA37468), Mus musculus DAF
(AAB00092), Mus musculus MCP (BAA31859), Mus musculus CR2
(A43526), and Norway rat (Rattus norvegicus) Crry (AAA91821).

Strategy
Domain-by-Domain Analysis

Initially, we identified SCRs contained within RCA proteins
and other CCPs using Pfam (http://pfam.wustl.edu/) and database
annotation. Alternative definitions were also used, but in essence
the defining motif was simply C..C..C..W..C (Hourcade et al. 1989;
Reid et al. 1986).

Next, all domains were extracted and annotated before being
added to a SCR database. The individual sequences could be an-
alyzed without regard to their presence within a particular CCP.
The intention was to compare and classify SCRs independently
without bias.

Third, various phylogenetic analyses were used to establish
relationships between individual SCR sequences. Alignments were
created (ClustalW v1.8) and adjustments were evaluated depending
upon the purpose of the alignment. For example, the clusters were
found to differ by indels as well as residues and it was sometimes
necessary to realign on the basis of the C..C..C..W..C motif. Given
the divergence between and within duplicons of CCPs, evolution-
ary distances were estimated using the gamma distance model,
which accounts for multiple amino acid substitutions and variation
of substitution rate among sites. A gamma shape parameter of 0.93
was used based on previous studies of SCRs. (Krushkal et al. 2000).
Phylogenetic trees were constructed by neighbor-joining and par-
simony methods. Each tree underwent 1000 bootstrap replications
and was not rooted (Molecular Evolutionary Genetics Analysis
version 2.1; Pennsylvania State University 1993).

Peptide Searches

Using the amino acid alignment shown in Fig. 1, selected amino
acid motifs from the group consensus sequences were searched
against the databases SwissProt, Prosite, and GenBank/DDBJ/
EMBL using BLAST (http://www.ncbi.nlm.nih.gov/Blast) and
Motif 2 (http://motif.genome.ad.jp/MOTIF2.html).



7
57
&

o7
56
6
L]

- jul-clesssss -|-lal-]- -

re-f g eI L uw

2
kR E R ATV RN E NN
g -3 BE+caQQ=0 - EETT .
-

(=t
o sk E R L

(U]

e

~ A0 BBABRARBBAE -~ & -~ R e

-
R

P00 OOOR . s . s - -
% ~Frwocssogoe
Ca ~aasgsassass
4B aa
# P

Bk kR R - R a-gsasss

aeensssssafce7]

e
. R R
wih. - EFEEE -

¥ ES S ESSSSENEEE - .- B

S8 SAa8a8888888"-4 -~ r B BB BBB s r s -0 P F o s e e T -

IGSGGGIIIILIGGGQEG
BTNV TSUYy -0 -

TR - B
BRSO R e
APTIETTOTIOTT O - -

oW EHE NS EEEESESS 4D
(TR O
FRRRIRBERE-PEP I AE

7 = a[]

T e
PEEREFEE AR - ~EE I EIR

- - HER -BE BB, 282 - R -
- -« e e e EEE - - d ez - e A A& AR R AT Lol
- sEdidEEEESEEESZESE: ~=® Esssssmusan-z

L3 " EERERERERRREE-E X - EERERREF R~ -

R RN ~ae T PEElCOEEC

aww T

3 " > G- « -3

w0 = . TR T

.- e R

- VoD <0 TEY

o
W

Legend appears on 146.

e l

NN RN

Ak LLLELLLLELED

-r s

- NN N0

L
(RN
G L
L}
G L
RS
G L
G L
6L
6L
Er
ke
K F
Eo
K
Eos
LY

7= Seen® " TeTHoCSe28anTon LAz " £ gmn2 29%23 T =L T13a2 27
¢ sgZiizizz .. FiF¥SiZiiiiiiEaf.. iiza & 23L iz 2EER:  Es: i: Egzag 23t
3 ok GLLug Lag VeLTHOCELTECyCURE CE00 v UL Ll m(Mrul Lot B - Kﬂr Mcu
£ mr -umn- m m e 5212 ES® = "L am 1 m- mwh ] H mm = i m -m
i mmr m an MrMhnm nmmnmmmmmw MPMM 2 nhm Tea hmmumm I hMl 23z M nnn
H
- & - - - N - - -
&

Fig. 1.



