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Large-scale sequencing of the CD33-related Siglec
gene cluster in five mammalian species reveals rapid
evolution by multiple mechanisms
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Siglecs are a recently discovered family of animal lectins that
belong to the Ig superfamily and recognize sialic acids (Sias).
CD33-related Siglecs (CD33rSiglecs) are a subgroup with as-yet-
unknown functions, characterized by sequence homology, expres-
sion on innate immune cells, conserved cytosolic tyrosine-based
signaling motifs, and a clustered localization of their genes. To
better understand the biology and evolution of CD33rSiglecs, we
sequenced and compared the CD33rSiglec gene cluster from mul-
tiple mammalian species. Within the sequenced region, the seg-
ments containing CD33rSiglec genes showed a lower degree of
sequence conservation. In contrast to the adjacent conserved
kallikrein-like genes, the CD33rSiglec genes showed extensive
species differences, including expansions of gene subsets; gene
deletions, including one human-specific loss of a novel functional
primate Siglec (Siglec-13); exon shuffling, generating hybrid genes;
accelerated accumulation of nonsynonymous substitutions in the
Sia-recognition domain; and multiple instances of mutations of an
arginine residue essential for Sia recognition in otherwise intact
Siglecs. Nonsynonymous differences between human and chim-
panzee orthologs showed uneven distribution between the two
sheets of the Sia-recognition domain, suggesting biased mutation
accumulation. These data indicate that CD33rSiglec genes are
undergoing rapid evolution via multiple genetic mechanisms, pos-
sibly due to an evolutionary “arms race” between hosts and
pathogens involving Sia recognition. These studies, which reflect
one of the most complete comparative sequence analyses of a
rapidly evolving gene cluster, provide a clearer picture of the
ortholog status of CD33rSiglecs among primates and rodents
and also facilitate rational recommendations regarding their
nomenclature.

Interactions between glycan chains and their receptors are
important in many biological processes. Such receptors can be
intrinsic or extrinsic to the organism bearing the glycans (1).
Host—pathogen interactions and host defense are two interre-
lated examples of biological processes wherein the importance of
glycan-receptor interactions is well recognized. Cell-surface
glycans (in particular, peripherally located sugars) and their
receptors (often called lectins) are of interest both for their
biomedical importance and their intriguing evolutionary history,
reflecting the front line of the evolutionary “arms race” with
pathogens, where rapid evolution is thought to take place by
means of the “Red Queen Effect” (2, 3).

Sialic acids (Sias) are a class of acidic sugars found mostly at
the outermost position of glycan chains on cell surfaces of
deuterostomes (vertebrates and some higher invertebrates). The
most numerous intrinsic Sia receptors in vertebrates are the
Siglecs, a family of lectins of the Ig superfamily (Fig. 1 and ref.
4). Siglec molecules have multiple extracellular Ig-like domains
(ranging from 2 to 17, each encoded by a single exon), followed
by a single-pass transmembrane domain and a cytoplasmic tail.
Although genes for 11 functional Siglecs and 1 Siglec-like protein
are present in the human genome, only 8 are known in the mouse
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genome (5). This species difference largely reflects the CD33-
related Siglecs (CD33rSiglecs), a subgroup defined by their
mutual sequence similarity and clustered gene localization.
CD33 (also known as Siglec-3) was the first to be discovered
among this subgroup of Siglecs (originally as a cell-surface
marker of human myeloid cells), hence the group was named
after it. Seven functional Siglec genes (CD33/Siglec-3 and
Siglec-5-10) and a Siglec-like gene (Siglec-L1, here renamed
Siglec-XII) reside within an ~0.5-Mb region of human chromo-
some 19q13.3-q13.4, whereas only four Siglec genes occur in the
syntenic region of mouse chromosome 7B2 (5).

Most CD33rSiglecs are expressed on cells involved in innate
immunity, such as monocytes, granulocytes, macrophages, and
natural killer cells (4, 6). A functional role for CD33rSiglecs in
regulating innate immunity is suggested by this expression
pattern and by tyrosine-based signaling motifs in their cytoplas-
mic tails, including a canonical ITIM motif (7). Indeed, antibody
crosslinking of some CD33rSiglecs can dampen cell activation,
arrest proliferation, or induce apoptosis (8, 9).

Sia recognition specificity has been modified in human
CD33rSiglecs, due to loss of a Sia called N-glycolylneuraminic acid
(Neu5Gc). This evolutionary change occurred in the human lineage
after our last common ancestor with the chimpanzee and bonobo
(10, 11), allowing recognition of N-acetylneuraminic acid, which,
being a precursor to Neu5Gc accumulates at higher levels in
humans (12). These data favor the hypothesis that CD33rSiglecs
function primarily as self-recognition receptors for endogenous Sia
ligands. However, they could also be involved in recognizing the
many bacterial pathogens expressing Sias on their cell surfaces (13,
14). Regardless of which of these possibilities is ultimately proven
correct, we hypothesize that CD33rSiglecs are evolving rapidly, to
meet the challenge either of rapidly changing pathogens or of
changing host Sia-expression patterns.

To date, there have been few reports of large-scale genomic
comparisons of orthologous sequences from multiple vertebrate
species (15, 16). Here we compare the CD331Siglec gene cluster
in chimpanzee, baboon, rat, mouse, and human. This analysis
indicates that CD33rSiglecs, in fact, are evolving rapidly via

