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Abstract Toll-like receptor 2 (TLR2) plays an important role
in the recognition of a variety of pathogenic microbes. In the
present study, we compared polymorphisms of 7LR2 locus in

two closely related old world monkey species, rhesus

monkey (Macaca mulatta) and Japanese monkey (Macaca
Jfuscata). By nucleotide sequencing of the third exon of TLR2
gene from 21 to 35 respective individuals, we could assign
17 haplotype combinations of 17 coding SNPs of ten non-
synonymous and seven synonymous substitutions. A non-
synonymous substitution at codon position 326 appeared to
be differentially fixed in each species, asparagine for M.
mulatta whereas tyrosine for M. fuscata, and may contribute
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to certain functional properties because it locates in the
region contributing to ligand binding and interaction with
dimerization partner of TLR2-TLR1 heterodimeric complex.
Although TLR2 alleles have diverged to similar extent in
both species, they have evolved in significantly different
ways; TLR2 of M. fuscata has undergone purifying selection
while the membrane-proximal part of the extracellular
domain of M. mulatta TLR2 exhibits higher rates of non-

synonymous substitutions, indicating a trace of Darwinian

positive selection.

Keywords Innate immunity - TLR - Polymorphism -
Nonhuman primate - Molecular evolution -
Reporter gene assay

Introduction

The rhesus macaque, Macaca mulatta, is one of the best
known old world monkeys and has been used for various
biomedical researches as a nonhuman primate model
including infections of simian immunodeficiency virus
(Ling et al. 2602; Matano et al. 2004) and Mycobacterium
tuberculosis (McMurray 2000; Huang et al. 2007). M.
mulatta belongs to the primate family Cercopithecidae that
shares the last common ancestor of approximately 25
million years ago (Mya) with human and hominoids
(Kumar and Hedges 1998). According to this fact,
nucleotide sequence similarity between humans and M.
mulatta has been maintained as high as 93% in average
(Rhesus Macaque Genome Sequencing and Analysis
Consortium 2047). Analyses of molecular evolution of
mitochondrial and nuclear DNA among species of genus
Macaca estimate the divergence between rhesus and
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cynomolgus macaque, Macaca fascicularis at 0.9-2.5 Mya
(Hayasaka et al. 1996; Blancher et al. 2008; Osada et al.
2008; Stevison and Kohn 2009). Japanese monkey, Macaca
fuscata and Taiwanese monkey, Macaca cyclopis had been
derived from the rhesus lineage relatively recently, and the
geographical isolation is fundamental for the diversification
of these species (Smith et al. 2007). M. mulatta has a
relatively broad geographical distribution from Afghanistan
across Asia to the Chinese shore of the Pacific Ocean
(Rhesus Macaque Genome Sequencing and Analysis
Consortium 2007), where the tropical infectious agents
such as Plasmodium species and arthropod-borne viruses
are circulating and may influence the host genome as
selection pressure. To date, a number of comparative studies
on primate genome including Macaca species have been
conducted. Among them, immune-related genes such as
TNFA (Baena et al. 2007), eosinophil cationic protein
(ECP), and eosinophil-derived neurotoxin (EDN) ribonu-
clease (Zhang et al. 1998) are shown to be evolved under
positive Darwinian selection (or diversifying selection),
suggesting the presence of a differential pressure between
primate species.

Toll-like receptors (TLRs) are the first line of the host
defense mechanisms against pathogenic microorganisms as
pattern-recognition receptors (PRRs) (Akira et al. 2006). A
number of single nucleotide polymorphisms (SNPs) have
been found in the components of the TLR signaling pathway
in humans. Alterations of the structure of these signaling
molecules are often associated with susceptibility to various
infectious diseases. In the case of human TLR2 that binds to
peptidoglycan and lipoteichoic acid derived from Gram-
positive bacteria as well as a variety of macromolecules from
other microbes (Texereau et al. 2005), a non-synonymous
substitution of glutamine for arginine at amino acid position
753 (Arg753GIn) was shown to be a risk factor of
developing tuberculosis (Bochud et al. 2003; Ogus et al
2004) and septic shock (Lorenz et al. 2600), whereas, have a
protective effect against the development of Lyme disease
(Schroder et al. 2005). It is hypothesized that TLR2 is also
variable in Macaca species and exhibits a trace of molecular
evolution events which is conferred by possible differences
in individual response to various infectious agents. Previous
reports on molecular evolution of TLRs of primates, which
support the functional conservation of intra-cellular signal
transduction machinery involving a common functional
cytoplasmic Toll/Interleukin-1 receptor (TIR) domain during
mammalian evolution, also suggested the presence of the
positive Darwinian selection on the extracellular domain of
TLR4 in Macaca species (Sanghavi et al. 2004; Nakajima et
al. 2008). ‘

In the present study, SNPs in the coding sequence of
TLR2 from two closely related Macaca species, M. mulatta
and M. fuscata were investigated. By nucleotide sequencing
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of 21 M. mulatta and 35 M. fuscata individuals, ten non-
synonymous and seven synonymous substitutions were
identified in the coding region. These 17 SNPs compose
17 haplotype combinations (or alleles) existing in the
examined population. The ratio of rates of non-
synonymous versus synonymous substitutions suggested
the conservation of overall amino acid sequence except for
a part of extracellular domain of M. mulatta TLR2, where
multiple amino acid substitutions have taken place to give
rise different alleles. Although the functional difference of
TLR2 alleles was not evident by in vitro transfection study
of expression vector to HEK293 cells, molecular modeling
suggested that modified receptor-ligand interaction con-
ferred by amino acid substitution in M. mulatta TLR2 is a
driving force of diversifying evolution.

Materials and methods
Genomic DNA samples

Individual genomic DNA of M. mulatta were prepared
from B lymphoblastoid cell lines which had been estab-
lished from peripheral blood of mutually unrelated founders
of breeding colony originated from wild population in
Myanmar and Laos as described before (Takahashi-Tanaka
et al. 2007). Samples of peripheral blood of M. fiscata
were collected from three isolated colonies originated from
different wild populations in Japan maintained at Primate
Research Institute, Kyoto University, after the institutional
review of experimental procedures. Genomic DNA of
leukocytes was isolated using Wizard® Genomic DNA
Purification Kit (Promega).

Nucleotide sequencing of coding region of TLR2

The coding sequence of TLR2 was amplified by PCR using
KOD FX DNA polymerase (TOYOBO) with a pair of
oligonucletides, TLR2 exon 3-forward (5'-ATTAGAAT
TACGATATGCTGTC-3") and TLR2 exon 3-reverse (5'-
ATGACGGTACATCCACGTAG-3") as primers, essentially
according to manufacturer’s recommendations. Sequencing
reaction was performed using BigDye® Terminators v1.1
Cycle Sequencing Kit (Applied Biosystems) and ana-
lyzed by ABI3730x] automated DNA sequencer (Applied
Biosystems).

Transfection of TLR2 expression vectors

PCR products including the entire coding sequence of
TLR2 were ligated to pGEM®-TEasy (Promega) with T4
DNA ligase after treatment with A-attachment Mix
(TOYOBO). After the confirmation of nucleotide sequence
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of plasmid clones, the DNA fragment containing entire
coding region for TLR2 was isolated by cleavage with
restriction enzymes and inserted to pcDNA3.1/Hygro(+)
expression vector (Invitrogen). Luciferase reporter for
nuclear factor kappa B (NF-kB) activity, pGL4.22-6xxB
was constructed by inserting DNA fragment containing 6
times tandem repeats of NF-kB binding sequence and TATA
box (Shibata et al. 2006) in pGL4.22[luc2CP/Puro] promo-
terless firefly luciferase reporter vector (Promega). All
expression plasmid DNA and reporter plasmid DNA were
prepared by Illustra™ Plasmid Prep Midi Flow kit (GE
Healthcare) and confirmed virtually endotoxin free.
HEK293 cells were cultured in Dulbecco’s MEM (Wako)
supplemented with 10% fetal bovine serum (GIBCO) and 100
U/ml penicillin—100 pg/ml streptomycin (Invitrogen) at 37°C
in the presence of 5% CO,. Synthetic bacterial lipoproteins as
TLR2 agonists, Pam2CSK4 and Pam3CSK4 were purchased
from InvivoGen and applied at 10 and 100 ng/ml,
respectively. Transfection of DNA was performed as follows:
HEK293 cells were inoculated in 35-mm tissue culture
dishes at 4x10° cells/dish on the previous day, transfected
with a mixture of 250 ng of each pcDNA3.1-TLR2
expression. plasmid, 100 ng of pGLA4.22-6xkB, and 20 ng
pRL-TK internal control (Promega) with FuGENE® HD
Transfection Reagent (Roche), then at 42 h after the addition
of DNA, stimulated with TLR2 agonists for 6 h. Cells were
washed with 1 ml of PBS and suspended in 100 pl of 1x
Passive Lysis Buffer (Promega). Luciferase activities were
determined using Dual-Luciferase® Reporter Assay System
(Promega) by Wallac 1420 Multilabel Counter ARVO MA
(PerkinElmer). Transfection was set up in ftriplicate to
evaluate experimental variations and repeated at least twice
to confirm the results. Difference in luciferase activity was
statistically examined by ANOVA and Student’s ¢ test.

