Signatures of positive selection in LY96 gene in vertebrates
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As a secreted glycoprotein that binds to the extracellular domain of Toll-like receptor 4 (TLR4), Lymphocyte Antigen
96 (LY96), also called myeloid differentiation 2 (MD2), is required for the activation of TLR4 by lipopolysaccharide
(LPS) and plays an important role in innate immunity, which is the first line of defence against microbial infections.
Previous studies have proposed that mammalian toll-like receptors (TLRs) have evolved under diversifying selection
due to their role in pathogen detection. Given the fact that LY96 is highly functionally linked to TLR4, it would be
interesting to test whether LY96 is under the intense pressure of natural selection. To investigate the natural selection
hypothesis, we compared the coding sequences from 13 vertebrates and evaluated the molecular evolution of LY96
gene in these species. Result shows that natural selection at exon 4 has indeed played a role in shaping the function of
LY96 in the course of evolution. In addition to the study of Nakajima, we found the two branch nodes with Ka/Ks
ratios greater than 1: the one leading to cow and pig and the other to rabbit and the primates.
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1.

Introduction

Lymphocyte Antigen 96 (LY96), also called myeloid differentiation 2 (MD2), was discovered by Shimazu for the first
time in 1999 (Shimazu et al. 1999). LY96 is a 160-aminoacid glycoprotein with five exons (Genbank accession number: NM_015364) (Gangloff and Gay 2004). LY96 plays
crucial roles in lipopolysaccharide (LPS)-induced inflammatory responses as an accessory protein of toll-like receptor 4
(TLR4) (Gioannini et al. 2004), and is associated with the
development and progression of tumour such as colorectal
cancer (Grondin et al. 2011). Human LY96 undergoes NKeywords.

linked glycosylation at Asn (26) and Asn (114), and these
glycosylations are crucial for TLR4-mediated signal transduction of LPS (Ohnishi et al. 2001). LY96 has an MD-2related lipid-recognition (ML) domain (Inohara and Nunez
2002), which is implicated in lipid recognition, particularly
in the recognition of pathogen-related products. Neither the
transmembrane domain nor the intracellular domain exists in
LY96 protein.
Given that increasing evidence suggests that TLR4 has
come under natural selection pressure (Nakajima et al. 2008;
Smirnova et al. 2001), there is a good chance for LY96 to be
under the intense pressure of natural selection during the
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course of evolution as well, since its function is highly linked
to TLR4. After analysing nucleotide and protein sequences
from 25 species, including eight hominoids, six Old World
monkeys, eight New World monkeys, and three prosimians,
Nakajima et al. found that non-synonymous and synonymous substitution ratio for LY96 was 0.269 among seven
primates (Nakajima et al. 2008). The fact Ka/Ks was lower
than 1.0 indicated that LY96 had been under the pressure of
negative or purifying selection among primates. However,
this result came from the level of entire coding sequence. In
some cases, functional exons, especially conserved domains,
are subjected to a considerably more strict selection pressure
than the full-length sequences (Cruciani and Mikalsen 2007).
Therefore, it is important to study the evolutionary condition
of individual functional domain. Molecular evolution approaches and the software package phylogenetic analyses by
maximum likelihood (PAML) were utilized to investigate the
signature of selection that has acted on the LY96 gene. Here we
investigated the adaptive evolution of LY96 at the level of
individual exon and separated lineages. We found evidence
of adaptive evolution of vertebrate LY96 in the specific exon
and specific lineages leading to primates and cow.
2.

