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Fluctuations in the ambient oxygen concentrations represent a major stressor for

aerobic organisms causing ATP deficiency during hypoxia and excessive production of

reactive oxygen species during reoxygenation. Modulation of the mitochondrial electron

transport system activity was proposed as a major mechanism involved in both the

mitochondrial injury and adaptive response, but the mechanisms of ETS regulation

during hypoxia/reoxygenation (H/R) stress remain poorly understood in hypoxia-tolerant

organisms. To address this gap, we focused on the effects of H/R on activities of the

mitochondrial Complexes I and IV in hypoxia-tolerant marine bivalves, the blue mussel

Mytilus edulis, the Arctic quahog Arctica islandica and the Pacific oyster Crassostrea

gigas, exposing them for 1 or 6 days to extreme hypoxia (<0.1% O2) followed by 1 h

of reoxygenation. We used a combination of bioinformatics analysis, biochemical and

molecular studies to examine the potential role of the reversible protein phosphorylation

in regulation of the Complex I and IV activities and in the mitochondrial responses to

H/R stress. Our results showed a strong species-specific modulation of two important

kinases, the serine/threonine protein kinase A (PKA) and protein kinase C (PKC) by

H/R stress in the studied bivalves. The mitochondrial Complexes I and IV emerged as

important targets for modulation by H/R stress, mediated in part through reversible

phosphorylation by PKA and PKC. The effects of the reversible phosphorylation on

the enzyme activities were species- and condition-specific. In mussels and quahogs,

phosphorylation by PKA and PKC led to a strong increase in activity of Complexes

I and IV. In oysters, Complexes I and IV were insensitive to PKA and PKC activation

except after prolonged hypoxia and reoxygenation when elevated sensitivity to PKA and

PKC activation indicated a change in the configuration and/or isoform composition of

these enzymes. Non-site-specific dephosphorylation strongly suppressed the activity
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of Complex I and IV in all three studied species. Because in mammals PKA and PKC

can have either damaging or protective effects depending on the timing of activation,

our findings underscore the need to further study the physiological implications of

H/R-induced modulation of the PKA and PKC activity in hypoxia-tolerant organisms.

Keywords: hypoxia, reoxygenation, post-translational modification (PTM), mitochondrial electron transport chain

(ETC), Mollusca, respiratory complexes, NADH:ubiquinone oxidoreductase, cytochrome c oxidase

INTRODUCTION

Fluctuations in the ambient oxygen concentrations represent
an ultimate stressor for aerobic organisms due to the role
of oxygen as an electron acceptor in the mitochondrial
electron transport system (ETS). Oxygen deficiency (hypoxia)
or the lack of oxygen (anoxia) induce energetic stress in
aerobic organisms by limiting substrate availability for the
mitochondrial Complex IV (cytochrome c oxidase) which

inhibits the ETS activity and ATP generation through oxidative

phosphorylation (OXPHOS) (Pamenter, 2014; Sokolova et al.,
2019). Paradoxically, return of the oxygen puts additional
strain on the aerobic ATP production due to the excessive
generation of reactive oxygen species (ROS) which can damage

mitochondria, impair restoration of the energy balance and
lead to cell injury and death (Hermes-Lima and Zenteno-
Savín, 2002; Blomgren et al., 2003; Ham and Raju, 2016). Many
aquatic organisms (such as those inhabiting estuaries, shallow
coastal habitats, and the intertidal zone of the ocean) experience
frequent extreme oxygen fluctuations from anoxia to normoxia
or even hyperoxia during diurnal cycles of photosynthesis,
tidal emersion-immersion cycles, and seasonal hypoxia that
can last from days to weeks (Huggett and Griffiths, 1986;
Burnett, 1997; Breitburg et al., 2018; Legrand et al., 2018).
These fluctuations are especially impactful for benthic organisms
that cannot escape deoxygenated areas and thus depend on
physiological adaptations to tolerate hypoxia-reoxygenation
(H/R) stress.