146

] LI
Heow CHI-E EATG
Hoss CR2-12 gQny

Heosa CRI-2
Patr CRI-2
Fuba CRI-1
Husa CRI-%
Pair CR1-9
Pabs CRI-8
Hoss CRI-18
Fatr CRI-16
Paha CRI-1S
Hosa CRI-13
Pair CR1-23
Pahs CRI-22
Muma CRry-2
Rano Crry-1
Mumu CRI-2 @
Hesa DAF-3
Howa CR2-1

LR B I A A N

l:l"""'“"'"-"'-"“'

Howa CRI-6
Patr CRI-6
Paha CRI1-5
Hoss CRI-13
Patr CRI-13
Faha CHI-12
fioss CRI-20
Patr CR1-20
Puha CR1-19
Hoss CR1-27
Patr CR1-27
Paha CRI-28
Rano Crry-5
Mumu CR1-8
Veosm CHRI-A
Hosa MCP-2

- % & e rwsrBEOS0E

TR ERREEFEEREREER -

i

o -
i

v
¥

Consensus’
SCR Parterms

;;;;;;; F L& Y
Y E L F
v s v v

Fig. 1. Characteristic amino acid patterns of 11 SCR groups.
Hosa, Homo sapiens; Mumu, Mus musculus; Rano, Rattus norve-
gicus; Patr, Pan troglodytes; Paha, Papio hamadryas. *The con-
sensus SCR sequence derived by Hourcade et al. (1989). "The
proteins used to define the groups are Mumu and Rano Crry,
Hosa, Patr, Paha CRI, and the ajefbk portion of Mumu CR1. The
residues essential for defining any of the groups were only assigned

Genomic Analysis of the MCP and CRI Duplicons

The genomic sequence containing the genes CRI, MCP, CRIL,
and MCPL at 1q32 was taken from the NCBI database (http://
www.ncbi.nlm.nih.gov/) (positions 1103188-1453188 on contig
NT_021877.12 [gi:22041066]; accession numbers AL691452.7,
AL137789.11, AL365178.8, and AL035209.1) and compared against
itself using the dot matrix program, Dotter (Sonnhammer and Dur-
bin 1995). SCR and septamer locations were identified by aligning the
CRI mRNA (Y00816) with the genomic sequence of CR/ and CRIL
using Blast 2 (http://www. ncbi.nlm.nih.gov/blast/bl2seq/bl2.html).

Genomic Analysis of the CRI Revised Sequence

The genomic sequence containing the gene CRI at 1q32 has
recently been revised. The new sequence was taken from the NCBI
database (http://www.ncbi.nlm.nih.gov/) (positions 1129691—
1479691 on contig NT_021877.15 [gi:29789880]; accession numbers
AL691452.10 and AL137789.11) and compared against the older
CRI genomic sequence (positions 1128988-1248188 on contig
NT_021877.12 [gi:22041066]; accession numbers AL691452.7 and
AL137789.11) using the dot matrix program, Dotter (Sonnhammer
and Durbin 1995). SCR and septamer locations were identified by
aligning the CRI mRNA (Y00816) with the genomic sequences of
CRI wusing Blast 2 (http://www.ncbi.nlm.nih.gov/blast/bl2seq/
bl2.html).

Synonymous and Nonsynonymous Rates Within
CCPs

Based on the amino acid alignment described above, a sliding
window analysis was performed on the nucleotide sequences of
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when all group members had a single residue at a specific position
and are shown as black boxes. Positions where multiple residues
were present are designated with an x. Of these, gray boxes indicate
amino acids shared by multiple members of the group. Boxed
amino acids indicate the same amino acid in the CR/ and Crry
protein(s) and Hosa CR2, MCP, DAF, C2, and/or Bf. "Number of
residues for group based only on CRI and Crry proteins.

CRI SCRs to determine synonymous and nonsynonymous rates
using the program WINA v0.3 (Endo et al. 1996). Results were
plotted using Microsoft Excel 98.

