SCIENTIFIC REPLIRTS

Testis-enriched heat shock protein
A2 (HSPA2): Adaptive advantages
~of the birds with internal testes
oy ee: over the mammals with testicular
e descent

Abinash Padhi, Mona M. Ghaly'? & Li Ma?

The molecular chaperone heat shock protein A2 (HSPA2), a member of the 70 kDa heat shock protein
(HSP70) family, plays an important role in spermatogenesis and male fertility. Although HSPA2 is
evolutionarily highly conserved across the metazoan lineages, the observation of striking differences
in temperature-sensitive expressions, testicular physiology, spermatogenesis, as well as its role in
male fertility indicates that avian and mammalian HSPA2 may exhibit distinct evolutionary trajectory.
The present study reports that while mammalian HSPA2 is constrained by intense purifying selection,
avian HSPA2 has been subjected to positive selection. The majority of the positively selected amino
acid residues fall on the a-helix and 3-sheets of the peptide-binding domain located at the carboxyl-
terminal region of the avian HSPA2. The detection of positively selected sites at the helix and 3-sheets,
which are less tolerant to molecular adaptation, indicates an important functional consequence and
contribution to the structural and functional diversification of the avian HSPA2. Collectively, avian
HSPA2 may have an adaptive advantage over the mammals in response to heat stress, and therefore,
mammals with testicular descent may be at a greater risk in the event of scrotal temperature rise.

Spermatogenesis, the most fundamental biological process in male reproductive system, is strongly yet adversely
affected by the increase in scrotal temperature in mammals with descended testicle!®. Such increase in scrotal
temperature would result in impaired spermatogenesis, thus ultimately affecting the reproductive potential of a
wide range of mammalian species with testicular descent, including our own species Homo sapiens'~>*3. Therefore,
in long-term, the elevated surrounding temperature may pose a major threat to the mammalian diversity. While
most mammals, with a few exceptions®, have external testes where spermatogenesis occurs at 2-8 °C lower than
the core body temperatures that range from 35 to 39 °C?-*6-810-14 birds maintain an efficient spermatogenesis at
an elevated internal body temperature of 40-41°C%*. In contrast to the efficient spermatogenesis at the elevated
internal body temperature (40-41°C) in birds®!*>, mammalian male germ cell was reported to have undergone
apoptosis at an internal body temperature of 37 °C¥, thus indicating fundamental differences in spermatogenesis
between these two homoeothermic groups®!®. Recent findings suggest that the testis-enriched heat shock protein
A2 (HSPA2), which is reported to exhibit temperature-dependent yet contrasting patterns of expression in mam-
malian®!>1® and avian species (e.g.!”!®), play a crucial role in spermatogenesis and male fertility>!°-22. Its expression
in the testis or in spermatozoa is reported to decrease in men with abnormal spermatogenesis*-?%. Nevertheless,
such striking differences in the mammalian and avian spermatogenesis indicate that HSPA2 may exhibit unique
evolutionary trajectory in respective lineages, and the avian species are likely to have an adaptive advantage over
the scrotal mammals in response to the elevated surrounding temperature (e.g.>%!>16182%) Under such circum-
stances, functional modifications due to the adaptive evolutionary changes of certain amino acid residues in the
avian HSPA2 are expected.
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Figure 1. Maximum likelihood (ML) tree inferred from the complete amino acid sequences representing
multiple species depicting relationships among the members of HSP70 family. Bootstrap values >70 are
shown at the base of the nodes. Common name, scientific name, and accession numbers are shown.

The molecular chaperone HSPA2, which is a member of the 70kDa heat shock protein (HSP70) family!*202%30:31
and is characterized by the presence of an ATPase domain at the N-terminal followed by a peptide binding domain
and a G/P-rich domain at the C-terminal'®*%32, regulates the expression of sperm surface receptors involved in
sperm-oocyte recognition in humans'®-?!, thus suggesting its vital role in fertility. While HSPA2 was reported to
be down-regulated in mammalian male germ cells in response to heat stress®!>16%, this gene was up-regulated in
chicken'®. Collectively, such contrasting patterns of expression of HSPA2 in birds and mammals in response to acute
heat stress further indicate that despite being evolutionarily highly conserved across the metazoan lineages®>*!,
this chaperone may exhibit distinct selection profiles in the avian and mammalian lineages.

