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Abstract

Background: Temperature exerts a strong influence on protein evolution: species living in thermally distinct
environments often exhibit adaptive differences in protein structure and function. However, previous research on
protein temperature adaptation has focused on small numbers of proteins and on proteins adapted to extreme
temperatures. Consequently, less is known about the types and quantity of evolutionary change that occurs to
proteins when organisms adapt to small shifts in environmental temperature. In this study, these uncertainties were
addressed by developing software that enabled comparison of structural changes associated with temperature
adaptation (hydrogen bonding, salt bridge formation, and amino acid use) among large numbers of proteins from
warm- and cold-adapted species of marine mussels, Mytilus galloprovincialis and Mytilus trossulus, respectively.

Results: Small differences in habitat temperature that characterize the evolutionary history of Mytilus mussels were
sufficient to cause protein structural changes consistent with temperature adaptation. Hydrogen bonds and salt
bridges that increase stability and protect against heat-induced denaturation were more abundant in proteins from
warm-adapted M. galloprovincialis compared with proteins from cold-adapted M. trossulus. These structural changes
were related to deviations in the use of polar and charged amino acids that facilitate formation of hydrogen bonds
and salt bridges within proteins, respectively. Enzymes, in particular those within antioxidant and cell death
pathways, were over-represented among proteins with the most hydrogen bonds and salt bridges in warm-
adapted M. galloprovincialis. Unlike extremophile proteins, temperature adaptation in Mytilus proteins did not
involve substantial changes in the number of hydrophobic or large volume amino acids, nor in the content of
glycine or proline.

Conclusions: Small shifts in organism temperature tolerance, such as that needed to cope with climate warming,
may result from structural and functional changes to a small percentage of the proteome. Proteins in which
function is dependent on large conformational change, notably enzymes, may be particularly sensitive to
temperature perturbation and represent foci for natural selection. Protein temperature adaptation can occur
through different types and frequencies of structural change, and adaptive mechanisms used to cope with small
shifts in habitat temperature appear different from mechanisms used to retain protein function at temperature
extremes.
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Background

Temperature variation, including that resulting from an-
thropogenic climate change, is a pervasive feature of the
biosphere that affects organism fitness through an influ-
ence on the three-dimensional structure of proteins [1].
Given that proteins are necessary for the growth, survival,
and reproduction of most life on Earth, natural selection
should favor amino acid sequences that optimize protein
function in particular thermal environments [2—-5]. Con-
sistent with this hypothesis, clear patterns of adaptive vari-
ation have been discovered in the structural and
functional properties of proteins from organisms adapted
to different temperatures [5-9]. However, research to date
is limited by two issues that have prevented insight into
broader-scale patterns of temperature adaptation at the
protein level. Firstly, previous work has focused on a small
number of proteins, with most studies comparing thermal
parameters in a single orthologue between species adapted
to different temperatures [10-12]. Because the genomes
of multicellular organisms encode thousands of proteins,
little inference can be made from existing studies with re-
gard to the proportion of proteins that must be evolution-
arily modified in order to increase or decrease organism-
level thermal tolerance. Secondly, in instances where the
thermal properties of a larger number of proteins have
been compared, study systems are typically extremophiles
that exhibit very large differences in temperature tolerance
and whose proteins are adapted to temperatures outside
those encountered by the majority of life [7, 13-19].
Trends resolved in extremophile proteins may not be con-
served in multicellular organisms and may not represent
mechanisms underlying small adjustments in organism
thermal tolerance, for example the few degrees Celsius in-
crease that may be required for persistence in near-future
climates [20]. Thus, there exists an opportunity to advance
understanding of protein evolution by comparing thermal
properties of proteins more comprehensively across the
proteome, and doing so in closely related species that dif-
fer in thermal tolerance by a small margin.

