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Family Implicated in Nociception
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The MRG gene family (also known as SNSR) belongs to the G-protein—coupled receptor (GPCR) superfamily, is expressed
specifically in nociceptive neurons, and is implicated in the modulation of nociception. Here, we show that K,/K; (the
ratio between nonsynonymous and synonymous substitution rates) displays distinct profiles along the coding regions
of MRG, with peaks (K,/K.>1) corresponding to extracellular domains, and valleys (K,/K, <1) corresponding to
transmembrane and cytoplasmic domains. The extracellular domains are also characterized by a significant excess of
radical amino acid changes. Statistical analysis shows that positive selection is by far the most suitable model to
account for the nucleotide substitution patterns in MRG. Together, these results demonstrate that the extracellular
domains of the MRG receptor family, which presumably partake in ligand binding, have experienced strong positive
selection. Such selection is likely directed at altering the sensitivity and/or selectivity of nociceptive neurons to
aversive stimuli. Thus, our finding suggests pain perception as an aspect of the nervous system that may have

experienced a surprising level of adaptive evolution.

[Supplemental material is available online at www.genome.org.]

The MRG gene family has been identified independently by two
groups (Dong et al. 2001; Lembo et al. 2002). The first group
isolated mouse and human members, and named them MRG for
Mas-related genes (Dong et al. 2001). The second group identified
rat and human members, and named them SNSR for sensory-
neuron-specific G-protein-coupled receptors (Lembo et al. 2002). To
avoid confusion in the two naming systems, we will adhere to
the MRG naming convention. Intriguingly, this gene family is
expressed exclusively in a highly specialized neuronal popula-
tion—nociceptive sensory neurons of the dorsal root and tri-
geminal ganglia (Dong et al. 2001; Lembo et al. 2002). Addition-
ally, different MRG genes are expressed in distinct subsets of no-
ciceptive cells (Dong et al. 2001), which would establish a rich
array of nociceptive neurons distinguishable by their MRG ex-
pression status (a situation analogous to the expression of indi-
vidual olfactory receptors in distinct subsets of olfactory neu-
rons). Members of the MRG receptor family can be potently ac-
tivated by peptide ligands such as RF-amides, and the opioid
peptides BAM22 and y2-MSH (Dong et al. 2001; Han et al. 2002;
Lembo et al. 2002). Based on the above observations, these re-
ceptors were assumed to be involved in modulating nociceptive
sensitivity and/or selectivity via interactions with peptide ligands
such as opioids (Dong et al. 2001; Han et al. 2002; Lembo et al.
2002).

The mouse and human MRG gene family have been classi-
fied into four major subfamilies, including MRGX in human, and
MrgA, MrgB, and MrgC in mouse (please refer to the original re-
ports for the phylogenetic relationship of all known MRG genes).
Human MRGX and murine MrgA may have an orthologous rela-
tionship, whereas murine MrgB and MrgC appear to be specific to
the mouse without clear human orthologs (Dong et al. 2001;
Lembo et al. 2002). Among the four subfamilies, the murine
MrgC consists mostly of pseudogenes with perhaps one exception
(Han et al. 2002), whereas the other subfamilies contain multiple
functional genes as well as pseudogenes.

In this study, we performed evolutionary analysis on the
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MRG gene family of both human and mouse. We show that this
gene family displays clear signatures of adaptive evolution in the
putative ligand-binding domains. Implications of such adaptive
evolution on organismal biology, particularly that relating to
pain perception, is discussed.

RESULTS

Evidence of Positive Selection

The phylogenies of the functional genes in MRGX, MrgA, and
MrgB are shown in Figure 1. Pairwise comparisons of evolution-
ary distances were carried out on these genes. They showed that
human MRGX genes are closely related to one another (average
pairwise K; is 0.15; Fig. 1A). The K, between even the most dis-
tantly related MRGX genes is much lower than the average K;
between human and mouse orthologs estimated at 0.47 (Ma-
kolowski and Boguski 1998). Hence, the human MRGX subfamily
likely arose from recent amplifications that postdated human-
mouse divergence. In particular, MRGX4 and 5 show very little
synonymous divergence (K, =0.006), indicating that they are
likely the result of a duplication postdating human—-chimp diver-
gence (average K; between human and chimp orthologs is
around 0.015). High levels of relatedness were also observed
among murine MrgA genes (average K, = 0.20; Fig. 1B). In con-
trast, murine MrgB genes are more distantly related with one
another (average K, = 0.46; Fig. 1C), suggesting that they arose
from much earlier amplifications, perhaps around the time of
human-mouse divergence. We did not detect any evidence of
gene conversion, such as conversion tract, between MRG paralogs
(data not shown).

