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Abstract The formyl peptide receptors (FPRs) are a
family of chemoattractant receptors with important roles in
host defense and the regulation of inflammatory reactions.
In humans, three FPR paralogs have been identified (FPRI,
FPR2, and FPR3) and may have functionally diversified by
gene duplication and adaptive evolution. However, the
evolutionary mechanisms operating in the diversification of
FPR family genes and the changes in selection pressures
have not been characterized to date. Here, we have made a
comprehensive evolutionary analysis of FPR genes from
mammalian species. Phylogenetic analysis showed that an
early duplication was responsible for FPR1 and FPR2/
FPR3 splitting, and FPR3 originated from the latest
duplication event near the origin of primates. Codon-based
tests of positive selection reveal interesting patterns in
FPR1 and FPR2 versus FPR3, with the first two genes
showing clear evidence of positive selection at some sites
while the majority of them evolve under strong negative
selection. In contrast, our results suggest that the selective
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pressure may be relaxed in the FPR3 lineage. Of the six
amino acid sites inferred to evolve under positive selection
in FPR1 and FPR2, four sites were located in extracellular
loops of the protein. The electrostatic potential of the
extracellular surface of FPR might be affected more fre-
quently with amino acid substitutions in positively selected
sites. Thus, positive selection of FPRs among mammals
may reflect a link between changes in the sequence and
surface structure of the proteins and is likely to be
important in the host’s defense against invading pathogens.

Keywords Molecular evolution - Formyl peptide
receptor - Positive selection - Mammal

Introduction

The formyl peptide receptors (FPRs) are a family of che-
moattractant receptors and are expressed mainly in mam-
malian phagocytic leukocytes. This family is known to be
important in host defense and in the regulation of inflam-
matory reactions (Le et al. 2002). FPRs mediate cell che-
motaxis in a pertussis toxin-sensitive manner, indicating
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coupling to one or more members of the inhibitory G
subfamily of G proteins. Activation of FPRs induces a
variety of responses, e.g., directional movement of neu-
trophils, lysosomal enzyme release (Schiffmann et al.
1975), degranulation, and production of superoxide anion
(Le et al. 2002; Prossnitz and Ye 1997). FPR interaction
with a wide range of ligands has also been associated with
various diseases, including ischemia-reperfusion injury
(Gavins 2010), prion disease (Zhou et al. 2009), Alzhei-
mer’s disease (Cui et al. 2002), AIDS (Kilby et al. 1998),
stomach ulcer (de Paulis et al. 2004), and some cancers
(Edwards et al. 2005; Tsuruki et al. 2007).

FPRs are members of the G-protein-coupled receptor
(GPCR) superfamily (Fredriksson et al. 2005). Genome-
wide comparative analysis has demonstrated that GPCRs
are the largest superfamily of integral membrane receptor
proteins in mammals (Fredriksson and Schioth 2005). The
receptors consist of a single polypeptide chain that loops
through the cell membrane seven times to form a seven
alpha-helical transmembrane (7TM) domain. According to
the structure of the membrane-spanning 7TM domain and
the functional domains within the N- and C-termini,
mammalian GPCR can be assigned to one of the five basic
GPCR families: glutamate, rhodopsin, adhesion, frizzled/
taste, and secretin (Schioth and Fredriksson 2005). FPRs
belong to the Rhodopsin family, which forms the largest
GPCR subfamily in vertebrates, and receptors from this
family bind chemically diverse ligands such as small
molecular amines, purines, lipids, peptides, and large gly-
coproteins. Phylogenetic analyses demonstrate that long
evolutionary processes have shaped and optimized the
diversity in receptor-ligand interactions (Rompler et al.
2007).

In humans, three FPR paralogs have been identified
(FPR1, FPR2, and FPR3) (Alvarez et al. 1996; Yang and
Shi 2010; Ye et al. 2009). FPR1 was initially identified and
shown to be a high-affinity binding site for N-formyl
peptides, such as the prototypic fMLF (formyl-methionine-
leucine-phenylalanine) (Ye et al. 2009). FPR2 exhibits
69 % amino acid identity with FPR1 but shows relatively
low affinity for fMLF (Quehenberger et al. 1993). FPR3
exhibits 58 and 72 % amino acid identity with human
FPR1 and FPR2, respectively, but does not bind N-formyl
peptides (Migeotte et al. 2005). It has further been reported
that FPR3 localizes in the small intracellular vesicles,
suggesting distinct physiological functions (Rabiet et al.
2011). Thus, FPRs may have functionally diversified by
gene duplication and adaptive evolution, but the precise
nature of this evolutionary process is not known.