Results

Phylogenetic Analysis Suggests a Universal
Classification of SCRs into Subfamilies Shared by
Many CCPs

To classify the SCRs and define relationships within
and between CCPs, we undertook several phylo-
genetic analyses of individual domains. All revealed
unexpected but remarkable similarities between some
SCRs. As an approach to classification we selected
the SCRs from the largest CCP. Figure 2 shows that
the 30 SCRs of Homo sapiens CRI yield seven distinct
clusters containing four SCRs. Each cluster contains
every 8th SCR, reflecting the four septamers (other-
wise known as long homologous repeats; LHR)
which account for the first 28 SCRs. The seven
clusters were designated a (1, 8, 15, 22), b (5, 12, 19,
26),d (7, 14,21, 28), e (3, 10, 17, 24), f (4, 11, 18, 25), j
(2, 9, 16, 23), and k (6, 13, 20, 27) so as to reflect
phylogenetic proximity. Although the relationships
between clusters were only provisional due to the



long branch lengths and require further analysis, the
intention was to develop a series of hypotheses to
describe the likelihood of common origins.

So as to define further clusters we then pooled the
SCRs of CRI and DAF; the SCRs fell within the 4, j,
and e clusters such that CR/ and DAF can be written
(ajefbkd)s, xx and aaje, respectively, indicating a
common set of aje (Table 1).

When SCRs of CR2 are included, clusters ¢, g, &,
and i appear, giving a total of 11 subfamilies. In-
terestingly, the two unclassified (x) and terminal (29
and 30) SCRs of CRI cluster with corresponding
SCRs of CR2, i.e., ¢ contains CRI/ SCR 29 and CR2
SCR 15 and / contains CRI/ SCR 30 and CR2 SCR
16; CRI and CR2 share a set consisting of ch. Thus,
as illustrated in Table 1, Homo sapiens CRI can be
written (ajefbkd)sch. CR2 is jfbkdgaidgbidfch, which
can be rewritten jf{a/bi/kdf/g)sch, where a/b, i/k, and
flg are introduced to recognize alternatives yielding
three tetramers with a or b, i or k, d, f or g preceded
by jf and followed, as in the case of CRI, by ch.
Alternatively CR2 could be j(f/ga/bi/kd)sfch, where
the tetramer is similar in content although different in
order.

As shown in Figs. 1 and 2, this analysis suggests
that SCR subfamilies have diverged to greater or
lesser degrees since the original sets were duplicated.
For example, the original tetramer of CR2 may have
contained the progenitors of ¢ + b, i+ j + k, d + e,
and f + g, which is now present in CR/ as ajef and in
CR2 as a/bi/ kdf]g. Within CR2, we deduce that the d
subfamily has been conserved relative to the other
more divergent components of the tetramer. Inter-
estingly, the terminal ¢/ set has been retained by both
CRI and CR2.

SCR Subfamilies and Their Sets Are Shared by
Different RCA Proteins

With rare exceptions, all SCRs in our database
could be classified into these 11 subfamilies (a to k)
or their putative progenitors and all CCPs examined
could be described according to the schema used for
CRI and CR2 (Table 1). For example, MCP is aj/
kdx, suggesting a common origin with CRI and
CR?2, divergence or shuffling yet relative retention of
the proximal aj set. CRIL is particularly interesting.
When the available genomic sequence is examined
(Fig. 3), we identify extra SCRs and a structure of
a(jefbk)-d, indicating a close but imperfect relation-
ship with CRI, viz. (ajefbkd)sch. Other sequences
may well indicate further heterogeneity, but on the
basis of the current data, it appears that the internal
Jjefbk set was duplicated as a pentameric segment or
that deletions occurred after duplication of the
ajefbkd septamer. Apparently, divergence is ongoing
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Fig. 2. Amino acid phylogeny of individual domains from Hosa
CRI reveals seven distinct clusters, each containing four SCRs.
CRI domains are numbered 1 to 30 (5" to 3"). There are seven
distinct clusters “abdefjk” containing every eighth domain, e.g.,
a contains 1, 8, 15, and 22. By contrast, ¢ and / contain a single
member (29 and 30, respectively). The data indicate that CRI
comprises four septamers, each containing in order ajefbkd. The
neighbor-joining tree is unrooted and the bar at the bottom of the
tree reflects the distance as calculated by the gamma distance model
(o = 0.93).

since, for example, the introns between ;1 and ;2
differ in length and, especially, the content of in-
sertions indicated by gaps (Figs. 4A and 4B). We
therefore asked whether there were other ways of
defining the subfamilies.

