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Summary

The receptor for advanced glycation end products is
associated with a series of physiological and pathologi-
cal processes. Here, we studied the evolution of this
multiligand receptor in primates and murine rodents.
The evolutionary analyses reveal that adaptive selec-
tion had contributed to the variation at a number of
amino acid sites in both taxa. Further, the major adap-
tively selected sites of both taxa are located on the
extracellular ligand- and intracellular adaptor-binding
regions and receptor oligomerization-related surfaces.
The co-occurrence of adaptive evolution on the homo-
logue domains suggests that they could play similar
roles in these taxa. In terms of advantage fitness, the
adaptive changes at these sites could contribute to host
defence against the potential challenges towards these
interactions and relevant signalling pathways, or the
specificity of these essential points.

Introduction

The major histocompatibility complex (MHC) class III
gene AGER encodes a receptor for advanced glycation
end products (RAGE) that is critical for various
aspects of physiological and pathological processes
(Hofmann et al., 1999; Cohen, 2013; Sorci et al.,
2013). It is expressed in a variety of cell types,
including endothelial cells, monocytes/macrophages
and T-lymphocytes (Brett et al., 1993; Chen et al.,
2004; Moser et al., 2007). In the context of immune

and inflammatory responses, RAGE can sense endoge-
nous ligands and subsequently induce cellular activa-
tion through intracellular signal pathways, such as
mitogen-activated protein kinases, Rho family small
GTPases Rac/Cdc42, Janus kinase–signal transducer
and activator of transcription, and nuclear factor-jB
(NF-jB) (Lander et al., 1997; Huttunen et al., 1999;
Taguchi et al., 2000; Huttunen & Rauvala, 2004).
Structurally, RAGE is a member of the immunoglob-

ulin superfamily and exhibits similar key structural fea-
tures in mammals (Neeper et al., 1992; Schmidt et al.,
1994; Xu et al., 2013; Sessa et al., 2014). The extracel-
lular part of RAGE contains a V-type immunoglobulin
domain followed by two C-type immunoglobulin
domains (C1 and C2). The structures of the V domain
(Xie et al., 2008; Xue et al., 2011; Sirois et al., 2013),
V-C1 domains (Koch et al., 2010; Park et al., 2010; Sir-
ois et al., 2013; Xu et al., 2013; Yatime & Andersen,
2013), C1–C2 domains (Sirois et al., 2013) and V-C1–
C2 domains (Yatime & Andersen, 2013) have been pro-
vided. These Ig-like domains consist of b-strands, which
are connected to form two b-sheets. For V domain,
strands A, C, C0, F and G form one b-sheet, and strands
B, D and E form the second sheet. For C1 domain,
strands A, B, D and E are embed in one sheet, and
strands C, C0, F and G are embed in the second sheet,
whereas two additional strands, A0 and G0, belong to
neither of two sheets (Koch et al., 2010). For putative
structure of C2 domain, strands A, B and E form one
sheet, and strands A0, C, F, G and G0 form the second
sheet (Yatime & Andersen, 2013). With disulphide
bond, the b-sheets folded into a b-sandwich structure
(Bork et al., 1994; Xue et al., 2011). The domains V
and C1 form a rigid structural unit, and residues at the
interdomain interface contact through several interdo-
main hydrogen bonds and hydrophobic interactions
(Koch et al., 2010; Park et al., 2010). In contrast, the
C2 domain connects to V-C1 through a flexible linker
(Park et al., 2010; Xu et al., 2013). The other domain
includes an N-terminal signal sequence to target RAGE
to the cell membrane. Following the extracellular
domains are a single transmembrane spanning segment
and a 46 amino acid-long cytoplasmic tail (ctRAGE).
The solution structure of ctRAGE contains an unusual
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hooklike a-turn (residues 2–15) and an unstructured
C-terminal tail (residues 16–42) (Rai et al., 2012). The
cytoplasmic domain shares little homologous features
with any known phosphotyrosine, phosphothreonine,
or phosphoserine motifs, but the domain is essential for
RAGE-mediated signal transduction and subsequent
function (Hofmann et al., 1999; Kislinger et al., 1999;
Yatime & Andersen, 2013). In addition to the cell-
bound form, RAGE also presents circulating secretory
types, which are composed of only the extracellular
domains.
Receptor for advanced glycation end products is