Regulation of mitochondrial metabolism is essential for
tolerance to H/R stress that requires rapid transitions between
inactive and active metabolic states and mitigation of the
undesirable side reactions generating ROS. Consistent with this
notion, mitochondrial reorganization including modulation of
the OXPHOS pathways was shown to play a key role in responses
toH/R stress in different groups includingmammals, fish, insects,
and mollusks (Kim et al., 2011; Ali et al., 2012; Pamenter,
2014; Martos-Sitcha et al., 2017; Devaux et al., 2019; Gerber
et al., 2019; Napolitano et al., 2019; Sokolova et al., 2019).
In hypoxia-sensitive organisms such as terrestrial mammals,
H/R stress commonly leads to suppression of OXPHOS and
ETS activity, elevated ROS production, mitochondrial Ca2+

overload and collapse of the mitochondrial membrane potential,
culminating in cell death (Kalogeris et al., 2012; Ham and
Raju, 2016; Andrienko et al., 2017). In contrast, mitochondria
from hypoxia-tolerant organisms (such as intertidal bivalves,
fish and freshwater turtles) preserve or upregulate of ETS
capacity during H/R stress, reorganize mitochondrial proteome

to minimize ROS generation, and rapidly suppress and restore
OXPHOS activity depending on the oxygen availability (Buck
and Pamenter, 2006; Pamenter, 2014; Haider et al., 2018;
Sokolova et al., 2019). These findings point to the central role
of the ETS in the regulation that contributes to hypoxia-tolerant
mitochondrial phenotype.

In hypoxia-sensitive animals and tissues (such as
mammalian heart), Complex I (EC 7.1.1.2 NADH: ubiquinone
oxidoreductase) and Complex IV (EC 1.9.3.1 cytochrome c
oxidase) play a key role in the mitochondrial responses to
hypoxia (Helling et al., 2012; Hüttemann et al., 2012; Fuhrmann
and Brüne, 2017) and are involved in hypoxia-reoxygenation-
induced pathology (Eismann et al., 2009; Kim et al., 2011; Liu
et al., 2014). Complex I is a major target of the H/R-induced
mitochondrial injury and a major source of potentially cytotoxic
ROS during H/R stress in hypoxia-sensitive species such as
terrestrial mammals (Andrienko et al., 2017; Fuhrmann and
Brüne, 2017). Mild attenuation of Complex I activity (e.g.,
using pharmacological interventions) mitigates oxidative
damage during H/R stress but a strong H/R-induced loss of
Complex I activity limits OXPHOS capacity and exacerbates
energy deficiency and tissue damage in mammals (Camara
et al., 2011; Fuhrmann and Brüne, 2017; Hernansanz-Agustín
et al., 2017). Complex IV is the terminal oxidase of the
mitochondrial ETS that uses O2 as the final electron acceptor
and plays a key role in oxygen-dependent regulation of the
ETS flux (Fukuda et al., 2007). The role of these complexes
in the H/R-induced modulation of ETS activity have not
been extensively studied in hypoxia-tolerant animals such as
marine bivalves (Kurochkin et al., 2008; Sussarellu et al., 2013;
Ivanina et al., 2016; Sokolov et al., 2019). To close this gap in
our knowledge, we investigated the effects of H/R stress on
Complexes I and IV in hypoxia-tolerant marine bivalves and
explored the potential role of post-translational modifications
through protein kinases A and C in regulation of Complex I and
IV activities.