In order to investigate the evolutionary history and
functional differentiation of the FPR gene family, we here
made an evolutionary analysis of FPR genes from mam-
malian species. We focused on detecting positive selection
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and the identification of sites that were subject to natural
selection. We used codon models implemented in the co-
deml program, contained in the PAML package (Yang
2007). The models used here assumed that selection
regimes vary along the sequence but not among lineages.
Additional codon models (Guindon et al. 2004) imple-
mented in the Fitmodel software that take into account the
variability of selection regimes across both sites and lin-
eages were also considered. The results of our analysis of
site- and lineage-specific selection patterns, in conjunction
with 3D homology modeling analysis, revealed that the
FPR1 and FPR2 genes have experienced positive selection,
with significant sequence divergence among the FPRI1
genes. Our study provides insights into FPR gene family
evolution and information regarding potential functional
diversification of amino acid residues which might be
responsible for the recognition of invading pathogens.

Materials and Methods
Sequence Retrieval and Phylogenetic Reconstruction

Mammalian FPR orthologs and paralogs were initially
collected from the GenBank nonredundant protein database
by performing separate searches using Blastp (Altschul
et al. 1997) with human FPR1, FPR2, and FPR3 amino acid
sequences as query. Nucleotide and predicted amino acid
sequences were retrieved for further analysis. Also,
orthologs for human FPR1, FPR2, and FPR3 were down-
loaded from the Ensembl Compara database using the
Ensembl API v72 (Stabenau et al. 2004). The resulting data
sets were then screened to remove incomplete or redundant
sequences as well as sequences with many ambiguous base
calls. A total of 39 sequences of mammals and 8 rodent-
specific sequences were selected for the final analyses. The
species and accession numbers for sequences used in the
analyses are listed in Supplementary Table S1.

Amino acid sequences were aligned using the MAFFT
software with parameter settings optimized for data with
one conserved domain and long gaps (E-INS-i) (Katoh and
Toh 2008). The resulting alignment was manually checked
using BioEdit (Hall 1999). A codon alignment was gen-
erated from the multiple sequence alignment of amino acid
sequences (Supplementary Figure S1) and the corre-
sponding DNA sequences by the PAL2NAL program
(http://coot.embl.de/pal2nal). The phylogenetic tree was
reconstructed using the neighbor-joining tree-building
method (Saitou and Nei 1987) with the maximum com-
posite likelihood model for nucleotide substitutions
implemented in the program MEGA 5.05 (Tamura et al.
2011). The variability of the resulting topologies was
assessed by the bootstrap method using 1,000 pseudo-
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replicates (Felsenstein 1985), which produced the bootstrap
proportions for each interior branch in the tree. In addition,
the maximum-likelihood tree for the FPRs was constructed
with the PhyML v3.0 software (Guindon et al. 2010), after
determining the optimal model of sequence substitution
with jModeltest 2 (Darriba et al. 2012). A general time-
reversible model with a proportion of invariant sites and
gamma distributed among-site rate variation with four
classes of rates (GTR + I + G4) was used, as selected
by the Akaike information criterion. Branch support was
assessed using the aLRT SH-like method.

Molecular Evolutionary Analysis

The maximum-likelihood method was used to test for
traces of positive selection and to infer amino acid sites
under positive selection using both the codeml program in
the PAML version 4.2b (Yang 2007) and the Fitmodel
program version 0.5.3 (Guindon et al. 2004). The codeml
analysis was performed for FPR1, FPR2, FPR3, and the
concatenation of the three FPR alignments, separately.
The site models, which allow the @ ratio to vary among
sites (Nielsen and Yang 1998; Yang et al. 2000), were
used in the present study. Likelihood ratio tests (LRTSs)
using a > distribution with two degrees of freedom were
conducted to test for positive selection between each pairs
of models, i.e., M1a versus M2a and M7 versus MS&. In the
first set of models, the null model M1a allows 2 categories
of codon sites in py and p; proportions, with wg < 1 and
w; =1 (w = dN/dS; dN, non-synonymous substitution
rates; dS, synonymous substitution rates), whereas the
alternative model M2a allows an additional category of
codons (p) with @, > 1, indicating positive selection.
The second set of site models compared is M7 and M8, in
which M7 specifies a null model with a beta distribution,
beta (p, q), of w values between 0 and 1, and M8 specifies
an alternative model with an additional category for sites
that have w > 1, indicating positive selection. The LRT
statistic equals twice the difference between the log like-
lihood scores of the models being compared
(2AInL = 2(InL; - InLgy)) and provided that the null
hypothesis is correct, its distribution is approximately that
of a y* distribution with two degrees of freedom. For both
the Mla (neutral) versus M2a (selection) and M7 (beta)
versus M8 (beta + selection) comparisons, the null model
has two estimated selection parameters, while the alter-
native model has four, resulting in a difference of two
degrees of freedom. The calculations of y’critical values
were performed using the chi2 program implemented in
the PAML package. In the case of alternative models that
allow for positive selection, the Bayes Empirical Bayes
approach was used to calculate the posterior probability
(PP) that each codon evolved under positive selection

(Yang et al. 2005). The codeml program was used to
calculate the PP of each amino acid site that came from
the @ > 1 class. We used a cutoff of PP > 0.95 to iden-
tify sites under positive selection.