Substitutions and Indels Define SCR Subfamilies

Once the major clusters were identified by phylo-
genetic analysis, it became obvious that some residues
are characteristic of, or even restricted to, a single
cluster. Many of these residues had previously been
regarded as alternatives within all SCRs but we prefer
the possibility that there are sites which define specific
subfamilies. Further evidence for this interpretation is
shown in Table 2, where it can be seen that substi-
tutions correlate with coding indels and therefore the
number of residues, i.e., the length of the SCR.
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Table 1. Conservation of the complement regulatory SCR set aje across vertebrates

Species® Protein No. of SCRs Internal SCR structure®

Hosa CRI 30 (a,j, e f,b,k dy c h

Hosa® CRIL 12 a, (j, e, f, b, k), d

Patr CRI 30 (a,j, e f, b,k dy c h

Paha CRI 29 je, f.b, k,d, (a, ] e f b k,d)c h
Mumu MCRI 21 (a, j, e f,b,k),jf b k,d,gaidgidfch
Hosa mce 4 a, jlk d, g

Hosa MCPL 3 a, j/k, d

Paha mce 4 a, jlk,d, g

Mumu MCP 4 a, jlk,d, g

Mumu Crry 5 a, je f h

Rano Crry 7 a, je f,k h h

Hosa DAF 4 a,a,j e

Patr DAF 4 a,a,lje

Paha DAF 4 a, a,j,e

Mumu DAF 4 a,a,je

Hosa CR2 16 5, £ bk, d, g a,i,d,g b,i,d,f,c, h
Mumu CR2 15 5, f,b,k d g a,i,d,g1,d,f,¢c,h

% Hosa, Homo sapiens; Mumu, Mus musculus; Rano, Rattus norvegicus; Patr, Pan troglodytes; Paha, Papio hamadryas.

® Each SCR has been classified, using phylogenetic analysis, relative to the CR/ SCR nomenclature described in Fig. 2. In addition, SCR
sequences were compared to amino acid patterns corresponding to each CRI SCR cluster.

¢ CRIL genomic sequence from NCBI database, positions 1103188 to 1453188 on contig NT_021877.12. Analysis indicates that this internal
region contains additional CR/L SCRs that had not been described in the CRIL mRNA (A34924) (ajefbkj).

Conservation of SCR Subfamilies and Their Sets in
Other Vertebrates

The validity of the phylogenetic approach was eval-
uated by examining non-human primates and other
vertebrates. If the clusters are meaningful, they
should be apparent throughout at least recent evo-
lution. In terms of the order and position of sub-
families, DAF is the same in primates and Mus
musculus. Pan troglodytes and Papio hamadryas CRI
are identical to Homo sapiens CRI1 with the exception
that the first Papio hamadryas SCR a has been deleted
at the protein level (Table 1).

More interesting is the comparison with the
mouse. Mus musculus CRI has been contrasted with
Homo sapiens CRI (Holers et al. 1992; Kalli and
Fearon 1994; Molina et al. 1994; Prechl and Erdei
2000), but here we show that in spite of all the dif-
ferences, the sequence designated MCRI contains
ajefbk and is therefore identical to the first six SCRs
of Homo sapiens CRI1 and CRIL. The remaining se-
quence of MCRI is similar to CR2, as expected from
earlier observations, suggesting that MCR/ is in fact
CRI and CR?2 or, in view of the present findings, a
composite of CRIL and CR2. A comparison of
Homo sapiens and Mus musculus CR2 reveals the
expected three tetramers (a/b, k/i, d, f/g) followed by
ch, with the exception that the third tetramer in Mus
musculus has lost the first SCR. Interestingly, as with
Homo sapiens, d is less divergent than the other
SCRs.

The differences between primate and rodent CRI
suggest that the true orthologue for Homo sapiens
CRI and CRIL may be Crry rather than Mus mus-
culus CRI. Using our classification, the sequence
designated Mus musculus Crry is ajefh, raising the
interpretation that four external domains (ajef) may
subserve at least some CR/ or CRIL functions. The
Rattus norvegicus Crry sequence is designated ajefkhh
and therefore shares the ajef, although the terminus
may be different.

Human CR1 is Closer to Mus musculus Crry
than Mus musculus CR1

So as to investigate the evolutionary relationships
between Homo sapiens CRI1 and Mus musculus CRI
and Crry, we included all component SCRs in the
same phylogenetic analysis as shown in Fig. 5.
Clearly Crry ajef are very similar to the ajef, respec-
tively, of the first, second, and third septamers of
human CRI. Murine CR/ is more remote.