Studies in mammalian models demonstrated an important
role of post-translational modification (PTM) of ETS proteins,
particularly the Complexes I and IV, in regulating the
responses to H/R stress including modulation of the ETS
activity, protein-protein and protein-lipid interactions, and
ROS production (Hüttemann et al., 2012; Dudek, 2017;
Gowthami et al., 2019; Kalpage et al., 2019; Mathers and
Staples, 2019). Among different types of PTMs (such as
phosphorylation, acetylation, succinylation, or SUMOylation),
the reversible protein phosphorylation by protein kinases plays
an important and not yet fully deciphered role in regulating
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the mitochondrial metabolism in different physiological and
stress states (Stram and Payne, 2016). PTM by protein kinases
provides a rapid, reversible, and energetically inexpensive
mechanism to regulate the enzyme activity (Lim et al.,
2016; Lucero et al., 2019). Among the mitochondrial protein
kinases, serine/threonine protein kinase A (PKA) and protein
kinase C (PKC) are recognized as crucial regulators of
mitochondrial physiology (Lim et al., 2016). Mitochondrial
Complexes I and IV are common substrates for the PKA-
and PKC-mediated reversible phosphorylation during different
physiological and pathological states, including exposure to
H/R stress (Ogbi and Johnson, 2006; Prabu et al., 2006;
Dagda and Das Banerjee, 2015; Mathers and Staples, 2019).
Phosphorylation of Complex I can activate or suppress its
activity depending on the species, tissue, and phosphorylation
site (Lucero et al., 2019; Mathers and Staples, 2019). Complex
IV is typically suppressed by phosphorylation in mammals,
and this suppression plays an important role in hypoxia-
induced mitochondrial dysfunction (Acin-Perez et al., 2009;
Hüttemann et al., 2012; Srinivasan et al., 2013; Mahapatra
et al., 2016). The effects of reversible protein phosphorylation
on Complex I and IV activities and the potential role of PKA
and PKC in metabolic responses to H/R stress are unknown
in hypoxia-tolerant organisms including marine bivalves and
require further investigation.

The aim of our study was to determine the effects of
hypoxia and reoxygenation on activities of the mitochondrial
Complexes I and IV and assess the potential role of the
PTM (via reversible protein phosphorylation) in regulating
the activity of these enzymes in marine bivalves. As model
organisms, we have chosen three species—the blue mussel
Mytilus edulis, the Arctic quahog Arctica islandica and the
Pacific oyster Crassostrea gigas. These bivalves are common
in the temperate coastal zones of the northern hemisphere
and are known for their high hypoxia tolerance with the
50% survival times in anoxia (LT50) ranging from >7 days
to >30 days, depending on temperature and salinity (Vaquer-
Sunyer and Duarte, 2008). To assess the effects of different
hypoxia duration such as might be expected during diurnal
or seasonal hypoxia in estuaries and shallow coastal zones,
the bivalves were exposed for one (short-term) or six (long-
term) days to extreme hypoxia (<0.1% O2) followed by 1 h
of reoxygenation. We used a combination of bioinformatics
analysis, biochemical, and molecular studies to assess the
potential role of the post-translational modifications (PTM) by
reversible protein phosphorylation in regulation of the Complex
I and IV activities and in the mitochondrial responses to
H/R stress. We determined the changes in PKA and PKC
activities duringH/R stress and assessed their implications for the
global phosphorylation levels of cellular proteins. The potential
phosphorylation sites for different protein kinases on Complexes
I and IV were identified, and the phosphorylation states of
Complexes I and IV was experimentally manipulated to assess
the effects of PKA- and PKC-dependent protein phosphorylation
on the activity of these mitochondrial complexes during the
H/R stress.

MATERIALS AND METHODS

Animal Collection and Care
Blue musselsMytilus eduliswere hand-collected from submerged
piles near Warnemünde in the Baltic Sea (54◦10′49.602′′N,
12◦05′21.991′′E). The quahogs Arctica islandica were collected
by dredging at∼20–25m depth offshore of Kühlungsborn in the
Baltic Sea. The Pacific oysters Crassostrea gigas were collected
in the intertidal zone of the island of List/Sylt in the German
Wadden Sea (55◦02′54.4′′N 8◦27′12.6′′E). All animals were
transported within 4 (mussels and quahogs) or 24 (oysters) hours
of collection to the University of Rostock. The shells were cleaned
from epibionts, and the bivalves were kept in aquaria with
aerated artificial sea water (ASW) (Instant Ocean R©, Aquarium
Systems, Sarrebourg, France) at 15 ± 1◦C for at least 4 weeks
prior to the experiments. During the preliminary acclimation and
exposures, salinity was maintained at 15 ± 1, 20 ± 1, and 30 ±

1 practical salinity units for the mussels, quahogs, and oysters,
respectively. These values were within 2–3 salinity units of the
respective habitat salinities at the time of collection. Mollusks
were fed ad libitum by continuous addition of a commercial
algal blend (DT’s Live Marine Phytoplankton, CoralSands,
Wiesbaden, Germany) to experimental tanks according to the
manufacturer’s instructions.