Material and methods

2.1

Sequence data collection

LY96 DNA and protein sequences were retrieved from the
National Center for Biotechnology Information (NCBI) and
Ensembl, which were verified subsequently by EST-Blast in
NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Coding sequences of 13 species used in this study
include Macacamulatta (NM_001130432.1), Homo sapiens
(NM_015364.4), Pan troglodytes (NM_001130474.1),
M us m u sc ul u s ( N M _0 19 7 16 . 2) , Rat tus no r ve gi cu s
(NM_001033690.1), omascusleucogenys (ENSNLET
00000002088), Oryctolaguscuniculus (NM_001082787.2),
Canisfamiliaris (XM_848045.1), Susscrofa (ENSSSCT
00000035167), Caviaporcellus (ENSCPOT00000009772),
Bostaurus (NM_001046517.1), Gallus gallus (XM_
418301.2), and Meleagrisgallopavo (ENSMGAT
00000012981).
2.2

Evolutionary analysis

The protein coding sequences of LY96 were aligned using
MUSCLE program implemented in MEGA5 (Tamura et al.
2011), and then were back translated to obtain codon alignments. Every single exon homologs alignment was also
performed. We manually inspected and modified alignment
output to fit the demand required by software used. The
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phylogenetic tree of all LY96 protein-coding sequences were
reconstructed with neighbour-joining method, which was
implemented in MEGA5 (figure 1).
2.3

Detection of positive selection among LY96 exons
and lineages

Non-synonymous/synonymous substitution ratios (ω = dN/
dS, also called Ka/Ks) was used for quantifying the impact
of natural selection on molecular evolution (Ohta 1992).
The pair-wise computation of Ka/Ks between every
exon sequence and lineage-specific model of the likelihood method were performed using the program codeML
implemented in PAML software package version 4.4
(Yang 2007). To test whether different lineages are
evolving at different rates by allowing for variable ω
among branches in the tree, but invariable ω among
different amino acid sites (Nielsen and Yang 1998), a
model with one ω (H0) was compared with a ‘free-ratio’
model that allows each branch to have a separate ω value
while keeping variation among sites constant. Then we
examined every mammalian node in the phylogenetic tree
generated above. Statistically significant evidence of positive selection was inferred by a likelihood ratio test
(LRT) comparing 2× the log likelihood difference of each
set of nested models. These values were compared to the
χ2 distribution with 2 degrees of freedom.
3.
3.1

Results and discussion

Phylogenetic tree and exon profile analysis

A phylogenetic tree based on amino acid sequence was generated to demonstrate the relationship of LY96 among 13
species (figure 1). Generally speaking, genetic relationship
between rodents (e.g. mouse and rat) and primates is close
(Murphy et al. 2001), but the phylogenetic tree of LY96 gene
showed that their relationship was distant relatively.
Comparative genomics has been exploited as a common
tool to analyse the conservation of individual exon based on
the degree of sequence similarity. Our LY96 exon profile
analysis comprised 13 species ranging from turkey to human. Among all five exons, exon 2 is an alternative splicing
exon and others are constitutive exons. Interestingly, exon 4
exhibited the highest degree of sequence conservation
(termed as the identity level).
3.2

Positive selection observed on Exon4

The non-synonymous to synonymous rate ratio Ka/Ks (also
known as dN/dS, or ω) is an indicator of the change of
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Figure 1. Phylogenetic tree and exon profile of the LY96 sequences from 13 species. The phylogenetic tree of all LY96 protein sequences
were reconstructed with neighbour-joining method, which was implemented in MEGA5 (1000 bootstrap replicates, and condensed tree cutoff value 50%). This tree was used as the fixed tree topology for subsequent analysis. Straight lines stand for genomes and Squares
represent exons, and different colours correspond to similarity to human exons.

selective pressures. The Ka/Ks ratios of > 1, = 1, and < 1
indicate positive selection, neutral evolution, and purifying
selection on the protein involved, respectively (Ohta 1992).
To investigate the evolution situation of exons, we calculated
the pair-wise Ka/Ks ratio of each exon between human and
mouse (figure 2a), and found that Ka/Ks ratios of both exon
2 and exon 4 were greater than 1. Especially, Ka/Ks ratio of
exon4 was up to 2.38, which indicated that exon 4 had
undertaken high selective pressure.
Subsequently we analysed the Ka/Ks ratios of exon 4
between human and every species respectively (figure 2b).
As the results showed, except for three infinity data points
(N.A.), five out of nine Ka/Ks ratios were greater than 1. It
indicates that high Ka/Ks ratio of exon 4 is not a random
event but an evolutionary phenomenon. Rapid evolution o
fexon 4 has occurred.
To investigate the exact function of exon 4, we predicted
protein domainof LY96 gene using InterProScan software
(Mulder and Apweiler 2007), and found that exon 4 was localized in MD-2-related lipid-recognition (ML) domain
(IPR003172; supplementary figure 5). This domain plays roles
in LPS signalling and lipid metabolism, which was a novel