Analysis of molecular evolution

We estimate values of the number of segregating sites (S),
number of haplotypes (H), haplotype diversity (Hd),
nucleotide diversities (), nucleotide polymorphism (6),
K,, K, K./K; ratio, and Tajima’s D (Tajima 1989) by using
DnaSP ver.5.10.00 (Librado and Rozas 2009). Genetic
distances for non-synonymous substitution (dy) and syn-
onymous substitution (ds) and the dy-ds difference were
calculated according to Nei and Gojobori’s method (Nei
and Gojobori 1986) with Jukes and Canter’s correction by
MEGA4 (Kumar et al. 2008). Z tests for positive and
purifying selections were also carried out on MEGA4, by
which standard errors were produced with 500 bootstrap
replications. Results were considered statistically signifi-
cant when p<0.05. A neighbor-joining tree (Saitou and Nei
1987) was constructed on the basis of genetic distances
from alignments of the coding sequence of TLR2 alleles,

estimated by Kimura’s two-parameter method (Kimura
1980). Difference in frequencies of non-synonymous and
synonymous substitutions was evaluated by Fisher’s exact
test (Zhang et al. 1998). Further, codon-wise evaluation for
positive selection was conducted by employing statistical
test implemented in PAML 4 package (Yang 2067) based on
maximum likelihood estimation method.

Homology modeling of molecular structure of Macaca
TLR2-TLR1

The optimal structures of macaque TLR2-TLR1 variants
were determined by means of homology modeling
algorithm implemented in Molecular Operation Environ-
ment (MOE) 2010.10 (Chemical Computing Group Inc,
http://www.chemcomp.con/) using a template structure of
human TLR2-TLR1 heterodimer bound with Pam3CSK4
(PDB accession # 277X). The PDB data contained
structural data for human TLR2 (27-506) and human
TLR1 (25-475) fused to 67 amino acid-long peptide
derived from inshore hagfish Eptatretus VLRB.61. The
structure of ternary complex of human TLR2 (27-506)-
human TLR1 (25-475) dimer and a lipopeptide ligand
Pam3CSK4 was optimized after trimming of C-terminal
fusion peptides. Molecular stability was expressed by the
sum of potential energy between atoms in kcal/mol.
Amino acid sequence of macaque TLR1 (25-475) was
retrieved from GenBank accession # NM_001130424.
London dG score, an index for affinity between receptor
and ligand within the binding pocket, was obtained for
each optimized complex structure by Lig-X algorithm
suite implemented in MOE 2010.10.

Results

Identification of SNPs in TLR2 coding sequence
from M. mulatta and M. fuscata

In the present study, nucleotide sequence of the 2,355-bp
long entire coding region of TLR2 encoded within the third
exon was determined for of 21 M. mulatta and 35 M.
fuscata individuals. By the comparison of M. mulatta
sequences, six non-synonymous and three synonymous
substitutions were identified, while three non-synonymous
and five synonymous substitutions were found in M.
fuscata (Table 1; Fig. 1). One synonymous substitution,
GTG(Val)>GTT(Val) at codon 373 was common to these
two species. Further, all 21 M. mulatta individuals were
homozygous for AAT(Asn) while all M. fuscata examined
were homozygous for TAT(Tyr) at codon 326. Collectively,
ten non-synonymous and seven synonymous substitutions
were found in this population.
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Table 1 Haplotype of 17 SNPs found in 21 Macaca mulatta and 35 Macaca fuscata individuals in the present study

Haplotype Nucleotide position
93 292 570 664 703* 976" 1119* 1176 1214 1246 1359° 1507 1633 1667 1743 1908 2344
Codon
31 98 190 222 235° 326° 373* 392 405 416 453¢ 503 545 556 581 636 782
M. mulatta (frequency in 2N=42)
Mamu-Hap! (17) GAC (Asp) TCC (Ser) GAG (Ghi) AGT (Ser) AAC (Asn) AAT (Asn) GTG (Val) TTA (Lew) ACC (Thr) ACT (Thr) GGC (Gly) CTG (Leu) ACT (Thr) GCT (Ala) TCA (Ser) AAC (Asn) ATA (lle)
Mamu-Hap2 (10) — - - - - - - TTG (Lew) - - - GTG (Val) - - - - -
Mamu-Hap3 2) - - - - - - - - - GCT (Ala) - - - - - - -
Mamu-Hap4 (2) GAT (Asp) - - - - - - TTG (Lew) - . - GTG (Val) GCT (Ala) - - - -
Mamu-Hap5 (5) - - - - - -~ - - - - GTG (Val) - -~ - - -
Mamu-Hap6 (2) - - - - - - - - - - - GTG (Val) - GTT (Val) - - -
Mamu-Hap7 (1) - - -~ - - - GTT (Val) - ATC (lle) - - GTG (Val) - GTT (Val) — - -
Mamu-Hap8 (1) - ECC (Pro) - - ~ - - - - - -~ gTG (Val) - - - - -
Mamu-Hap9 (1) - - - - - - - - - - ETG (Val) QCT (Ala) - — - -
Mamu-Hap10 (1) — ~ - - - - GTT (val) - - GCT (Ala) - - - - - - -
M. fuscata (frequency in 2N=70)
Mafu-Hap! (50) GAC (Asp) TCC (Ser) GAG (Gli) AGT (Ser) GAC (Asp) TAT (Tyr) GTT (Val) TTA (Lew) ACC (Thr) ACT (Thr) GGT (Gly) CTG (Lew) ACT (Thr) GCT (Ala) TCA (Ser) AAC (Asn) ATA (Ile)
Mafu-Hap2 (4) - - GAA (Glu) — AAC (Asn) — GTG (Val) - - - GGC (Gly) - - - - - -
Mafu-Hap3 (1) - - - AAC (Asn) ~ GTG (Val) - - - GGC (Gly) — - - - -
Mafu-Hap4 (2) - - - GGT (Gly) ~ - - - - = N - - - TCG (Ser) - -
Mafu-Hap5 (5) - - - - - - - - - - - - - - - AAT (Asn) -~
Mafu-Hap6 (7) - - GGT (Gly) - - - - - - - - - - - -
Mafu-Hap7 (1)  ~ - - - - - - - - - - - - - - - ITA (Leu)
Human® GAC (Asp) TCC (Ser) GAG (Gl) AGT (Ser) GAC (Asp) TAT (Tyr) GTT (Va) TTA (Lew) ACC (Thr) ACT (Thr) GGT (Gly) GTG (Lew) ACT (Thr) ATT (il§) TCA (Ser) AGC (Ser) ATA (fle)

Polymorphic nucleotide in each codon is underscored. Frequency of haplotype appeared in the population is shown in parenthesis

® The positions where the major haplotypes for M. mulatta (Mamu-Hap1) and M. fuscata (Mafu-Hap1) are different from each other

® Only the human sequence (GenBank accession #NM_003264) corresponding to polymorphic codons among Macaca species are shown to tell whether

is more probable to be ancestral between Macaca alleles

81
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The extracellular domain of TLR2 is mainly composed
with the leucine-rich repeat (LRR) modules and can be
divided into three sub-domains; N-terminal, central, and C-
terminal sub-domains with their unique 3-sheet conforma-
tions (Fig. 1). The structure of extracellular domains of
triacylated lipopeptide-bound TLR2-TLR1 heterodimer and
those of diacylated lipopeptide-bound TLR2-TLR6 hetero-
dimer has been revealed by X-ray diffraction analysis (Jin
et al. 2007; Kang et al. 2009). Amino acid residues which
contribute to the binding of ligands and the interaction to
dimerization partner were mapped in the middle of
extracellular domain. The distribution of polymorphic sites
in terms of structural sub-domains was shown in Fig. 1. Itis
of note that the abovementioned inter-species substitution at
codon 326, Asn in M. mulatta versus Tyr in M. fuscata, is
located within ligand binding and dimerization domain for
TLR2-TLR1 heterodimer which may contribute to certain
functional properties (Fig. 1b).