H/R Exposures
Bivalves were subjected to hypoxia in air-tight 6 l plastic
chambers filled with ASW at the respective acclimation salinity.
The water in the chambers was bubbled with nitrogen until
oxygen levels dropped below ∼0.5% of air saturation. Oxygen
content of seawater was measured using a fiber optic oxygen
sensor connected to a FireStingO2 Optical Oxygen Meter
(PyroScience GmbH, Aachen, Germany). The chamber was
submerged in the temperature-controlled aquarium to maintain
temperature at 15± 0.5◦C. The animals were exposed to a short-
term (1 day) or long-term (6 days) hypoxia. These time points
were chosen based on earlier studies as corresponding to the early
onset and the advanced stages of cellular and bioenergetic stress,
respectively, in the mussels and oysters (no comparable data
are available for quahogs) (Kurochkin et al., 2008; Falfushynska
et al., 2020; Haider et al., 2020). For reoxygenation, a subset
of mollusks exposed to 1 and 6 days of hypoxia was placed
into a fully aerated aquarium for 1 h. One hour reoxygenation
was chosen based on an earlier study in oysters showing the
strongest change in mitochondrial functions at this time point
(compared to the longer recovery periods) (Kurochkin et al.,
2008). The mollusks were moved into the aerated aquaria inside
their exposure chambers to minimize the handling stress, and
the chambers were open to ensure water circulation. Normal
oxygen levels (>95% air saturation) were established inside
the chambers within <5min of reoxygenation. Control animals
were maintained in normoxia (>95% air saturation) and fed
throughout the exposures. Control bivalves were fasted for 24 h
prior to sampling. Bivalves exposed to hypoxia were not fed.
Our pilot experiments showed that the studied bivalve species
close their shells in severe hypoxia such as used in the present
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study and spontaneously cease filtration and feeding activities.
Therefore, no phytoplankton has been added to the hypoxia
exposure chambers to prevent possible artifacts due to the
excessive growth of anaerobic bacteria on the unremoved algal
biomass (Zwaan and Babarro, 2000). The exposures resulted in
the following groups: (1) normoxic controls (C); (2) animals
exposed to short-term (1 day) hypoxia (H1); (3) animals exposed
to 1 h of reoxygenation following short-term (1 day) hypoxia
(H1R); (4) animals exposed to long-term (6 days) hypoxia (H6);
(5) animals exposed to 1 h of reoxygenation following long-term
(6 days) hypoxia (H6R). Each group consisted of 11 animals,
6 of which were used to measure the activities of Complex I
and IV in different phosphorylation states, and 5 were used to
assess the activities of PKA, PKC, and phosphatases as well as
measure the levels of PKA- and PKC-phosphorylated protein
residues by immunoblotting. All animals were dissected on ice,
and the digestive gland tissue was shock-frozen in the liquid
nitrogen and used for further analyses. We have chosen the
digestive gland because it is one of the largest and metabolically
most active organs in bivalves, sensitive to hypoxia-induced stress
(Falfushynska et al., 2020; Haider et al., 2020).

Tissue Homogenization
The digestive gland tissue was homogenized 1:5 w:v using a
glass homogenizer in either Protein Kinase Buffer (PKB) (50mM
Tris–HCl, 10mM 2-mercaptoethanol, 10% v:v glycerol, 25mM
β-glycerophosphate, 50mMNaF, pH 7.5) or Protein Phosphatase
Buffer (PPB) (50mM Tris–HCl, 10mM 2-mercaptoethanol, 10%
v:v glycerol, 2.5mM EDTA, 2.5mM EGTA, pH 7.5) with a
few crystals of phenylmethylsulfonyl fluoride (PMSF) added just
prior to homogenization. Homogenizationwas carried out on ice.
An aliquot of homogenate prepared with Protein Phosphatase
buffer was immediately mixed with 25mM β-glycerophosphate
and 50mM NaF (final concentrations) to inhibit both protein
kinases and phosphatases (stop solution). Homogenates were
centrifuged for 20min at 6,000 g at 4◦C, and the supernatant used
for enzymatic analyses.