The Fitmodel program, which implements Markov-
modulated Markov models of codon evolution (Guindon
et al. 2004) or switching models, was used to analyze the
FPR1, FPR2, FPR3, and the concatenation of FPR
sequences, separately. Unlike site models, switching
models allow the site-specific selection process to vary
along lineages of a phylogenetic tree. Models used in this
analysis included MO, M3, M3 + S1, and M3 + S2. MO
assumes that all the sites have the same @ values,
whereas M3 assumes three different o values
(0] < Wy < w3). If the switching rates between  values
(01—w,, w1—w; and w,—ws3) are constrained to be equal,
the switching model is designated with S1 and otherwise
with S2. LRTs were performed between each pair of
models MO versus M3, M3 versus M3 + S1, and
M3 + S1 versus M3 + S2, using a xz distribution to
assess the significance of difference of log likelihoods.
The posterior probabilities of the third selection class
(corresponding to @;) were evaluated at each codon
position and each branch using Fitmodel and processed
using a custom script in perl.

Protein Tertiary Structure Analysis

In order to construct the three-dimensional (3D) structure
models of FPRs, homology modeling was performed
using the I-TASSER server, which was the best server
for structural prediction in a recent critical assessment of
protein structure prediction (CASP10) (Roy et al. 2010;
Zhang 2008). The amino acid sequences of FPRs were
submitted to the I-TASSER server for modeling based on
multiple-threading alignments and iterative template
fragment assembly simulations. The top threading tem-
plate for FPRs was CCRS chemokine receptor (PDB:
4MBS) which had the best Z score using all the algo-
rithms. The server predicted 5 models of FPRs, and the
best model was selected based on C score. The C score
is a confidence score and ranges from —5 to 2, with
higher scores representing higher confidence in the
model (Roy et al. 2010). False positive and false nega-
tive rates are estimated to be below 0.1 when a C score
>—1.5 is calculated (Zhang 2008). The surface electro-
static potential maps were computed using the Adaptive
Poisson-Boltzmann Solver release 1.2.0 (Baker et al.
2001) by solving the nonlinear Poisson—-Boltzmann
equation. The visualizations of the electrostatic potential
maps and the 3D structure were performed in the
PyMOL Molecular Graphics System, Version 1.3
Schrodinger, LLC.
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Results
Phylogenetic Analysis of the FPR Family

We first retrieved the available FPR sequences from the
currently sequenced genomes by Blastp and the Ensembl
Compara database. Querying major databases and unfin-
ished genomes with the human FPR amino acid sequences
led to the identification of many homologous proteins in
vertebrate species (mammals, birds, amphibians, and fish).
The wide distribution of FPR genes in various vertebrate
species suggests that the genes appeared early in vertebrate
evolution; however, since the sequence identity between
the human and lower vertebrate proteins was relatively
low, we focused on mammalian FPRs in this study. After
the exclusion of partial protein sequences, the available
FPR1, FPR2, and FPR3 sequences were retrieved from a
total of 24 mammalian species. A phylogenetic tree with 39
mammalian FPRs was constructed by the neighbor-joining
method, based on the nucleotide-coding sequences (Fig. 1).
The maximum-likelihood tree was also constructed using
the alignment with the Anolis carolinensis chemokine-like
receptor 1 sequence as an outgroup (Supplementary Figure
S2). The distance-based and maximum-likelihood tree
topologies obtained are very similar with only minor dif-
ferences in the FPR1 clade. The tree shows that the evo-
lution of FPRs exhibits a divergence pattern similar to that
of speciation. All mammalian FPR genes were divided into
two main clusters, one that grouped all the FPR1 genes and
the other with all the FPR2 and FPR3 genes. The FPR3
gene was only detected in the primate genome. This clus-
tering strongly suggests that the two major duplications
occurred during FPR evolution. The first duplication led to
the emergence of two lineages which evolved into FPR1
and FPR2, and the second duplication, early in primate
evolution, resulted in FPR3 (Supplementary Figure S2).

In the rodent clade, there are several reports indicating
the presence of expanded FPR family genes: FPR-rsl,
FPR-rs3, FPR-rs4, FPR-rs6, and FPR-rs7 (He et al. 2013;
Liberles et al. 2009; Riviere et al. 2009; Yang and Shi
2010). The extensive analyses by two independent groups
(Liberles et al. 2009; Riviere et al. 2009) have demon-
strated that these rodent-specific FPRs are selectively
expressed in vomeronasal neurons and have an olfactory
function. We constructed a maximum-likelihood tree using
the alignment including rodent-specific genes (Supple-
mentary Figure S3). The rodent-specific FPRs were clus-
tered together within the FPR2 clade as previously reported
(Liberles et al. 2009; Yang and Shi 2010), suggesting that
these sequences are in fact FPR2 inparalogs. Since we
focused on the FPR receptors which function in the
immune system, these rodent-specific FPRs were not
included in our selection analysis.
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Positive Selection Drives the Diversification of FPRs