Upon the inference of the combination of SNPs by
PHASE program implemented in DnaSP package (see
below), a major allele of M. mulatta population (Mamu-
Hapl in Table 1) was obtained. Mamu-Hapl had four
nucleotide substitutions, GTT(Val)>GTG(Val) at codon
373, ATC (Ile)>ACC(Thr) at codon 405, GTG(Val)>CTG

(Leu) at codon 503 and GTT(Val)>GCT(Ala) at codon 556,
from the M. mulatta TLR2 sequence reported previously,
GenBank accession #AB445630 (Nakajima et al. 2008),
which is identical to Mamu-Hap7 in the present study. The
homology between M. mulatta and humans is 97.2%
(2,289/2,355 bp) at nucleotide level and 95.8% (751/784)
at amino acid level. Because general homology in nucleo-
tide sequences between M. mulatia and humans is 93.94%
identical in average (Rhesus Macaque Genome Sequencing
and Analysis Consortium 2({)7), TLR2 is onc of the well-
conserved genes during primate evolution. A major allele of
M. fuscata (Mafu-Hapl in Table i) was also inferred
(GenBank accession, #AB607964) and had four nucleotide
substitutions from Mamu-Hap!: AAC(Asn)>GAC(Asp) at
codon 235, AAT(Asn)>TAT(Tyr) at codon 326, GTG(Val)>
GTT(Val) at codon 373 and GGC(Gly)>GGT(Gly) at
codon 453. Another less-frequent Mafu-Hap3 had only
one substitution, AAT(Asn)>TAT(Tyr) at codon 326 from
Mamu-Hapl. Figure 2 explains genealogy of allelic
variants. Intra-specific variants are connected by as many
as five and six mutation events in M. mulatta and M.
fuscata, respectively, while Mamu-Hapl and Mafu-Hap3
differ by one nucleotide substitution as mentioned above. In
addition, a synonymous substitution at codon 373 was

a 503
L»V
545
Macaca mulatia Toh
{N=21)
9B 556
S5p all 1 asv
3 1 235" ) N
|20 W
L9 I} vVl v ¢
TLR2 Ligand g, Dimerization V
{784 amino acids) |! binding 58 94
190 T 1
E» 373 &53 581 §36
Macaca fuscata vy GG 5>8 NN
(N=35) 222 || 235* || 326° 782
$>G || DN || Tyr L
! | } : I
Zg}\t-zlt%z*nmimn1 47 Central 234 C-terminal 588

} lLeucine Rich Repeat {L.RR} 2

Extraceilular domain of TLRZ {588 amino acids)

Fig. 1 The distribution of SNPs found in M. mulatta and M. fuscata
populations. a The position of codons with synonymous (plain) and
non-synonymous (boxed) SNPs is shown in schematic representation of
TLR2; SNPs in M. mulatta and M. fuscata populations are the upper
and the lower halves, respectively. Domain and sub-domain structures
are also illustrated. The regions contributing to ligand binding (codon
266-359) and interaction with dimerization partner (codon 318-398 for
TLR2-TLR1 and codon 318404 for TLR2-TLR6) are depicted as

overlapping filled boxes in the middle of extracellular domain (Jin et al.
2007; Kang et al. 2009). b Structure and amino acid sequence of TLR2.
Leucine-rich domain (LRR)s at N terminus, #1 to #20 and at C
terminus, and transmembrane and cytoplasmic regions (TM+CY) are
shown above the sequence. Amino acid residues involved in ligand
binding (/) and dimerization interface () are indicated. Sequence
variations between human and M. mulatta (asterisk), among M. mulatta
and among M. fuscata (var. site) are also indicated
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b LRR1
human TLR2 1:MPHTLWMVWV LGV ISLSKE ESSNQASLSC DRNGICKGSS GSLNSIPSGL TEAVKSLDLS NNRITYISNS DLQRCVNLQA LVLTSNGINT IEEDSFSSLG 100
* * * *

M mulatta TLR2-Hapl  1:MPHTLWMVWV LGV1ISLSKE ESSNQASLSC DHNGICKGSS GSLNSIPSVL TEAVKCLDLS NNRITYISNS DLQRYVNLQGA LVLTSNGINT IEEDSFSSLG 100

var. site(# mulatta) P— 100

var. site(# Fuscata) 100

LRR3 Yo R4 LRR5 _ b8
human TLR2 101 :SLEHLDLSYN YLSNLSSSWF KPLSSLTFLN LLGNPYKTLG ETSLFSHLTK LQILRVGNMD TFTKIQRKDF AGLTFLEELE IDASDLQSYE PKSLKSIQNV 200
* * *

M mulatta TLR2-Hapl 101:RLEHLDLSYN YLSNLSSSWF KPLSSLKFLN LLGNPYKTLG ETSLFSHLTK LRILRVGNMD TFTKIQRKDF AGLTFLEELE IDASDLQSYE PKSLKSIQNV 200

var. site(# mu/atta) 200

var. site(# fuscata) 200
LRR7 LRR9

Ligand binding

human TLR2 201:SHLILHMKGH ILLLEIFVDV TSSVECLELR DTDLDTFHFS ELSTGETNSL [KKFTFRNVK 1TDESLFQVM KLLNQISGLL ELEFDDCTLN GVGNFRASDN 300

* * * * ok

M mulatta TLR2-Hapl 201:SHLILHMKQH ILLLEIFVDL TSSVECLELR DTDLNTFHFS ELSTGETNSL IKKFTFRNVK |TDESLFQVM KLLSQISGLL ELEFDDCTLN GVGDFRGSDN 300

var. site(# mul/atta) 300

var. site(# fuscata) G ) 300

Ligand binding
Dimer interface
human TLR2 30

:DRVIDPGKVE TLTIRRLHIP RFYLFYDLST LYSLTERVKR |ITVENSKVFL VPCLLSQHLK SLEYLDLSEN LMVEEYLKNS ACEDAWPSLQ TLILRONHLA 400
* %k Xk * *

M. mulatta TLR2-Hap1 301:DRVIDPGKVE TLTIRRLHIP QFYSFNDLST LYPLTERVKR ITVENSKVFL VPCLLSRHLK SLEYLDLSEN LMVEEYLKNS ACEDAWPSLQ TLILRQNHLA 400

var. site(# mulatts) 400

var. site(# fuscata) G 400

=

< LRR15 im < LRR17 : [RR18. %
:SLEKTGETLL TLKNLTNID! SKNSFHSMPE TCQWPEKMKY LNLSSTRIHS VTGCIPKTLE ILDVSNNNLN LFSLNLPGLK ELYISRNKLM TLPDASLLPM 500

human TLR2 401
* ¥ Lok * ok *
M mulatta TLR2-Hapl 401:SLGKTGETLL TLKNLTNLD! SKNTFHYMPE TCOWPEKMKY LNLSSTRIHS VTGCIPKTLE ILDISNNNLN LFSLNLPGLK ELYISRNKLM TLPDASLLPM 500
var. site(# mul/atta) =] A 500
var. site(# fuscata) 500
LRR19 LRRCT oo THCYT
human TLR2 501:LLVLKISRNA ITTFSKEQLD SFHTLKTLEA GGNNFICSCE FLSFTQEQQA LAKVLIDWPA NYLCDSPSHV RGQQVQDVRL SVSECHRTAL VSGMCCALFL 600
* % * *
# mulatta TLR2-Hap! 501:LLLLKISRNT ITTFSKEQLD SFHTLKTLEA GGNNFICSCE FLSFTQEQQA LAKVLADWPA NYLCDSPSHV RGQRVQDVRL SVSECHRAAL VSGMCCALFL 600
var. site(# mulatta) v i A V: 600
var. site(# fuscata) 600
human TLR2 601:LILLTGVLCH RFHGLWYMKM MWAWLQAKRK PRKAPSRNIC YDAFVSYSER DAYWVENLMV QELENFNPPF KLCLHKRDF! PGKWIIDNI1 DSIEKSHKTV 700
* * %
M mulatta TLR2-Hap1 601:LILLMGVLCH RFHGLWYMKM MWAWLQAKRK PRKAPNRDIC YDAFVSYSER DAYWVENLMV QELENFNPPF KLCLHKRDF1 PGKW!IDNIi DSIEKSHKTV 700
var. site(M mulatta) 700
var. site(# fuscata) 700
human TLR2 701:FVLSENFVKS EWCKYELDFS HFRLFDENND AAILILLEP{ EKKAIPQRFC KLRKIMNTKT YLEWPMDEAQ REGFWVNLRA AIKS 784
* % %k