Given such temperature-sensitive contrasting patterns of expression of this testis-enriched HSPA2 in the avian
and mammalian germ cells>'*'¢152%, we hypothesize that avian HSPA2 may have experienced positive selection
and is therefore likely to have evolved adaptively, whereas the mammalian HSPA2 may have experienced intense
purifying selection. By quantifying the ratio of the rates of non-synonymous (amino acid replacement) (dN) and
synonymous (no change in amino acid) (dS) substitutions (w = dN/dS), which has been widely used to detect
the footprints of natural selection in the protein-coding genes®®, we seek to evaluate the pervasive role of positive
selection in the evolution of avian and mammalian HSPA2.

Results and Discussion

Phylogenetic analyses based on the amino acid sequences representing the members of HSP70 family revealed the
orthology and monophyly of the avian and mammalian HSPA2 with strong nodal support (Fig. 1). The phyloge-
netic affiliations of other members of the family are consistent with the results of a previous study®'. The avian and
mammalian HSPA2 gene trees (Fig. 2) revealed phylogenetic consistency in the placement of each group/order with
the previously reported genome-based avian and mammalian phylogenies**-*”. However, neither of the gene trees
showed habitat/temperature-gradient-based phylogenetic clustering, rather the clusterings are consistent with their
systematic classifications (i.e., family; order). Given the long evolutionary history of HSPA2?2%1, the observation
of high sequence homologies (and low sequence divergence) of HSPA2 at the amino acid and nucleotide levels
between and within the mammalian and avian groups (Table 1; Fig. S1) further indicates that this testis-enriched
protein is evolutionarily conserved across the metazoan lineages. Based on this observation, one might speculate
that HSPA?2 is likely to have been subjected to intense purifying selection throughout the mammalian and avian
evolution. However, despite being evolutionarily highly conserved, the observation of striking differences in gene
expressions>!>1¢1829 tegticular physiology, spermatogenesis*®*, as well as its crucial role in male fertility>®1%-22,
prompted us to hypothesize that this testis-enriched HSPA2 may have been subjected to differential selection
pressures in these two groups.

Interestingly, while the null models (M1a and M7) that assume no positive selection could not be rejected for the
mammalian HSPA2 (p > 0.05; Table 2), the corresponding alternative selection models (M2a, M8) are the best-fit
models for the avian HSPA2 (p < 0.05; Table 2), indicating the pervasive role of positive selection in the evolution
of avian HSPA2. Consistently, analyses using other methods provide evidence of positive selection on the avian
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Figure 2. ML trees inferred from the complete nucleotide coding sequence data of (A) avian and (B) mammalian
HSPA2. Bootstrap values >70 are shown at the base of the nodes. Common name, scientific name, nucleotide
2,4,6,14

accession numbers, and systematic order of each species are shown. Spermatogenesis in birds®'* and mammals
occurs at the internal body temperature and at 2-8 °C lower than the core body temperature, respectively.

DNA 21.63+1.87 6.8140.39 8.351+0.48

Amino acid 6.08+0.83 0.72+0.17 ‘ 1124023 ‘

Table 1. Estimates of net evolutionary divergence (in %) between avian and mammalian groups and within
each group.
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MlavsM2a | 172.22 | 4E-38 540 G 0.82 1.71+0.59 0.00 1.00 None None None
572K 0.85 1.72£0.56

M7 vs M8 64.34 1E-14 540 G 0.99 1.69+0.43 | 8.76E-04 1.00 None None None
572K 0.99 1.70+£0.42

Table 2. Likelihood Ratio Tests (LRTs) statistic for positive selection on the avian and mammalian HSPA2.
Position of the positively selected amino acid sites are corresponding to the position of the amino acid sites in
the chicken amino acid sequence (GenBank accession number: AFX69291). Null models (no positive selection):
M1la, M7; Alternative models (positive selection): M2a, M8. w: Number of nonsynonymous substitutions

per nonsynonymous site (dN)/ Number of synonymous substitutions per synonymous site (dS). Pr(w>1):
Probability of having w > 1. SE: Standard error. Al: Differences in the likelihood scores between null and
alternative models. Degrees of freedom for model comparison: 2.