The results of the analysis employing the codeml program
under site models are shown in Table 1. We performed
analyses for the concatenation of FPR alignments (noted as
All FPRs), as well as FPR1, FPR2, and FPR3 gene
sequence alignments separately, estimating the parameters
under each codon model by maximum likelihood. Model
MO, which assumes a single w for all codons in the
sequence, was used to estimate a general w value for each
data set. The values of @ were very similar among the data
sets used (w = 0.352 for All FPRs genes, & = 0.309 for
FPR1 genes, and @ = 0.309 for FPR2 genes), except in the
case of the FPR3 genes, where o was estimated to have a
somewhat higher value (w = 0.738). These relatively
small o values for FPR genes suggest that the evolution of
FPR genes is dominated by purifying selection operating
on the majority of sites. Among the models implemented,
M2a and M8 can account for positive selection by adding a
class of sites where w > 1. For the All FPRs data set, the
M2a and M8 models provided significantly better fit to the
data (P < 0.001) compared to the corresponding null
models (Mla and M7, respectively). Model M2a assigned
2.7 % of codons to the class of positively selected sites
(w = 3.358), and model M8 assigned 5.4 % to the positive
selection class (w = 2.205), indicating that FPRs have
evolved under diversifying selection in mammals. We also
found strong evidence of positive selection in an analysis
limited to FPR1 alone and FPR2 alone. However, we did
not detect traces of positive selection in the analysis of
FPR3 (Table 1). In fact, the proportion of sites evolving
under a purely neutral process (w = 1) was found to be
high for FPR3 compared to FPR1 and FPR2 where most
sites evolved under negative selection.

Since phylogenetic relationship of FPR1 among primate
species (Fig. 1) is different from the known species tree,
we tested whether the tree topology affected the phyloge-
netic model parameter estimates, in particular the values of
ws. A codeml site model analysis was conducted using a
modified tree that matches exactly the species tree. The
parameter estimates for the codon models remained
essentially unchanged (results not shown). Thus, minor
differences in the tree topology have little impact on our
inference of positive selection under site models. Similar
robustness of the site model analysis to the tree topology
was also reported in other studies (Furlong and Yang 2008;
Yang and Swanson 2002).

Identification of Positively Selected Sites
The Bayes Empirical Bayes approach was used to calculate

the posterior probabilities and posterior means of ws for
sites under models M2a and M8. As shown in Table 1, six
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Fig. 1 Phylogenetic
relationships of 39 FPR gene
sequences. The tree was
constructed by the neighbor-
joining method, based on the
nucleotide-coding sequences.
Bootstrap values are based on
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sites were inferred to have w > 1 for the All FPRs data set
with high posterior probabilities (PP > 0.99) under MS:
170P, 188E, 191L, 271 M, 274Y, and 281D. Site numbers
and amino acids refer to the reference sequence human
FPR2. Since the same amino acid sites were also inferred
to have @ > 1 under model M2a with high posterior
probabilities, the evidence of positive selection can be
considered as strong. In the data sets limited to FPR1 and
FPR2, similar amino acid sites were inferred to be posi-
tively selected, but the number of sites detected was
smaller. Of the six sites found to be under positive

Pongo_abelii_FPR1

Nomascus_leucogenys_FPR1
Gorilla_gorilla_FPR1
Homo_sapiens_FPR1 *
Pan_troglodytes_FPR1

selection in the All FPRs data set, four sites were also
detected in the FPR1 data set with model M2a, and only 1
site was detected in the FPR2 data set. In the FPR1 data set,
a different site specific to this family was detected (site,
84R). The posterior means of o for sites under model M8
for FPR1, FPR2, and FPR3 are shown in Fig. 2. Overall,
the majority of amino acid sites in FPR1 and FPR2 are
under strong purifying selection, and FPR1 has more amino
acid sites under positive selection compared to FPR2,
however. The majority of sites in FPR3 showed evidence
of mild negative selection. Although the LRTs failed to
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Table 1 Likelihood analysis of the site models in the PAML program for the FPR gene sequence data