Abbreviations: Ign, nth Ig-like domain of a Siglec; BAC, bacterial artificial chromosome;
KLK, kallikrein; MCSs, multispecies conserved sequences; N, no. of nonsynonymous sites;
Nd, no. of nonsynonymous differences; pN, nonsynonymous substitution rate (Nd/N); pS,
synonymous substitution rate (Sd/S); S, no. of synonymous sites; Sd, no. of synonymous
differences; Sia, sialic acid; Neu5Gc, N-glycolylneuraminic acid; CD33rSiglecs, CD33-related
Siglecs.
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Fig. 1. Schematic representation of Siglecs in primates and rodents. Siglecs
have one V-set domain (a domain similar to Ig’s variable region) and 1-16
C2-set domains (domains similar to Ig’s constant region), followed by trans-
membrane and cytoplasmic domains. Genes for Sialoadhesin/Siglec-1, CD22/
Siglec-2, and myelin-associated glycoprotein/Siglec-4 are located outside of
the Siglec gene cluster in both primates and rodents. Clear orthologs have
been established for each of these genes between human and mouse. Most of
the genes for CD33rSiglec subfamily are in the Siglec cluster described here,
with the exception of primate Siglec-11 and rodent Siglec-H, whose genes are
outside of the gene cluster (indicated with square brackets). CD33rSiglecs are
further classified into five subgroups (V1Cy, V1Cy, V1C3, V1Cq, and V,Cy), based
on the number of V- and C2-set Ig-like domains. The basic configuration of the
V,C, subgroup (Siglec-7 and 12/Xll) is V1 + V4G, and the V1C; part is highly
similar to other Siglecs with V1C;, configuration and thus can be considered a
part of the V4G, subgroup. Although the primate SIGLEC6 gene has V1C3
configuration similar to that of SIGLEC5, the exon coding for a potential third
C2-setdomain is inactivated. Similarly, the primate SIGLEC7 gene has the exon
coding for a potential second V-set domain inactivated. These are indicated
with t.

multiple genetic mechanisms, and that selective pressure is
apparently applied most heavily on the first Ig-like domain (Igl),
which is essential for Sia recognition.

Methods

Bacterial Artificial Chromosome (BAC) Isolation, Mapping, and Se-
quencing. BAC clones containing genomic regions encompassing
the chimpanzee, baboon, and rat Siglec gene clusters were isolated
and mapped from BACPAC Resource libraries (www.chori.org/
bacpac) by using an established universal probe hybridization
strategy (15, 17) and were subjected to standard shotgun sequenc-
ing (18, 19) by the National Institutes of Health Intramural Se-
quencing Center (www.nisc.nih.gov) to an advanced draft stage (see
individual GenBank entries and Supporting Text, which is published
as supporting information on the PNAS web site, for details and
methods for assembly of sequence sets, pairwise sequence align-
ment, and gene prediction/annotation).

Analysis of Multispecies Conserved Sequences (MCSs). A multiple
sequence alignment was generated with REFINE, the multiple
alignment program associated with MULTIPIPMAKER (20), and a
730-kb subregion of this alignment (representing near-complete
coverage in all species) was analyzed for MCSs by previously
established methods (21). The subregion was further divided into
Siglec-containing and non-Siglec-containing portions (based on the
coordinates of the Siglec genes) to make comparisons on the
distribution of MCS. See Supporting Text to view the defined
regions and MCSs.
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Molecular Phylogenetic Analyses. Multiple nucleotide or amino acid
sequence alignments were generated with CLUSTAL X (ftp://ftp-
igbmc.u-strasbg.fr/pub/ClustalX) (22) and were manually ad-
justed. NEXUS output files were then analyzed with PAUP*4.0
(Sinauer, Sunderland, MA). Both distance-based (neighbor-
joining) and maximum-parsimony methods were used, yielding
trees with very similar topology. Ancestral nucleotide sequences of
human and chimpanzee Siglec orthologs (Igl-coding exon only)
were reconstructed by a maximum parsimony method.

Statistical Analysis of Ortholog Sequence Differences. Synonymous
(Sd) and nonsynonymous (Nd) differences, synonymous (S) and
nonsynonymous (N) sites, and proportions of synonymous (pS) and
nonsynonymous (pN) sequence differences between orthologs
were calculated with DNASP 3.53 (www.ub.es/dnasp; see ref. 23),
which uses the Nei-Gojobori method (24). We first calculated these
numbers exon by exon between human and chimpanzee Siglec
orthologs. We then calculated the respective sum of these numbers
(% Sd, % Nd, X S, and 3 N) in all Igl-coding exons (i.e., exon 2 of
Siglec-3, -5, -6, and -10 and exon 1 of Siglec-7, -8, -9, and -12). [Exons
1 and 2 of Siglec-3, -5, -6, and -10 encode for a signal peptide and
Ig1, respectively, whereas exon 1 of Siglec-7, -8, -9, and -12 encodes
for both.] This process is similar to concatenating all human
CD33rSiglec Igl-coding exons and comparing that with similarly
concatenated chimpanzee sequence, then calculating Sd, Nd, S, and
N. Hence we call it concatenation for convenience. A similar
process was repeated for other exons and other pair of species
(human-baboon and chimp-baboon). Fisher’s exact test or the x?
test was used to analyze the statistical significance of differences
between observed and expected distributions.

Mapping Amino Acid Differences in Human-Chimpanzee CD33rSiglec
Ortholog Pairs onto the Human Siglec-7 First Ig-Like Domain. The
amino acid sequences of all human and chimpanzee CD33rSiglecs
(except for chimpanzee Siglec-13) were aligned with CLUSTAL X and
manually adjusted. Based on this alignhment, amino acid differences
were projected onto the corresponding position of the human
Siglec-7 amino acid sequence, of which the crystal structure is
available (see ref. 25 and Protein Data Bank ID code 107V).

See Supporting Text for cloning of chimpanzee Siglec-13, gener-
ating wild-type and mutant chimpanzee Siglec-5 H119R and ba-
boon Siglec-6 L111R and Sia-binding assay.

Results

Comparative Sequencing. Overlapping BACs encompassing the
chimpanzee, baboon, and rat genomic regions orthologous to the
human CD33rSiglec cluster on chromosome 19q13.3-q13.4 were
isolated and sequenced. Assembly yielded near-complete se-
quences from the chimpanzee (858 kb), baboon (703 kb), and rat
(556 kb). The assembled advanced draft sequence quality was high,
providing 98-99% coverage for each species. Systematic compar-
isons in conjunction with the already available human (ref. 26;
chr19:55978691-56924690 from the April 2003 freeze) and mouse
(ref. 27; chr7:31900001-32500000 from the February 2003 freeze)
sequences revealed essentially all known genes in the region.