SCR Subfamilies and Function

Previous studies have suggested that the first three
and particularly the second and third SCRs are in-
volved in binding to C3 and C4. From Table 1, it can
be deduced that the aje set encodes the region of
relevance. Other sets of subfamilies clearly have a
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Fig. 3. Multiple duplications and
divergence following segmental
duplication of CRI and MCP
precursors. Dot-plot analysis of 350-
kb genomic region against itself.
Genes CRI, MCP, CRIL, and
MCPL and part of CR2 are shown.
The dot plot beneath the diagonal
line is of the unmasked genomic
sequence, while the dot plot above
the line uses sequence that was
masked using Repeat Masker
(http://ftp.genome.washington.edu/
cgi-bin/RepeatMasker). Since
segmental duplication of the CR/
precursor, it is apparent that
divergence has occurred by at least
three separate processes: first, the
basic unit has replicated such that
CRI is now a(jefbkd)4ch, whereas
CRIL is now (ajefbk),d; second,
individual SCRs have been added or
lost, e.g., ¢ and h; third, there have
been insertions/deletions to explain
the expansion of the region between
J(i) and j(ii) of CRI septamer 4 (see
Fig. 4a). Arrows indicate the

i b ; direction of the coding sequence.

different significance. For example, the ¢/ set relates
to the terminus.

Peptide Patterns Marking Functional Subfamilies

If, as implied above, the classification of SCRs re-
lates to function, it should be possible to determine
which amino acid residues are specific and critical to
the function of subfamilies, at least within ortholo-
gous proteins in related species. From Fig. 1 and
Table 2 it can be seen that there C..C..C..W..C are
defining in terms of SCRs generally but that most of
the other patterns are actually characteristic of
specific subfamilies at least within primates. For
example, a contains an A which is specific, with
some minor exceptions, within the b subfamily,
possibly indicating the proximity of ¢ and b. The
proximal I/L/V marker, used in earlier studies (see
patterns at the base of Fig. 1), is an I in d, e, and ¢
but M in /4 and P in j. It can also be seen that the D/
E markerisinaasa T,in b as Q, in c as M, in d as
K, injas S, in k as A. These residues are preceded
by a G which is not present in f, g, or i. The more
terminal proline is found in b, d, e, f, g, j, and k but
not in a and not necessarily in 4, ¢, or i, etc. With
minor exceptions most of the so-called motifs can be

used to define subfamilies of the SCRs of CR/ and
Crry (Table 2).

Indels and Extensive Continuous Sequences

A striking feature of these analyses is that the dif-
ferent groups of SCRs have specific insertions and
deletions (indels) and therefore specific lengths (Ta-
ble 2). Furthermore, as a consequence, there are
many more or less specific continuous sequences
which might not have been expected from previous
analyses.

Evolution of SCRs and CCPs

From the analyses of protein sequence, it is apparent
that RCA proteins have evolved through a series of
processes involving duplication and divergence of
SCR domains. It is also clear that individual SCRs
and particularly sets of SCRs have become special-
ized in terms of position, proximity, and undoubtedly
function. Thus, for example, aje and ch occur on
different proteins but in the same relative position.
Duplications, deletions, and other processes of di-
vergence have contributed to this process of special-
ization or selection.
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Fig. 4A. Analysis of masked genomic sequence of CRIL against
CRI. Sequences were masked using Repeat Masker (http://ftp.ge-
nome.washington.edu/cgi-bin/RepeatMasker). Colored lines run-
ning through the plot indicate positions of individual SCRs such
that a is red, j is dark blue, e is orange, f'is green, b is pink, k is
brown, d is light blue, and ¢ and / are black. Filled regions show
noncoding sequence between split exons (j and k). For the purpose
of discussion we assume that the CR/L was the progenitor of CR/

which arose through further piecemeal duplication of components
within CRIL. For example, the region of CR/L commencing at e/
has duplicated en bloc and there has been further diversification,
especially in noncoding regions between j2(i) and j2(ii). There are
other possible units of duplication commencing at ¢2. Note also
that in this sequence there are 12 SCRs within CRIL. The deletion
of the segment including d/, a2 is indicated by a vertical gap be-
tween k1(if) and j2(i).
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Fig. 4B. Dot-plot analysis of revised genomic sequence reveals an additional duplicon. Revised genomic contig (gi:29789880) containing
CRI shows evidence of an additional duplicated unit when compared against previously analyzed contig (gi:22041066). The same unit (e to

j2[ii]) can be identified in Fig. 4A.