Model Parameter estimates® LnL 2AInL (P value) Positively selected sites®®
All FPRs
MO w = 0.352 —14,968.79939 None
Mla wy = 0.116, py = 0.604, w; = 1.000, p; = 0.395 —14,489.7538 Not allowed
M2a wy = 0.118, py = 0.594, w; = 1.000, —14,456.98763 M2a versus Mla 170P*, 188E, 191L*,
p; = 0.379, w; = 3.358, p, = 0.027 65.532342 (P < 0.001) 271 M*, 274Y*, 281D*
M7 p = 0.361, g = 0.575 —14,438.48445 Not allowed
M8 po = 0.946, p = 0.409, g = 0.754, —14,404.62723 MS8 versus M7 170P*, 188E*, 191L*,
p; = 0.054, w; = 2.205 67.714438 (P < 0.001) 271M*, 274Y*, 281D*
FPRI
MO o = 0.309 —7,232.529671 None
Mla wp = 0.087, pp = 0.668, »; = 1.000, p; = 0.332 —7,007.112775 Not allowed
M2a wy = 0.089, py = 0.656, w; = 1.000, —6,984.880057 M2a versus Mla 84R, 188 K*, 1911, 271L*,
p; = 0315, w; = 5.499, p, = 0.029 44.465436 (P < 0.001) 280G*
M7 p =0.272, g =0.524 —7,007.621444 Not allowed
M8 po=0.958, p = 0.314, g = 0.681, —6,981.381098 M8 versus M7 84R, 188 K*, 1911, 269R,
pr = 0.042, w; = 3.837 52.480692 (P < 0.001) 271L*, 280G*
FPR2
MO w = 0.309 —6,718.867671 None
Mila wy = 0.073, pp = 0.661, w; = 1.000, p; = 0.339 —6,529.618802 Not allowed
M2a wy = 0.075, pg = 0.656, w; = 1.000, —6,524.823866 M2a versus Mla 274Y
p; = 0315, w; = 2.772, p, = 0.029 9.589872 (P < 0.01)
M7 p = 0225, g = 0449 —6,522.458967 Not allowed
M8 po = 0.939, p = 0.283, g = 0.726, —6,512.812826 M8 versus M7 191L, 274Y
pr = 0061, w; =2.064 19.292282 (P < 0.001)
FPR3
MO w = 0.738 —2,626.385317 None
Mla wp = 0.087, po = 0.337, w; = 1.000, p; = 0.663 —2,622.636389 Not allowed
M2a wy = 0.502, pp = 0.884, w; = 1.000, —2,620.237769 M2a versus Mla None
pr = 0.000, Wy = 3.157, P2 = 0.116 4.79724 (P — 0.09])
M7 p = 0.033, ¢ = 0.012 —2,622.680796 Not allowed
M8 po = 0.885, p = 95.854, g = 94.640, —2,620.24101 M8 versus M7 None

p; = 0.115, w; = 3.164

4.879572 (P = 0.087)

* Indicate posterior probability P > 0.99

? p and g denote the parameters for beta distribution, beta (p, q) of w values

® Amino acid sites inferred to be under positive selection are shown with a posterior probability P > 0.95
¢ The referenced sequences for the All FPRs, FPRI, FPR2, and FPR3 genes were human FPR2, human FPR1, human FPR2, and human FPR3,

respectively

detect positive selection in FPR3, the posterior means of @
were elevated along broad regions exhibiting mild negative
selection compared to FPR1 and FPR2 (Fig. 2). This and
the higher w value estimated under the MO model for FPR3
strongly suggest that the selective pressure that recurrently
drove positive and negative selection of mammalian FPR
may be relaxed in the FPR3 lineage.

In order to obtain some insight into the roles that posi-
tive selection might play, we mapped positively selected
amino acid sites onto the 3D model of the human FPR
protein. The 3D structures of FPRs were constructed by
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homology modeling using the I-TASSER server. The
quality of the modeled protein was estimated by the
C score values generated by I-TASSER software. A good
predicted model is obtained when the estimated level of
C score is between —5 and 2. The level of C score for all
our predicted FPR models was in the range of —0.17 to
—0.51, indicating that the protein structures were
constructed with high accuracy. We have mapped six
positively selected sites (170P, 188E, 191L, 271M, 274Y,
281D) detected in the All FPRs data set onto the 3D
structure of human FPR2 (Fig. 3). Four of the six amino
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Fig. 2 Posterior mean  at each amino acid site across the FPR
genes. Posterior means of w were calculated as a weighted average of
w over the 11 site classes and were weighted by the posterior
probabilities under the site model M8 (beta and w). Sites with low
mean « are inferred to be under purifying selection. Sites are
numbered according to the referenced amino acid sequences, a human
FPR1, b human FPR2, and ¢ human FPR3

acids identified as having experienced positive selection
were located in extracellular loops of the protein; two
positively selected amino acid residues were located in the
B strand, near the transmembrane/extracellular boundary.
A positively selected site specific to FPR1 (84R) was also
located near the transmembrane/extracellular boundary
(not shown).

Shift in the Site-Specific Selection Process Along
Lineages

To assess the variations in the site-specific selection pro-
cesses along lineages, we performed maximum-likelihood
analyses using the Fitmodel software under a nested set of
stochastic branch-site codon substitution models (Guindon
et al. 2004). As opposed to the branch-site models

Fig. 3 Location of positively selected sites in the human FPR 3D structure.
Sites under positive selection identified with both M2a and M8 models in
the All FPRs data set are highlighted in the predicted FPR2 structure with
their side chains shown (magenta spheres) (Color figure online)

implemented in codeml, the stochastic branch-site models
are particularly relevant in cases where there is no strong
prior evidence about the lineages evolving under positive
selection at individual sites (Lu and Guindon 2013).
Tables 2 and 3 show the results from the analysis with
substitution models M0, M3, M3 + S1, and M3 + S2. For
the All FPRs, FPR1, and FPR2 data sets analyzed, the log
likelihoods improved significantly as parameters were
added to the nested substitution models (P < 0.001;
Table 3). These results suggest that M3 + S2 (unequal
switching rates among the three rate ratio classes) is the
best codon substitution model in the All FPRs, FPR1, and
FPR2 data sets. For the FPR3 data set, however, the LRT
was not statistically significant for the M3 + S2 versus
M3 + S1 model. Under the M3 + S2 model, the @ esti-
mates for the three classes in the All FPRs data set were
wy = 0.03, w, =0.57, and w3 = 8.96 (Table 2). The
switching rate between @, and w3 (Ry; = 14.89) was sig-
nificantly higher than the switching rates between w; and
> (R1» = 1.05) and between w; and w; (R;3 = 0.00),
implying that site-specific shifts between moderate puri-
fying selection (w,) and positive selection (w3) occurred
more frequently than shifts involving the most highly
constrained rate ratio classes. The parameter estimates of
the M3 4 S2 model suggest that most sites (96 %, corre-
sponding to p; + p,) are under purifying selection with
o < 1 in the All FPRs data set, and 4 % (p3) of sites within
the FPR genes are under positive selection with a o value
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Table 2 Likelihood analysis of