domain identified in MD-1, MD-2, GM2A, Npc2 and multiple
proteins of unknown function in plants, animals and fungi
(Inohara and Nunez 2002). Thus, rapid evolution of exon 4
may have an influence on the function change of LY96 gene
(data of other exons were shown in supplementary figures 1–4).
Evidence of positive selection was found in the region of exon
4, the middle part of MD-2-related lipid-recognition (ML) domain, which suggests that amino acid residues present in the
middle part of the ML domain evolve faster than others. Exon 4
encodes amino acid residues from 110 to 128. Previous study
shows that the glycosylation at Asn (114) was found to be crucial
for TLR4-mediated signal transduction of LPS (Ohnishi et al.
2001). It has also been reported in several studies that LPS
directly binds to MD-2 in a highly basic region (amino acids
119–132) (Mancek et al. 2002; Mullen et al. 2003; Gioannini
et al. 2004). Muroi et al. also showed that amino acid region
108–135 of MD-2 determine the species-specific activity of
Lipid IVa, the active moiety of LPS precursor, and amino acid
residues 122 of mouse MD-2 was critical to determine the
agonist–antagonist activity of Lipid IVa, which suggested the
amino acid residue may be involved in the discrimination of lipid
A structure (Muroi and Tanamoto 2006). Crystal structure of
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Figure 2. (a) The Ka/Ks ratios of different exons of LY96 between mouse and human. Y axis represents Ka/Ks ratio and X axis represents
different exons. (b) The Ka/Ks ratios of exon4 of LY96 between human and other species. The Y axis represents Ka/Ks ratio and the X axis
represents different species. In some cases, zero synonymous substitutions lead to a Ka/Ks ratio of infinity (N.A.). (c) Lineage-specific Ka/
Ks values of LY96 in species analyzed for the entire gene. Estimated Ka/Ks values from the branch-based model are shown above branches
and the estimated number of nonsynonymous and synonymous changes are shown in parentheses below branches. Branches with Ka/Ks
values greater than 1 are shown in bold.

Figure 3. Secondary structure comparison of mouse (left) and human (right) LY96 proteins. The grey line represents the amino acid
region coded by exon 4; the red star marks the differences between two sequences.
J. Biosci. 38(5), December 2013
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human and mouse LY96 have been determined [human: 2E56:A
(Ohto et al. 2007), mouse: 2Z64:C (Kim et al. 2007)]. By
comparing the corresponding part of two secondary structures
(Kabsch and Sander 1983), we found that there existed an extra
turn in human LY96 protein than protein of mouse, which is
located exactly in exon 4 (figure 3).
Given the observation we got above, exon4 is more likely
to be linked to the susceptibility to LPS in humans, variation
or evidence of positive selection in which may be the result
of host adaptation to pathogen evolution. The result of these
variations in the function and structure of the molecule
remains is to be assessed.

3.3

Positive selection on LY96 gene lineage

Nakajima et al. reported that LY96 gene had been under the
pressure of negative selection among seven primates
(Nakajima et al. 2008). Extending to other vertebrates, we
further investigated the evolution history of LY96 among 13
species including primates. The LRT tests based on the
branch model suggested that the free-ratio model fitted
the data better than did the one-ratio model (H0 versus
free-ratio, LRT=15.18, p<0.001), indicating that Ka/Ks
ratios were indeed different among lineages. We found
the positive selection on LY96 gene in two branch nodes
with Ka/Ks ratios greater than 1, the branch leading to cow
and pig and the branch to rabbit and the primates
(figure 2c). Although no adequate functional study has
been constructed on LY96 of species like cow and rabbit,
the fact that Ka/Ks ratio is higher than 1 indicates that LY96
that is evolutionarily active in certain species and has the
potential to gain various functions to defense against variable pathogens.
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