Overview of the Sequenced Region. In all five species, the kallikrein
(KLK) gene cluster falls at the 5’ side of the Siglec gene cluster
(Fig. 2 and Fig. 4, which is published as supporting information
on the PNAS web site). Notably, although the KLK cluster has
the same number and order of genes in all five species, the Siglec
cluster in rodents and primates shows marked differences, with
the former taxa having only four Siglec genes each and the latter
ranging from seven (in the baboon) to nine (in the chimpanzee).

Siglec Nomenclature. The Siglec nomenclature used here (Table 1)

is based on the current study, prior literature, our unpublished
observations, and available genomic sequences, as well as con-
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Fig. 2. Comparisons of the Siglec gene cluster in human, chimpanzee, baboon, rat, and mouse. Order and arrangement of KLK-like genes (green triangles),
the Siglec genes (red triangles), and pseudogenes (white triangles), as well as other genes (black triangles) in five genomes. The dotted lines represent regions
(>30 kb in length) present in human genomes but absent in the chimpanzee and baboon genomes.

tinuing discussions led by A.V. among an international panel of ~ VI). The additional Siglec gene in the chimpanzee and baboon
interested scientists. Because human Siglecs were the first to be ~ CD33rSiglec clusters, which appears to be deleted in humans
fully characterized due to the availability of complete genomic  (see below), is named Siglec-13. There is an additional potential
sequence, the numbering system originated therein. Additional ~ Siglec gene at the 3" end of the Siglec cluster in primate genomes
non-human Siglecs are numbered systematically as one moves  labeled 5* (or V¥) in Fig. 2, which shows extensive sequence
away from the human lineage. Because the last functional Siglec identity (>99%) with a segment of SIGLECS. Although there is
identified in the human genome was Siglec-11, the functional 2 cDNA sequence corresponding to th.ls potentlz}l gene (Qer}-
chimpanzee ortholog of the original human Siglec-L1 is herewith Bank accession no. AY358369), protein expression and sialic

named chimpanzee Siglec-12. By agreement within the interna- acﬁ;;:;i?%h}el?;]iv}gg tf(évssr(izlggrﬁsg?;gg.rﬁgle cs. and ortholo-
tional group, Siglecs lacking the essential arginine required for ;

) e . . gous correspondence is not easily established (see below), they
Sia recognition are numbered by using corresponding roman

) ; have been given an alphabetical nomenclature.
numerals. Thus, human Siglec-L1 (the ortholog of chimpanzee

Siglec-12 lacking the essential arginine) is renamed Siglec-XII.  The Siglec Cluster Has Fewer MCSs. Using recently established
Likewise, other Siglecs lacking the essential arginine are as-  methods (21), 750 MCSs representing the top 5% of most con-
signed a corresponding roman numeral to the functional or-  served sequence were identified (Table 2; see Supporting Text for
tholog in related taxa (chimpanzee Siglec-V and baboon Siglec-  detailed information on the overall distribution of MCSs in the

Table 1. Probable orthologous correspondences of CD33-related Siglecs in the five mammalian
species compared in this study

Human Chimpanzee Baboon Mouse Rat

CD33rSiglecs found within the Siglec gene cluster

CD33/Siglec-3 CD33/Siglec-3 CD33/Siglec-3 CD33/Siglec-3 CD33/Siglec-3

Siglec-5 *Siglec-V Siglec-5 . .

Siglec-6 Siglec-6 *Siglec-VI Siglec:F Siglec:k

Siglec-7 Siglec-7 NF NF NF

Siglec-8 Siglec-8 Siglec-8 NF NF

Siglec-9 Siglec-9 Siglec-9 Siglec-E Siglec-E

Siglec-10 Siglec-10 Siglec-10 Siglec-G Siglec-G

*Siglec-XIl Siglec-12 NF NF NF

NF Siglec-13 Siglec-13 NF NF
CD33rSiglecs found outside of the Siglec gene cluster

Siglec-11 Siglec-11 ? NF NF

NF NF ? Siglec-H *Siglec-H

These data are based on the current paper, our unpublished observations, past literature, and other genomic
information available on-line to date (including chimpanzee and rat high-throughout genomic sequences in the
GenBank database). Criteria used to assign orthologs include sequence similarity, map location, gene structure,
and phylogenetic relationships. NF, the corresponding Siglec was not found in available data in this species; *,
Siglec-like molecules missing the arginine residue required for optimal Sia recognition; ?, published genomic
information to date is not sufficient to determine status.
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Table 2. Distribution of MCSs in the sequenced region

Total

Siglec coding Non-Siglec coding

Sequence length
Number of bases contained in
the MCSs

730,000 nt (100%)
37,307 nt (100%)

415,000 nt (56.8%)
12,390 nt (33.2%)

315,000 nt (43.2%)
24,917 nt (66.8%)

The difference between Siglec-coding and non-Siglec-coding subregions in the ratio of MCS bases per total
sequence length was statistically significant (P < 0.001 by the x? test).

genomic region under study). We divided this region into either
Siglec- or non-Siglec-containing subregions (representing 415 and
315 kb, respectively; see Supporting Text). Despite the fact that the
Siglec-containing subregion is larger, it contains less than half the
number of MCS bases compared to the non-Siglec-containing
subregion (12,390 vs. 24,917 bases, respectively). Low conservation
in the Siglec-containing subregion, i.e., rapid evolution of the Siglec
genes, is also observed when looking specifically at this subregion’s
coding and untranslated sequence as well (see Supporting Text).

Deletion of Siglec Genes or Pseudogenes. The baboon Siglec cluster
(see Fig. 2) lacks orthologs of SIGLEC7 and SIGLECI2. However,
the baboon genome has a remnant of SIGLEC7, and the duplica-
tion separating SIGLEC7 from SIGLEC12/XII may have predated
the split of the monkey-ape lineages, judging from the topology of
the phylogenetic tree reconstructed by using sequences of the
C-terminal portion of Siglecs (Fig. 3C). Thus, the genes for Siglec-7
and Siglec-12 appear to have been lost in the ancestry of baboons
after the split of the Old World monkey and ape lineages.