PKA and PKC Kinase Activity Assay
The quantitative Elisa-based PKA (ab139435) and PKC
(ab139437) activity assay kits (Abcam, Cambridge, UK) were
used to determine of PKA and PKC activity in the digestive gland
according to the manufacturer’s protocol. For each reaction,
30 µl of the crude tissue homogenate prepared in the PKB
Buffer (see “Tissue Homogenization”) was used. The reaction
was initiated by ATP, and the absorbance was monitored at
450 nm in the SpectraMax M2 microplate reader (Molecular
Devices GmbH, Biberach-an-der-Riß, Germany). Linearity of the
assay was checked using the serial dilutions of the samples and
compared to the dilutions of the respective standards (purified
active PKA and PKC) supplied with the kits. Samples showed
good linearity with an average R2 of 0.985 ± 0.022 and the lines
that were parallel to the standard curve. Activity of PKA and
PKC were expressed in relative units (RU) g−1 fresh mass where
1 RU is equivalent to the activity of 1 ng of the PKA or PKC
standard during the 90min of the reaction.

Total Phosphatase Activity Assay
Total cellular phosphatase activity was determined in digestive
gland crude extract of H/R-exposed mollusks by colorimetric
assay using p-nitrophenyl phosphate as a substrate (McAvoy and
Nairn, 2010). The protein phosphatase activity was calculated
from the change in absorbance at 405 nm using a molar
extinction coefficient of 1.8 × 104 M−1cm−1. Results were
expressed as pmol product min−1 g−1 wet mass.

Enzyme Activity Assays
Mitochondrial Complex I (NADH:ubiquinone oxidoreductase,
E.C. EC 1.6.5.3) and IV (cytochrome c oxidase, EC 1.9.3.1)
activities were determined using standard spectrophotometric
techniques described elsewhere (Birch-Machin and Turnbull,
2001; Ivanina et al., 2008) using homogenates of the digestive
gland tissues prepared in the stop solution (to assess the activity
of the enzyme in the native phosphorylation state) or after
experimental (de-)phosphorylation of the homogenates in PKB
or PPB buffers (see “Tissue homogenization” and “In vitro
manipulation of the protein phosphorylation state”). The assay
was carried out in 200mM potassium phosphate buffer, pH 7.5
with 5mM MgCl2 and 0.5mg ml−1 asolectin by addition of
10mM NADH, 2mM KCN, and 1.5mM decylubiquinone as
an electron acceptor. Prior to the assay, the homogenates were
treated by 1.42mM lauryl maltoside for 1–2min to permeabilize
the outer mitochondrial membrane. Reactions were started by
addition of decylubiquinone and monitored at 340 nm at 25◦C.
After determining the initial slope corresponding to the total
reductase activity of the sample, 4.2µM rotenone was added to
inhibit Complex I. The activity of Complex I was calculated as
the rotenone-sensitive reductase activity from the differences in
the reaction slopes before and after the rotenone addition using
an extinction coefficient of 6.2 l mmole−1 cm−1 for NADH.

Complex IV activity was determined in the assay buffer
containing 50mM sodium phosphate buffer, pH 7.0 with 91µM
reduced cytochrome c. Prior to the assay, the homogenates were
treated by 2.8mM lauryl maltoside for 1-2min to permeabilize
the outer mitochondrial membrane. Reactions were started by
addition of aliquot of tissue extract and monitored at 550 nm
at 25◦C. After the initial reaction slope was determined, the
Complex IV was inhibited by 0.3mM KCN. Complex IV activity
was calculated as the difference in the reaction slope before
and after KCN addition using the extinction coefficient of 19.6
mM−1·cm−1 for cytochrome c.