We next calculated pairwise K,/K; for all of the human
MRGX genes, and separately, murine MrgA and MrgB. Many pair-
wise comparisons yielded K,/K; values greater than 1 (data not
shown). The average pairwise K,/K, is 1.10 for human MRGX,
0.92 for murine MrgA, and 0.70 for murine MrgB. These high
K,/K, values, especially those of human MRGX, indicate that
these genes have evolved very rapidly at the protein level, per-
haps as a consequence of positive selection (K,/K; greater than
unity is an indicator of positive selection; Li 1997). However, the
pairwise K,/K, values are not significantly greater than 1. We
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Figure 1 Phylogenies of human MRGX (A), murine MrgA (B), and mu-

rine MrgB (C). Horizontal branch length is scaled to K.

therefore cannot rule out the possibility that these genes are
pseudogenes (K,/K, should be around unity if genes are evolving
free of constraint, as in the case of pseudogenes). To distinguish
between these two possibilities, we reasoned that if these genes
are indeed pseudogenes, nonsynonymous substitutions should
be distributed more or less randomly across their coding regions.
On the other hand, if they are functional and their high K,/K;
values are due to positive selection, nonsynonymous substitu-
tions might be significantly more concentrated within specific
regions that are under positive selection, but relatively scarce in
regions that are under constraint. These predictions were inves-
tigated by the sliding-window analysis of K,,/K; between each pair
of human MRGX, and separately, murine MrgA and MrgB. As
shown in Supplementary Figure S1, this analysis revealed distinct
peaks (K,/K; > 1) and valleys (K,/K, < 1), consistent with posi-
tive selection having operated on specific regions of these recep-
tors (i.e., the peaks), and functional constraint being dominant
in the other regions (the valleys). Thus, the sliding-window
analysis revealed clear signs of positive selection, which were
masked by purifying selection when gene-average K, and K were
considered.

Importantly, as demonstrated by representatively pairwise
comparisons in Figure 2A-C, most of the peaks correspond to
extracellular domains known to partake in ligand binding,
whereas the valleys lie within transmembrane and cytoplasmic
domains that typically contribute to receptor anchoring and sig-
nal propagation (Bockaert and Pin 1999). An exception is the
cytoplasmic domain at the C-terminus, which also has high K,/
K, values in some comparisons. The exceedingly high K,/K; val-
ues found consistently around the extracellular domains of MRG
provide strong evidence that the ligand-binding portions of these

peptide receptors have experienced positive selection. As a con-
trol, we also conducted sliding-window analysis between MrgC
pseudogenes. In contrast to functional genes, pseudogene com-
parisons produced K,/K; profiles that appear quite stochastic and
bear very weak correlation to the domain structure (Fig. 2D). The
weak correlation may be due to random noise, or the fact that
these pseudogenes had once been functional genes under a simi-
lar selective regime. Comparable observations were made with
other MRG pseudogenes (data not shown).

A potential problem in the pairwise comparison is the fact
that different comparisons are not always independent because
they may share internal segments of the phylogenetic tree. This
calls into question whether the K,/K; peaks and valleys found in
the pairwise comparisons are representative of the entire gene
family. To address this problem, we calculated K, and K values
for the entire phylogenetic tree of a subfamily instead of only
between pairs of subfamily members (see Methods). We found
that the resulting K,/K; profiles in the sliding window analysis
are not qualitatively different from that in the pairwise compari-
sons (Fig. 3), indicating that the characteristic K,/K peaks and
valleys are a consistent feature in the evolution of these genes.