notable for recognizing a diverse set of endogenous
ligands, which do not share any obvious structural
characteristics. The ligands initially identified were
advanced glycation end products (AGEs), which form
in normal physiological processes or in response to cel-
lular stress caused by various pathologies (Brownlee
et al., 1984; Schmidt et al., 2000). In addition to
AGEs, RAGE can recognize nonsecreted cytosolic
molecules, including several members of proinflamma-
tory cytokine S100 family (Donato et al., 2013) and
high-mobility group protein box-1 (HMGB1) (Lotze
& Tracey, 2005). The nuclear protein HMGB1 can be
released by necrotic cells and subsequently evokes the
immune response to infection, injury and inflammation
(Taguchi et al., 2000). The S100 family represents a
subgroup of EF-hand calcium-binding proteins (Heiz-
mann et al., 2002). The components of S100 proteins
are released from activated inflammatory cells and
characteristically accumulate at sites of chronic inflam-
mation (Zimmer et al., 1995; Schafer & Heizmann,
1996). The release of these S100 family proteins into
the extracellular space contributes importantly to the
inflammatory response through interaction with recep-
tors, including RAGE (Hofmann et al., 1999; Donato
et al., 2013). Besides protein ligands, RAGE is a
receptor for nucleic acid and consequently mounts
inflammatory responses to infection and/or tissue dam-
age (Sirois et al., 2013; Xu et al., 2013). As RAGE
has been identified to bind to a variety of individual
ligands, it is regarded as a pattern recognition receptor
(PRR; Chavakis et al., 2003; Yan et al., 2008; Kalea
et al., 2009). Interestingly, the ctRAGE can also
recruit different adaptor proteins, such as the extracel-
lular signal-regulated kinase Erk1, diaphanous-1 or
Toll/interleukin-1 receptor domain containing adaptor
protein (Ishihara et al., 2003; Hudson et al., 2008;
Sakaguchi et al., 2011; Rai et al., 2012), subsequently
serves a crucial role in signal transduction.
The apparently wide spectrum of the extracellular

ligands and intracellular adaptors makes the recogni-
tion strategies of RAGE highly sophisticated and inter-
esting in understanding its roles in physiological and
pathological processes. It has been reported that the
interaction between RAGE-ligand occurs mainly
within the V domain (Kislinger et al., 1999; Taguchi
et al., 2000; Leclerc et al., 2007; Ostendorp et al.,
2007; Xie et al., 2007, 2008). However, recent studies

on RAGE structure and function demonstrated that
the C1 and C2 domains also are involved in binding
ligands. RAGE can recognize S100A12, a member of
S100 family, mediated only by the C1 domain (Xie
et al., 2007). The VC1 structural unit might act in
binding Ne-carboxy-methyllysine, one of the major
AGE structures, and Ca2+-S100B with increased affin-
ity than that of the isolated V domain (Dattilo et al.,
2007; Xue et al., 2011). The C1 and C2 domains can
cooperate to bind to S100A6 despite the presence of
the flexible linker between them (Leclerc et al., 2007).
In terms of intracellular signal propagation, some
uncertainty remains over the structural nature and
mechanism of ctRAGE in recognizing the intracellular
adaptors because of the disordered structure and
absence of known homologous motifs used for signal
transduction (Rai et al., 2012).
In addition to their divergence regarding ligand recog-