Avian 0.018 (0.014-0.022) 559 138,559 | 138,559 | 3,99, 540, 559,572 | 138,559,572 540,572
Mammal | 0.015 (0.011-0.020) | None None None None None None

Table 3. Positively selected sites detected in the avian and mammalian HSPA2 under different
methods. Sites detected to be under positive selection by more than one method are in bold. w: Number of
nonsynonymous substitutions per nonsynonymous site (dN)/ Number of synonymous substitutions per
synonymous site (dS). SLAC: Single Likelihood Ancestral Counting, FEL: Fixed Effects Likelihood, IFEL:
Internal Fixed Effects Likelihood, REL: Random Effects Likelihood. FUBAR: Fast Unconstrained Bayesian
Approximation, PAML: Phylogenetic Analysis by Maximum Likelihood.

HSPA2 (Table 3). The differences in the selection profile between mammalian and avian HSPA2 could possibly
be associated with the response of HSPA2 to heat stress/temperature. For instance, while exposure of the scrotal
mammalian testes to high temperature has been reported to cause impaired spermatogenesis®®, birds maintain an
efficient spermatogenesis at the elevated internal body temperature®'’. This indicates that the avian HSPA2, which
has been subjected to positive selection, could possibly adapt to elevated temperature, whereas the mammalian
HSPA2, which is constrained by purifying selection, may unlikely function efliciently due to prolonged exposure
to high temperature. Nixon et al.' proposed three possible factors such as (i) genetic mutations in the encoding
sequence of Hspa2 gene, (ii) epigenetic regulation, and (iii) exposure of developing germ cells to oxidative stress,
which may be related to impaired spermatogenesis in mammals'®. However, given the high sequence homology of
HSPA?2 across the metazoans!®?%%%3L, increasing incidence of male infertility in human populations due to genetic
mutations in the encoding Hspa2 gene is highly unlikely. The other two explanations of epigenetic regulation and
oxidative stress'®, however, are more plausible explanations for the high incidence of male infertility in the human
populations. Prolonged exposure to high temperature, including the prolonged use of laptop computers, was
proven to significantly increase scrotal temperature® and therefore, may adversely affect spermatogenesis™>>. Such
prolonged exposure to high temperature may be linked to the gene expression and oxidative stress. Additionally,
factors such as age**-**, exposure to pollutants and individual lifestyle could also affect spermatogenesis'2. However,
how these factors adversely affect the spermatogenesis and the underlying mechanisms need to be explored.

Taken together with the results of previous studies>>%, our study indicates that the observed adaptive evolution-
ary changes in certain amino acid residues of the avian HSPA?2 are likely temperature-driven. Of the four amino
acid residues that were detected to be under positive selection in the avian HSPA2 (Table 3), three residues occur
close to one another and are located at the end of the gene (i.e., C-terminal), a pattern that is consistent with previ-
ous studies?. Further, given the fact that protein secondary structure has a significant effect on the rate of protein
adaptation*®*, we sought to find the location of the positively selected sites in the avian HSPA2 protein secondary
structure. Interestingly, while three sites (sites 540, 559, and 572) are located at the peptide binding domain, only
one site (site 138) is located at the ATPase domain. Of the three sites at the peptide binding domain, site-540 and
site-572 are on the a-helix with high confidence, and site-559 falls at the 3-sheet, however, with low confidence
(Fig. 3). While detections of positively selected sites at the coil regions are common*, the detections of positively
selected sites at the helix and 3-sheets, which are less tolerant to molecular adaptation, are less common*. However,
if any of the residues in the helix and (3 structures were detected to be under positive selection, the protein may have
important functional consequences*®. Under this circumstance, the avian HSPA2 may have exhibited functional
diversification driven by the positive Darwinian selection. Intuitively, although the specific roles of these three
positively selected amino acid residues located at the peptide binding domain are unknown, given the regulatory
role of HSPA2 in sperm-oocyte recognition in humans'-?!, these amino acid residues in avian HSPA2 may have
important functional significance. Nevertheless, these predictions warrant further investigations on the biological
significance of these positively selected residues in relation to temperature/heat adaptation.
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Figure 3. Predicted secondary structure and functional domains of chicken HSPA2. ATPase domain (~385
amino acids), peptide binding domain (~225 amino acids), and G/P-rich region (~30 amino acids) are shown.
Predicted domains (cu-helix, 3-sheet, and coil) and their respective confidence values (0, low; 9, high) are also
shown. Two of the positively selected sites (site-540 and site-572) are predicted to be in the a-helix located at
the peptide binding domain, whereas site-559 is in the coil of the peptide binding domain. Site-138 is in the coil
at the ATPase domain. Secondary structure was predicted by using the PSIPRED server®. Functional domains
were identified based on the previously published reports®**2.