A previously unknown Siglec gene is present in both the

chimpanzee and baboon genomes but is apparently deleted from
the human genome (Fig. 2). We found that the chimpanzee
version recognizes Sia when expressed as a recombinant protein
(data not shown), confirming that it is a bona fide Siglec, hence
designated as Siglec-13.

Another difference is that the segment containing Siglec
pseudogenes P4-P6 or P3-P6 in the human genome is missing
in chimpanzee and baboon genomes, respectively (Fig. 2). Be-
cause the overall segment does not show extensive sequence
similarity to any other part of the human genome, it is unlikely
to have been a very recent duplication in the ancestry of human
after the split from the chimpanzee/bonobo clade. Rather, it is
more likely to have been deleted in the ancestry of the chim-
panzee and of the baboon independently. Further studies are
needed to address this issue.

Expansion and Diversification of the CD33rSiglec Subgroup in Pri-
mates. Genes for the KLK-like proteins (KLK4-KLK14) are well
conserved, and orthologs (as judged from genomic location in
the five species) show the expected branch topology in the
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Molecular phylogenetic analyses of KLK-like molecules and Siglecs. Although human Siglec-11 and mouse Siglec-H genes are outside the cluster

sequenced here, they were included in this analysis for comparison. (A) KLK-like molecules (full-length; 357 aa). Human KLKs1-3 were used together as an
outgroup (not shown). Chimpanzee and baboon KLK6 were not included in the analysis because of insufficient sequence data for this gene. (B) Siglec N-terminal
regions (signal peptide, Ig1 and Ig2, and linker peptide between 1g2 and 1g3; 291 aa). Primate Siglec-12/XIl was excluded because it has two V-set domains and
cannot be aligned with other Siglecs. (C) Siglec C-terminal regions (transmembrane domain and cytosolic tail; 184 aa). Rodent Siglec-3, Siglec-H, and primate
Siglec-13 were excluded because these have much shorter cytoplasmic domains than other Siglecs. Amino acid sequences were used for calculating the distance
matrix and reconstruction of the phylogenetic trees by using the neighbor-joining method. The bootstrap support value for each internode (as percent for 1,000
replications) is indicated above it. Siglec-4 was used as an outgroup for the trees in B and C. Note that Siglec-4 is not a CD33rSiglec but shows overall structural

similarity to them, especially at the C-terminal region.
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molecular phylogenetic tree, i.e., mouse joins to rat, human to
chimpanzee, and the human-chimpanzee clade to baboon (Fig.
3A). Thus, all of the duplications of KLK genes in the sequenced
region predated divergence of rodent and primate lineages, and
these genes have not undergone processes that homogenize
paralogous sequences (such as gene conversion) or lineage-
specific loss or gain afterward.

Putative Siglec orthologs among the three primates or be-
tween the two rodents, as judged from genomic locations, also
show the expected branch topology (Figs. 2 and 3 B and C).
However, with the exception of primate Siglec-10 and rodent
Siglec-G clades, clear-cut orthologous correspondence between
primate and rodent Siglecs cannot be established and in some
cases is incongruent with the putative orthology based on the
map position and gene structure.

Primate Siglec-10 and rodent Siglec-G clades show the phy-
logenetic relationship consistent with their presumed orthology,
as judged from genomic location. Possible gene duplication or
gene conversion involving SIGLECI0, giving rise to SIGLECI11
in primates (located outside of the genomic region being studied
in this paper), was discussed in a previous study (28).

Although Siglec-E is the only rodent Siglec with three Ig-like
domains, the three primates have three to five such Siglecs
(Siglec-7, -8, -9, -12, and -13), suggesting that gene duplications
involving this subgroup of Siglecs happened in primate lineage
after the divergence of primate and rodent lineages. Species- or
lineage-specific deletion of some of the genes may have followed,
as explained above.

Primate and rodent CD33/Siglec-3 should be orthologous,
judging from the gene location and structure (CD33/Siglec-3 is
the only Siglec with two Ig-like domains in the cluster), and the
same applies to the primate and rodent Siglecs with four Ig-like
domains (primate Siglec-5 and -6 and rodent Siglec-F). However,
these fail to show the expected phylogenetic relationship (Fig.
3B). The observed tree topology may be explained by the high
degree of homoplasy (convergent or parallel nucleotide substi-
tution) among these genes, partial gene duplication followed by
reciprocal recombination with another Siglec gene, or partial
gene conversion, among other possibilities.

Examination of incongruities between phylogenetic trees re-
constructed from different parts of the Siglec molecules (Fig. 3
B and C and Fig. 5, which is published as supporting information
on the PNAS web site), along with analyses of gene structures,
genomic locations, and comparison of intron sequences, suggest
the occurrence of exon/domain shuffling and generation of
hybrid genes among CD33rSiglecs (see Supporting Text and Fig.
6, which are published as supporting information on the PNAS
web site, for an example). However, providing proof for every
such possible case is beyond the scope of this paper.

Rapid Accumulation of Nonsynonymous Substitutions in the First
Ig-Like Domain of Siglecs. Our prior comparisons of human, chim-
panzee, bonobo, and gorilla Siglec-9 sequences indicated domain-
specific rapid evolution in the first Ig-like domain, with a functional
consequence in humans, i.e., accommodation of the binding site for
the loss of Neu5Ge, the preferred ligand of chimpanzee Siglec-9
(12). Using the current dataset, we performed similar comparisons
of human, chimpanzee, and baboon CD33rSiglec orthologs. As
summarized in Table 4, which is published as supporting informa-
tion on the PNAS web site, there are indeed examples where the
pN/pS ratio is >1 (such as the human-chimpanzee Siglec-5 pair).
However, in no case did Fisher’s exact test reject the null hypothesis
that the higher nonsynonymous substitution frequency compared
to the synonymous ones is due to chance. To achieve a more robust
statistical analysis, we concatenated all CD33rSiglec Igl-coding
exon in a species and compared it with a counterpart in another
species (see Methods for details). x* tests did not support the
hypothesis that pN is significantly higher than pS in the Igl of
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Table 3. Differential evolution rates of exons encoding Ig
domains of siglecs