nition, the extracellular domains of RAGE contribute to
the oligomerization, which is a prerequisite for its signal
transduction (Dattilo et al., 2007; Ostendorp et al.,
2007; Xie et al., 2007, 2008; Koch et al., 2010; Zong
et al., 2010; Rai et al., 2012; Xu et al., 2013; Yatime
& Andersen, 2013). As already reported, V domain has
an important role in RAGE oligomerization. During the
process of oligomerization, several nonoverlapped func-
tional surfaces of the V domain mediate the oligomer
formation and heparan sulphate can serve as an addi-
tional stabilizing factor to sustain the assemblage (Xie
et al., 2008; Xu et al., 2013). Moreover, it has been
identified that C1, C2 and/or the transmembrane
regions also might be responsible for the oligomeriza-
tion to transduce their signal (Xie et al., 2007; Wei
et al., 2012; Xu et al., 2013; Yatime & Andersen,
2013). Considering the critical and complex roles of
RAGE in physiological and pathological processes, it is
of interest to understand the atomic level structural
basis and the involvement strategy of functional
domains by which RAGE binds these individual extra-
cellular ligands and intracellular adaptors and under-
takes oligomerization.
Despite the progress in elucidating the structure,

function and clinical relevance of RAGE, the evolution
of this PRR remains, to some extent, deficient (Sessa
et al., 2014). The overall organization of the MHC
class III, in which gene AGER is located, appears to
be highly conserved in human and mouse, and all the
genes identified in human are shared with mouse
(Trowsdale, 1995; Kumanovics et al., 2003). Also, the
primary structures of RAGE are well conserved in
mammals. For example, RAGE of mouse exhibits con-
siderable amino acid sequence similarity (78%) with
its human homologue. Moreover, RAGE generally pre-
sents a conserved picture characterized by its tertiary
structural and functional roles in human and mouse
(Xu et al., 2013). However, little is known about
whether RAGE has been influenced by factors, such as
microbes in evolutionary arms race, or endogenous
changes. Previous studies have suggested that
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pathogens have evolved a range of anti-immune
molecular methods including blockage of signalling
pathways to counter both innate and adaptive immune
mechanisms (Finlay & McFadden, 2006). If such items
occurred on RAGE, variations in the receptor for
countering such challenges could provide insights into
the features relevant to its structure and function.
An important step towards our understanding

structural and functional innovations in host immune-
related genes includes the description of genetic
variation. In this study, we analysed the patterns of
nucleotide variation for this receptor in primates and
murine rodents. Our results suggest that adaptive
selection led to rapid evolution of RAGE in both taxa.
The majority of adaptively selected amino acid sites
were implicated in two types of functions: (i) the
recognition of extracellular ligand and intracellular
adaptor and (ii) receptor oligomerization.

Materials and methods

Samples

To investigate the evolutionary patterns and processes
of AGER, nucleotide sequences of nine primate species
were obtained from GenBank. For murines, AGER
sequences were collected from 11 species. The
sequences of Mus musculus and Rattus norvegicus were
obtained from GenBank. Sequence data for the other
murine taxa were generated in this study. The coding
regions of AGER sequences from these samples were
defined based on their GenBank entries of Homo sapi-
ens and M. musculus. Full details of our taxonomic
sampling are in Table S1 (Supporting Information).

DNA sequencing and alignment

The complete AGER sequences of nine murine sam-
ples were amplified from genomic DNA. A number of
primers have been designed which are capable of
amplifying the entire coding region from different spe-
cies. Primer sequences are available upon request. The
PCR amplification products were purified and cloned
using the pMD 19-T Vector kit (TaKaRa). The inserts
were sequenced using the vector primers. The coding
regions of AGER sequences from these samples were
defined based on their GenBank entries of M. muscu-
lus and R. norvegicus. The sequences of primate and
murine taxa were aligned independently using Clus-
talW (Thompson et al., 1997) and checked manually.

