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Abstract

Intramolecular coevolution of amino acid sites has repeat-
edly been studied to improve predictions on protein struc-
ture and function. Thereby, the focus was on bacterial pro-
teins with available crystallographic data. However, intramo-
lecular coevolution has not yet been compared between
protein sets along a gradient of functional proximity to fer-
tilization. This is especially true for the potential effect of ex-
ternal selective forces on intraprotein coevolution. In this
study, we investigated both aspects in equally sized sets of
mammalian proteins representing spermatozoa, testis, en-
tire body, and liver. For coevolutionary analyses, we derived
the proportion of covarying sites per protein from amino
acid alignments of 10 mammalian orthologues each. In con-
firmation of the validity of our coevolution proxy, we found
positive associations with the nonsynonymous or amino
acid substitution rate in all protein sets. However, our coevo-
lution proxy negatively correlated with the number of pro-
tein interactants (node degree) in male reproductive protein

sets alone. In addition, a negative association of our coevolu-
tion proxy with protein hydrophobicity was significant in
sperm proteins only. Accordingly, the restrictive effect of
protein interactants was most pronounced in male repro-
ductive proteins, and the tendency of sperm proteins to
form internal structures decreased the more coevolutionary
sites they had. Both aspects illustrate that the share of out-
ward and thus functional coevolution increases with greater
proximity to fertilization. We found this conclusion con-
firmed by additional comparisons within sperm proteins.
Thus, sperm proteins with high hydrophobicity had the low-
est proportions of covarying sites and, according to gene an-
notations, localized more frequently to internal cellular
structures. They should therefore be less exposed to post-
copulatory forms of sexual selection. Their counterparts with
low hydrophobicity had larger proportions of covarying
sites and more often resided at the cell membrane or were
secreted. At the cellular level, they are thus closer to exter-
nally induced forces of postcopulatory selection which are
known for their potential to increase substitution rates. In
addition, we show that the intermediary status of the tes-
ticular protein set in correlation analyses is probably due to
a special combination of reproductive and somatic involve-

ments. © 2020 S. Karger AG, Basel
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Numerous male reproductive proteins show elevated
rates of sequence evolution [e.g., Torgerson et al., 2002;
Clark and Swanson, 2005; Haerty et al., 2007]. The probable
driving force behind is commonly seen in the various forms
of postcopulatory sexual selection, including sperm compe-
tition [e.g., Liike et al., 2014; Ramm et al., 2014; Schumach-
er et al., 2014], cryptic female choice [Gasparini and Pilas-
tro, 2011; Lovlie et al., 2013], and sexual conflict [Clark et
al., 2009; Sirot et al., 2014]. Prominent examples of male
reproductive genes under postcopulatory sexual selection
are primate and rodent protamines and semenogelins,
whereby the first replace histones in the sperm head [Wyck-
off et al., 2000; Ramm et al., 2008; Liike et al., 2014] and the
latter polymerize to a copulation plug in the female genital
tract [Jensen-Seaman and Li, 2003; Dorus et al., 2004;
Ramm et al., 2008]. Also, vertebrate sperm proteins like
zonadhesin that bind to the zona pellucida or the oocyte are
known for elevated rates of sequence divergence [Swanson
et al., 2003; Herlyn and Zischler, 2006; Dorus et al., 2010;
Claw et al., 2014]. In fact, the closer male reproductive pro-
teins are functionally related to fertilization, the higher
seems to be their rate of sequence evolution. In contrast,
proteins expressed in the male reproductive tract show con-
siderable sequence conservation when they are only indi-
rectly involved in reproduction [Dean et al., 2009; Ramm et
al., 2009; Dorus et al., 2010; Schumacher et al., 2014].

The interactions that a protein engages in belong to the
main factors determining the rate of sequence evolution.
Thus, interactions can imply an increase in substitution
rates as known for coevolving proteins in phages and bac-
teria, and for receptor-ligand systems in the reproduction
of diverse metazoans [Swanson and Vacquier, 2002; Her-
lyn and Zischler, 2008; Paterson et al., 2010]. In the first
case, the evolutionary race is probably driven by selective
advantages for phages and bacteria with higher infectiv-
ity and resistance, respectively [Paterson et al., 2010].
Sperm competition, female choice, and polyspermy
avoidance could in turn explain elevated fixation rates in
reproductive proteins [Anderson and Dixson, 2002;
Swanson and Vacquier, 2002; Herlyn and Zischler, 2007;
Clark et al., 2009]. However, apart from such systems, in-
teractions usually have a constraining impact on sequence
evolution [Fraser et al., 2002; Krylov et al., 2003; Avila-
Herrera and Pollard, 2015]. Thereby, the detailed impact
of a protein-protein interaction (PPI) on sequence evolu-
tion might be modulated by various biophysical and ex-
pressive factors [Bloom and Adami, 2003; Jordan et al.,
2003; Drummond et al., 2005; Franzosa and Xia, 2009;
Wilke and Drummond, 2010]. But in general, additional
PPIs imply greater functional constraint and thus stron-
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ger evolutionary conservation [reviewed in Jancura and
Marchiori, 2012]. Accordingly, the number of PPIs is a
main constraining factor in the evolution of mammalian
testicular and sperm proteins too [e.g., Schumacher et al,,
2017; Schumacher and Herlyn, 2018].

The ultimate cause behind the conserving effect of PPIs
could be that highly connected proteins, even when ex-
pressed in the male reproductive tract, gain viability im-
portance through their commitments in nonreproductive
tissues and organs [Jeong et al., 2001; Krylov et al., 2003;
Hahn and Kern, 2005; Schumacher et al., 2017]. Yet, the
proximate cause seems to be that any amino acid exchange
in a highly connected protein is more likely to fall into an
interacting region [Fraser et al., 2002; Lovell and Robert-
son, 2010; Avila-Herrera and Pollard, 2015]. Thereby, the
area involved in binding may well extend beyond the di-
rectly interacting amino acids [Kastritis et al., 2014]. In
any case, new residues have usually a negative impact on
one or more existing PPIs or lead to costly, sometimes
even toxic, misinteractions [Zhang et al., 2008; Wilke and
Drummond, 2010; Yang et al., 2012; Chen et al., 2013;
Montiel-Garcia et al., 2016]. The new residue may occa-
sionally be neutral or slightly disadvantageous on its own
but increases the probability of a compensatory substitu-
tion at another amino acid site [Avila-Herrera and Pol-
lard, 2015]. But only rarely it will have a favorable effect
on protein functionality, and the corresponding mutation
will spread through positive selection [Gong et al., 2009;
Lovell and Robertson, 2010; Qian et al., 2011].