Exon Sd Nd S N pN/pS
Human-chimpanzee comparison
Ig1 7 42 784.25 2431.75 1.935
192 17 19 582.92 1631.08 0.399
193 14 1 494.74 1332.26 0.292
Human-baboon comparison
Ig1 47.34 150.66 576.26 1781.74 1.029
g2 37 46 434.25 1227.75 0.440
Ig3 33.25 44.75 353.08 942.92 0.504
Chimpanzee-baboon comparison
191 57.84 181.16 670.74 2065.26 1.017
192 46.5 49.5 511.5 1426.5 0.382
Ig3 36.75 50.25 416.41 1131.09 0.503

For analysis of the difference between pN and pS in each concatenated
Ig-like domain, a 2 X 2 contingency table [consisting of (Sd, S-Sd) and (Nd,
N-Nd)] was made for each domain and analyzed by the 2 test. For analysis of
the difference in pN between two Ig-like domains, a 2 X 2 contingency table
[consisting of (Nd, N-Nd) in two domains] was made for each comparison and
analyzed by the x2. Similar analyses were performed for pS, as well.

CD33rSiglecs. We also calculated lineage-specific substitution rates
via reconstruction of ancestral Igl-coding exon sequence for each
human-chimpanzee ortholog pair and counting the differences
between the ancestral and extant sequences. In both human and
chimpanzee lineages, pN/pS in the concatenated Igl-coding exons
was >1 (human, 2.15; chimpanzee, 1.78), i.e., Igl of Siglecs accu-
mulated nonsynonymous substitution at a higher rate than synon-
ymous ones in both lineages. However, the null hypothesis pN = pS
was not rejected by the x? test in either case.

Nevertheless, we observed pN = pS in the Igl of all three
primate pairs compared in this study. In striking contrast, we
found that pN was consistently much smaller than pS in the
similarly concatenated Ig2- and Ig3-coding exons of
CD33rSiglecs (Table 3), indicating that these domains are under
purifying selection. Furthermore, comparison of pN in the Igl-
versus either Ig2- or Ig3-coding exons by a y? test revealed
statistically significant differences (P < 0.05) in almost all cases.
This is in contrast to near-constant pS in all these domains. Thus,
the frequency of fixation of nonsynonymous substitution is
significantly and consistently higher in the Igl than in adjacent
domains of Siglecs, reflecting domain-specific rapid evolution of
the Igl, which happens to contain the Sia recognition site.

Uneven Distribution of Amino Acid Changes in the Ig1. To gain insight
into the nature and dynamics of the rapid accumulation of non-
synonymous changes in the Igl of CD33rSiglecs, we mapped the
amino acid differences between the human—chimpanzee Siglec
ortholog pairs onto the known crystal structure of Siglec-7 (25).
This analysis revealed several hotspots (Fig. 7, which is published as
supporting information on the PNAS web site; secondary structural
assignment is according to ref. 25): (i) the N-terminal region leading
to the B-strand A; (if) loop C-C’; (iii) loop C’-D; and (iv) the
B-strand F, which harbors the essential arginine. Of these, regions
i, if, and iv may be relevant to glycan recognition, as suggested by
previous in vitro mutagenesis studies (25, 29, 30). This result
suggests that rapid evolution of the Igl of CD33rSiglecs may be
related to the modification of these molecules to accommodate
ongoing changes in host sialylation patterns.

There is also a trend that one of the two faces (including C-C’ and
C’-D loops) of Igl is burdened by more amino acid changes than
the other (Fig. 7 and Data Set 1, which are published as supporting
information on the PNAS web site). It is also noteworthy that the
other face carries an N-linked glycan site (Fig. 7), potentially making
it inaccessible to other macromolecules (this N-glycosylation site is
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conserved in all CD33rSiglecs, except in Siglec-8 and 12/XII). If
certain pathogens use Siglecs as cellular receptors (31), amino acid
changes on the accessible face of the molecule may also be selected
for, further driving the evolution of Igl.

Species-Specific Changes in the Essential Arginine Residue Involved in
Sia Recognition. All functional Siglecs have a conserved essential
arginine residue in the Igl that is required for optimal Sia
recognition (4). We previously noted that human Siglec-XII has
a cysteine residue at this position, thus abrogating Sia recogni-
tion (32). Because the chimpanzee ortholog cSiglec-12 has
arginine at this position and is bound preferentially to Neu5Gc
in vitro, this replacement of arginine may be a rare event that was
selected for following the human loss of Neu5Gc expression (32).
Surprisingly, we found that the baboon Siglec-6 and chimpanzee
Siglec-5 orthologs also have the essential arginine residue
changed to leucine (R111L) and histidine (R119H), respectively.
Furthermore, both these changes attenuate interaction with
Sia-containing glycans by ~80% in binding assays by using
recombinant proteins (data not shown; they are therefore named
baboon Siglec-VI and chimpanzee Siglec-V according to the
currently proposed nomenclature).

Discussion

Here we report high-quality sequences of the chimpanzee,
baboon, and rat CD33rSiglec gene clusters and, together with
available human and mouse sequences, perform detailed mul-
tispecies sequence comparisons. These analyses yielded impor-
tant insights about the evolution of these genes, including strong
support for our hypothesis that CD33rSiglecs are undergoing
rapid evolution via multiple genetic mechanisms, particularly in
the Igl Sia-binding domains. This domain may be evolving
rapidly to: (i) keep up with the constant evolution of bacterial
pathogens, some of which carry Sias and are recognized by
Siglecs; and/or (if) keep up with changes in the host Sia-
expression profile, which itself is evolving rapidly to escape other
pathogens that recognize Sias; and/or (iii) evade as-yet-
unknown pathogens that use Siglecs themselves as receptors.
Definitive evaluation of these possibilities requires detailed
analyses of the sialylation patterns of the species studied here, as
well as detailed glycan-recognition specificity studies of all of the
Siglecs under consideration.
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Recent lower-resolution comparative studies of the initial draft
sequence of the chimpanzee genome indicate that the CD33rSiglec
gene cluster may be one of the most rapidly evolving loci in the
entire genome (Tarjei Mikkelsen, personal communication). Al-
though sequence identity between human and chimpanzee KLK-
coding sequences (KLK4,5,7~14) is 99.2% [7,866 nucleotides (nt)],
it is 98.5% (12,267 nt) for Siglec-coding sequences (CD33/Siglec-3,
Siglec-5~10, and Siglec-12) and 98.2% (3,253 nt) for Igl-coding
sequences. There are some other examples of immunity-related
clustered gene families [e.g., MHC, killer-cell inhibitory receptors
(KIRs), and defensins] that also appear to be evolving rapidly
(33-35). With the KIR genes, there is also evidence of domain
shuffling (36). However, unlike some of these molecules, the
CD33rSiglecs have so far not shown extensive sequence polymor-
phism within the human population (12). Thus, the process of
speciation itself may be solely responsible for the observed be-
tween-species differences of CD33rSiglecs. The observed between-
species differences reported here are also concordant with our
recent finding that humans show distinct patterns of terminal
sialylation differing in multiple tissues from those of chimpanzee,
bonobo, gorilla, or orangutan (37).