H mulatta TLR2-Hapl 701:FVLSENFVKS EWCKYELDFS HFRLFDENND AAILVLLEP! EKKAIPQRFC KLRKIMNTKT YLEWPMDEAR QEGFWVNLRA AIKS 784
var. site(# mulatta) — 784
var. site(# fuscata) o 784

Fig. 1 (continued)
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Mamu-Hap4(2)

545
Mamu-Hap2(10)

Mamu-Hap8(1)

98
556

Mamu-Hap6(2)
405

503
Mamu-Hap1(17)

373

O

Mamu-Hap7(1)

Mamu-Hap3(2)

Mamu-Hap10(1)

Fig. 2 Genealogical relationship of Macaca TLR2 alleles. A genealog-
ical pathway of allelic variants is illustrated by network. Gray and open
circles are allelic variants of M. mulatta and M. fuscata TLR2,
respectively. Two variants differ by one nucleotide substitution are
connected by bar. Numbers near the bars are codon positions; non-

commonly found in two species. Thus the difference between
variants across the species is not more than the maximal
difference within a species for certain combinations.

Molecular evolution of TLR2

In order to evaluate the allelic divergence of Macaca TLR2
locus, we applied PHASE program to infer the haplotypes
of 17 SNPs observed in two Macaca species. Consequently,
ten haplotypes for M. mulatta and seven haplotypes for M.
fuscata were identified (Table 1). Presence of these
haplotypes was confirmed by nucleotide sequencing of
plasmid clones. A phylogenetic tree (Fig. 3) was drawn by
neighbor-joining method according to sequence alignments
shown in Table {. Because of amino acid substitution at
codon 326, alleles of M. mulatta and M. fuscata were
positioned in two separate lineages.

) Mamu-Hap5(5)

Mamu-Hap9(1)

Mafu-Hap2(4)

Mafu-Hap3(1)

Mafu-Hap5(5)

Mafu-Hap7(1)
782

Mafu-Hap6(7)

Mafu-Hap1(50)
222

581

Mafu-Hap4(2)

synonymous substitution is shown in ifalic style. Intra-specific variants
are connected by as many as five and six mutation events in M. mulatta
and M. fuscata, respectively, while Mamu-Hapl and Mafu-Hap3 differ
by one nucleotide substitution. It is of note that a synonymous
substitution at codon 373 is commonly found in two species

S, H, Hd, «, 0, average codon-based evolutionary
divergence (ds, dy, and dy, dg), and Tajima’s D were
calculated for overall and sub-domains of M. mulatta and
M. fuscata TLR2 (Table 2). Sliding window plots for
Tajima’s D value for each species and K, /K, ratio between
two species are also presented (Figs. 4 and 5). When the
statistical significance was examined by Z test, the entire
TLR2 coding sequence of M. fuscata gave a significant
result with a codon-based test (dy, ds) for purifying
selection (p=0.0435), whereas became not significant if
the extracellular domain was separately examined (p=
0.061). But further breaking down of the extracellular
domain into three parts, C-terminal LRR domain underwent
purifying selection by codon-based test (p=0.0406). In
contrast, a part of the extracellular domain C-terminal to
ligand binding and dimerization domain of M. mulatta
TLR2 was rich in non-synonymous substitutions with a
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Fig. 3 Phylogenetic tree for
Macaca TLR2 alleles. A phylo-
genetic tree is drawn by
neighbor-joining method based )
on a distance matrix of Kimura’s 31

46

I—Mamu-Hapz

Mamu-Hap4
53

two-parameter evolutional
model using MEGA4.0.2.
Bootstrap percent probability
for 500 replications is shown
at each node. The scale bar
represents a genetic distance
of 0.0002

50

18

52

- Mamu-Hap1

Mafu-Hap3

—————ir——. Mamu-Hap6
48 [: Mamu-Hap3

Mamu-Hap10

Mamu-Hap$

Mamu-Hap8
Mamu-Hap5 ’

Mamu-Hap?7 (identical to AB445630)

Macaca mulatta

Macaca fuscata

Mafu-Hap1

92 | Mafu-Hap5

significant result for codon-based test for positive or
diversifying selection (p=0.0362). Sliding window plot of
Tajima’s D for M. mularta TLR2 (Fig. 4a) shows clearly
different pattern from that of M. fuscata TLR2 (Fig. 4b): the
N terminus of M. mulatta TLR2 and the membrane-
proximal region of extracellular domain of M. fuscata
TLR2 exhibit weak tendency of purifying selection because
of the presence of synonymous substitutions, while the
membrane-proximal region of extracellular domain of M.
mulatta TLR2 shows positive D value suggesting the
operation of positive selection. When all sequence of two
species (2N=42 for ten M. mulatta variants and 2N=70 for
seven M. fuscata variants) were taken into account, average
codon-based evolutionary divergence indicated by the
value of K,/K; ratio is highest in the part of central LRR,
mostly attributed to amino acid substitution at codon 326
(Table 3) while two peaks of K,/K; ratio corresponding to
the central LRR and the amino acid substitutions in the
membrane-proximal part of extracellular domain of M.
mulatta TLR2 appear when the sliding window is
narrowed to 350-bp range (Fig. 5). When the frequency
of non-synonymous substitution in possible sites (five in
387) within in the membrane-proximal part of extracellu-
lar domain (codon 401 to 566) of M. mulatta TLR2 was
compared with that of synonymous substitution (0 in 111),
they were not significantly different (p=0.358; Table 4,
comparison A), but the number of non-synonymous
substitutions is over-represented in M. mulatta than M.
fuscata (5 vs. 0) in comparison to that of synonymous
substitutions (0 vs.2) within the same region (p=0.048;

@ Springer

Mafu-Hap7

_—67_|— Mafu-Hap4
Mafu-Hap6

47

Table 4, comparison B), suggesting the presence of
differential selection pressure on these two species.
Further, codon-wise evaluation for non-synonymous and
synonymous substitutions was conducted for extracellular
domain of M. mulatta TLR2 by employing statistical test
implemented in PAML 4 package based on maximum
likelihood estimation method. Likelihood statistics under
different molecular evolution models were presented in
Table 5. By comparison of likelihoods between neutral and
selection site models, we could obtain a weak but
significant signal for positive selection at codon position
545. This position is not known to be involved in ligand
binding or dimerization interface in the diacylated
lipoprotein-bound structure of TLR2-TLR6 dimer or the
triacylated lipoprotein-bound structure of TLR2-TLRI1
dimer (Fig. 1b). ‘

Functional analysis for TLR2 alleles

In order to clarify whether amino acid substitutions in
Macaca TLR2 alleles can bring any functional alteration,
an experimental system was designed to measure the
downstream transcriptional activation of NF-kB-dependent
synthetic enhancer-promoter upon the stimulation with
TLR2 agonists. It is of importance to examine functional
integrity of variants to rule out pseudogenization of TLR-2
in Macaca lineage as one of possible cause of rapid
accumulation of non-synonymous mutations. We chose
HEK?293 cells as recipients of DNA transfection assay
because it has been proven to be lower intrinsic TLR2
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Table 2 Polymorphism and nucleotide diversity in the coding sequence of TLR2 locus

Domain® Range (bp) S H Hd 7t (x107%) 8 (x107™% ds (#SE) dn (£SE) dn-ds (£SE) Tajima’s D