The principles outlined above for interactions between
proteins also apply to amino acids that interact within an
individual protein. This may be sites that are neighbored
in the primary sequence or adjacent in the folded protein
[Stel et al., 2003; Buck and Atchley, 2005; Chakrabarti and
Panchenko, 2009, 2010; Hopf et al., 2014], but also distal
sites connected by a chain of coevolving residues [Burger
and van Nimwegen, 2010]. Some of the coevolving amino
acid sites will determine protein functionality, e.g., by
binding to a substrate, a regulatoryligand, or an interacting
protein, while others will have higher importance for the
foldability, structure, and stability of a protein [Chakrab-
arti and Panchenko, 2009, 2010; Marks et al., 2011; Morcos
et al, 2011; Sandler et al., 2014]. However, whether they
have more functional or structural relevance, most ex-
changes will have a negative impact on the interaction with
the interacting residues of the intramolecular network
[Benkovic and Hammes-Schiffer, 2003; Siiel et al., 2003].
Thus, highly connected sites within proteins have less free-
dom to acquire a new amino acid as detailed above for en-
tire proteins. Probably, for this reason, amino acid sites
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with many intramolecular connections are evolutionarily
more conserved than less linked ones [del Sol et al., 2006;
Lee et al., 2008; Zhou et al., 2008; Chakrabarti and Pan-
chenko, 2009, 2010; Hopf et al., 2015]. However, compen-
satory exchanges at coevolving sites will occasionally en-
able the maintenance of structural-functional integrity
[Buck and Atchley, 2005; Camps et al., 2007; Chakrabarti
and Panchenko; 2009]. Even if both levels, the PPI network
and the intramolecular network, were initially looked at
separately here, they naturally interact with each other
[Saraf and Maranas, 2003; Sandler et al., 2014].
Intramolecular coevolution of amino acid sites has re-
peatedly been studied for improving predictions on pro-
tein structure and function [Kyte and Doolittle, 1982; Dee
et al., 2002; Worth et al., 2009; Sandler et al., 2014]. A fo-
cus was thereby on bacterial proteins, of which crystallo-
graphic data were available [e.g., Marks et al., 2011]. To
our knowledge, however, patterns of intramolecular co-
evolution have not yet been compared between male re-
productive proteins and proteins with a stronger somatic
relevance. This includes a lack of information on possible
differences in the intramolecular coevolution of sperm
and testicular proteins. Such differences seem possible, if
not likely, given previous reports of increasing substitu-
tion rates with growing proximity to fertilization [Dean
etal., 2009; Ramm et al., 2009; Dorus et al., 2010; Schum-
acher et al., 2014]. Those investigations, though, focused
on general substitution rates, while the question of coevo-
lution within proteins was not addressed. Correspond-

Functional Coevolution inside Proteins

ingly, it is unknown to date whether the share of func-
tional and structural coevolution within proteins might
vary depending on how closely they are involved in fertil-
ization. For elucidating this question, we compared pat-
terns of intramolecular coevolution in mammalian pro-
tein sets representing different levels of functional prox-
imity to fertilization. In particular, we analyzed the
relationships between the proportion of covarying sites
per protein and parameters that approximate the extent
to which a protein is involved either with itself or with
other proteins. In addition, we compared patterns of co-
evolution between subsets of sperm proteins representing
a gradient of fertilization proximity at the cellular level.

Materials and Methods

Protein Sets

We generated 6 random sets of 77 human proteins each, repre-
senting different proximity to fertilization (Fig. 1). With TESTIS
and SPERM, 2 sets reflected male reproduction. Moreover, we gen-
erated 2 protein sets giving entire body (BODY1, BODY2). Two
additional ones represented liver (LIVER1, LIVER2) as an organ
which is comparably far from reproduction. We also considered it
advantageous that liver is known for the expression of genes show-
ing signatures of rapid divergence [Blekhman et al., 2014]. The first
set, SPERM, was drawn from a compilation of the human sperm
proteome [Amaral et al., 2014]. The only condition for further
consideration of a random-selected gene was its determination by
LC-MS/MS (online suppl. Table 1; for all online suppl. material,
see www.karger.com/doi/10.1159/000509584). The second set,
TESTIS, contained proteins with testicular expression, as verified
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by consultation of the Tissue Atlas at www.proteinatlas.org (vis-
ited between October 2018 and January 2019; see also LC-MS/MS
study by Zhangetal. [2015a]). For generating BODY1 and BODY2,
we selected 2 mutually exclusive sets of protein-coding genes from
the according list at www.genenames.org (Human Genome No-
menclature Committee). We additionally compiled 2 non-over-
lapping sets of liver proteins, LIVER1 and LIVER2. These proteins
were retrieved from one of the most complete compilations, a LC-
MS/MS-based murine liver proteome [Ding et al., 2016]. Expres-
sion of the human orthologues in liver was secured by consultation
of the Tissue Atlas once more. Matching of gene and protein sym-
bols and IDs within and between species was conducted with the
aid of Ensembl’s data mining tool BioMart (Ensembl Genes 94),
accepting only unique hits. If an approved symbol of a human or-
thologue did not connect to an entry in the Tissue Atlas, we
searched HGNC, GeneCards, and STRING for aliases and succes-
sively used these as search items.