Units of Duplication and Deletion

Having demonstrated that there are specific sub-
families of SCRs, it becomes clear that there must have
been many diverse units of duplication and deletion.
For example, a alone has been duplicated in DAF. The
set ajefbkd has been duplicated as a septamer in the

evolution of CRI. This septamer may have arisen by
insertion and addition of d to ajefbk, which is found in
CRIL and MCRI, or by a more complex process of
shuffling. Based on similarities between CRI and CR2,
we expect that there was a much earlier tetramer cor-
responding to ajef'and a trimer corresponding to bkdin
CRI and it appears that these may have been key ele-
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ments in the formation of many CCPs. Note also that
aje and bkd may have arisen from an ancestral form ofa
trimer designated a + b, j+ k, d+ e. That is, progenitors
of a+ b, of j+ k, and of d+ e may have given rise to aje
and also bkd.

Examination of genomic sequence must be quali-
fied by the difficulty in assembling duplicated se-
quences but appears to indicate extreme complexity.
Large units have also been duplicated and/or deleted;
shuffling of segments, whole genes, or their fragments
has been superimposed on the addition or loss of
smaller units. Thus the primordial CR/ and MCP
sequences were duplicated as a segment of at least
100 kb which has now extended through further in-
ternal duplication and insertion.

It is apparent that duplication may have been
imperfect, at least to the extent that some SCRs have
diverged substantially and independently while
maintaining their position within a duplicon. For
example as shown in Fig. 2, in Homo sapiens CRI, a
of septamer 1 (al) has diverged from a2 and a3
(which are identical), whereas f1, f2, and f3 are con-
served. In terms of divergence and conservation
within CRI, there are similarities between a and. j,
between ¢ and f, and among b, d, and k. It is inter-
esting that these groupings are similar to the sets
identified above, suggesting that there may be con-
straints imposed by function and selection.

Relevance to CCPs Encoded Within the MHC

C2 and Bf contain C..C..C..W..C but are encoded
within the MHC rather than the RCA complex.
We therefore asked whether subfamilies of SCR
can be identified. By phylogenetic analysis (Marti-
nez et al. 2001), it can be seen that the / subfamily
is present within C2-SCR2 and Bf-SCR2, suggest-
ing that the subfamily existed before the separation
of the MHC and RCA clusters. In both genes,
SCR3 has some features of a and b, as might be
expected if @ and b had a common origin, viz a +
b. In both genes, SCRI1 is truncated but possibly
related to a.

A remarkable feature of these analyses is the
similarity between C2 and Bf (see Fig. 1). Thus al-
though the two forms are quite different in length and
intron structure, they have retained almost identical
SCRs. The differences between C2 and Bf may relate
to differences in their functional roles in the com-
plement cascades but the residual similarities suggest
that there is local conservation of sequence.

Nucleotide Analysis

Phylogenetic analysis of the nucleotide sequence
(synonymous sites) of CRI revealed a very similar

result to the amino acid sequence as shown in Fig. 2.
Not only were the clusters the same but so too were
the different patterns of divergence. This finding
emphasizes the apparent paradox: although it ap-
pears that CRI has been formed by successive du-
plications of a septamer, some of the components of
each septamer appear to have a different evolutionary
history.

To search for indicators of selection, we used a
window analysis to plot the synonymous (dS) and
nonsynonymous (dN) changes throughout the length
of the CRI SCRs. The differences within a subfamily
(see Fig. 2) can be predominantly synonymous (e.g.,
al [CRI-1]- versus a2 [CRI-8] and a3 [CRI-15]) or
nonsynonymous (e.g., j2 [CRI-9] and ;3 [CRI-16]
versus j4 [CRI-23]) (Fig. 6), suggesting that there has
been some divergence of function since the time of
duplication of the septamers. In some comparisons
(e.g., j and f), the dN/dS ratio reverses as the window
progresses along the sequence (Fig. 6). The d and b
comparisons reveal limited synonymous and non-
synonymous changes. These findings emphasize the
complexity of duplication and suggest that there have
been further indels and shuffling of the SCRs fol-
lowing duplication of the septamers.