Macaca mulatta (n=21)
Total 1-2,355 9 10 0.775 6.9 8.9 0.0011+0.0008 0.0006:0.0003 ~0.0006+0.0008 —0.65546
Extracellular 1-1,764 9 10 0.775 9.2 11.9 0.0015+0.0010 0.0007+0.0004 -0.0008+0.0011 —0.65546
N-terminal LRR 73438 2 3 0.138 3.8 12.7 0.0010+0.0010 0.0002+0.0002 -0.0009+0.0011 ~1.30048
Central LRR 439-999 0 1 0.000 0.0 n.d. 0.0000-:0.0000 0.0000+0.0000 0.0000+0.0000 n.d.
C-terminal LRR 1,000-1,764 7 9 0.769 19.3 213 0.0029+0.0024 0.0016+0.0009 —~0.0013+0.0027 -0.25176
N-terminal part 1-795 2 3 0.138 1.8 5.8 0.0005+0.0005 0.0001+0.0001 —-0.0004+0.0005 -1.30048
Lig-bind/dimer 796-1,194 2 3 0.483 12.8 11.6 0.0057+0.0048 0.0000+0.0000 —0.0057+0.0046 0.18543
C-terminal part 1,195-1,764 5 6 0.695 17.0 20.4 0.0000+0.0000 0.0022+0.0012 0.0022+0.0012* —0.42381
TM-Cyt 1,765-2,355 0 1 0.000 0.0 n.d. 0.0000+0.0000 0.0000-£0.0000 0.0000+0.0000 n.d.

Macaca fuscata (n=35)
Total 1-2,355 8 7 0.477 4.1 7.0 0.0011+0.0005 0.0002+0.0001 -0.0009+0.0005%* ~1.08369
Extracellular 1-1,764 6 5 0.351 4.5 7.1 0.0011+0.0005 0.0003+0.0002 —-0.0008+0.0006 —0.85999
N-terminal LRR 73-438 0 1 0.000 0.0 n.d. 00000£0.0000 0.0000+0.0000 0.0000+0.0000 n.d.
Central LRR 439-999 3 4 0.345 8.4 11.1 0.0009+0.0009 0.0008+0.0006 0.0000-£0.0010 —0.46715
C-terminal LRR 1,000-1,764 3 3 0.187 4.3 8.1 0.0019+0.0011 0.0000+0.0000 —0.0019+0.0011#** -0.91696
N-terminal part 1-795 3 4 0.345 5.9 7.8 0.0006+0.0006 0.0006+0.0004 0.0000:0.0007 —0.46715
Lig-bind/dimer 796-1,194 1 2 0.135 34 5.2 0.0015+0.0015 0.0000+0.0000 ~0.0015+0.0015 -0.43152
C-terminal part 1,195-1,764 2 3 0.187 33 7.3 0.0015+0.0011 0.0000+0.0000 -0.0015+0.0012 ~0.89232
TM-Cyt 1,765-2,355 2 3 0.161 2.8 7.0 0.0011+0.0010 0.0001+0.0001 ~0.0010+0.0011 -1.00276

S number of variable sites, H number of haplotypes, Hd haplotype diversity, 7 nucleotide diversity (per site), # nucleotide polymorphism (per site), ds number of synonymous substitutions per site,
dy number of non-synonymous substitutions per site, dy-ds difference between the non-synonymous and synonymous distances per site; Tajima’s D: Tajima’s D statistic

*p=0.0362 upon Z test for positive (or diversifying) selection; *p=0.0435; *p=0.0406 upon Z test for purifying selection

#2,355-bp of total open reading frame for TLR2 is divided to extracellular domain and the rest (TM-Cyt: transmembrane and cytoplasmic). Extracellular domain is further broken down to three
sub-domains in two ways: one according to the differential motifs of leucine-rich repeats (LRR) and the other according to structural analysis of TLR2-TLR1 heterodimeric complex (Jin et al.
2007) delineating the region contributes to ligand binding and interaction to dimerization partner (Lig-bind/Dimer)
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Fig. 4 Distribution of polymorphisms evaluated by Tajima’s D
statistic. Sliding window plots of Tajima’s D with 350 bp window
and 25-bp steps are drawn for M. mulatta (a) and M. fuscata (b) TLR2

using DnaSP ver5.10.00. Although Tajima’s D does not reach to -

significant levels, it tends to be below zero in general
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Fig. 5 Distribution of non-synonymous substitutions in two Macaca
species. A sliding window plot of K,/K, ratio between M. mulatta and
M. fuscata alleles with 350 bp window and 30-bp steps is drawn using
DnaSP ver5.10.00. Dotted lines show the parts where the K,/K; ratio
is not obtained because of the absence of synonymous substitutions
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Table 3 Estimation of rate of synonymous and non-synonymous
substitutions between Macaca mulatta and Macaca fuscata

Domain® Range (bp) K K, K. /K

Total 1-2,355 0.00435 0.00157 0.359
Extracellular 1-1,764 0.00553 0.00209 0.377
N-terminal LRR 73438 0.00053 0.00009 0.164
Central LRR 439-999 0.00046  0.00471 10.312
C-terminal LRR 1,000-1,764 - 0.01221 0.00129 0.105
TM-Cyt 1,765-2,355 0.00057  0.00003 0.054

K, synonymous nucleotide divergence, K, non-synonymous nucleo-
tide divergence, K,/K, the ratio of K, to K

#See footnote of Table 2

activity and to possess the other components necessary for
TLR2-mediated, ligand-induced transcriptional activation
(Schwandner et al. 1999). When the expression plasmid for
a major allele of M. mulatta TLR2, Mamu-Hapl was
introduced to HEK293 cells, two synthetic TLR2 ligands,
Pam2CSK4 and Pam3CSK4, which are relatively specific
to TLR2-TLR6 and TLR2-TLR1 heterodimers, respective-
ly, could induce very strong luciferase activity to almost
equivalent extent to human TLR2 expression plasmid
(Fig. 6a). Therefore, the function of M. mulatta TLR2 in
combination with HEK293-intrinsic TLR6 and TLRI1
remains intact in the presence of mutations taken place
after the species diversification, indicating the higher rate of
amino acid substitutions observed in M. mulatta lineage are
not attributable to pseudogenization. Further, the effect of
amino acid substitution at codon 326 was evaluated by the
comparison between Mamu-Hap! and Mafu-Hap3, obtain-
ing no evidence for functional relevance to the substitution
by this experimental system (Fig. 6b). Further, the effect of
all six non-synonymous substitutions found in M. mulatia
population was examined by using four additional expres-
sion plasmids: Mamu-Hap3 carrying Ala416, Mamu-Hap7
carrying Ile405-Val503-Val556, Mamu-Hap8 carrying
Pro98-Val503, and Mamu-Hap9 carrying Val503-Ala545
(Fig. 6c¢). Although Pam3CSK4-induced luciferase activity
was higher for Mamu-Hap8 than Mamu-Hap7 and Mamu-
Hap9, statistic obtained by ANOVA, by which the inflation
of statistical error by multiplicity of comparison is taken
into account, did not reach to significance. Thus, we could
not demonstrate any functional augmentation or deteriora-
tion accompanied with seven non-synonymous amino acid
substitutions identified in the present study.

Structural analysis by computational chemistry
The non-synonymous substitution at codon position 326

appeared to be differentially fixed in each species,
asparagine for M. mulatta whereas tyrosine for M. fuscata.
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Table 4 Comparison of frequencies of non-synonymous and synonymous substitutions in proximal region (amino acid positions, 401-566) of

extracellular domain of TLR2

Non-synonymous Synonymous

Total

P value (Fisher’s exact test)

Comparison A: test for difference in frequencies of non-synonymous and synonymous changes in Macaca mulatta TLR2

Changes SNPs) 5 0 5 0.358
No changes 382 111 493

Total 387 111 498 (nucleotide positions, 1,201-1,698)
Comparison B: comparison of number of SNPs in M. mulatta and Macaca fuscata TLR2

M. mulatta 5 0 5 0.048
M. fuscata 0 2 2

Total 5 2 7

The change may contribute to certain functional properties,
because it locates in the region contributing to ligand
binding and interaction with dimerization partner of TLR2-
TLR1 heterodimeric complex (Fig. 1a). Homology model-
ing was applied to determine the most stabilized structure
for macaque TLR2-TLR1 dimers composed of different
TLR2 wvariants. Because of the sequence conservation
across primates including human, Tyr326 (M. fuscata type)
is assumed to be ancestral and Asn326 (M. mulatta type) is
derivative. The effect of single amino acid substitution at
position 326 was evaluated by the comparison between
Mamu-Hapl and Mafu-Hap3 (Table 6, Supplementary
figures 1 and 2). Relative binding affinity to Pam3CSK4
is attenuated by approximately 5% by amino acid substi-
tution Tyr>Asn (100.0>94.5 Table 6), which is elucidated
by structural change in ligand binding pocket composed of
TLR2-TLR1 dimer in part (Supplementary Figures | and 2).
The affinity to ligand is partially recovered by second
substitutions in the membrane-proximal region of extracel-

lular domain of TLR2 (Table %), although these substitu-
tions were not directly involved in ligand binding or
dimerization with the TLR1 partner but were supposed to
induce subtle change in intra-chain interaction of TLR2
(Supprementary Figures 3 and 4).