Parameter Acquisition

For each protein considered, we collected the following 5 pa-
rameters (Fig. 1): (i) Node degree (interactivity, connectivity); we
reconstructed a PPI network of the human body to capture the
pleiotropy of each protein as fully as possible [compare Gong et al.,
2009]. The PPIs were collected from BioGrid (version 3.4.141; the-
biogrid.org) and from IntAct, APID, MINT, DIP-IMEx, Matrix-
DB, and InnateDB-IMEx databases in October 2016, using the
PSICQUIC plugin in Cytoscape v. 3.4.0 [Shannon et al., 2003]. As
we were primarily interested in the potential restriction of a pro-
tein through physical interaction with other proteins, we derived
the individual node degree for each sampled protein, i.e., the num-
ber of direct PPIs per protein (online suppl. Table 2). This was
done with the NetworkAnalyzer plugin in Cytoscape. (ii) Propor-
tion of covarying sites; coevolution analysis used amino acid align-
ments that we generated with the aid of PhyleasProgv. 3.1 (August
to October 2017), specifying fine computation level [Busset et al.,
2011]. Ensembl orthologues called by PhyleasProg were aligned
with PRANK [Loytynoja and Goldman, 2010] and pruned from
uncertainly aligned positions with Gblocks [Talavera and Cas-
tresana, 2007]. With the species considered, we aimed at a tradeoff
between sufficient variability for the analysis of intramolecular co-
evolution on the one hand, and the avoidance of larger alignment
sections being deleted due to too high sequence divergence on the
other. For achieving this, we opted out Glires (rodents and lago-
morphs) and solely included orthologues from well-annotated ge-
nomes of Laurasiatheria and Primates: cat (Felis catus), cow (Bos
taurus), dog (Canis familiaris), pig (Sus scrofa), and sheep (Ovis
aries), as well as common chimpanzee (Pan troglodytes), gorilla
(Gorilla gorilla), human (Homo sapiens), Rhesus macaque (Ma-
caca mulatta), and common marmoset (Callithrix jacchus). Using
the Laurasiatheria-Primates alignments and the according Ensem-
bl species tree, coevolution analyses were carried out with the aid
of the CAPS2 server (www.caps.tcd.ie). The corresponding algo-
rithm seeks for covariation in BLOSUM-corrected amino acid dis-
tances at individual alignment positions, whereby potential sto-
chastic and phylogenetic dependencies are removed [Fares and
McNally, 2006; Fares and Travers, 2006]. We finally set the num-
ber of coevolving amino acid sites as identified by CAPS2 in rela-
tion to the total number of amino acids per human protein, thus
obtaining an approximation of the proportion of covarying amino
acids. (iii) Hydropathy index; we loaded the amino acid sequences
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of human orthologues into GRAVY (www.gravy-calculator.de) to
derive the average hydrophobicity of the contained amino acids,
which is equivalent to the hydropathy index of a protein. (iv) dN
(nonsynonymous substitution rate); following others [Lin et al,,
2007], we focused on dN for studying sequence evolution. In de-
tail, we derived mean dN values from human, murine, and porcine
orthologues as retrieved from Ensembl 94 database with the aid of
the BioMart data mining tool. We used Ensembl protein stable IDs
as query terms and only accepted unique hits. (v) Gene expression
level; this parameter was included as a variable to be corrected
against in partial correlation analyses [compare Drummond et al.,
2005; Worth et al., 2009; Yang et al., 2012]. We especially correct-
ed for the transcript level, since this is more closely related to sub-
stitution rate than protein abundance [Eames and Kortemme,
2007]. In particular, we derived medians of expression levels in 27
human tissues from previously published RNA-seq data [Kryuch-
kova-Mostacci and Robinson-Rechavi, 2015].

Housekeeping Genes and Transmembrane Proteins

For each protein, we determined if it is encoded by a house-
keeping gene or not. Using BioMart (Ensembl Genes 96), we first
retrieved Ensembl proteins stable IDs for the housekeeping genes
reported by Eisenberg and Levanon [2013]. These were genes,
for which more than half of the exons of at least 1 RefSeq trans-
cript showed largely constant expression levels in 16 human
tissues. Subsequently, we matched the corresponding IDs with the
Ensembl proteins stable IDs contained in our 6 protein sets. For
the identification of multi-pass and single-pass membrane pro-
teins, we manually checked annotations at the UniProtKB website
(www.uniprot.org; November 2019) for reviewed entries referring
to human orthologues.

Statistical Tests and Correction for Parallel Testing

Initial tests ensured that downstream correlation analyses were
not compromised by confounding factors (Fig. 1). For this pur-
pose, we compared parameter levels (see above: i-v) with the
Mann Whitney U (MWU) test implemented in SPSS 23 v. 5 (IBM).
Distributions of proteins encoded/non-encoded by housekeeping
genes, of multi-pass/non-multi-pass membrane proteins, and of
transmembrane/non-transmembrane proteins were compared
with an interactive x* test (quantpsy.org/chisq/chisq.htm). The
corresponding pairwise comparisons were made between SPERM
and the other 5 datasets and between SPERM and TESTIS togeth-
er and the other 4 datasets.

Subsequently, 4 partial correlation analyses were carried out for
each set of genes and proteins (Fig. 1). For enabling SPSS to infer
95% confidence intervals (CIs) of correlation coefficients within the
framework of rank correlation, parameter values were first convert-
ed into ranks for each of the 6 protein sets. In detail, we tested wheth-
er the proportion of covarying sites per protein related to the gen-
eral amino acid substitution rate as given by dN. We also evaluated
if our externality proxy, node degree, was negatively associated with
dN. Additional correlation analyses addressed the key question of
the present study, namely if our gene or protein sets differ in the
extent to which intramolecular coevolution is directed outward or
inward. To this end, we associated the proportion of covarying sites
per protein with node degree and with our proxy of internality, the
hydropathy index. We expected the restricting and relaxing effects
of more and less PPIs, respectively, to be particularly evident in a set
when proteins have a larger share of outward and thus functional
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coevolution. A larger proportion of functional coevolution should
also be reflected in a decreased propensity of proteins to form inter-
nal structures. Correspondingly, an anti-correlation of the propor-
tion of covarying sites with the hydropathy index would reinforce a
stronger outward orientation of coevolution.

Altogether, we carried out 40 tests: 10 MWU tests (levels of 5
parameters in SPERM and TESTIS versus the other 4 sets, and in
SPERM versus the other 5 sets), 6 x* tests (distributions of house-
keeping and non-housekeeping genes, multi-pass and non-multi-
pass membrane proteins, and transmembrane and non-trans-
membrane proteins; each compared in SPERM and TESTIS versus
the other 4 sets, and in SPERM versus the other 5 sets), and 24
partial correlations (4 hypotheses tested per each of 6 protein sets).
All tests conducted were two-sided. In order to account for paral-
lel testing, we converted p values into false discovery rate (FDR)
values applying the method of Benjamini and Hochberg [1995].