We next performed more detailed analyses of human MRGX
by first reconstructing the sequence at the progenitor node of
this subfamily (indicated by arrow in Fig. 1A), and then compar-
ing each gene to this deduced progenitor. This allowed us to
examine whether positive selection has operated in similar man-
ners on all of the MRGX genes since they parted from the pro-
genitor. Sliding-window analysis between each of the MRGX
genes and the progenitor yielded four relatively distinct profiles
(Fig. 4). These four profiles are similar to one another in that their
K,/K, peaks are almost always located in extracellular domains.
However, they differ in the number and height of the peaks,
suggesting that different MRGX genes may have experienced
somewhat different selective regimes since they evolved away
from the progenitor. It is also noticeable that the K,/K; between
the progenitor and MRGX3 (or MRGX6) hovers around 1, and
lacks domain-correlated peaks and valleys (Fig. 4). This raises the
possibility that MRGX3 and 6 may be pseudogenes despite hav-
ing intact open reading frames. It is also possible that these two
genes are functional, but have experienced selective regimes
quite different from the other members of MRGX.

Excess Amino Acid Replacements

Over Neutral Expectation

We wished to examine the statistical significance by which the
number of amino acid replacements in individual protein do-
mains deviates from neutrality. To this end, we performed simu-
lations to obtain the number of amino acid replacements that
would have occurred under complete neutrality; we then com-
pared the simulated results with the observed amino acid
changes. To better appreciate the biochemical nature of the
amino acid replacements, we divided all of the replacements into
two classes: those that are biochemically conservative and those
that are radical (see Methods). When this analysis was performed
on the MRGX genes, we found that the transmembrane domains
have fewer observed amino acid replacements relative to neutral
expectation, which is consistent with purifying selection (Fig.
5A). In contrast, the extracellular domains exhibit more replace-
ments than neutral expectation (Fig. 5B). This excess is especially
significant for radical replacements (P < 0.0001). The cytoplas-
mic domains also show more replacements than neutral expec-
tation, with conservative changes showing the most significant
excess (Fig. 5C). Interestingly, the extra amino acid replacements
in cytoplasmic domains are contributed primarily by the C-
terminal domain, where there is high K,/K; (16 of the 24 conser-
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Figure 2 Sliding-window analysis of K/K, performed on representative
functional members of human MRGX (A), murine MrgA (B), murine MrgB
(0), and pseudogene members of murine MrgC (D). Protein domains are
drawn schematically above each graph. Gray blocks in graphs correspond
to extracellular domains. E1-E4: extracellular domains 1-4. TM1-TM7:
transmembrane domains 1-7. C1-C4: cytoplasmic domains 1-4. Defini-
tions of domain boundaries are as published (Dong et al. 2001; Lembo et
al. 2002). Not all pairwise comparisons are shown due to the large num-
ber of possible pairs; data for all possible pairs are available in Supple-
mental Fig. S1.
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vative changes and six of six radical changes observed in the
cytoplasmic domains fall in the C-terminus). The above observa-
tions argue strongly that the extracellular domains and the last of
the cytoplasmic domains of MRGX have evolved under positive
selection. Particularly noteworthy is the fact that the extracellu-
lar domains—the sites where receptor-ligand interactions pre-
sumably take place—show an excess of radical amino acid re-
placements over neutrality. It is generally assumed that radical
replacements are much more likely to alter protein function than
conservative changes (Grantham 1974; Hughes et al. 2000; Da-
gan et al. 2002). Hence, positive selection operating on the ex-
tracellular domains was most likely directed at creating novel
biochemical properties within these domains. The outcome is
likely significant alterations in the affinity or specificity of the
MRGX receptors for their ligands. A significant excess of radical
amino acid replacements was also observed for murine MrgA
genes (data not shown).