Evolutionary analyses

To provide comprehensive information of adaptive
selection within gene AGER during primate and/or
murine evolution, we performed evolutionary analyses
for each taxon at different levels. First, we analysed
the general substitution patterns of complete coding
region. Because the four domains (V, C1, C2 and

ctRAGE) perform distinct functions in physiological
and pathological processes (see above), we also
assayed the evolvement of these domains between
pairs of species (Table S2 in Supporting Information).
For each data set, we calculated the ratios of the num-
ber of nonsynonymous substitutions per nonsynony-
mous site (dN) and the number of synonymous
substitutions per synonymous site (dS) using Pamilo–
Bianchi–Li’s method (Li, 1997). Deviations of dN/dS
from neutrality were analysed with the Z-test and
Fisher’s exact test (Zhang et al., 1997; Nei & Kumar,
2000). A dN/dS ratio that exceeds one significantly
indicates positive selection, while a dN/dS < 1 reflects
negative selection.
After examining adaptive selection at the entire cod-

ing region and functional domain levels, we then
detected the individual sites that have been influenced
by positive selection covering the complete coding
region for both primates and murines with CODEML in
the PAML package (Yang, 1997, 2007). Program CODEML

adopts codon-based models (M) for studying the evolu-
tionary mechanism of amino acid sites by comparing
synonymous and nonsynonymous substitution rates
(Goldman & Yang, 1994). For each taxon, we calcu-
lated likelihood values with three pairs of models (M0
versus M2, M7 versus M8 and M8a versus M8). Null
models M0, M7 and M8a assumed that all codons
evolved neutrally or under purifying selection (dN/dS
values ≤ 1); alternative models M2 and M8 allowed a
proportion of sites to be under positive selection with
dN/dS > 1. For each pair comparison, a likelihood ratio
test (LRT) was used to estimate the difference between
them (Nielsen & Yang, 1998; Swanson et al., 2003).
Under model M2 and M8, a Bayes empirical Bayes
(BEB) procedure was used to identify the amino acid site
influenced by positive selection (Yang et al., 2005).

Results and discussion

In primates and murine rodents, adaptive selection could
have effects on the evolution of RAGE

The molecular signature of adaptive selection can be
identified through comparative sequence analysis
among species. To detect the signature of adaptive selec-
tion, we analysed the sequence variations of AGER in
the primates and murine rodents. For primate
sequences, none of the ratio comparisons exceeded one
significantly. However, the ratios of Pan troglodytes
versus Gorilla gorilla from Fisher’s exact test
(P = 0.066) were marginally significant. Further, the
dN/dS ratios of H. sapiens to two Pan species, and
P. paniscus to G. gorilla exceeded one, deviating from
neutral expectation. These results suggest that RAGE
potentially experienced positive selection in primates.
For the V domain, we observed that none of the dN/dS
ratios were larger than one for the possible compar-
isons. However, a different pattern was found for C1,
C2 and ctRAGE coding regions. Twenty-four, three and
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thirty pair-wise comparisons have dN/dS > 1 for these
regions, respectively, although the differences are not
significant. Our results suggest that these domains might
be subject to positive selection, which is consistent with
the observations of the entire coding region.
For murine AGER, we evaluated selection using the

same strategy implemented for primates. It is of note
that the dN for R. norvegicus versus R. rattus was lar-
ger than their dS, although the difference was not statis-
tically significant. For the four functional domains, a
similar pattern was observed in these domains with
respect to that of primate sequences. None of the dN/dS
ratios were larger than one for the possible comparisons
for V domain. In contrast, for C1 and C2 domains,
there were two (R. exulans versus R. fuscipes and
R. norvegicus versus R. rattus) and three (R. rattus ver-
sus R. fuscipes, R. norvegicus, and R. tanezumi) com-
parisons that exceeded one, although the values were
not significantly different. For the ctRAGE domain, the
dN/dS ratios between M. caroli and M. musculus
slightly exceeded one. These observations infer that
RAGE could be influenced by positive selection in mur-
ine lineages similar to that of primates.
For the comparisons with dN/dS > 1, especially that

of murine AGER data set, the marginally significant
and nonsignificant results were probably due to the fact
that a small number of amino acid sites are involved in
the adaptive evolution. While most amino acids in a
protein are under functional constraints, adaptive varia-
tion typically occurs at just a few sites (Li, 1997). How-
ever, it is also feasible that the selectively neutral
mutations might account for such an evolutionary pat-
tern. In this situation, it is valuable to examine the signs
of adaptive changes at the individual amino acid sites in
RAGE during primate and murine evolution.