Descriptive Approaches

For validating the informative nature of hydropathy index, we
checked annotations at UniProtKB (as given under UniProt an-
notation and GO - Cellular component; December 2018) for as-
sociations of proteins with membranes. The corresponding data
were collected for proteins in SPERM since only in this dataset
hydropathy was adversely correlated with the coevolution proxy.
We especially focused on the 20 SPERM proteins with highest hy-
dropathy values (because only these contained transmembrane
proteins) and their 20 counterparts with lowest hydropathy scores.
We continued with an evaluation of UNiProKB annotations (as
given under Function and GO - Molecular Function; May 2020)
for validating the representative nature of all 6 datasets. For doing
so, we gathered terms suggesting greater functional relevance for
the uptake and discharge of substances (search items: exocyt, en-
docyt, vesic, lysosome, proteasome, exocr, secre, secern). Record-
ing also included proteins with increased relevance for signaling
(search items: signal, cytokine, plus references to hormonal signal-
ing) and especially for hormonal signaling (search items: hormon,
andro, estro, prosta, insul, cortico, steroid, testost, endocr, follicl;
exclusively follicle development). Furthermore, we collected refer-
ences to spermatogenesis, testis, and spermatozoa (search items:
spermato, acrosome, test; excluding testost). In addition, we
searched the Human-Mouse: Disease Connection database of
Mouse Genome Informatics (MGI 6.13; www.informatics.jax.org)
for connections between the genes in our 6 sets and phenotypes
involving aberrations in the reproductive system and in mortality
and aging (exclusively phenotypes reported for transgenic mice).
Finally, it should be noted that in the text below, gene symbols will
follow protein symbols only if the corresponding acronyms differ.

Results

Similar Parameter Levels and Similar Representation

of Housekeeping Genes and Membrane-Associated

Proteins

After having collected parameters for our equally sized
protein sets, representing human spermatozoa (SPERM),
testis (TESTIS), body (BODY1, BODY2), and liver (LIV-
ER1, LIVER2), we tested for potential skews in their com-
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position (Fig. 1). However, the percentage of proteins en-
coded by housekeeping genes in SPERM (19%) and TES-
TIS (18%) was within the range found in the other sets,
BODY!1 (16%), BODY2 (18%), LIVERI (31%), and LIV-
ER2 (23%) (online suppl. Table 3). Correspondingly, the
null hypothesis assuming even distribution of house-
keeping and non-housekeeping genes could not be re-
futed, neither in the comparison of the 2 male reproduc-
tive protein sets, SPERM and TESTIS, with the 4 remain-
ing sets, nor in the comparison of SPERM with the other
5 sets (FDR > 0.050 each; x2 test). Also, multi-pass mem-
brane proteins alone and transmembrane proteins as a
whole (multi- and single-pass) had similar frequencies in
SPERM (8 and 16%, respectively), TESTIS (10 and 14%),
BODY1 (13 and 18%), BODY2 (14 and 18%), LIVER1 (9
and 14%), and LIVER2 (8 and 17%) (online suppl. Ta-
ble 3). Therefore, the null hypotheses again could not be
rejected in any of the 2 decisive comparison pairs (FDR >
0.050 each; X2 test). In addition, expression levels were
similar. Thus, the MWU test did not support different
levels of expression between the 2 sets of male reproduc-
tive proteins and the other 4 protein sets (FDR > 0.050),
and also not between SPERM and the other 5 ones (FDR
>0.050, MWU test). The null hypothesis of equality could
also not be rejected for dN, node degree, the proportion
of covarying sites, and hydropathy index in any of the 2
pairwise comparisons considered relevant (FDR > 0.050
each; MWU test). Thus, skewed protein composition or
parameter levels should not have compromised down-
stream comparisons between protein sets.

Persistent Correlation of dN with the Proportion of

Covarying Sites

Any proxy of intramolecular coevolution should posi-
tively correlate with the amino acid substitution rate since
the first is part of the latter. As an approximation to this
question, we correlated the proportion of covarying sites
with the nonsynonymous substitution rate, dN. Thereby,
we kept constant the potential influence of the other pa-
rameters, node degree, hydropathy, and median expres-
sion level. In doing so, we found the proportion of cova-
rying sites to be tightly associated with dN in all 6 datasets
(FDR < 0.001 each; Table 1). Accordingly, the proportion
of covarying sites is indeed informative with respect to
intramolecular coevolution. However, the finding also il-
lustrates that it would not be expedient to correct against
the influence of one of the 2 evolutionary proxies in cor-
relations of the other one with a third variable. In fact,
such a procedure would foreseeably have erased relevant
signal. For this reason, we never included both evolution-
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Table 1. Results of partial correlation analyses

Protein set  Pair of comparison Parameters corrected for Coefficient (95% CI: lower, =~ FDR
upper value)