Distribution of Putative Selected Sites

Another statistical test for positive selection is the Likelihood
Ratio test, which has been applied to the detection of positive
selection in a number of genes (Nielsen and Yang 1998; Yang
1998, 2000, 2001). In essence, it calculates the likelihood that a
particular evolutionary model will produce the observed pattern
of nucleotide substitutions. It then assesses the probability that
two models should differ in log likelihood as much as that ob-
served. The significance level of this P-value allows the identifi-
cation of the model that shows the best fit for the data (see
Methods for more detail). Here, we considered three basic mod-
els: (1) the one-ratio model, which assumes the same strength of
selection at all codon sites (K,/K;= constant); (2) the neutral
model, which assumes two types of codons, those conserved by
functional constraint (K,/K; = 0), and those not subject to con-
straint (K,/K, = 1); and (3) the selection model, which assumes
three types of codons, including the two in the neutral model,
and a third type that is under positive selection (K,/K, > 1). We
first calculated the likelihood of observing the substitution pat-
terns in the MRGX genes under each of these three models (Table
1). We then obtained the P-value that any two models should
differ in log likelihood as much as that observed, given the degree
of freedom (Table 2). This analysis showed that the selection
model fits the observed substitution patterns significantly better
than either of the other two models that do not involve positive
selection (P < 0.0001; see Table 1). We also analyzed the likeli-
hood of additional models where some sites were allowed to
evolve under varying degrees of partial constraint (1 > K,/K; > 0),
with or without positively selected sites. They all led to the same
conclusion, that is, models that incorporate positive selection are
consistently and significantly better than models that exclude
positive selection (data not shown).

The Likelihood Ratio analysis also identified a set of specific
codon sites in human MRGX that may have experienced positive
selection (indicated by arrows in Fig. 4). Not surprisingly, these
sites are concentrated in and around extracellular domains and
the C-terminal cytoplasmic domain, where K,/K, often greatly
exceeds 1. Of the 28 sites revealed by the analysis to have likely
experienced positive selection, 16 fall within extracellular do-
mains, even though extracellular domains represent only 27% of
the total protein. This enrichment of selected sites in the extra-
cellular domains relative to the rest of the proteins is statistically
highly significant (P =0.0007 by the two-tailed Fisher’s exact
test). The same analyses were performed on the murine Mrg
genes, which similarly revealed the existence of positive selection
in extracellular domains (data not shown). It is worth noting,
however, that the Likelihood Ratio analysis can yield false posi-
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Figure 3 Sliding-window analysis of K /K, performed on MRGX (A),

murine MrgA (B), and murine MrgB (C), where K, and K; were the sum

divergence values across all segments of the corresponding phylogenetic
tree.

tive results in the ascertainment of selected sites (Suzuki and Nei
2002). Therefore, the significance of this analysis lies less in the
identification of specific selected sites, and more in the detection
of general trends such as a strong presence of positive selection
and the concentration of selected sites in the extracellular do-
mains.

Comparison to Other Nociception-Related Genes

Members of the MRG receptors, including MRGX1, MRGX7, and
MrgAl, can be potently activated by pain-modulating opioid
peptides such as BAM22 (derived from proenkephalin) and
v2-MSH (derived from proopiomelanocortin; Han et al. 2002;
Lembo et al. 2002). Based on this information, we speculated that
strong positive selection might have also operated on other opi-
oid receptors, and by extension, their peptide ligands. To exam-
ine this, we analyzed a number of well known opioid receptors
such as §, k, 11, and the orphanin receptors (all of which belong
to the GPCR superfamily), and the classical opioid peptide pre-
cursors including proenkephalin A, proopiomelanocortin, and
prodynorphin (Dores et al. 1990; Mansour et al. 1995; Henderson

and McKnight 1997). We also analyzed Tachykinin (precursor of
substance P, a pain-modulating peptide) and its receptors. We
did not uncover any evidence of positive selection in these opi-
oid receptors or their ligands (data not shown). Thus, the strong
signature of positive selection seen in MRG is not broadly shared
by other opioid receptors.

DISCUSSION

The recently discovered MRG gene family encodes a large group
of G-protein-coupled receptors in mammals. These receptors are
implicated in the modulation of nociception by virtue of their
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Figure 4 Sliding-window analysis of K,/K; performed between each
human MRGX gene and the deduced sequence of the progenitor node
(indicated in Fig. 1A). The four panels represent four distinct profiles in
the seven comparisons. Vertical arrows at the top indicate positions of
codons under positive selection as revealed by the Maximum Likelihood
analysis (Yang 1998; these positions with respect to MRGXT are 11, 12,
18, 32, 43, 78, 79, 82, 86, 91,99, 108, 136, 153, 171, 208, 236, 239,
240, 244, 246, 247, 262, 298, 303, 305, 307, and 319).
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Figure 5 Comparison of the observed number of amino acid replace-
ments with that expected under neutrality (i.e., no selection) in human
MRGX. The transmembrane, extracellular, and cytoplasmic domains are
considered in A, B, and C, respectively. To obtain the number of amino
acid replacements under neutral expectation, simulation was performed
using sequence of the deduced MRGX progenitor (indicated in Fig. 1A) as
the starting sequence (see Methods). Error bar represents one standard
deviation of the simulated results.