Discussion
Units of Duplication

This work arose from our interest in comparing
the MHC and the RCA complex, especially from the
point of view of duplication. Within the MHC, the
duplication process generally involves segments of
heterogeneous genes, fragments, and indels and there
is emerging evidence to suggest that the RCA complex
may contain similar segments containing fragments of
CRI and MCP (Hourcade et al. 2000). However, in
contrast to the MHC, the dominant process within the
RCA complex appears to have involved sequential
duplication of one or more relatively homogeneous
domains (SCRs). So as to define the latter process, we
classified SCR sequences excised from several different
CCPs. Remarkably, most SCRs examined could be
grouped into only 11 subfamilies, designated a to k. As
shown above, Homo sapiens CRI can be written as
(ajefbkd)4 ch, and DAF as aaje. From such examples, it
can be concluded that the subfamilies have been
conserved but also shuffled to create specific sets
which have themselves been conserved. Duplication
has operated at multiple levels of complexity including
individual SCRs, specific sets of SCRs such as aje and
even ajefbkd, whole genes, and even segments with
more than one gene.

After examining CCPs of different species, we
conclude that this process of duplication can be im-
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Fig. 5. Rodent Crry is phylogenetically closer to Hosa (Homo
sapiens) CRI than to Mumu (Mus musculus) CRI. In a, e, and f, the
Crry domains are more similar to the corresponding SCRs of the
first, second, and third septamers of Hosa CR/ (hCRI) than Mumu
CRI (mCRI). Domains from Mumu CR/ and the fourth septamer
of Hosa CRI are more divergent. The neighbor-joining tree is
unrooted and the bar at the bottom of the tree reflects the distance
as calculated by the gamma distance model (o = 0.93).

perfect or at least modified by deletion and insertion.
As shown in Table 1, variants such as ajefbk, ajef and
Jefbkd occur, although possibly only as additional
copies. Functional diversification and species differ-
ences may be direct consequences of imperfect du-
plication.

Overlap Between CCPs

Historically, distinct CCPs have been identified and
contrasted with those already known. Preferred lig-
ands have been defined and differences in expression
have been described. The number of SCRs in each
CCP has been used as a means of classification and
equivalents in different species have been sought of-
ten with confusing and controversial conclusions.

The present study has revealed far more structural
overlap than could have been expected from earlier
observations and from the existing nomenclature.
Because single domains from multiple CCPs were
examined, unexpected relationships were revealed.
These can be considered under three headings: within
a gene of a species, between genes of a species, and
between species.

Within-Gene Relationships

For more than a decade, it has been appreciated
that the amino acid sequence of CR/ contains four
long homologous repeats (LHR) or septamers fol-
lowed by two different carboxy-terminal SCRs. So-
called allotypes with three to six septamers have been
described. Functional studies by the Atkinson
(Uhrinova et al. 2003) and Barlow (Kirkitadze and
Barlow 2001) groups have revealed similarities be-
tween septamers and the importance of particular sets
of SCRs. For example (in CRI), functional Site 1,
which binds C4b and has decay accelerating activity
(DAA), resides in SCR 1-3, 8-10, and 15-17 of CRI
and all three sets are aje using our nomenclature.
Interestingly, within DAF, it has been shown that
DAA resides in SCR 2-4 (gje) and that SCRI1 (a
preceding aje) is redundant Thus, our approach has
confirmed, extended, and simplified earlier observa-
tions (Krushkal et al. 2000). Furthermore, phylo-
genetic analysis alone could have predicted these
functional relationships while suggesting a useful
nomenclature.

Although there are insufficient data at present, it
can be predicted that there will be considerable di-
versity when the same set is compared within a gene
(isotypic) or between subjects (polymorphism).

Between-Gene Relationships

As shown in Table 1, there are many similarities
between different CCPs within a species, and as in-
dicated above, these correlate with shared functional
sites, e.g., DAA is encoded within aje. Even more
remarkable is the fact that another transmembrane
CCP, CR2, shares the carboxy-terminal c¢h. The
comparison of CRI and CR2 suggests that an early
and functional set is that represented by fbkd in CRI.
These three sets can be regarded as the putative
building blocks of CCPs and their functions as rele-
vant to the evolution of innate and acquired immu-
nity.