Bioinformatic Prediction of Protein
Phosphorylation Sites
To test for the potential involvement of different protein kinases
in phosphorylation of Complex I and IV proteins, we examined
the distribution of predicted phosphorylation sites across all
mitochondrially-encoded core subunits of Complexes I and IV
in C. gigas, M. edulis, and A. islandica. Seven mitochondrially-
encoded Complex I subunits (ND1, ND2, ND3, ND4, ND4L,
ND5, and ND6) and three mitochondrially-encoded Complex
IV subunits (COX1, COX2, and COX3) were analyzed. NetPhos
3.1 server (http://www.cbs.dtu.dk/services/NetPhos/) was used to
predict putative serine, threonine, or tyrosine phosphorylation
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sites, focusing only on the best prediction for each residue
(Blom et al., 1999, 2004). The kinase specific predictions were
made for the following 17 kinases: ATM, CKI, CKII, CaM-
II, DNAPK, EGFR, GSK3, INSR, PKA, PKB, PKC, PKG, RSK,
SRC, cdc2, cdk5, and p38MAPK. Furthermore, the generic
kinase phosphorylation sites were predicted. Prediction scores
in the range of 0.5–1.0 were considered positive, and putative
phosphorylation sites were counted across the proteins. We also
considered whether residues on the sequences from different
species were homologous using multiple sequence alignment of
respective proteins sequences reconstructed in MUSCLE (Edgar,
2004) using MEGA7 (Kumar et al., 2016). For residues that
occupied the same alignment position we considered whether
they were predicted to be phosphorylated in one, two or all three
studied species.

In vitro Manipulation of the Protein
Phosphorylation State
To determine the effects of phosphorylation/dephosphorylation
on enzymatic activity of Complex I and IV, phosphorylation state
of the protein extract was manipulated by cerium (IV) oxide
(CeO2) or alkaline phosphatase (AP) (for dephosphorylation),
or by stimulating activity of endogenous kinases, protein kinase
A (PKA) or protein kinase C (PKC). Crude extracts of the
digestive gland tissues (50 µl) prepared either with PKB or PPB
buffers (see “Tissue Homogenization”) were mixed with 50 µl
(1:1 v:v) of the appropriate incubation buffer solutions (listed
below) and incubated at 30◦C for 30min prior to Complex
I and IV activity determination. For dephosphorylation with
CeO2, the incubation buffer contained 50mM Tris–HCl, 10%
v:v glycerol, 10mM β-mercaptoethanol, 2.5mM EDTA, 2.5mM
EGTA, and 20mM cerium oxide. Cerium (IV) oxide was
solubilized in HCl, and the final pH of the incubation buffer was
7.5. CeO2 non-selectively dephosphorylates all accessible serine,
threonine, and tyrosine residues regardless of which kinase was
responsible for their phosphorylation (Tan et al., 2008). For
alkaline phosphatase treatment, the incubation buffer contained
400U calf intestinal alkaline phosphatase in 50mM Tris–HCl,
10% v:v glycerol, 10mM β-mercaptoethanol, 5mM CaCl2, 5mM
MgCl2, pH 7.5. To stimulate the endogenous protein kinase
activities, the following incubation buffers were used: 50mM
Tris–HCl, 10% v:v glycerol, 10mM β-mercaptoethanol, pH 7.5,
5mMMg ATP, 30mM β- glycerophosphate, and either (1) 1mM
cAMP to stimulate protein kinase A (PKA); or (2) 1.3mM CaCl2
and 7 µg·ml−1 phorbol-myristate acetate to stimulate protein
kinase C (PKC). For control incubations (denoted STOP): the
buffer contained 50mM Tris–HCl, 10% v:v glycerol, 10mM β-
mercaptoethanol, 2.5mM EDTA, 2.5mM EGTA and 25mM β-
glycerophosphate, 50mM NaF, pH 7.5.