MO M3 M3 4 S1 M3 4 S2
the models in the Fitmodel
program for the FPR gene All FPRs
sequence data LnL —15,003.71  —14,447.10 —14365.13 —14333.51
W) Wy 03 0.36 0.06 057 177 0.02 083 436 0.03 0.57 8.96
P1 D2 D3 047 040 0.11 060 034 005 053 0.43 0.04
Ri» Ri3 Ry3 193 193 193 1.05 0.00 14.89
FPRI
LnL —17247.08 —6988.17 —6965.10 —6956.28
W) Wy 03 0.31 0.06 0.78 442 0.03 094 736 0.05 0.56 9.99
P1 D2 D3 0.60 034 0.04 066 029 004 0.61 0.34 0.05
Ri> Ri3 Ry 2.10 2.10 210 035 2.09 22.77
FPR2
LnL —6733.97 —6524.63 —6506.41 —6494.33
W) Wy 03 0.32 0.02 049 176 0.00 0.67 272 0.0038 0.69 19.99
P1 P2 D3 0.50 038 0.11 060 030 0.08 0.59 0.39 0.02
Ris Ri3 Ry 1.88 1.88 1.88 1.31 0.00 32.26
FPR3
LnL —2626.53 —2620.31 —2616.56 —2616.56
W] Wy 03 0.74 0.50 050 319 038 039 757 0.001 0.39 7.60
P1 P2 D3 046 041 0.11 046 046 0.06 0.0001 0.93 0.07
Ri» Ri3 Ry3 1.78 178 1.78 29.16 478.52  7.88
Table 3 LRTs between MO versus M3 M3 versus M3 + S1 M3 + S1 versus M3 + S2
different model comparisons in
the Fitmodel program 2AInL P value 2AInL P value 2AInL P value
All FPRs 1113.23 P < 0.001 163.93 P < 0.001 63.24 P < 0.001
FPRI 517.82 P < 0.001 46.14 P < 0.001 17.64 P < 0.001
FPR2 418.68 P < 0.001 36.45 P < 0.001 24.16 P < 0.001
FPR3 12.42 P <0.05 7.51 P <0.01 0.00 P = 1.000

considerably larger than one. This pattern of parameter
estimates is similar to those inferred for the FPR1 and
FPR2 data sets (Table 2).

To further characterize variation in the selective pres-
sure on codon sites among lineages, we assessed the
number of branches in the All FPRs gene tree for which
each codon was placed in the w; rate ratio class with high
posterior probabilities. The All FPRs gene alignment
included 367 codon sites, 18 of which showed evidence of
positive selection at some point in the lineage of the FPR
gene family (posterior probability >0.9). As shown in
Table 4, among the 18 codon positions detected, the
number of branches with positive selection on each codon
site varied from 1 to 14, and codon sites with a higher
number of branches under positive selection were also
detected as positively selected sites in the codeml program
using the Bayes Empirical Bayes approach (see also
Table 1). Thus, the positively selected amino acids inferred
by the Fitmodel program are quite compatible with those
inferred by the PAML package. The branches with sites
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evolving under positive selection are shown in Fig. 1.
Positive selection was detected at several codon sites on the
branches of the FPR1 and FPR2 clade, including deep
internal branches. Interestingly, branches with a higher
number of sites evolving under positive selection were
concentrated within the FPR1 clade.

Surface Properties of the FPR Protein Structure

Protein surface properties such as electrostatic potential
play important roles in specific protein—protein and pro-
tein—ligand recognition. To gain a more precise idea of the
potential functional changes during the FPR gene evolu-
tion, we studied their 3D surface electrostatic potentials.
Because many branches exhibited positive selection in the
FPRI1 clade, we focused on five representative taxa in this
clade (Fig. 1). Figure 4a shows the electrostatic surface
potential for predicted FPR1 structures facing the outside
of the cell for Homo sapiens, Papio anubis, Oryctolagus
cuniculus, Mus musculus, and Loxodonta africana. There
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Table 4 Distribution of branches with positive selection on each site
estimated from the M3 + S2 model in Fitmodel

Codon No. of branches

site? with positive
selection detected
by Fitmodel”