A fundamental property of proteins is marginal stabil-
ity: proteins are under selection to maintain a balance
between stabilization, which prevents unfolding and ag-
gregation; and flexibility, to allow the shape change ne-
cessary for catalysis, substrate binding, or protein-
protein interactions [1, 21]. Temperature has a strong
influence on the balance between stability and flexibility
in proteins. The requirement that proteins have suffi-
cient structural flexibility to undergo conformational
change at a given temperature renders proteins suscep-
tible to unfolding when temperature is increased and
molecular interactions responsible for stabilizing pro-
teins weaken. Conversely, decreases from optimal
temperature cause mobile regions of proteins to become
rigid, making shape changes necessary for function more
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difficult [5, 22-24]. This trade-off between stability and
flexibility ensures no single protein can effectively func-
tion over the entire range of temperatures found across
the biosphere [5, 25]. Alternatively, evolutionary pro-
cesses fine-tune protein structures such that function is
optimized at temperatures most frequently encountered
by cells: orthologous proteins exhibit differences in ther-
mal stability such that an ortholog from a cold-adapted
species is more thermally labile than an ortholog from a
warm-adapted species [3, 26—28].

Comparison of proteins adapted to different tempera-
tures demonstrates that there are a multitude of ways in
which thermal performance can be adaptively modified
[29-31]. Altering hydrophobicity, charge, non-covalent
interactions, volume, and cooperativity have all been im-
plicated in protein temperature adaptation [14, 25, 32—
36]. Also apparent from these comparisons is that the
location of adaptive change within the folded protein is
important. Natural selection can preferentially act upon
particular regions during protein temperature adaption,
such as the hydrophobic core or solvent-exposed sur-
face, or target specific domains, such as coils, loops, he-
lixes, or substrate binding sites, to adaptively shift
thermal stability [5, 36, 37]. Often these mechanisms of
thermal adaptation are reflected in specific patterns of
amino acid use within proteins [6, 7, 9, 37]. Amino acid
substitutions that adaptively vary the number of non-
covalent hydrogen bonds and salt-bridges in proteins, in-
cluding addition or removal of polar and charged resi-
dues, are a common means of optimizing protein
function at given environmental temperatures [6]. The
number of hydrogen bonds and salt bridges tends to in-
crease in heat-tolerant (thermophilic) proteins as a
means of protecting against denaturation at high tem-
peratures [32, 33, 38—40]. Conversely, these stabilizing
features tend to decrease in cold-tolerant (psychrophilic)
proteins so that proteins remain sufficiently flexible to
undergo conformational change at low temperatures
[41-43]. Thermal stability is also modulated by the pres-
ence of hydrophobic and large volume amino acids. Res-
idues with these chemical properties enhance thermal
stability by restricting solvent access to the protein core
[35], and accordingly, are frequently found in greater
abundance in proteins that retain function in the heat
[6, 34]. The ability of cysteine residues to form disulfide
bonds, the rigidity of proline compared with other
amino acids, and the lack of a side chain on glycine, also
results in content of these amino acids often being cor-
related with protein structural stability and organism
temperature tolerance [4].

In this study, software was developed to quantify
hydrogen bonds, salt bridges, and amino acids across the
proteomes of two closely related species of marine
mussel that differ in temperature tolerance by a few
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degrees Celsius: Mytilus galloprovincialis and Mytilus
trossulus [44]. This methodological innovation enabled
comparison of structural features among large numbers
of Mytilus proteins, and in turn, broader inference into
how small shifts in environmental temperature influence
the structural properties of proteins. Mytilus mussels
have proven excellent model systems to examine protein
temperature adaptation [44—46]. Although closely re-
lated, M. galloprovincialis and M. trossulus evolved in
distinct thermal environments. M. trossulus and M. gal-
loprovincialis are members of the ‘blue mussel complex’,
which also includes M. edulis [47]. M. trossulus, a native
of the cold Northeast Pacific Ocean, appears to be the
ancestral species of the complex, with divergence into
M. edulis occurring as a result of migration through a
transient opening in the Bering Strait and into the At-
lantic Ocean approximately 3.5 million years ago [48].
Subsequently, M. edulis expanded its range throughout
the North Atlantic and into the warmer waters of the
Mediterranean Sea, where populations became isolated
and gave rise to M. galloprovincialis about 2 million
years ago [49]. Differences in prevailing temperatures ex-
perienced during evolutionary history are reflected in
the thermal tolerances of M. galloprovincialis and M.
trossulus: the upper critical temperature of M. gallopro-
vincialis is approximately 4 °C higher than that of M.
trossulus as a result of evolution in a comparatively
warmer environment (LT5o =38 °C and LT5q = 34 °C, re-
spectively) [12]. Physiological performance also varies
between these species in a manner that is consistent
with adaptation to different temperatures. All physio-
logical (e.g. heart rate [50]), biochemical (e.g. enzyme ac-
tivities [44—46]), and molecular (e.g. gene expression
[51, 52];) comparisons made to date show M. gallopro-
vincialis to be more tolerant of heat and M. trossulus to
be more tolerant of cold.