SPERM dN-coevolution hydropathy, expression, node degree 0.911 (0.848, 0.954) <0.001
TESTIS dN-coevolution hydropathy, expression, node degree 0.918 (0.865, 0.957) <0.001
BODY1 dN-coevolution hydropathy, expression, node degree 0.899 (0.828, 0.946) <0.001
BODY2 dN-coevolution hydropathy, expression, node degree 0.913 (0.859, 0.954) <0.001
LIVERI1 dN-coevolution hydropathy, expression, node degree 0.836 (0.748, 0.900) <0.001
LIVER2 dN-coevolution hydropathy, expression, node degree 0.846 (0.724, 0.932) <0.001
SPERM coevolution-node degree hydropathy, expression -0.420 (-0.592, -0.227) 0.001
TESTIS coevolution-node degree hydropathy, expression -0.390 (-0.562, -0.200) <0.010
BODY1 coevolution-node degree hydropathy, expression 0.006 (-0.208, 0.213) >0.050
BODY2 coevolution-node degree hydropathy, expression -0.171 (-0.385, 0.054) >0.050
LIVERI1 coevolution-node degree hydropathy, expression -0.259 (-0.470, -0.028) >0.050
LIVER2 coevolution-node degree hydropathy, expression -0.113 (-0.348, 0.134) >0.050
SPERM dN-node degree hydropathy, expression -0.413 (-0.591, -0.216) <0.010
TESTIS dN-node degree hydropathy, expression -0.254 (-0.454, -0.025) >0.050
BODY1 dN-node degree hydropathy, expression 0.034 (-0.180, 0.245) >0.050
BODY2 dN-node degree hydropathy, expression -0.205 (-0.414, 0.016) >0.050
LIVER1 dN-node degree hydropathy, expression -0.231 (-0.446, -0.004) >0.050
LIVER2 dN-node degree hydropathy, expression -0.143 (-0.356, 0.091) >0.050
SPERM coevolution-hydropathy node degree, expression -0.354 (-0.529, -0.152) <0.010
TESTIS coevolution-hydropathy node degree, expression -0.112 (-0.322, 0.107) >0.050
BODY1 coevolution-hydropathy node degree, expression 0.010 (-0.223, 0.243) >0.050
BODY2 coevolution-hydropathy node degree, expression 0.009 (-0.224, 0.245) >0.050
LIVERI1 coevolution-hydropathy node degree, expression 0.133 (-0.094, 0.349) >0.050
LIVER2 coevolution-hydropathy node degree, expression 0.114 (-0.119, 0.334) >0.050

For a definition of protein sets (77 proteins each), see Materials and Methods. Bold type highlights significant results. CI, confidence

interval; FDR, false discovery rate.
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Fig. 2. Partial rank correlations between parameter pairs. Blue bars
symbolize positive and red bars negative interrelations between
parameters (FDR < 0.05). The scheme illustrates an overall trend
for growing absolute values of correlation coefficients (see thick-
ness of bars), accompanied by an increasing number of significant
associations, with greater proximity to fertilization (arrow). De-
tailed values and 95% confidence intervals of correlation coeffi-
cients as well as control variables are specified in Table 1. Labels
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correspond to the parameters correlated, i.e., the number of pro-
tein interactants a protein has in a body-wide network (node de-
gree), the proportion of covarying sites per protein which approx-
imates the rate of intramolecular coevolutiuon (co-evolution), the
nonsynonymous substitution rate (dN), and average hydropho-
bicity of the amino acids contained in a human protein (hydropa-
thy). For more details on the parameters, see Materials and Meth-
ods.
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Table 2. Structural annotations as gathered from UniProtKB: 20 SPERM proteins with high hydropathy indices

HyPa  Ensembl ID of Gene UniProt annotation referring to membranes GO cellular component referring to membranes
human protein symbol
0.512  ENSP00000317000  TMG6SFI multi-pass membrane protein, lysosomal membrane lysosomal membrane, integral component of membrane
0.313  ENSP00000266682  SLC6A15  multi-pass membrane protein integral component of membrane, plasma membrane
0.165 ENSP00000351717 ABCBS8 multi-pass membrane protein, mitochondrial inner mitochondrial envelope, mitochondrial inner membrane, integral
membrane component of membrane, membrane
0.151  ENSP00000394405 PRXL2B ER, extracellular exosome, cytoplasm
0.057  ENSP00000309430 PIGS multi-pass membrane protein, ER membrane ER membrane, membrane
-0.054  ENSP00000367721  NUP160 nuclear pore complex nuclear envelope, nuclear pore, nuclear pore outer ring
-0.055 ENSP00000364133 ~ TGFBRI cell membrane, single-pass type I, membrane protein, integral component of plasma membrane, plasma membrane,
membrane raft intracellular membrane -bounded organelle, membrane, membrane raft
-0.084 ENSP00000209873  AAAS nuclear pore complex nuclear envelope, nuclear membrane, nuclear pore, membrane
-0.098  ENSP00000258091  CCT7 cytoplasm
-0.114 ENSP00000321584 IMPDH2 peroxisomal membrane, membrane
-0.123  ENSP00000402608  CPSI mitochondrial inner membrane
-0.134  ENSP00000261615  DPEPI apical cell membrane, microvillus membrane apical plasma membrane, microvillus membrane, plasma membrane,
anchored component of cell membrane
-0.138  ENSP00000238561 ADCK1 secreted
-0.138  ENSP00000317159  CYCI mitochondrial inner membrane, single-pass membrane mitochondrial inner membrane, mitochondrial respiratory chain
protein, inner membrane side complex III, integral component of membrane, membrane
-0.165 ENSP00000250244  APIM2 clathrin-coated membrane, peripheral membrane protein, ~Golgi membrane, trans-Golgi network membrane, lysosomal membrane,
cytoplasmic side clathrin-coated vesicle membrane, cytoplasmic vesicle membrane
-0.168  ENSP00000241041  PEX16 peroxisome membrane, multi-pass membrane protein ER membrane, integral component of peroxisomal membrane,
peroxisomal membrane, membrane
-0.169  ENSP00000249269  PMPCB mitochondrial inner membrane
-0.201  ENSP00000332118  EPHB3 cell membrane, single-pass type I membrane protein integral component of plasma membrane, plasma membrane
-0.204  ENSP00000370839  SGCB single-pass type I membrane protein integral component of plasma membrane
-0.224  ENSP00000220584  FDFT1 ER membrane, multi-pass membrane protein ER membrane, integral component of membrane

For annotations of all 77 proteins contained in the SPERM sample, see online supplementary Table 4. ER, endoplasmic reticulum. HyPa, hydropathy index.

ary parameters in downstream partial correlations, but
only one of them.