Positive selection possibly contributed to the amino acid
changes of RAGE

Using a codon-based test in a maximum likelihood
framework (Yang, 1997, 2007), we detected the

implication of adaptive changes at the individual
amino acid sites of RAGE in both taxa (see Materials
and methods). For the primate sequences, the LRT
results showed that in each comparison, the model
that allowed codons to evolve adaptively (dN/dS > 1)
fits the data significantly better than the models for
neutrality or under purifying selection (dN/dS ≤ 1)
(Table 1). Eight sites had dN/dS ratios exhibiting a
departure from neutrality in favour of adaptive selec-
tion (P > 0.80) (Fig. S1 in Supporting Information).
Three sites (189, 201 and 221) are located in the C1
domain; site 270 is located in the C2 domain. Another
group of sites (369, 376, 385 and 400) are located in
the ctRAGE domain.
For the murine data set, the LRT of M2 versus M0

showed that the model for adaptive selection (M2) fits
the data significantly better than the model for neutral-
ity or under purifying selection (M0) (Table 1 and
Fig. S2 in Supporting Information), suggesting that a
proportion of sites could be under positive selection.
The BEB analysis indicated that four sites have been
subject to positive selection (Table 1). One adaptively
changed site (8) lies in the signal sequence. This
sequence is removed resulting in the release of the
mature RAGE protein. The other three sites (104, 171
and 394) are located in the V, C1 and ctRAGE domains,
respectively. These results suggest that adaptive selec-
tion had played an important role in shaping the varia-
tion at numerous sites on multiple RAGE domains in
both the evolution of primates and murine rodents.

Amino acid sites under adaptive selection are located on
the extracellular ligand- and intracellular adaptor-binding
region or contact surfaces relevant to receptor
oligomerization

To further understand the structural and functional
significance of evolutionary changes at the adaptively
selected amino acid sites, we located them on the
three-dimensional structures of mature human and
mouse RAGEs (PDB ID: 4lp5, 2LMB and 4im8)

Table 1. Likelihood values and sites inferred to be under positive selection for gene AGER in primates and murine rodents

Taxon Model l a �2DLb Sites under selection identified by PAML

Primates M0: one-ratio �2454.98 17.50** (M2 versus M0) None

M2: selection �2446.23 189 (at P ≥ 0.90)

M7: b �2449.55 6.64* (M8 versus M7) Not allowed

M8a: b and fixed x �2449.54 6.62* (M8 versus M8a) Not allowed

M8: b and x �2446.23 189 (at P ≥ 0.95)

201, 221, 270, 369, 376, 385, 400 (at 0.90 > P ≥ 0.80)

Murine rodents M0: one-ratio �3011.57 23.68** (M2 versus M0) None

M2: selection �2099.73 106 (at P ≥ 0.80)

M7: b �3001.52 3.98 (M8 versus M7) Not allowed

M8a: b and fixed x �3000.10 1.14 (M8 versus M8a) Not allowed

M8: b and x �2999.53 8, 106, 173, 397 (at P ≥ 0.80)

al, The log likelihood value under different codon-based model.
b�2DL, twice the log likelihood difference between pair of models. See Materials and methods for details on LRT.