This work also raises several issues for future exploration.
First, additional sequence data from other mammalian orders
(e.g., artiodactyls and carnivores) could allow reconstruction of
ancestral rodent-primate Siglec sequences. Second, detailed
comparison of glycan-binding specificities of Siglec orthologs in
closely related species (such as the three primates examined
here) could help elucidate the basis for rapid evolution of these
genes. Third, it remains to be seen whether intrinsic or extrinsic
Sia ligand changes are the evolutionary driving force behind the
rapid evolution of the Igl of Siglecs.
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Supporting Text

Additional Methods

Bacterial artificial chromosome (BAC) isolation, mapping, and sequencing. After the generation of an
estimated 8- to 10-fold sequence redundancy (based on the measured insert size of each BAC), sequences
were assembled and edited by using the PHRED/PHRAP/CONSED suite of programs (1-3) (see www.phrap.org).
Manual inspection of the assembled sequences allowed readily apparent errors, artifacts, and misassemblies
to be corrected. Contigs were ordered and oriented based on read-pair associations of gap-spanning
subclones and sequence overlaps between neighboring clones. Where necessary, PCR was used to verify the
order and orientation of ambiguous contigs.

Assembly of sequence data sets. A single nonredundant sequence for each species was generated by
merging the overlapping sequences from individual BACs as described (4). The resulting sequence files, as
well as information (in agp format) describing how they were assembled, are available at
www.nisc.nih.gov/data/Angata_etal_2004_Siglec.

The human (chr19:55978691-56924690 from the April 2003 build at genome.ucsc.edu) and mouse
(chr7:31900001-32500000 from the Feb 2003 build at genome.ucsc.edu) sequences used in this study were
generated elsewhere (3, 6).

Pairwise sequence alignments. Known repetitive sequences were detected by REPEATMASKER
(www.repeatmasker.org) using the appropriate repeat library for each species (available in RepBase;
www.girinst.org/Repbase_Update.html). Pairwise alignments of different species’ sequences were then
generated with BLASTZ (7) by searching only the top strand of each sequence and using the chaining option.
The resulting alignments were graphically represented with LAJ (globin.cse.psu.edu/java/laj).

Gene prediction and annotation. Known human and mouse coding sequences from the Siglec cluster were
aligned to the generated genomic sequence with SPIDEY
(www.ncbi.nlm.nih.gov/IEB/Research/Ostell/Spidey; ref. 8). The resulting alignments, which are optimized
based on the positions of splice donor and acceptor sites, were then converted to a PIPMAKER exons file for
use in annotating the pairwise sequence alignments.

Cloning chimpanzee Siglec-13 and sialic acid (Sia)-binding assay. The 3'-end of the chimpanzee Siglec-
13 cDNA was generated by 3'-rapid amplification of cDNA ends (using total RNA from chimpanzee spleen
as a template), and the sequence was established. A full-length chimpanzee Siglec-13 cDNA was then
generated by RT -PCR from the same source by using primers PtrSigU F2 (5'-
GCACAAGGAGCCTCCGCTTC-3'") and PtrSigU R2 (5' GTATCTCCTTTGCAGCTTGG-3'). To express a
recombinant fusion protein consisting of chimpanzee Siglec-13 extracellular domain (two Ig-like domains)
and human IgG Fc fragment, a genomic fragment containing the first four coding exons (encoding the signal
peptide, first and second Ig-like domains, and the so-called linker peptide between the second and third Ig-
like domains) was amplified from a BAC containing the chimpanzee Siglec-13 gene by using the primers
PtrSigU F1 (5'-CCCTCTAGAGCCACCATGCTGCCGCTGCTGCTTCCC-3'; the Xbal site is underlined)
and PtrSigU R1 (5'-ATCYCCTTGGAAGACAGTCAAGG-3"; the EcoRV half site is underlined) and cloned
into the Xbal-EcoRV sites of EK-Fc/pcDNA3.1 mammalian expression vector (9). After transfection of this
construct (PtrSig13-EK-Fc/pcDNA3.1) into CHO-TAg cells, the recombinant fusion protein was isolated
from the culture supernatant as described (9-11).



A binding assay for the chimpanzee Siglec-13-Fc recombinant fusion protein was performed with synthetic

probes (consisting of biotinylated linear polyacrylamide with multiple oligosaccharide substitutions) as
described (9-11).

Generating wild-type and mutant constructs of chimpanzee Siglec-5 H119R and baboon Siglec-6
L111R. Expression constructs for wild-type chimpanzee Siglec-5 and baboon Siglec-6 were generated by
PCR-amplifying the genomic segments containing the first four coding exons from appropriate BACs and
ligating the resulting fragments into the EK-Fc/pcDNA3.1 mammalian expression vector, as above. H119R
(chimpanzee Siglec-5) and L111R (baboon Siglec-6) mutations were then introduced using the QuickChange
site-directed mutagenesis kit (Stratagene). Expression and purification of the recombinant fusion proteins as
well as Sia-binding assays were performed as above.