specific expression in nociceptive sensory neurons and their re-
sponsiveness to opioid peptides (Dong et al. 2001; Lembo et al.
2002). In this study, we demonstrate that human and mouse
members of the MRG family have experienced positive selection.
In particular, we show that the most intensely selected sites of
these receptors reside in or near the extracellular domains. It has
been shown that the binding between G-protein-coupled recep-
tors and their peptide ligands occur within the receptors’ extra-
cellular domains and their immediate vicinities in the superior
parts of the transmembrane domains (Bockaert and Pin 1999). It
is therefore reasonable to suppose that positive selection on MRG
is directed at creating novel receptor-ligand interactions. It is
possible that MRG has evolved rapidly in both copy number and
protein sequence in response to the rapid diversification of their
ligands. Alternatively, different MRG genes might be selected for
varying affinities to the same set of ligands. Regardless of which
scenario is correct, the rapid evolution of MRG in both copy
number and protein sequence has likely resulted in altered no-
ciceptive properties of the host organisms. Positive selection is
also evident in the C-terminal cytoplasmic domain of some MRG
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members. The corresponding domain in other G-protein-
coupled receptors has been implicated in signal propagation via
binding to the PDZ-motif of downstream effector proteins (Hall
et al. 1998). It is therefore likely that rapid evolution in this
domain may alter the dynamics of signal propagation emanating
from the MRG receptors.

Our study places the MRG family in a growing list of mam-
malian genes or gene families linked to positive selection (Hill
and Hastie 1987; Stewart et al. 1987; Hughes and Nei 1988;
Tanaka and Nei 1989; Yokoyama and Yokoyama 1989; Hughes
and Hughes 1993; Shyue et al. 1995; Messier and Stewart 1997;
Yang 1998; Gilad et al. 2000, 2002; Sharon et al. 2000; Johnson
et al. 2001; Liberles et al. 2001; Tishkoff et al. 2001; Ding et al.
2002; Enard et al. 2002; Sabeti et al. 2002; Zhang et al. 2002; for
review, see Wolfe and Li 2003). Among this list, MRG carries the
distinction of being the first example of nociception-related
genes. The perception of hazardous stimuli as being painful—and
the subsequent avoidance of such stimuli—are critical to the sur-
vival of animals. When a species encounters evolutionary shifts
in ecological conditions (such as habitat, climate, diet, predator-
prey relationship, and social interactions), or its own internal
physiology, previously innocuous stimuli may now impair fit-
ness, and conversely, formerly aversive stimuli may become
harmless or even beneficial. In the face of such evolutionary
changes, a species would be under selective pressure to tune its
nociceptive sensitivity and selectivity, so as to continue to cor-
rectly interpret those stimuli that endanger survival as being
painful, while remaining undisturbed by innocuous stimuli (Ka-
valiers 1988). We hypothesize that such selective pressure has
operated on MRG to drive its rampant amplification and fast
protein evolution. Indeed, nociceptive properties do vary re-
markably between species, among individuals of the same spe-
cies, and between genders (Kavaliers 1988). Humans, for ex-
ample, exhibit highly variable sensitivity to pain, including dras-
tically different responses to identical injuries or pathologies
(Libman 1934; Chen et al. 1989). Exceptionally heightened or
reduced nociceptive sensitivity can have severe or even fatal con-
sequences (Indo et al. 1996; Ophoff et al. 1996; Friedberg and
Jason 2001). Similarly, closely related laboratory mice can differ
by orders of magnitude in their pain threshold to noxious stimuli
(Mogil et al. 1999). Such diversity in nociceptive response attests
to the dynamic quality in the evolution of nociception (Kavaliers
1988). It will be of interest to see what role MRG plays in be-
tween- or within-species differences of nociception.