Immunoblotting
To test the effects of the experimental manipulations of the
phosphorylation status, the homogenates of the digestive gland
of M. edulis, A. islandica, or C. virginica treated with CeO2,
cAMP, PMA, or STOP solution (as described in the sections
“Tissue homogenization” and “In vitro manipulation of the
protein phosphorylation status”) were probed with the antibodies

specific for the PKA or PKC phosphorylation signatures.
Protein concentration in homogenates was measured according
to Bradford (Sigma, St. Louis, MO, USA) (Bradford, 1976),
and 50 µg of protein per lane was loaded and resolved on
10% denaturing acrylamide gel. Protein was transferred onto
Immobilon P membrane (Millipore Corp., Billerica, MA, USA),
blocked with 4% bovine serum albumin (BSA) in TBST buffer
(20mM Tris, 150mMNaCl, 0.1% Tween 20, pH 7.5) and probed
with Phospho-(Ser/Thr) PKA Substrate (#9621) or Phospho-
(Ser) PKC Substrate (#2261) antibodies (both from Cell Signaling
Europe, Frankfurt, Germany) diluted at 1:1,000 in blocking
solution. After incubation with the horseradish peroxidase-
conjugated goat anti-rabbit IgG secondary antibody (Jackson
Immunoresearch Laboratories, West Grove, PA, USA), the signal
was developed with Pierce ECL Western Blotting Substrate
(Thermo Fisher, Waltham, MA, USA) and detected with an X-
ray film. The film was scanned with transmission scanner, and
the signal was quantified with GelQuant.NET software provided
by biochemlabsolutions.com.

To quantify the total amount of PKA- or PKC-phosphorylated
proteins under different oxygen exposure regimes, digestive
gland homogenates of M. edulis, A. islandica, or C. virginica
treated with the stop solution (to inhibit phosphatases and
kinases) were mixed with the lysis buffer (0.1% sodium dodecyl
sulfate, 0.1% Triton X-100, 50mM Tris pH 7.5) supplemented
with Proteases and Phosphatases inhibitors cocktail (Sigma, St.
Louis, MO, USA) and incubated for 20min on a shaker. The
lysate was sonicated in Sonicator S-4000 (Qsonica, Newtown,
CT, USA) at 25% power for 30 s and centrifuged for 4min
at 4◦C at 10,000 × g. Protein concentration was measured
according to Bradford (Sigma, St. Louis, MO, USA) (Bradford,
1976). For each sample, 15 µg (M. edulis) or 10 µg (A.
islandica or C. gigas) of protein were mixed with 200 µl of
Tris-buffered saline (TBS) (50mM Tris, 150mM NaCl, pH
7.5) and loaded in the slots of MINIFOLD II Microsample
filtration manifold (Schleicher & Schuel, Dassel, Germany). The
mixture was filtered through Amersham Protran nitrocellulose
membrane (GE Healthcare Europe, Freiburg, Germany) by
means of vacuum. The membrane was washed in TBS, blocked
in 4% BSA in TBST buffer and probed with Phospho-(Ser/Thr)
PKA Substrate (#9621) or Phospho-(Ser) PKC Substrate
(#2261) antibodies (both from Cell Signaling Europe, Frankfurt,
Germany) diluted at 1:1,000 in blocking solution. The signal
was visualized with the horseradish peroxidase-conjugated goat
anti-rabbit IgG secondary antibody (Jackson Immunoresearch
Laboratories, West Grove, PA, USA), developed with Pierce
ECL Western Blotting Substrate (Thermo Fisher, Waltham,
MA, USA), and detected with an X-ray film. The signal on
the film was quantified with GelQuant.NET software provided
by biochemlabsolutions.com.

Statistical Analysis
The normality of the data distribution and homogeneity of
variances were tested by Kolmogorov-Smirnoff, Shapiro–Wilk,
and Levine tests. The data that deviated from the normal
distribution were normalized the by Box-Cox transforming
method. To test for the effects of the oxygen regime on the studied
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traits within each species, one-way ANOVA was used with the
oxygen regime as a fixed factor with five levels (normoxia, 1
day hypoxia, reoxygenation after 1 day hypoxia, 6 days hypoxia,

and reoxygenation after 6 days hypoxia). The effects of the
experimental manipulation of the phosphorylation state was
tested by one-way ANOVA within each species and oxygen

FIGURE 1 | Activities of PKA and PKC in the digestive gland of three species of marine bivalves during the exposure to H/R stress. (A,B) The mussels M. edulis, (C,D)

the quahogs A. islandica, and (E,F) the oysters C. gigas. Exposure conditions are control (normoxia), 1 day hypoxia (H1), 1 h reoxygenation following 1 day of hypoxia