Additional Results

Additional note on the analysis of MCSs. We identified multispecies conserved sequences (MCSs)
representing the top 5% most conserved sequence in this region. This resulted in the detection of 750 MCSs
averaging 50 bases in length (for a total of 37,307 MCS bases). Overall, MCSs overlap 83% of the coding
exons and 50% of the UTRs in the analyzed region (the overlap needs to be by only 1 bp but is typically
much more). At the level of individual bases, 51% and 11% of the coding and UTR bases respectively
overlap MCSs. When distinguishing between Siglec and non-Siglec genes, 37% and 63% of the coding bases
overlap respectively, whereas 2% and 14% of the UTR bases overlap, respectively. See the URL:
genome.ucsc.edu/cgi-bin/hgTracks?db=hg15&position=chr19:55978691-
56924690&hgt.customText=http://www.nisc.nih.gov/data/Angata_etal_2004_Siglec/zone_mcs.bed to view
the MCSs and Siglec- and non-Siglec-containing regions or access through
www.nisc.nih.gov/data/Angata_etal_2004_Siglec/

Given that the Siglec-containing subregion is larger than the non-Siglec-containing subregion, another way
to look at the distribution of MCS bases is to compare the proportion of each subregion contained within
MCSs. In this case, the proportion of MCS bases in the Siglec-containing regions is only 38% of what is
observed in the non-Siglec-containing regions (3% vs. 7.9% of each subregion, respectively).

Presence of possibly hybrid genes. Examination of incongruities between phylogenetic trees reconstructed
from different parts of the Siglec molecules, along with analyses of gene structures, genomic locations, and
comparison of intron sequences, suggests possible gene conversions or recombinations between Siglec
genes, resulting in domain shuffling. Here we present a possible example.

Although primate CD33/Siglec-3 and Siglec-6 have different numbers of Ig-like domains (two and three,
respectively), these two clades show close phylogenetic relationship at the N-terminal portion of these
molecules (Fig. 3B). A more detailed analysis of exons encoding individual Ig-like domain reveals that
CD33/SIGLEC3 and SIGLECG6 are very similar at Ig]l and Ig2-coding exons (Figs. 5 A and B). However, the
latter shows extensive sequence similarity with SIGLECS at Ig3-coding exon (Fig. 5C). Also, although the
Siglec-6 protein lacks 1g4, the SIGLEC6 gene contains a nonfunctional remnant of the exon encoding for
Ig4, which shows some degree of sequence identity with the exon coding for Ig4 of SIGLECS. Sequence
similarities between SIGLEC6 and CD33/SIGLEC3 (at Igl and Ig2) and between SIGLEC6 and SIGLECS (at
Ig3 and Ig4) are not limited to the exons, but is seen with the introns as well (Fig. 6B). Thus, homoplasy
alone seems insufficient to explain the observed sequence similarities between Siglec-3 and -6. These facts
suggest that SIGLECG6 is a hybrid or chimeric gene composed of the SIGLEC3-like and SIGLECS-like genes.
Possible scenarios for the generation of this gene may include "two gene duplication events and a
recombination," or "a gene duplication and a partial gene conversion," as shown in Fig. 6C (Scenarios 1 and
2 , respectively).



. Gordon, D., Abajian, C. & Green, P. (1998) Genome Res. 8, 195-202.

. Ewing, B. & Green, P. (1998) Genome Res. 8, 186-194.

. Ewing, B., Hillier, L., Wendl, M. C. & Green, P. (1998) Genome Res. 8, 175-185.

. Thomas, J. W., Touchman, J. W., Blakesley, R. W., Bouffard, G. G., Beckstrom-Sternberg, S. M.,
Margulies, E. H., Blanchette, M., Siepel, A. C., Thomas, P. J., McDowell, J. C., et al. (2003) Nature 424,
788-793.

. International Human Genome Sequencing Consortium (2001) Nature 409, 860-921.

. International Mouse Genome Sequencing Consortium (2002) Nature 420, 520-562.

. Schwartz, S., Kent, W. J., Smit, A., Zhang, Z., Baertsch, R., Hardison, R. C., Haussler, D. & Miller, W.
(2003) Genome Res. 13, 103-107.

. Wheelan, S. J., Church, D. M. & Ostell, J. M. (2001) Genome Res. 11, 1952-1957.

. Angata, T., Kerr, S. C., Greaves, D. R., Varki, N. M., Crocker, P. R. & Varki, A. (2002) J. Biol. Chem.
277, 24466-24474.

10. Angata, T. & Varki, A. (2000) J. Biol. Chem. 275, 22127-22135.
11. Patel, N., Brinkman-Van der Linden, E. C., Altmann, S. W., Gish, K., Balasubramanian, S., Timans, J.

C., Peterson, D., Bell, M. P., Bazan, J. F., Varki, A. & Kastelein, R. A. (1999) J. Biol. Chem. 274, 22729-
22738.



Fig. 4. Comparisons of the Siglec gene cluster in human, chimpanzee, baboon, rat, and mouse:
Combinatorial pair-wise alignments. Using the generated genomic sequence, dot plots were constructed
using the BLASTZ-generated alignments for each species pair, as indicated on the x and y axes. The relative
positions of the kallikrein (KLK) genes are shown in green, Siglec genes in blue, and other genes in yellow.
Note that the human and mouse sequences used in this study was generated elsewhere (1, 2). An interactive
version of this figure can be found at www.nisc.nih.gov/data/Angata_etal_2004_Siglec (requires that JAVA
be installed).

1. International Human Genome Sequencing Consortium (2001) Nature 409, 860-921.

2. International Mouse Genome Sequencing Consortium (2002) Nature 420, 520-562.

Fig. 5. Molecular phylogenetic trees of exons encoding the (A) first, (B) second, and (C) third Ig-like
domains of CD33rSiglecs. Trees were reconstructed by the neighbor-joining method, based on a distance
matrix (uncorrected P distance) calculated from the nucleotide sequences encoding each domain. Due to the
unusual structure of Siglec-12/XII (which has two V-set domains, whereas all other Siglecs have only one V-
set domain), "Ig2" and "Ig3" of SIGLEC12/XII used in this analysis were exon sequences encoding the first
two C2-set domains (Ig3 and Ig4 of this molecule), respectively. Primate CD33/SIGLEC3, rodent
Cd33/Siglec3, and rodent SiglecH are absent from C, because they lack such a domain. The "primate
SIGLEC10 and 11 + rodent SiglecG" clade was used as an internal outgroup, because they are considered
ancestral to the CD33rSiglecs and are consistently monophyletic, whereas SIGLEC4 is not similar enough to
CD33rSiglecs at nucleotide level to give reliable alignment with them.