Discussion

The rhesus monkey, M. mulatia has been applied to many
biomedical researches for a long time, because it provides a
better relevance of model organism to humans in many
pathological and physiological aspects. While the lack of
inbred strains or closed colony with great animals is a
drawback for the use of experimental model because of
variations in biological response based on underlying genetic
diversity, it turns to an advantage once the genetic variations
are fully understood and are controlled adequately (Matano
et al. 2004). Recently, complete genome of M. mulatta has

Table 5 Log-likelihood values and parameter estimates under different codon substitution models for ten Macaca mulatta TLR2 allelic variants

Model Number of I: In(likelihood) ~ Average ® Estimates of parameters
parameters (dnlds)

One ratio (MO) 1 -2,461.85 0.777 w=0.777

Site-specific models

Mla: neutral 2 —2,461.42 0.530 P6=0.47 (p1=1-pp=0.53), 0,=0.00

M?2a: selection 4 —2,458.36 0.781 pe=0.963, p;=0 (p2=1-py—p;=0.037), 0,=0.00,
w,=21.29

M3: discrete 5 —2,458.36 0.782 20=0.002, p1=0.961 (p,=1-pe—p,;=0.037),
@0=0.00, @,;=0.00, ©,=21.30

M?7: beta 2 —2,460.40 0.500 p=0.0074, g=0.0073

MS8: beta and © -2,458.36 0.782 Ppo=0.963, p=0.0050, g=4.116 (p;=1-p,=0.037),
®,=21.30

Comparisons

One ratio (MO) vs. discrete (M3) x2=-2AI=6.98 df=4 p=0.14

Neutral (M1a) vs. selection (M2a) X’=-2Al=6.12 df=2 p=0.047

Beta (M7) vs. beta and o (M8) X’=—2A1=4.08  df=2 p=0.13
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Fig. 6 Functional analysis of TLR2 alleles by luciferase reporter gene
assay. Relative luciferase activity of each triplicate transfection is obtained
as the ratio of relative light units (RLUs) of firefly luciferase assay (for
NF-kB-dependent activity) to RLUs of Renilla luciferase assay (for
constitutive basal transcriptional activity) and standardized by the mean
value of those of triplicate Mamu-Hapl transfections to be 100 for
respective experiments. The results of representatives of repeated
experiments at least two times are shown. Mean value of triplicate

been uncovered (Rhesus Macaque Genome Sequencing and
Analysis Consortium 2007), and efforts to reveal genetic
polymorphism of this species have been carried out (Singh
and Schmidtke 20035; Ferguson et al. 2007; Karl et al. 2008;
Flynn et al. 2009; Blokhuis et al. 2009). On the other hand,
the Japanese monkey, M. fuscata, an endemic species of
Japan, also draws an attention of investigators as experimen-
tal models to human pathophysiology (Kawai et al. 1993; Isa
et al. 2009). M. mulatta and M. fuscata are very close to each
other in terms of species diversification (Smith et al. 2007),
but geographic isolation and differential influence of dwelling
environment cause species-specific characteristic through
evolution. For example, M. fuscata is extremely labile to
cerebral involvement of monkey malaria in comparison to
tropical Macaca species (Kawai et al. 1993), presumably
because of the absence of circulation of Plasmodium protozoa
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Mamu-Hap7

Mamu-Hap8 Mamu-Hap9

standardized relative luciferase activities without TLR2 ligand (/eff) that
with 10 ng/ml of Pam2CSK4 (middle, stippled bar) and that with
100 ng/ml of Pam3CSK4 (right, filled bar) are depicted as bar gragh
with whiskers of SEM. a A major allele of M. mullata, Mamu-Hap],
brought almost equivalent activities to the human TLR2. b, ¢ Macaca
TLR2 alleles carrying Tyr326 (Mafu-Hap3), Ala416 (Mamu-Hap3),
Ile405-Val503-Val556 (Mamu-Hap7), Pro98-Val503 (Mamu-Hap8), and
Val503-Ala545 (Mamu-Hap9) substitutions were compared

in wild M. fuscata population. It is suggested that the origin
of current species belonging to genus Macaca had emerged in
northern part of African continent, migrated through the
Middle-East into India, and settled in Asian continent and
islands (Hernandez et al. 2007). The population history of
migration out of Africa and settlement in their destinations is
very similar to that of divergent human ethnic groups.
Infectious diseases such as malaria and arthropod-borne viral
hemorrhagic fever would be a heavy burden to thrive in the
tropical region in Macaca species as well as humans.
Therefore, comparative studies of different Macaca species
would provide valuable clues for the better understanding of
host defense mechanisms of these species as well as those of
humans against various infectious agents.

The previous studies on primate TLR genes revealed that
the cytoplasmic TIR domains of M. mulatta TLRs shares high
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Table 6 Molecular stability and interaction energy estimated for TLR ternary complex structure obtained by optimization through homology

modeling
Ternary complex of TLR dimer and ligand Total energy® Ligand® Interaction®  London Relative affinity to ligand
(kcal/mol) (kcalmol) (kcal/mol)  dG score® (macaque TLR2(Tyr326)=100)
(kcal/mol)

Human TLR2 (27-506)-TLR1(25-475)-Pam3CSK4°  -11,680.30 —393.12 —110.59 -26.21 105.6

Macaque TLR2(Tyr326)-TLR1-Pam3CSK4 —9,101.94 —398.09 -110.41 —24.81 100.0 (reference)
(M. fuscata, hap-3)

Macaque TLR2(Asn326)-TLR1-Pam3CSK4 -9,114.51 —-397.85 -109.13 —23.52 94.5
(Macaca mulatta, hap-1)

Macaque TLR2(Asn326-11e405)-TLR1-Pam3CSK4 -9,808.11 —396.92 -110.80 —24.24 97.7

Macaque TLR2(Asn326-Ala416)-TLR1-Pam3CSK4 —9,524.80 —399.36 -109.04 —24.46 98.6

?Total potential energy between all the atoms of extracellular domains of TLR2-TLR1 heterodimeric receptor (position 27-506 of TLR2 and
position 25-475 of TLR1) and a ligand Pam3CSK4 was calculated by Molecular Operating Environment (MOE) 2010.10(Chemical Computing

Group Inc)
® Total potential energy between all the atoms of Pam3CSK4

¢ Total potential energy between the atoms of TLR2-TLR1 heterodimeric receptor and those of Pam3CSK4
4 An index for affinity between receptor and ligand within the binding pocket obtained by Lig-X algorithm suite implemented in MOE 2010.10