Positively selected amino
acids detected by PAMLS®

All FPRs® FPRIY FPR2¢

181 14 170P

285 14 274Y

202 13 191L 1911
282 1 271M 271L
292 281D 280G
92 84R
34
280
103
198
199
5
20
288
31
182
201
212

274Y

191L

269R

188E 188K

— om0 W WA R BR O WL ® O —

* The position of codons in the alignment of the All FPRs data set
" Branches with a posterior probability >0.9
¢ Positively selected sites were estimated with model M8 (Table 1)

4 The referenced sequences for the All FPRs, FPRI, and FPR2 genes
were human FPR2, human FPR1, and human FPR2, respectively

are significant differences in the pattern of electrostatic
surface potentials among the FPR1 proteins. An amino acid
substitution can achieve a different spatial organization of
the electrostatic surface potential depending on their
physicochemical properties (Zhang et al. 2008). When we
investigated the alterations of charge and polarity for the
amino acids identified as being under positive selection,
five of six amino acid sites (83 %), 84R, 188K, 1911, 271L,
and 280G, exhibited at least one charged state alteration
across the five mammalian taxa (Fig. 4b, supplementary
Table S3). In contrast, only 19 of 133 other divergent
amino acid sites (14 %) exhibited at least one charged state
alteration across the species (data not shown). Thus, the
substitutions in positively selected sites could more
potently contribute to the variations of the electrostatic
potential in or near the extracellular surface of FPR1 pro-
teins (Fig. 4b). While these predictions emphasize the
evolved differences among FPR1 proteins since their
divergence, the significance of these differences to the
interaction between FPRs and their ligands warrants further
experimental verification.

Mus musculus

Loxodonta africana

(B)

Species

Positively selected amino acid sites
188

84

Homo sapiens

Papio anubis

Oryctolagus cuniculus

Mus musculus

Loxodonta africana

Fig. 4 Surface electrostatic potential and amino acid substitutions of
FPR1 proteins. a Distribution of surface electrostatic potential of five
mammalian FPR1 proteins. The Poisson—Boltzmann electrostatic sur-
face potential of solvent-exposed surfaces is colored from red (—2.0) to
blue (+2.0) for predicted FPR1 structures for Homo sapiens, Papio
anubis, Oryctolagus cuniculus, Mus musculus, and Loxodonta africana.
The positions of the positively selected amino acid sites are indicated for
the human protein. The extracellular surface of FPR1 is facing directly
toward the viewer. b Positively selected amino acid sites and respective
amino acids for five mammalian species. Charged amino acids are
colored in orange (Color figure online)

Discussion

In this study, we undertook a comprehensive evolutionary
analysis on the basis of the currently available data on the
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formyl peptide receptors (FPRs). Mammalian FPR genes have
been divided into the FPR1, FPR2, and FPR3 paralogs and are
considered to originate from a common ancestor and to sepa-
rate after duplication events (Ye et al. 2009). Our phylogenetic
analysis showed that an early duplication was responsible for
FPR1 and FPR2/FPR3 splitting, and FPR3 originated from the
latest duplication event near the origin of primates. Genomic
organization in and around the FPR genes also supports this
evolutionary scenario (Ha et al. 2011). Site-specific codeml
analysis of the FPR gene family confirmed that no traces of
positive selection were found for FPR3, and the evolutionary
rate of that gene is higher than that of FPR1 and FPR2. In
addition, Fitmodel analysis using stochastic branch-site codon
models further confirmed that the parameter estimates for
FPR3 are quite different from those for FPR1 and FPR2
(Table 2). These results suggest that the functional constraints
on FPR3 are less stringent than that acting on the two other
FPR gene families. Experimental studies on human FPR3 from
Rabiet et al. (Rabiet et al. 2011) have demonstrated that FPR3
was expressed primarily in small intracellular vesicles
throughout the cells, as monitored by immunofluorescence
staining. This cellular distribution in the absence of agonist
stimulation suggested that FPR3 was undergoing constitutive
endocytosis. Furthermore, they were unable to detect G-pro-
tein activation in FPR3-expressing cells. Based on these
observations, they proposed that FPR3 internalization may
serve a ligand-scavenging function similar to that of the che-
mokine receptors D6 and CXCR7 (Graham and McKimmie
2006; Naumann et al. 2010). Thus, the FPR3 gene in primates
could have a specific function, which may be distinct from that
of FPR1 and FPR2. The lower selective constraints on FPR3
might have contributed to the family-specific functional evo-
lution of this family following its diversification from FPR2.
Most genes typically evolve under negative selection
(Endo et al. 1996), which is also the case for mammalian FPR
genes. The selective regime on the mammalian FPR genes
was predominantly negative selection, based on the estimated
overall w value being lower than 1 as determined using MO
models in PAML, reflecting the functional importance of
FPRs in mammalian physiology and survival. However, site
models, which analyze the sequence at the individual codons,
revealed a proportion of codon sites that display evidence of
positive selection (w > 1) within the coding sequences of FPR
genes. The two sets of site models (M1a vs. M2a and M7 vs.
MS) revealed statistically significant results for the All FPRs
data set. We performed further tests to determine whether the
evidence for positive selection was restricted to different
subfamilies or alternatively whether positive selection acted
equally in all subfamilies. According to models M2a and M8,
the FPR1 and FPR2 clades showed strong evidence for posi-
tive selection acting at a subset of sites, while neither site
model indicated positive selection within FPR3. To account
for the potential variation in site-specific selection patterns