Fig. 6. Primate SIGLEC6, a possible example of hybrid gene. (A) A schematic representation of human
SIGLEC3, 5, and 6. A closed box represents an exon, whereas an open box represents a remnant of exon. (B)
Nucleotide sequence identity between SIGLEC6 and SIGLEC3 or SIGLECS, calculated for individual exon
and intron. The number in each box or above each line between boxes stands for the nucleotide length of
each exon or intron, respectively. The percent identity between the equivalent segments in two Siglec genes
is shown in italics. (C) Possible scenarios leading to the current configuration of primate SIGLEC6. In
Scenario 1, a gene duplication generating SIGLECS and proto-SIGLEC6 from their ancestor, and one
generating a SIGLEC3-like Siglec gene, should have preceded the gene arrangement shown on top. The
subsequent recombination and loss of a part of SIGLEC3-like Siglec gene and proto-SIGLEC6 may have led
to the current configuration of SIGLEC6. In Scenario 2, gene duplication happened only once, generating
SIGLECS and proto-SIGLEC6 from their ancestor, which was followed by a partial gene conversion of a part
of proto-SIGLEC6 by SIGLEC3 or a gene similar to it. Note that these scenarios are grossly simplified and
may not represent all events that have happened in this region.

Fig. 7. Amino acid differences between human and chimpanzee CD33rSiglec orthologs, overlaid onto
the structure of Siglec-7. (A) Amino acid differences between human and chimpanzee ortholog pairs were
projected onto the equivalent residues of human Siglec-7 and then binned for each secondary structural
element (3-strand and loop). The fractional number beside each strand/loop represents the number of
differences per the total number of amino acids in each strand/loop. (B) Birds-eye view of the Igl of human
Siglec-7, with amino acid differences between all human—chimpanzee CD33rSiglec ortholog pairs marked in
yellow. The attached N-glycan is represented by a ball-and-stick model. The dotted white line represents the
division between two "faces" of the molecule (which does not exactly correspond to the two 3-sheets).



Supporting Data Set 1. Nonsynonymous and synonymous differences between human and chimpanzee
CD33rSiglec orthologs, mapped onto the 3D structure of Siglec-7. Amino acid residues showing differences
between human and chimpanzee CD33rSiglec orthologs were mapped onto 3D structure of human Siglec-7
(PDB ID code 107V; Molecular Modeling Database no. 22472) and highlighted. The file provided should be
downloaded, saved as text and then visualized using CN3D
(www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml). To see the annotation (nonsynonymous differences),
choose the Structure window, select "Style: Annotate" from the menu, choose "NonSyn" from the available
annotation panel, and click "Show," then the "Done" button. Synonymous changes (synonymous nucleotide
substitutions) are also mapped on the structure for comparison (to see synonymous changes, follow the
procedure described above, except choosing "Syn" instead of "Nonsyn" from the available annotation panel).



Table 4. Number of observed synonymous (Sd) and non-synonymous (Nd) differences, synonymous (S)
and non-synonymous (N) sites, and proportions of synonymous (pS) and non-synonymous (pN)
differences between the first Ig-like domains of orthologous primate CD33rSiglec pairs.

| Sa | Na | S [ N [ pS | pN [ pNpS
Human-Chimpanzee Comparison
Siglec-3 1 7 90 288 0.0111 0.0243 2.188
Siglec-5/V 1 13 93.5 287.5 0.0107 0.0452 4.228
Siglec-6 0 3 90.17 260.83 0 0.0115 -
Siglec-7 2 5 100.33 331.67 0.0199 0.0151 0.756
Siglec-8 0 2 109.5 343.5 0 0.0058 —
Siglec-9 1 7 103.67 313.33 0.0096 0.0223 2.316
Siglec-10 2 2 89.5 288.5 0.0223 0.0069 0.310
Siglec-12/X11 0 3 107.58 318.42 0 0.0094 —
Combined 7 42 784.25 | 2431.75 0.0089 0.0173 1.935
Human-Baboon Comparison
Siglec-3 6 16 90.5 287.5 0.0663 0.0557 0.839
Siglec-5 7 22 93.17 287.83 0.0751 0.0764 1.017
Siglec-6/VI 8 27 88.75 262.25 0.0901 0.1030 1.142
Siglec-8 11.17 14.83 110.42 342.58 0.1012 0.0433 0.428
Siglec-9 10.17 35.83 104 313 0.0978 0.1145 1.171
Siglec-10 5 35 89.42 288.58 0.0559 0.1213 2.169
Combined 47.34 150.66 576.26 | 1781.74 0.0822 0.0846 1.029
Chimpanzee-Baboon Comparison
Siglec-3 6 16 91.33 286.67 0.0657 0.0558 0.850
Siglec-5/V 8 28 93.5 287.5 0.0856 0.0974 1.138
Siglec-6/VI 7.5 28.5 88.92 262.08 0.0843 0.1087 1.289
Siglec-8 11.17 14.83 110.08 342.92 0.1015 0.0432 0.426
Siglec-9 9.17 33.83 105.33 311.67 0.0871 0.1085 1.247
Siglec-10 7 33 89.08 288.92 0.0786 0.0114 1.454
Siglec-13 9 27 92.5 285.5 0.0973 0.0946 0.972
Combined 57.84 181.16 670.74 | 2065.26 | 0.0862 0.0877 1.017

— cannot be calculated
Note: pS = Sd/S, pN = Nd/N.
For the statistical analysis described in the text, 2x2 contingency tables (consisting of [Sd, S-Sd] and [Nd, N-

Nd]) were made for each Siglec and analyzed by Fisher’s exact test. Values were rounded to the nearest

integers.
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