The degree of overlap between CCPs has been
underestimated in the past. Attempts to define each
CCP as a distinct protein must be reviewed. We ex-
pect considerable although not complete functional
and immunological overlap between CRI, CRIL, and
DAF inter alia. On the other hand, we also expect
that there will be polymorphism.

Between-Species Relationships

It is often said that CCPs are very different
between species but the present analysis yields a
different conclusion. Within primates, subfamily
classification of SCRs reveals striking similarities and
the order is consistent allowing for occasional dele-



155

‘SPC<NP

SO)BOIPUI AUI| A[QNOP B ‘SP < NP sdreorpul ydeis ay) aroqe aul Jor[q ploq Y 'SIXe 1J9] oY) Jsurese
panord Sp sajeorpul aul| yor[q Y} pue ‘sixe 1ySu oY) IsureSe payjoyd SI pur NP SIIEOIPUI AUI| USNOIq
YL (9661 ‘T8 10 opuy) weisord YNJIAM U} UO paseq Ioquinu d3Ie[ & S9JBIIPUI YSLIdISL Y], (72 SA [2
3°9) 7 "S1, Ul SOOUBISIP O1}AUAT 1I0TS YIIM PAJB[ALIOD PUB PIPN[OUI JOU AIOM SIUI] JBf A[OANIRB[I SUIP[AIA
suostredwo)) ‘suieyyed NP pue Sp Ul SOOUIYIP SUD[LIS S[BIAAI SISA[eu mopuim YOS 9 S

I I R

0 4224 [}
Lo e Fso
zo e
€0 TR
0
S0 - - —— st
970 re
. g 20 ¢ ¢ sz
g0 PU SA D < 80 P EPSACIP
60 604 re
L s'e L Lss

s°L
3
20 ¢z 204 [ sz PACE Fsz
prsagy [0 0] RIS T o YA
60 ¢ eor L .
. . 7] ss L s

el*zlsa I

N4




156

tion as in the case of the first a in Papio hamadryas
CRI.

When primates are compared with rodents, some
differences are apparent but these can be explained
simply by single indels or by different degrees of du-
plication and alternative shuffling of conserved sets of
SCRs. Nomenclature and annotation may give false
impressions as to true and false orthologues. For
example, so-called MCRI is a fusion of Homo sapiens
CRI/CRIL and Homo sapiens CR2 (with a single
deletion). The human equivalent of Mus musculus
Crry has been sought because of its likely importance
in successful pregnancy. Indeed, although the no-
menclature is necessarily historic and arbitrary, there
could be a case for revision. In the meanwhile, we
argue that the human equivalent of the CCP which
protects the murine fetus is a mixture of CR/ and all
these human CCP which contain at least aje or more
of the ajefbkd CRI septamer and therefore the con-
formational unit implied by the collocation of up to
seven SCRs on the trophoblast surface. It will be
important to consider these possibilities (i.e., aje ir-
respective of the CCP) when defining the immuno-
pathology and designing antibodies or peptides which
might block or initiate the process of abortion.

Evolution of SCRs

While the data are still limited and the process ob-
viously very complex, we propose a framework for
the evolution of SCRs and CCPs. Early SCRs were
beneficial because of their inherent binding affinities,
especially when occurring together. Any high-affinity
binding has the potential to contribute to innate im-
munity by way of localization and immobilization of
invading organisms. The same binding may also play
a role in self-nonself discrimination in that there
could be selection for receptors which are unoccupied
and therefore free to bind foreign (rather than host)
ligands. Selection would have favored closely linked
(duplicated) gene clusters since increased copy num-
ber would result in increased concentrations of the
receptor while facilitating the assembly of the multi-
component products and the conservation of specific
sets.

As individual SCR domains diverged, functional
diversity increased especially when sets were imper-
fectly duplicated. Some sets, however, were con-
served particularly when crucial to the regulation of
coevolving cascades such as the complement system.
Duplication of genes such as the C3+4+5 precur-
sors favored the imperfect but segmental duplication
of specific sets of SCRs. Imperfections included in-
sertion and deletion of SCRs as well as errors in
linear sequence. Some coding polymorphism arose
but was not especially favored because it was nec-

essary to retain specificity for particular ligands.
Noncoding insertions may have been important in
relation to achieving differential but precise regula-
tion of the expression of CCPs. During primate ev-
olution these processes intensified due to the
recruitment of human endogenous retroviruses
(HERVs) which facilitated further divergence
(Gaudieri et al. 2000).
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