@ Springer

among branches in the FPR phylogenies, we used the program
Fitmodel, which implements a maximum-likelihood phylog-
eny-based codon substitution model that includes parameters
for switching between selection processes at individual codon
sites across the phylogeny (Guindon et al. 2004; Lu and
Guindon 2013). For the All FPRs, FPR1, and FPR2 data set,
the M3 + S2 model was favored over the M3 and M3 + S1
models. Similar to codeml analysis using site models, the
Fitmodel results indicated that purifying selection has played
an important role in the evolution of FPR genes throughout
most of their evolutionary history, but our results suggest
branch- and site-specific shifts in selection within each FPR
subfamily. Lineages with many sites under positive selection
include the FPR1 and FPR2 lineages as well as many deep
internal branches, implying that the FPR1 and FPR2 genes
evolved most rapidly, likely resulting in functional diver-
gence. In contrast, positive selection was not detected on any
branches or at any sites within the FPR3 lineage, as in site
models in PAML. Thus, the three subfamilies of FPR genes
differ in evolutionary mode, with the genes being relatively
conserved in FPR3 but more variable in FPR1 and FPR2, and
this might have played a role in the functional divergence
among them.

The domain structures of GPCRs share a conserved
arrangement with three primary functional categories: extra-
cellular loops, which mediate extracellular ligand interac-
tions; transmembrane domains, which are important for both
receptor orientation and ligand binding, and internal loops,
which mediate intracellular interactions with G proteins
(Wooding 2011). Previous mutagenesis and ligand-docking
studies of FPR (Fujita et al. 2011; Khlebnikov et al. 2012;
Mills et al. 2000) have revealed that the amino acid residues
constituting the ligand-binding pocket form two cavities
located inside the transmembrane domains. There were 10
amino acid residues proposed as the sites critical for ligand
binding in the FPR1: F102, V105, D106, L109, R205, F206,
W254,Y257,S287,and F291 (Fujitaetal. 2011). Our analysis
using the Bayes Empirical Bayes methods of Yang et al.
(Yang et al. 2005) identified six codon positions with signif-
icantly elevated w values (Model M2a) in the All FPRs data
set, suggesting that these positions may be particularly
important for the adaptive processes in FPRs. It is interesting
to note that four out of the six amino acid sites that were
identified as having experienced positive selection are located
in the extracellular loops. Furthermore, none of the positively
selected sites identified overlap with the amino acid residues
proposed as the ligand-binding sites. These patterns of posi-
tive selection suggest that the amino acid residues present in
the extracellular domains of mammalian FPR receptors
evolve more rapidly, whereas the amino acid residues present
in the transmembrane (including the ligand-binding site) and
intracellular domains of these receptors are more selectively
constrained.
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The significance of the positively selected sites for FPR
receptor function remains unclear, but their localization on the
extracellular domains suggests that they might exert func-
tional differences on ligand recognition. The present study
reveals that the distribution of surface electrostatic potential is
markedly different among FPR1 proteins from several spe-
cies. The electrostatic potential of the surface might be
affected more frequently with amino acid substitutions in the
positively selected sites. It would appear that the consequence
of FPR1 sequence divergence, which is at least partially dri-
ven by positive selection, has been to alter the electrostatic
potential on the extracellular surface. It is unclear precisely
what the functional consequences of this would be, but dif-
ferences in the surface net charge of FPR receptors can be
associated with changes in ligand interactions and recogni-
tion. Growing evidence indicates that FPR receptors utilize
diverse ligands, most of which activate chemotactic and anti-
microbial responses in neutrophils (Ye et al. 2009), and some
of which differentially interact with FPR receptors in a spe-
cies-dependent manner (Southgate et al. 2008). Since mam-
malian species are subject to a wide range of pathogenic
environments, differential detection of pathogen-derived
ligands by FPRs would be essential for the individual species
to antagonize specific pathogens. Therefore, it is interesting to
speculate that selection pressure has favored the acquisition of
a distinct distribution of surface electrostatic potential for
more sensitive recognition of the pathogens derived from
different environments in which individual species live.

In conclusion, we reconstructed the evolutionary history of
FPR genes across a diverse range of mammals and conducted
evolutionary analyses to examine their functional signifi-
cance. Purifying selection is the main force acting on FPRs,
but signs of adaptive evolution and functional divergence
were also detected. Our results indicate that FPR1 and FPR2
genes have experienced positive selection, and significant
sequence divergence has occurred among the FPR1 genes.
While further experimental evidence will be needed to con-
firm our functional predictions that FPR receptors have
undergone positive selection to meet the selective pressure for
antagonizing pathogens, it appears that the FPR receptors
have evolved to acquire unique surface modifications at the
molecular level that enable them to adapt to the extremes of
different pathogenic environments.
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