Orthologous enzymes from M. galloprovincialis and
M. trossulus exhibit differences in structural stability and
function that are congruent with their thermal toler-
ances and with known mechanisms of temperature
adaptation. Cytosolic malate dehydrogenase (cMDH)
and isocitrate dehydrogenase (IDH) from warm-adapted
M. galloprovincialis sustain activity and optimal sub-
strate binding at higher temperatures than orthologs
from cold-adapted M. trossulus [45, 46]. Enhanced func-
tion of M. galloprovincialis cMDH and IDH results from
amino acid substitutions that increase the number of
hydrogen bonds in order to protect regions undergoing
conformational change from unfolding at high tempera-
tures [3, 45, 46]. However, the present state of research
provides an incomplete perspective about how natural
selection modifies Mytilus proteins to optimize function
in their respective temperature regimes. Only a small
number of Mpytilus proteins have been analyzed: the
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influence of temperature on protein function has been
investigated in only six Mytilus orthologs to date [45,
46]. Thermal stability has been predicted in silico for
large numbers of Mytilus proteins, and importantly, this
work has confirmed the presence of more stabilizing
amino acids in the proteins of M. galloprovincialis com-
pared with proteins from M. trossulus [53]. However,
the methodology used in this previous study did not
allow for inference into the potential contributions of
hydrogen bonds or salt bridges to variation in protein
thermal stability, nor could it identify the specific types
of amino acid substitution responsible for differences in
protein thermal stability between Mytilus congeners.

Here, individual amino acids, hydrogen bonds, and salt
bridges were counted in large numbers of M. gallopro-
vincialis and M. trossulus proteins in order to address
several unresolved questions surrounding protein evolu-
tion in Mpytilus and protein temperature adaptation in
general [1, 5, 54]. First, are small differences in environ-
mental temperature sufficient to cause changes in amino
acid use and non-covalent interactions that are consist-
ent with mechanisms of protein temperature adaptation?
Second, what proportion of the proteome needs to be
adaptively modified to alter organism temperature toler-
ance by a small margin? Third, are proteins with particu-
lar functions more likely than others to be acted on by
natural selection during temperature adaptation? Finally,
are certain mechanisms of adaptive change favored
among Mytilus proteins and do these changes parallel
those occurring in proteins adapted to temperature ex-
tremes? Answers to these questions have broad implica-
tions, from improving estimates of the capacity to cope
with climate change, to better understanding the process
of protein evolution over the range of temperatures
found throughout the biosphere.

Methods

Amino acid sequences, protein modeling, and quantifying
hydrogen bonds and salt bridges

Hydrogen bonds or salt bridges are rarely directly mea-
sured within proteins [55]. Instead, these structural fea-
tures are predicted based on the spatial arrangement of
atoms within three-dimensional protein models created
from amino acid sequences. M. galloprovincialis and M.
trossulus protein sequences were obtained by searching
for the keyword “Mytilus” in the UniProt database [56]
and then selecting all sequences for each species using
the “popular organisms” tab on the results page. Result-
ing sequences were downloaded in .fasta format and
used to create models of each protein using SWISS
MODEL [57, 58]. SWISS MODEL software uses se-
quence information to search a database of proteins for
which the three-dimensional structure has been solved
using X-ray crystallography, nuclear magnetic resonance,
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