¢ Molecular structure was optimized by MOE 2010.10 after retrieval of PDB data accession# 2Z7X (available at RCSB, httpy://www.resb.org/pdb)
and trimming of C-terminal 67 residues of fusion peptide derived from inshore hagfish Eptatretus VLRB.61

levels of homology with human counterparts (Sanghavi et al.
2004), and TIR domains of TLRs and other related genes
had undergone purifying selection among seven primate
species (Nakajima et al. 2008), by which the presence of
strict functional constraint is suggested. On the other hand, it
was also revealed that the extracellular domain of Macaca
TLR4 have been uniquely evolved under the diversifying
selection by comparison between primate species (Nakajima
et al. 2008). While the coding polymorphisms in M. mulatta
TLR4 and TLRS5 (Ferguson et al. 2007), as well as micro-
satellite located in the second intron of 7LR2 (Yim et al.
2006), were reported, we investigated for the first time SNPs
in the coding region of TLR2 for M. mulatta and M. fuscata
individuals and reach to the trace evidence for differential
purifying and diversifying selections on certain parts of
extracellular domain in the present study. It is of note that the
shapes of sliding window plots of Tajima’s D (Fig. 4) were
quite different between M. mulatta and M. fuscata
suggesting differential molecular evolution for these
species after species diversification. Inter-specific differ-
ential molecular evolution is also prominent in the sliding
window plot of K,/K; ratio for combined M. mulatta and
M. fuscata allelic variants (Fig. 5). Further, we could
obtain a trace of positive selection at one amino acid
position 545 by application of maximal likelihood esti-
mation for codon-wise evaluation of molecular evolution
events. Certain polymorphisms located in extracellular
domain of swine TLR2 (Shinkai et al. 2006; Bergman et al.
2010) and those of bovine 7LR2 (Jann et al. 2008) were
also suggested to have been under positive selection
during the domestication and breeding of these mamma-
lian species. It is probable that positive selection has been

driven by the functional alteration adapting to the changes
of dWelling environments. Further, one of several rare
variants of human TLR2, Thr411lle, which has been
shown functionally deteriorated upon the Pam3CSK4-
induced, NF-kB-driven reporter gene assay (Merx et al.
2007, Kormann et al. 2009), is located in the part C-
terminal to the ligand binding and dimerization domain
in the vicinity of membrane-proximal region where five
of the non-synonymous substitutions were found in our
M. mulatta population. Although we could not demon-
strate apparent augmentation or deterioration accompanied
with amino acid substitutions in M. mulatta alleles by
luciferase reporter gene assay using HEK293 cells as
recipients with saturating doses of lipopeptide ligands in
the present study, the affinity to ligand appeared different
and would be differentially tuned during the evolution of
two Macaca species under distinct environmental selec-
tion pressure.
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Abstract Cynomolgus macaques are widely used as a
primate model for human diseases associated with an
immunological process. Because there are individual differ-
ences in immune responsiveness, which are controlled by
the polymorphic nature of the major histocompatibility
(MHC) locus, it is important to reveal the diversity of MHC
in the model animal. In this study, we analyzed 26
cynomolgus macaques from five families for MHC class |
genes. We identified 32 Mafa-A, 46 Mafa-B, 6 Mafa-I, and
3 Mafa-AG alleles in which 14, 20, 3, and 3 alleles were
novel. There were 23 MHC class I haplotypes and each
haplotype was composed of one to three Mafa-A alleles and
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one to five Mafa-B alleles. Family studies revealed that
there were two haplotypes which contained two Mafa-Al
alleles. These observations demonstrated further the com-
plexity of MHC class I locus in the Old World monkey.

. Keywords Cynomolgus macaque - MHC - Mafa class I-

gene - Haplotype - Polymorphism

Introduction

Non-human primates are widely used for immunological
research because their immune system is similar to that
of humans. In particular, the Old World monkeys such as
cynomolgus macaques (crab-eating macaques, Macaca
Jascicularis) became a useful model for human infectious
diseases including acquired immunodeficiency syndrome
(AIDS) (Wiseman et al. 20607), severe acute respiratory
syndrome (Lawler et al. 2006), and influenza (Kobasa et
al. 2007) as well as in the transplantation field (Wiseman
and O’Connor 2007). In the AIDS research, cynomolgus
and rhesus macaques are important animal models for the
development of vaccines against human immunodeficien-
cy virus (HIV) or studies for susceptibility to HIV
infection and/or development of AIDS (Matano et al.
2004; Loffredo et al. 2008; Tsukamoto et al. 2008
Burwitz et al. 2009; Mee et al. 2009; Aarnink et al.
2011a). To fully evaluate the results of immunological
experiments in the macaque models, it is essential to
characterize the genetic diversity of immune-related
molecules which may control the individual differences
in the immune response against foreign antigens and/or
pathogens.

The major histocompatibility complex (MHC) is well
known to control the immune-responsiveness to foreign
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antigens. There are two classes of MHC molecules: one is
the MHC class I molecule presenting peptides of intracel-
lular origin to CDS8™ T cell and the other is the MHC class II
molecule binding extracellular-derived antigenic peptides
for presenting to CD4" T cell. It has been reported that the
complexity of MHC genes in the rhesus and cynomolgus
macaques is higher than that in humans (Kulski et al. 2004;
Watanabe et al. 2006; Gibbs et al. 2007; Otting et al. 2007,
2008; Doxiadis et al. 2011). For example, MHC class 1
configurations in macaques are usually composed of one
copy of highly transcribed major MHC-Algene (Mamu-
Alor Mafa-Al) and several other minor MHC-A genes
(Mamu-A2~A7 or Mafa-A2~A6) in addition to several
MHC-B genes (Mamu-B or Mafa-B) (Watanabe et al.
2006; Otting et al. 2007, 2008, 2009; Naruse et al. 2010;
Doxiadis et al. 2011), whereas each one copy of MHC-A
and -B genes (HLA-A and -B) can be found in human MHC
class I locus. In addition, other MHC loci showing lower
expression levels, i.e., HLA-B-like gene (Mamu-I or Mafa-
D) and HLA-G-like non-classical gene (Mamu-AG or Mafa-
AG) have been identified (Slukvin et al. 2000; Urvater et al.
2600). The extent of genetic diversity is different, in part,
depending on the geographic areas, as we have previously
reported for MHC class I genes in rhesus macaque (Naruse
et al. 2010). As for the cynomolgus macaques, MHC class I
allelic diversity was reported for Indonesian (Pendley et al.
2008; Wu et al. 2008; Kita et al. 2009; Otting et al. 2009),
Malaysian (Otting et al. 2009; Aarnink et al. 2011b),
Mauritian (Budde et al. 2010), Vietnamese (Wu et al. 2008;
Kita et al. 2009), and Philippino (Campbell et al. 2009; Kita

et al. 2009) macaques, but information about the MHC '

class I haplotype remains insufficient.

Table 1 Primers used in PCR or sequencing of Mafu class 1 genes

In the present study, we have analyzed MHC class I loci in
cynomolgus macaques originated from Indonesia, Malaysia,
and the Philippines to obtain information on haplotype
configuration. We report here further the complex nature of
MHC class I loci in the Old World monkey, i.e., the presence
of unique haplotypes carrying two Mafa-Al genes.

Materials and methods
Animals

A total of 26 cynomolgus macaques from five families were
the subjects. Each family was composed of one or two males
with one or two females and their offspring. They were
maintained in the breeding colonies in Tsukuba Primate
Research Center, National Institute of Biomedical Innovation,
Japan. The founders of the colonies were captured in
Indonesia, Malaysia, and the Philippines. All care including
blood sampling of animals were in accordance with the
Guidelines for the Care and Use of Laboratory Animals
published by the National Institute of Health (NIH Publication
85-23, revised 1985) and were subjected to prior approval by
the local animal protection authority.

Sequencing analysis of cDNAs from Mafa class 1 genes

Total cellular RNA was extracted from whole blood by
using RNAeasy (QIAGEN, Gmbh, Germany). Oligo(dT)-
primed cDNA was synthesized using Transcriptor reverse
transcriptase (Roche, Mannheim, Germany) according to
the manufacturer’s recommendations. Full-length ¢cDNAs

Primer ID Application Direction Sequence (5'-3") Position Reference

5" MHC UTR PCR Sense GGACTCAGAATCTCCCCAGACGCCGAG  5'UTR Karl et al. 2008

3 MHC UTR_A  PCR Antisense  CAGGAACAYAGACACATTCAGG 3" UTR Karl et al. 2008

3' MHC UTR_B PCR Antisense  GTCTCTCCACCTCCTCAC 3" UTR Karl et al. 2008

5A long PCR Sense ATGGCGCCCCGAACCCTCCTCCTG Exon 1 Tanaka-Takahashi et al. 2007
3A PCR Antisense TCACACTTTCAAGCCGTGAGAGA Exon 7 Tanaka-Takahashi et al. 2007
S5ASSP PCR Sense ATGGCGCCCCGAACCCTCCTCCTGG Exon 1 Tanaka-Takahashi et al. 2607
4R PCR Antisense CCAGGTCAGTGTGATCTCCG Exon 4 Tanaka-Takahashi et al. 2007
P000044 PCR Sense GATTCTCCGCAGACGCCCA 5" UTR Wu et al. 2008