Specific Patterns in Male Reproductive Proteins

The results of partial correlation analyses were essen-
tially the same within and between both BODY and both
LIVER sets (Table 1). However, there were noteworthy
differences between these 4 somatically dominated pro-
tein sets and our male reproductive protein sets, SPERM
and TESTIS, and also between SPERM and the other 5
sets (Fig. 2). In particular, the physical interaction with
proteins in the body-wide network, as given by node de-
gree, exclusively anti-correlated with the proportion of
covarying sites in both male reproductive protein sets.
The FDR values of the corresponding partial correlations
were 0.001 for SPERM and <0.010 for TESTIS, while they
were >0.050 in BODY1, BODY2, LIVERI, and LIVER2.
In addition, the anti-correlation of node degree and dN
was exclusively significant in SPERM (FDR < 0.010).
SPERM was also the only protein set showing a signifi-
cant anti-correlation of our coevolution proxy with the
hydropathy index (FDR < 0.010). Thus, SPERM proteins
with a higher proportion of covarying sites were less hy-

Functional Coevolution inside Proteins

drophobic and vice versa (Fig. 2; Table 1). As far as results
of correlation analyses were significant, the coefficients
ranged between 0.354 and 0.918. If 95% CIs were taken
into account, the minimum absolute value was still 0.152,
while the maximum was 0.957. The corresponding upper
and lower values of 95% ClIs always had the same sign
(Table 1).

Membrane Association in the Most and Least

Hydrophobic SPERM Proteins

Evaluation of UniProtKB annotation data confirmed
that the hydropathy index approximately gave the pro-
pensity of a protein to form internal structures. Thus, sin-
gle- and multi-pass membrane proteins were present only
within the 20 SPERM proteins with highest hydropathy
indices, their exact amount being 10 (Table 2; online sup-
pl. Table 4). In contrast, none of the 20 counterparts with
the lowest hydropathy indices were integral to mem-
branes (Table 3). Moreover, 14 of the proteins with high-
est hydropathy indices were known for their associations
with the membranes of organelles such as peroxisomes,
lysosomes, unspecified vesicles, nucleus, endoplasmic re-
ticulum, and Golgi apparatus. However, only 4 proteins
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Table 3. Structural annotations of 20 SPERM proteins with low hydropathy indices as gathered from UniProtKB

HyPa Ensembl ID of Gene symbol  UniProt annotation referring to membranes GO - cellular component referring to membrane
human protein
-0.548  ENSP00000355237 CDC42BPB cell membrane, peripheral membrane protein, cytoplasmic side plasma membrane
-0.570 ENSP00000362590 TBCID22B
-0.572 ENSP00000415430 GTSE1 membrane
-0.588  ENSP00000340093 NAPEPLD early endosome membrane, Golgi apparatus membrane, early endosome membrane, photoreceptor outer segment
peripheral membrane protein, nucleus envelope membrane, membrane-bounded organelle
-0.606 ENSP00000286800 BACHI
-0.614  ENSP00000260187 usp2 membrane
-0.630 ENSP00000303058 CEPI120
-0.675  ENSP00000304895 IRSI plasma membrane intracellular membrane-bounded organelle
-0.696 ENSP00000420854 EFCABI2
-0.708  ENSP00000359799 DNAJB4 cell membrane plasma membrane
-0.752  ENSP00000358045 ECM1 extracellular region or secreted extracellular matrix etc
-0.784 ENSP00000252137 ESS2
-0.817  ENSP00000333666 ADII cell membrane, peripheral membrane protein, cytoplasmic side plasma membrane
-0.824  ENSP00000417653 DBNL peripheral membrane protein, cell membrane, cytoplasmic side,
clathrin-coated vesicle membrane
-0.833  ENSP00000333024 PHF7 plasma membrane
-0.913 ENSP00000264708 POMC secreted
-0.923  ENSP00000438262 TJP2 cell membrane, peripheral membrane protein plasma membrane
-0.969 ENSP00000347161 TSGAIO
-1.115  ENSP00000342121 RNF6 nuclear membrane, intracellular membrane-bounded
organelle
-1.233 ENSP00000345917 LYAR

For annotations of all 77 proteins contained in the SPERM sample, see online supplementary Table 4. HyPa, hydropathy index.

Table 4. Representation of functional annotation categories per
protein set as retrieved from UniProtKB

Protein set ~ Uptake and Signaling Hormonal Spermatogenesis,
discharge signaling testis, spermatozoa
SPERM 4 12 3 2
TESTIS 6 14 8 4
BODY1 5 14 1 2
BODY2 6 15 4 2
LIVER1 10 10 1 2
LIVER2 8 8 2 0

For definitions of protein sets (77 proteins each) and annotation catego-
ries (uptake and discharge, signaling etc.), see Materials and Methods. On-
line supplementary Table 5 gives the detailed annotations for each individ-
ual protein in our 6 protein sets.

of the group with lowest hydropathy indices showed any
of these associations. Finally, while 6 sperm proteins in
the group with higher hydropathy indices were reported
as localizing to the cellular membrane or being secreted,
a total of 9 sperm proteins of the group with low hydro-
phobicity were of such type. Thus, SPERM proteins with
higher hydropathy scores tended to reside inside the cell.
In contrast, their hydrophilic counterpartslocalized more
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frequently to the cell membrane and extracellular com-
partments.

Protein Functions and Disease Connections

According to UniProtKB annotations, LIVERI (n =
10; e.g., MON1A) and LIVER?2 (8; e.g., ATP7A) each in-
cluded more proteins engaging in the uptake and dis-
charge of substances than the other protein sets (4-6).
Furthermore, with 14, TESTIS contained as many pro-
teins with higher importance for signaling as BODY1
(e.g., AKT2) and only one less than BODY2 (e.g.,
M3K2/MAP3K2). However, when focusing on hormonal
signaling, the maximum was shown by TESTIS (8), as
exemplified by FSHR and ACTHR (MC2R). In con-
trast, only 1-4 such connections existed for other protein
sets. With a total of 4, TESTIS also had the most annota-
tions, which explicitly referred to proteins functioning in
testis, spermatogenesis, or spermatozoa (e.g., APOAI,
PSB4/PSMB4). In contrast, there were only half as many
or no such references in the other protein sets, thereunder
VATE2 (ATP6VIE2) and TSG10 (TSGA10) in SPERM
(Table 4; online suppl. Table 5). Complementary screen-
ing of the Human-Mouse: Disease Connection database
at MGI revealed 60 associations of TESTIS genes with
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phenotypes affecting mortality and aging (41) and the re-
productive system (19) (online suppl. Table 6). There
were also more connections to somatic than reproductive
system phenotypes in the other protein sets. Nevertheless,
compared to TESTIS, their total number (34-46) was per-
sistently lower in SPERM, BODY1,BODY2, LIVER1, and
LIVER2.