Single and double asterisks correspond to P < 0.05 or P < 0.01, respectively (one-tailed t-test). The numbers of amino acid sites represent their

position in the primate and murine sequence alignments.
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(Fig. 1) (Rai et al., 2012; Xu et al., 2013; Yatime &
Andersen, 2013). In the V domain, the adaptively
selected site 106 of murine sequences alignment (corre-
spond to site 104 of mouse and site 105 of human
RAGE) is located on a positively charged patch
(Figs 1a and S3 in Supporting Information). In the
human RAGE, the residue at this and nearby sites con-
tributes to the binding of ligand Ca2+-S100B (Koch
et al., 2010). This patch also appears to make contact
with AGE-BSA and DNA (Matsumoto et al., 2008;
Xu et al., 2013). In addition, this structural unit is
responsible for binding of RAGE to heparan sulphate,
which can stabilize the organization of the oligomers
(Xu et al., 2013). Site-directed mutagenesis studies
suggested that the nearby residues (sites 104 and 107)
of the site 105 in the human homologue (Fig. S3 in
Supporting Information) play a critical role in RAGE-
heparan sulphate oligomeric complexes (Xu et al.,
2013). Consistently to the previous functional perspec-
tive, the presence of adaptive evolution at this site can
be a reflection of advantage(s) in contacting with the
endogenous ligands.
On the C1 domain, three adaptively selected sites

(189, 201 and 221) of primate RAGE and one site (173)
of murine alignment data set (correspond to site 171 of

mouse and site 172 of human RAGE) fall into disparate
functional regions (Figs 1a,b and S3 in Supporting
Information). Although the sites 173 and 189 are in dif-
ferent taxon, they both are located on the C1–C1 con-
tact interface that could mediate the oligomerization of
RAGE (Xie et al., 2007; Koch et al., 2010), in which
the residue at site 189 can form a bridge with site 1620

in adjacent molecules to stabilize the oligomers (Koch
et al., 2010). The site 221 in primates is distributed in a
positively charged patch on the edge of the b-sandwich
(Fig. 1b). This patch is juxtaposed to the electropositive
surface of V domain, forming a highly electrostatic plat-
form (Koch et al., 2010; Park et al., 2010; Yatime &
Andersen, 2013). An essay on the crystal structure of
RAGE suggested that the sites within the packed plat-
forms of RAGE dimer interact with the acidic residues
in C2 domain of another symmetry-related RAGE to
form a multimeric complex (Yatime & Andersen,
2013). In addition, the structural significance of the
electropositive platform fits well to the negative feature
of the diverse RAGE ligands (Koch et al., 2010). There-
fore, the variation at site 221 might contribute to recog-
nizing specificity in adhesion molecules.
Site 201 is another adaptively selected site in pri-

mate RAGE, lying in the loop (residues 195–205)

Figure 1. Stick model showing the locations of adaptively selected amino acid sites in mouse receptor for advanced glycation end products

(RAGE) VC1 domains (a) (Xu et al., 2013), human RAGE VC1C2 domains (b) (Yatime & Andersen, 2013) and human a-turn of ctRAGE (c) (Rai

et al., 2012). In (b), the b-sheets containing sites under selection are shown in the squares. In (c), the binding patch formed by sites 365–367

corresponding to 4–6 of ctRAGE is indicated by yellow colour. The residues of selected amino acids are shown on the three-dimensional struc-

tures in purple. The numbers of amino acid sites represent their position in the human and mouse RAGE sequences.
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between strands E and F of C1 domain (Koch et al.,
2010). Compared with b-sheet and loop topology of
C1-set Ig molecules (Bork et al., 1994), this loop is
elongated by residues 198–201 in both primate and
murine RAGEs (Koch et al., 2010). The residues at
site 198 of this loop also interact with C1–C2 linker
through a hydrogen bond to stabilize the C terminus
of C1 (Koch et al., 2010). Taken together, the elon-
gated length of E-F loop and the adaptive changes at
site 201 suggest that this loop and its interaction with
linker could be important for the function of RAGE.
For C2 domain, previous studies have showed that