Collectively, the present study indicates that while mammalian HSPA2 has been constrained by purifying
selection, the avian HSPA2 has been subjected to positive selection and therefore, has an adaptive advantage over
the mammalian HSPA2. Mammals with testicular descent, including our own species Homo sapiens, therefore,
is at a greater risk in the event of prolonged exposure of the testicle to high temperature, as it would ultimately
affect the spermatogenesis. However, further studies are required to explore the possible involvement of multiple
testis-specific temperature-dependent genes that affect spermatogenesis and male fertility, their expression patterns
in response to heat stress as well as how natural selection has shaped the evolution of those genes (if any) in the
avian and mammalian groups.

Methods

Complete nucleotide coding sequences of the avian and mammalian HSPA2 as well as the complete nucleotide
and amino acid sequences of other members of the HSP70 family were retrieved from GenBank*. Amino acid
and nucleotide coding sequences were aligned using the MUSCLE algorithm implemented in MEGA ver. 5%. To
determine the phylogenetic relatedness and monophyly of the avian and mammalian HSPA2, we reconstructed
maximum likelihood (ML)-based HSP70 phylogeny using the previously reported complete amino acid sequences
representing the members of the HSP70 family as reference sequences®. The accession numbers of the amino acid
sequences that were used as reference sequences for the respective members are shown in Fig. 1. The best-fit amino
acid substitution model was selected by the Bayesian Information Criterion (BIC) implemented in MEGA 5%.
The amino acid based HSP70 ML phylogeny was reconstructed under the JTT (Jones-Taylor-Thornton) model
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with gamma distribution shape parameter (G) using MEGA 5%. Using the same program nodal supports were
estimated with 1000 bootstrap replicates. To assess the strength of natural selection on the avian and mammalian
HSPA2, we retrieved respectively 56 avian HSPA2 complete nucleotide coding sequences representing 52 species,
41 families and 31 orders, as well as 29 mammalian HSPA2 complete nucleotide coding sequences representing
29 species, 16 families, and 6 orders from GenBank*®. The nucleotide accession numbers of the avian and mam-
malian HSPA2 used in the present study are shown in Fig. 2A,B. The evolutionary divergence between the avian
and mammalian groups and within each group was estimated using the MEGA program®. Standard errors of the
distance estimates were estimated with 1000 replicates. Using the PhyML ver 3*° program, ML-based mammalian
and avian HSPA2 phylogenies were constructed under the best-fit nucleotide substitution models of the respective
data sets. The best-fit nucleotide substitution models for the respective data sets were selected by BIC implemented
in jModelTest2*!. Phylogenetic trees were visualized using the FigTree 1.4.2 software (available at http://tree.bio.
ed.ac.uk/software/figtree/).

The test for positive selection was performed using the ML based codon substitution models®® implemented in
the CODEML program of PAML package®. The likelihood ratio test (LRT) was used to compare the null models
(M1a and M7) that assume no positive selection (w < 1) with their corresponding alternative models (M2a and M8)
that assume positive selection (w > 1), respectively®’. Additionally, sites under positive selection were also detected
using the SLAC (single-likelihood ancestor counting), FEL (fixed effects likelihood), IFEL (internal fixed effects
likelihood), REL (random effects likelihood), and FUBAR (fast unbiased Bayesian approximation) methods>->
implemented in the datamonkey server®.

Secondary structure predictions and the confidence values for the avian HSPA2 protein were made by using
the PSIPRED* and the Protein Structure Prediction Server (http://bioinf.cs.ucl.ac.uk/psipred)®.
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