Discussion

Larger Share of Functional Coevolution with Greater

Proximity to Fertilization

Tight associations with dN in all datasets illustrate
that the proportion of covarying sites per protein can also
be conceived as a coevolution proxy. This was to be ex-
pected, since covariation presupposes coevolutionary ex-
changes which in turn contribute to dN. Nevertheless,
the finding corroborates that our coevolution proxy is
valid, and this should apply accordingly to the other cor-
relation results obtained under its involvement. This is
especially true for the anti-correlation with node degree,
which was significant in both male reproductive protein
sets only, whereby significance level and nominal coef-
ficient were higher in SPERM than in TESTIS (Fig. 2; Ta-
ble 1). Thus, the interrelatedness of both variables in-
creased with growing proximity to fertilization, which
we interpret as an indication of a shift in the relative
shares of natural and sexual selection. In fact, it seems
reasonable to assume that natural selection prevails in
the body-wide proteome, and the same should be true for
the liver proteome [e.g., Bersaglieri et al., 2004; Qiu et al.,
2008; Blekhman et al., 2014]. Compared to this, the im-
pact of postcopulatory forms of sexual selection should
increase with greater closeness to fertilization [Gasparini
and Pilastro, 2011; Levlie et al., 2013; Liike et al., 2014;
Ramm et al., 2014; Sirot et al., 2014; Zhou et al, 2015]. At
the molecular level, present results would be in accor-
dance with a growing proportion of outward coevolution
with greater proximity to fertilization. In this explana-
tory model, additional PPIs in male reproductive pro-
teins imply a higher restriction of coevolving sites engag-
ing in these interactions. In turn, relaxation of function-
al constraint due to fewer interactions will allow for more
interdependent exchanges, which might occasionally
pave the way for postcopulatory forms of sexual selec-
tion. Thus, in one way or the other, coevolution within
male reproductive proteins is determined by external
forces.

Functional Coevolution inside Proteins

Confirmation of the Larger Pattern in SPERM

Proteins

Proximity to fertilization seems also to be behind the
anti-correlation of our coevolution proxy with hydropa-
thy index in SPERM (Fig. 2; Table 1). Thus, a higher hy-
dropathy index implies an elevated propensity of a pro-
tein to engage in internal structures [Kyte and Doolittle,
1982; Dee et al., 2002; Clark et al., 2009; Worth et al,,
2009]. Accordingly, SPERM proteins with higher hy-
dropathy scores were disproportionately often annotated
as membrane proteins, in particular of organelles and
other internal structures. In contrast, the least hydropho-
bic sperm proteins, which also had more coevolving sites,
were more frequently reported as being secreted or asso-
ciated with the cell membrane (Tables 2, 3; online suppl.
Table 4). They should therefore be closer to postcopula-
tory forms of sexual selection known for their potential to
increase substitution rates (for references, see above).
This might happen against the background of relaxed
functional constraint as already mentioned above. In any
case, the negative association with hydropathy seems to
contribute to the overall picture, according to which the
proportion of functional coevolution increases with
greater proximity to fertilization. Precisely because this is
the case, the patterns seem to be more strongly reflected
in the coevolving sites than in the amino acid sites as a
whole. After all, the correlation of node degree and dN
was only significant in SPERM (Fig. 2; Table 1).

General Characteristics of Protein Sets and TESTIS

Specialties

Functional annotations at UniProtKB reinforced the
representative nature of our protein sets (Table 4; online
suppl. Table 5). This already emerged from very similar
frequencies of functional categories in both LIVER and
both BODY protein sets, but also in the annotations per
se. Thus, the central role of liver in metabolism [Chiang,
2014] was evident in high frequencies of proteins with
closer connections to cellular uptake and secretion in
both LIVER sets, thereunder MON1A and ATP7A [White
etal., 2009; Jin et al., 2020]. In both BODY sets, numerous
connections to diverse signaling pathways (e.g.,
M3K2/MAP3K2, AKT2, TKNK/TAC3) were in accor-
dance with the complexity of the entire organism [Cheng
et al., 2000; Sakamoto et al., 2006; Tusset et al., 2012].
Also, the fact that the annotations for SPERM did not
contain specificities is unsurprising: After all, many
sperm-expressed proteins exert their multiple functions
in diverse tissues [Schumacher and Herlyn, 2018]. Nev-
ertheless, SPERM also exhibited clear connections to re-
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production, as exemplified by TSG10 (TSGA10), which is
mainly expressed in sperm tail, and VATE2 (ATP6V1EZ2;
alias VMA4), which participates in acrosomal acidifica-
tion [Sha et al., 2018; Futai et al., 2019]. However, most
such associations existed for the protein set representing
the organ of spermiogenesis, TESTIS. Among them were
proteins like PSB4 (PSMB4), which acts in protein degra-
dation, and APOA1, which has been implicated in sperm
motility activation [Aakerlof et al., 1991; Agarwal et al,,
2020].

It was less predictable that the number of signaling
connections in TESTIS would be in the high range of the
BODY protein sets (Table 4; online suppl. Table 5). This
could reflect the entanglement of testes in a body-wide
crosstalk between organs, as revealed by the even most
abundant links to hormonal signaling in TESTIS. In fact,
testes are important endocrine glands producing testos-
terone and inhibin, which are essential for the develop-
ment of the male phenotype. This occurs primarily under
the control of 2 gonadotropins produced in adenohy-
pophysis, follicle stimulating hormone (FSH) and lutein-
izing hormone, to which testicles are responsive [Dada et
al., 1983; Ramaswamy and Weinbauer, 2015]. This re-
sponsiveness involves FSH receptor (FSHR) as one of the
proteins contained in TESTIS. The receptor for adrenal
corticotropin hormone, ACTHR (MC2R), is another
TESTIS protein illustrating the testicular interaction with
other body tissues [O’Shaughnessy et al., 2003]. However,
the embedding of germ line into the soma is not confined
to the external relationships of testes, but also extends to
the internal testicular anatomy. Thus, Sertoli, Leydig, and
other somatic cell types provide the structural and physi-
ological framework for spermiogenesis [Weinbauer et al.,
2001]. In addition to the annotations, the dual nature of
the testicular proteome was evident in the maximum
number of connections to disease phenotypes of mortal-
ity and aging and the reproductive system in TESTIS (on-
line suppl. Table 6). Consistently, it was previously estab-
lished that opposing selection pressures left signatures in
the genes coding for testicular proteins, depending on
their primary importance for reproduction or viability
[Schumacher et al., 2017]. The same testicular specificity
should thus be the reason for the intermediary results of
correlation analyses in TESTIS, ranging between SPERM
and the 4 physically dominated protein sets (Fig. 2; Ta-
ble 1).