The highly restricted expression of MRG may also facilitate
the rapid evolution of this gene family. As suggested previously
(Hastings 1996; Duret and Mouchiroud 2000), genes with tissue-
specific expression are likely to experience less evolutionary con-
straint relative to broadly expressed genes. The expression of
MRG is restricted to nociceptive sensory neurons, which is a
highly specialized cell population (indeed, each MRG gene ap-
pears to be expressed in only a subset of nociceptive neurons;
Dong et al. 2001; Han et al. 2002; Lembo et al. 2002). In contrast,
many other genes involved in the modulation of nociception,
such as classical opioid receptors and their peptide ligands, are
expressed broadly within and beyond the nervous system (Hollt
et al. 1982; Pittius et al. 1984; Zhu and Pintar 1998; Zhu et al.
1998). This might explain why the MRG family, unlike many
other genes implicated in pain modulation, has evolved exceed-
ingly quickly under selection.

According to classical theories of gene family evolution, du-
plicated genes typically assume one of two evolutionary fates: the
extra copy can decay due to redundancy, or the duplicated para-
logs can diversity in functionality (Ohno 1970). Functional di-
versification may be accomplished by either the partitioning of
the ancestral function among paralogs (subfunctionalization) or
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Table 1. Likelihood Estimates of Different
Evolutionary Models

o estimate
# of (frequency Log
Evolutionary model  parameters of sites)? likelihood
One-ratio model (M0) 13 ®=0.93 (100%) —2910.02
Neutral model (M1) 13 w; =0.00 31%) —2891.93
w, =1.00 (69%)
Selection model (M2) 15 w; =0.00 (27%) —2876.49

o, = 1.00 (60%)
w5 =4.91 (13%)°

“o stands for K /K..
bSee Fig. 4 for positions of positively selected sites.

the acquisition of novel function (neofunctionalization; Hughes
1994; Sidow 1996; Force et al. 1999; Prince and Pickett 2002).
Subfunctionalization is characterized by relaxation of selective
constraint, whereas neofunctionalization requires positive selec-
tion. In either case, the outcome could be rapid protein evolution
(i.e., high K,/K;) following gene duplication. It has indeed been
noted that recently duplicated genes in various species tend to
have high K, /K, values (Lynch and Conery 2000). However, there
is considerable debate as to whether rapid protein evolution seen
in recently duplicated genes is caused by relaxation of constraint
or positive selection (Lynch and Conery 2000; Lynch and Force
2000; Kondrashov et al. 2002; Prince and Pickett 2002). The evo-
lution of the MRG genes offers a salient example of gene family
growth under the influence of positive selection. Along with
other examples (Hill and Hastie 1987; Hughes et al. 2000; Bielaw-
ski and Yang 2001; Yang et al. 2002), it argues that neofunction-
alization by positive Darwinian selection can factor prominently
in the preservation and functional diversification of duplicated
genes.

METHODS

Sequence Collection and Calculation of Divergence

Sequences were obtained from public databases with the follow-
ing accession numbers: MRGX1 (SNSR4), AF474990; MRGX2,
AY042214; MRGX3 (SNSR1), AF474987; MRGX4 (SNSR6),
AF474992; MRGXS5 (SNSRS5), AF474991; MRGX6 (SNSR2),
AF474988; MRGX7(SNSR3), AF474989; MrgA1, AY042191; MrgA2,
AY042192; MrgA3, AY042193; MrgA4, AY042194; MrgAS,
AY042195; MrgA6, AY042196; MrgA7, AY042197; MrgAS,
AY042198; MrgB1, AY042199; MrgB2, AY042200; MrgB3,
AY042201; MrgB4, AY042202; MrgB5, AY042203; Prodynorphin,
NM_024411 (human), AF026537 (mouse), NM_019374 (rat); Pro-
enkephalin A, P01210 (human), P22005 (mouse), P04904 (rat);
Proopiomelanocortin, NM_000939 (human), AHO05319 (mouse),
AF510391 (rat); Tachykinin, P20366 (human), P41539 (mouse),
P06767 (rat); TACRI, NM_001058 (human), NM_009313
(mouse); TACR2, NM_001057 (human), NM_009314 (mouse);
TACR3 NM_001059 (human); &-receptor, P41143 (human),
P32300 (mouse), P33533 (rat); x-receptor, P41145 (human),
P33534 (mouse), P34975 (rat); p-receptor, P35372 (human),
AF286024 (Macaque), P42866 (mouse); Orphanin receptor, P41146
(human), P35377 (mouse), P35370 (rat). MRG pseudogene se-
quences were kindly provided by Zylka and colleagues (Dong et
al. 2001). The K, and K; values were calculated by the Li method
(Li 1993) using the Diverge program of the GCG package (Ge-
netics Computing Group, Madison, WI), as well as the Maximum
Likelihood method of Goldman and Yang (1994) using the PAML
package (Yang 1997). These two methods produced essentially
the same results. Data from GCG were presented. To obtain K,
and K values of an entire gene subfamily (rather than just in
pairwise comparisons), K, and K; for individual segments of the