several sites (245, 337, 274 or 312) can mediate a
multimeric receptor complex with a platform formed
by V and C1 domains (Koch et al., 2010; Park et al.,
2010; Yatime & Andersen, 2013). However, to date,
there has been no further annotation to describe the
structural features of this domain in ligand recognition
or signalling transduction. The selected site 270
appears to lie in strand C of this domain (Yatime &
Andersen, 2013). It is worth noting that this site and
three above-mentioned sites (245, 274 and 312) are
colocated on a cleft mainly comprised of strands A0,
G0, G, F and C (Yatime & Andersen, 2013). Sites 270
and 245 are at the bottom of the cleft, and sites 274
and 312 are on the side wall (Fig. 1b). The combined
results of our evolution analysis and previous structure
essay suggest that the cleft could act as a structural
and functional unit in the interaction with the basic
platform of V and C1 domains.
For RAGE cytoplasmic domain, we observed that pos-

itively selected sites fall in two domains. One group of
selected sites in the primate data set (369 and 376 corre-
spond to 8 and 15 of ctRAGE, respectively) are located
on the a-turn (residues 2–15, PDB ID: 2LMB) (Rai et al.,
2012). The hook-like shape a-turn consists of a
hydrophobic patch interacting with its intracellular part-
ner mammalian diaphanous-1 (mDia1) (Hudson et al.,
2008; Rai et al., 2012). The selected site 369 closes to
this binding patch formed by site 365–367 (Fig. 1c).
Thus, the location of selected site inferred its functional
significance in binding intracellular adaptors. The
remaining portion of the gene in primates (385 and 400
correspond to 24 and 39 of ctRAGE, respectively) lies in
C terminus, as does site 397 of murine rodent sequence
(corresponding to mouse site 394 and human site 35)
(Fig. S3 in Supporting Information). The dynamics and
disorder of structure could not provide further clues for
predicting the function of this domain. The presence of
adaptive selection at the sites within this region, in both
primate and murine sequences, led us to propose that
these sites could have been responsible for the signalling
cascades that are activated based on differential interac-
tions. Alternatively, the changes might have constituted
a functional adaptation to overcome microbial insults
that block the signalling pathways.
Our analyses suggest that adaptive selection has dri-

ven the evolution at a number of RAGE sites in both
primates and murine rodents. More interestingly,

although none of individual sites were influenced in
both taxa, we observed that the majority of these sites
are located on the extracellular ligand- and intracellu-
lar adaptor-binding regions and oligomerization-
related surfaces. It is becoming increasingly clear that,
despite the numerous insults used by microbial patho-
gens, several general anti-immune mechanisms under-
lying these strategies are shared between these diverse
pathogens (Finlay & McFadden, 2006; Elde & Malik,
2009). In these scenarios, the similar distribution pat-
tern of these adaptively selected sites would most
likely represent shared strategies of the RAGEs to
counter these insulting mechanisms. In terms of physi-
ological function, not only would the shared diversity
strategies of RAGEs be in favour of their interactions
with a large variety of ligands and adaptors (see
above), but these general strategies would also main-
tain their critical functions in the signalling cascades
(Lander et al., 1997; Huttunen et al., 1999; Taguchi
et al., 2000; Huttunen & Rauvala, 2004). It should be
noted that the existence of the differences between
two taxa, such as the site 106 of murine and site 270
of primate RAGE, suggests a different mode of diver-
sity. They may have been due to methodological dif-
ferences of the receptors to overcome different
environmental and/or endogenous challenges. Cer-
tainly, further studies are needed to validate the func-
tional implication(s) of these domains and adaptively
selected sites on the exact nature of RAGE.
In conclusion, our analyses provide evidence that

adaptive selection has driven the evolution of RAGE in
primates and murine rodents. The evolutionary signifi-
cance of this immune receptor could shed more insights
into its multiligand recognition, oligomerization and
strategies for countering a variety of challenges.
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