Validity of Correlation Analyses Results
Since all datasets included the same number of pro-
teins, size effects cannot have biased the results of present
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partial correlations. It is also unlikely that differences in
the composition of the compared protein sets introduced
a skew. In fact, high status genes that are essential for sur-
vival are known for overall stronger sequence conserva-
tion and higher centrality in PPI networks [Jeong et al.,
2001; Hahn and Kern, 2005; Wolf et al., 2006]. However,
we found no evidence of an unbalanced distribution of
functionally more important genes across the 6 protein
sets studied. Rather, similar frequencies of housekeeping
genes were found in SPERM and the other 5 protein sets
and also in SPERM and TESTIS on one hand and the
other 4 protein sets on the other. The corresponding
genes were previously selected for their broad and largely
constant expression levels [Eisenberg and Levanon,
2013]. Despite the fact that similar criteria have been ap-
plied in other studies [e.g., de Jonge et al., 2007], there are
alternative concepts for housekeeping genes that further
facilitate the inclusion of low-expressed genes [Zhang et
al., 2015b]. However, we do not expect that the applica-
tion of an alternative housekeeping gene concept would
change the results. After all, any such change should affect
all protein sets to the same extent.

Our male reproductive protein sets together and
SPERM alone were also inconspicuous with regard to the
frequency of multi-pass membrane and transmembrane
proteins (multi-pass and single-pass). Nor was there any
indication that the results of correlation analyses could
have been biased by different expression levels which are
known for their interrelation with substitution rates
[Drummond et al., 2005; Worth et al., 2009; Yang et al.,
2012]. But above all, we have nevertheless corrected for
the influence of expression levels in all partial correla-
tions. Thereby, we especially corrected for the potential
impact of transcript level, which is more tightly connect-
ed to the substitution rate of a protein than is protein
abundance [Eames and Kortemme, 2007]. Furthermore,
node degree, average hydrophobicity of amino acids (hy-
dropathy index), and our 2 evolutionary measures had
similar levels in our male reproductive and the other sets.
This may surprise in particular with regard to the evolu-
tionary parameters, dN and the proportion of covarying
sites, since substitution rates have repeatedly been report-
ed to be elevated in male reproductive proteins [Wyckoff
etal., 2000; Swanson et al., 2003; Dorus et al., 2010]. How-
ever, it has meanwhile become increasingly clear that the
majority of male reproductive proteins are actually evo-
lutionarily conserved [Dean et al., 2009; Dorus et al.,
2010; Schumacher et al., 2014].

Parameters such as substitution rates, node degree,
and expressional level are known for their interrelation
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with other factors, which were not directly tested in the
present analyses. An increased level of postcopulatory
sexual selection, for example, can entail higher substitu-
tion rates of male reproductive proteins [Wyckoff et al.,
2000; Dorus et al., 2004; Ramm et al., 2008, 2014; Schum-
acher et al., 2014]. Also, transient PPIs have a lesser con-
serving effect on sequence evolution than obligate ones
[Mintseris and Weng, 2005]. Additionally, higher phy-
letic age and broader or early onset of expression associ-
ate with higher sequence conservation [Zhang and Li,
2004; Good and Nachman, 2005; Toll-Riera et al., 2012;
Schumacher and Herlyn, 2018]. Moreover, longer 5’ and
3’ untranslated regions [Worth et al., 2009; Schumacher
and Herlyn, 2018] as well as more posttranslational mod-
ifications and higher pleiotropy levels [Macek et al., 2008;
Jancura and Marchiori, 2012; Schumacher et al., 2013]
associate with lowered substitution rates. But these ex-
amples also demonstrate that the various untested vari-
ables should ultimately be represented in tested variable,
in this case dN. Thus, the patterns that emerged from par-
tial correlations improbably reflected an unrecognized
bias in an untested variable.

Conclusion

Our coevolution measure enclosed relevance for struc-
ture and function and thus for structural-functional in-
tegrity [Buck and Atchley, 2005; Taraban et al., 2008;
Worth et al., 2009; Kastritis et al., 2011; Talavera et al.,
2011; Chakravarty et al., 2013; Erijman et al., 2014]. Nev-
ertheless, current correlation analyses of physically dom-
inated and male reproductive protein sets suggest that the
proportion of functional coevolution increases with
greater proximity to fertilization (Fig. 2; Table 1). The
same pattern is obtained by comparing the annotations
of sperm proteins with high and low hydropathy indices
(Tables 2, 3). These findings are consistent with previous
reports on rising substitution rates with higher outward
orientation of proteins [Julenius and Pedersen, 2006;
Toll-Riera et al., 2012; Feyertag et al., 2017]. In addition,
proteins with greater spatial or functional proximity to
fertilization were already known to diverge at elevated
rates [Dean et al., 2009; Ramm et al., 2009; Schumacher
et al., 2014]. However, these findings were based on sub-
stitutions in general, while the present study focused on
coevolving sites. Our results are also consistent with, but
not equivalent to, previous evidence for the occurrence of
coevolution between proteins, even if these proteins were
fertilization proteins [Clark et al., 2009]. This is because

Functional Coevolution inside Proteins

we studied coevolution within and not between proteins,
specifically in mammals and not in abalones as in the lat-
ter study. Most importantly, to our knowledge, the rela-
tionship between external factors, i.e., protein interac-
tions, and intramolecular coevolution was not otherwise
established for mammalian fertilization proteins. Last but
notleast, it has not been shown that a particular combina-
tion of physical and sexual involvements of the testicular
proteome is associated with a particular pattern of intra-
molecular coevolution (Table 4). As it seems, looking at
coevolving sites was particularly revealing in this respect.
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