subfamily tree were calculated separately and summed to yield
values for the entire tree.

Construction of Phylogenetic Tree

Tree topology was obtained by the neighbor-joining method us-
ing the MEGA2 program (Mukhopadhyay et al. 1999), available
at http://megasoftware.net. The sequence of each node was de-
duced by the Maximum Parsimony method using the Pamp pro-
gram of the PAML package (Yang 1997).

Sliding-Window Analysis of K, /K

Sliding-window analysis was performed with a window size of 90
bp and a sliding increment of 15 bp. The K,/K; of each window
was calculated as the ratio between window-specific K, and gene-
average K. Although using window-specific K; produced results
that are qualitatively the same, noise in window-specific K, can
sometimes severely hamper the analysis (e.g., the window-
specific K; between closely related paralogs can occasionally drop
to 0, which precludes the calculation of K,/K;). Because K; is
distributed quite randomly (data not shown), the use of gene-
average instead of window-specific K, should not introduce any
systematic bias. For example, the average pairwise K; among
MRGX1, 3, 4, 5, 6, and 7 is 0.060 for the extracellular domains,
which is similar to (and in fact slightly lower than) that for the
transmembrane and cytoplasmic domains (0.078 and 0.068, re-
spectively). In this case, the use of gene-average K; in the sliding-
window analysis is actually more conservative than window-
specific K, in detecting K,/K, peaks within the extracellular do-
mains.

Simulation

The simulation of nucleotide substitutions was done as described
(Wyckoft et al. 2000). Substitutions were randomly placed in the
sequence using the observed synonymous transition-to-
transversion ratio. The exact nature of the substitution was re-
corded, and the simulation was reiterated until the number of
synonymous changes reached the observed value. Data from a
total of 10,000 replicas were then tallied, with nonsynonymous
substitutions classified according to Grantham’s amino acid re-
placement distance matrix (Grantham 1974). Following previous
convention (Li et al. 1985; Wyckoff et al. 2000), a Grantham's
distance of 100 or less was considered conservative, and other-
wise radical.

Statistical Analysis

The fit of different evolutionary models to the observed patterns
of nucleotide substitutions was assessed by the Likelihood Ratio
analysis (Yang 1998) using the Codeml program in the PAML
package (Yang 1997). For technical details of this test, please refer
to Yang's original description (Yang 1998). Briefly, the program
produced the number of parameters used in the analysis, K,/K;
values (denoted as w in PAML), and the log likelihood of each
model. With these parameters, the probability that two models
should differ in log likelihood as much as that observed, given
the degree of freedom, was calculated using the Akaike Informa-

Table 2. Likelihood Ratio Between Different
Evolutionary Models

Evolutionary Degree of

model freedom x2 P
MO vs. M2 2 67.06 <0.0001
M1 vs. M2 2 30.88 <0.0001

Degree of freedom is the difference in the number of parameters
between models.

X is twice the difference of log likelihood between models.

P is the probability that two models should differ in log likelihood, as
much as that observed, given the degree of freedom.
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tion Criterion as described (Posada and Crandall 1998; Yang
1998). If the model allowed positive selection, the program also
indicated all of the sites that have likely experienced positive
selection (Yang 1998).
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