P000023 PCR Antisense GGAGAACCAGGCCAGCAAT Exon 5 Wu et al. 2008

P000076 Sequencing Sense GAGCAGCGACGGGACCGCA Intron 1 Wu et al. 2008

P000060 Sequencing Antisense ~ CCTGGGGCTCTCCCGGGTCA Intron 2 Wu et al. 2008

P000096 Sequencing Sense TGTACTGAGTCTCCCTGATGG Intron 2 Wu et al. 2008

P0O00098 Sequencing  Antisense =~ TTCATTCCCTCAGAGATTTT Intron 3 Wu et al. 2008

P0000S5 Sequencing Sense CCCAGGTRCCTSTGTCCAGGA Intron 3 Wu et al. 2008

P000281 Sequencing  Antisense AGAGGGGAAAGTGAGGGGT Intron 4  Wu et al. 2008
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Fig. 1 Pedigree of cynomolgus macaques. The pedigrees of mac-
aques analyzed in this study are shown. Founders were originated
from Indonesia (a), Malaysia (b, ¢), and Philippines (d, e). Open
square, open circle, and open triangles indicate father, mother, and
offspring, respectively. The ID of each subject is noted in the symbol.
Mafa class I haplotypes determined in this study are indicated under
the subjects

for Mafa class 1 genes were amplified by polymerase chain
reaction (PCR), as described previously (Tanaka-Takahashi
et al. 2007; Naruse et al. 2010), by using locus-specific
primer pairs as reported by Karl et al. (2008). Genomic

Table 2 Mafa class 1 alleles found in the cynomolgus macaques

gene and cDNA for Mafa-42 gene were analyzed according
to the method described by Wu et al. (2008). The primers
used in this study are listed in Table 1. To estimate the
expression level of Mafa-4 alleles, we also used an
additional primer pair: MafaF (5'-TACGTGGACGA
CACGCAGTT) and MafaR (5'-GGTGGGTCA
CATGTGTCTTG). PCR was done under the condition of
initial denaturation at 98°C for 10 s, 25 cycles of 98°C for
1s, 64°C for 5 s, and 72°C for 20 s, followed by an
additional extension at 72°C for 1 min, using Phusion Flash
DNA polymerase (Finzymes, Espoo, Finland). The PCR
products were cloned into pSTBlue-1 Perfectly Blunt vector
(Novagen, WI, USA) according to the manufacturer’s
instructions and were transformed to NovaBlue Giga
Singles™ competent cells (Merck Biosciences Japan,
Tokyo, Japan). A total of 30 to 90 independent ¢cDNA
clones were obtained from each macaque for each locus and
were sequenced on both strands by BigDye Terminator
cycling system in an ABI 3730 automated sequence
analyzer (Applied Biosystems, CA, USA).

Data analyses and nomenclature for Mafa class [ allele

Nucleotide sequences of cDNA clones were aligned using
the Genetyx software package (version 8.0, Genetyx Corp.,
Japan). When a cDNA sequence, which was represented by
at least three clones, was independently obtained from at
least two animals or repeatedly obtained from at least two
independently prepared cDNAs from single animals, we
considered it a real allele, not an artifact, and the sequences
were submitted to the DNA Data Bank of Japan (DDBJ)
database and to the Immuno Polymorphism Database for
non-human primate MHC (hitp://www.ebi.ac uk/ipd/mhe/
sumit.html; Robinson et al. 2003) to obtain official
nomenclature for the novel alleles of Mafa-4 and Mafa-B
genes. Neighbor-joining trees were constructed with Kimu-
ra’s two-parameter method for a phylogenetic analysis of
Mafa-A sequences spanning exons 2, 3, and a part of exon
4 obtained in this study by using the Genetyx software.
Bootstrap values were based on 5,000 replications.

Locus Number of observed alleles ~ Number of novel alleles (%)  Number of observed alleles in macaques from different regions®
Indonesian Malaysian Philippino
Mafa-A 32 14 (43.7%) 9 (3), 33.3% 12 (8), 66.7% 11 (3), 27.3%
Mafa-B 46 20 (43.5%) 13 (5), 38.5% 20 (15), 75.0% 18 (1), 5.6%
Mafa-1 6 3 (50.0%) 2 (1), 50.0% 4 (3), 75.0% 2 (0), 0%
Mafa-AG 3 3 (100%) 0 (0), 0% 2 (2), 100% 1 (1), 100%
Total 87 40 (45.5%) 24 (9), 37.5% 38 (28), 73.7% 32 (5), 15.6%

?The number and frequency of novel alleles are indicated in parentheses
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Results

Identification of Mafa class I alleles in cynomolgus
macaques

We determined the nucleotide sequences of cDNA clones
for Mafa-A and -B loci in 26 cynomolgus macaques from
one family of Indonesian origin (six haplotypes), two
families of Malaysian origin (eight haplotypes), and two
families of Philippino origin (nine haplotypes) (Fig. 1).

When the observed alleles were segregated in the family
or when at least three clones with identical sequences
were observed from two independent PCR for an
individual, the nucleotide sequences were considered to
be real and not artifacts. As shown in Table 2, 32 Mafa-
A, 46 Mafa-B, 6 Mafa-1, and 3 Mafa-AG sequences were
obtained in this study. Among them, 14 (43.7%), 20
(43.5%), 3 (50.0%), and 3 (100%) were novel alleles of
Mafa-A, Mafa-B, Mafa-1, and Mafa-AG loci, respectively
(Table 2).

Table 3 Alleles of Mafa-A locus identified in the cynomolgus macaques

Locus Allele name Novelty® Accession Origin® Identical Mamu and/or Mane Origin and reference of known
number® alleles? alleles®

Al AI*001:01 AM295828 Malaysian Utrecht, Otting et al. 2007

Al AI*002:01:02 Novel AB569214 Indonesian

Al AI1*008:02 EU392108 Philippino Philippino, Campbell et al. 2609

Al AI*008:03-like Novel AB647187 Philippino

Al AI*018:06 FM246489 Indonesian Utrecht, Otting et al. 2007

Al AI*019:05 AB447616 Indonesian Indonesian, Kita et al. 2009

Al AI*023:01 Novel AB569216 Malaysian

Al AI*032:05 Novel AB569215 Malaysian

Al "A1*%052:02 EU392105 Philippino Mamu-41*%052:01/03/06 Philippino, Campbell et al. 2009

Al AI*054:01 AB154771 Malaysian Tsukuba, Uda et al. 2004

Al AI*056:02 Novel AB569218 Malaysian

Al AI*062:05 Novel AB569219 Malaysian

Al AI*068:02 Novel ABS569217 Malaysian

Al A1*074:02 AB447606 Philippino Philippino, Kita et al. 2009

Al AI*079:01 AB154773 Malaysian Tsukuba, Uda et al. 2004

Al AT*089:02 EU392104 Philippino Philippino, Campbell et al. 2009

Al AI*093:01 EU392103 Philippino Philippino, Campbell et al. 2009

Al Al*094:01 EU392111 Philippino Philippino, Campbell et al. 20609

Al AI*097:01 AB447576 Indonesian Mamu-A1%109:01 Indonesian, Kita et al. 2009

Al Al*103:01 Novel AB583236 Indonesian

Al Al*124:01 Novel AB583237 Malaysian

A2 A2*05:13-like Novel AB647189 Philippino

A2 A2*05:16 AM?295878 Indonesian Utrecht, Otting et al. 2007

A2 A2*05:34-like Novel AB647190 Philippino

A3 A3%13:03 EU392112 Philippino Philippino, Campbell et al. 2009

A3 A3*13:15 Novel AB583238 Malaysian

A3 A3*13:16 Novel ABS583240 Indonesian

A4 A4*14:01 AM?295880 Indonesian Utrecht, Otting et al. 2007

A4 A4*14:02 AM295881 Malaysian Utrecht, Otting et al. 2007

A6 A6*01:05 Novel ABS583239 Malaysian

#New alleles are indicated as novel

® Nucleotide sequences were submitted to a public database and given accession numbers
°Origin of cynomolgus macaques

94 1dentical sequences were found in Mamu or Mane alleles

¢Origin and references in which each known allele was first reported. Utrecht and Tsukuba indicate that the alleles were found in colonies
maintained in the University of Utrecht, The Netherlands, and Tsukuba primate center, Japan, respectively

@ Springer

— 175 —