(H1/R), 6 days of hypoxia (H6), and 1 h reoxygenation following 6 days of hypoxia (H6/R). Activities are given in relative units (RU) per gram wet tissue mass. Columns

that do not share a letter represent significantly different values (p < 0.05). The vertical bars represent S.E.M. N = 5.
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condition using the experimental treatment as a fixed factor
with four levels (stop solution corresponding to the native state,
dephosphorylation by CeO2 and phosphorylation by activation
of PKA or PKC). Tukey’s honest significant difference (HSD) test
was used to determine which pairs of means are significantly
different from each other. Statistical analyses were performed
using Statistica v. 12 (StatSoft Inc., Tulsa, OK, USA) and
GraphPad Prism v. 8.02 (GraphPad Software Inc., La Jolla, CA,
USA) software. The data are presented asmeans± standard error
of the means (SEM) unless indicated otherwise.

RESULTS

Effects of H/R Stress on Activities of
Protein Kinases
In controlM. edulis, the activity of PKA and PKC in the digestive
gland was high (4,479 ± 295 RU g−1 and 5,510 ± 814 RU g−1,
respectively) and did not significantly change during hypoxia and
reoxygenation except for a significant decrease of PKC activity
after 1 day of hypoxia (Figures 1A,B). In A. islandica, activities
of PKA and PKC were lower compared with those of M. edulis
under the control conditions (748 ± 155 RU g−1 and 217 ±

31 RU g−1, respectively). Exposure to hypoxia and subsequent
reoxygenation led to a strong elevation of the PKA and PKC
activities in A. islandica (Figures 1C,D). In C. gigas, PKA and
PKC activities under the control conditions were similar to
those of A. islandica (828 ± 128 RU g−1 and 187 ± 32 RU
g−1, respectively). Short-term (1 day) hypoxia and subsequent
reoxygenation had no effect on the activity of PKA and PKC
in C. gigas. The long-term (6 days) hypoxia strongly suppressed
PKA and PKC activities in the digestive gland of C. gigas, and
this suppression was not reversed after 1 h of reoxygenation
(Figures 1E,F).

Effects of H/R Stress on Activities of
Protein Phosphatases
The baseline (normoxic) activity levels of protein phosphatases
were the lowest in M. edulis and the highest in C. gigas
(Figure 2). In M. edulis, H/R stress had no effect on the protein
phosphatase activities (Figure 2A). In A. islandica, the activity of
the protein phosphatases decreased by ∼40% during the short-
term (1 day) hypoxia and increased by ∼40–70% (compared
to the normoxic baseline) during the long-term hypoxia and
subsequent reoxygenation (Figure 2B). In C. gigas, a slight
(∼25–35%) but statistically significant increase in the protein
phosphatase activities was observed under all H/R treatment
conditions compared with the normoxic controls (Figure 2C).

Effects of H/R Stress on the Cellular Levels
of Phosphorylated Proteins
The levels of PKA- and PKC-dependent phosphorylation of
cellular proteins decreased during hypoxia and reoxygenation in
the digestive gland of M. edulis (Figures 3A,B). This trend was
significant for the PKC-dependent but not for PKA-dependent
phosphorylation (Figures 3A,B). There was also a trend for a
stronger decrease in the levels of phosphorylated proteins after

the long-term (6 days) compared with the short-term (1 day)
hypoxia in M. edulis, albeit this trend was only statistically
significant for the PKC-dependent phosphorylation (P < 0.05;
Figures 3A,B).

In A. islandica, short-term hypoxia led to an increase of
the PKA-dependent phosphorylation levels of the proteins that
returned to the baseline after 1 h of recovery (Figure 3C). Long-
term (6 days) hypoxia led to a strong increase in the PKA-
dependent protein phosphorylation levels, which remained high
after 1 h of recovery (Figure 3C). The levels of PKC-dependent
protein phosphorylation were higher during hypoxia than during
the reoxygenation inA. islandica, albeit neither of the values were
significantly different from the normoxic controls (Figure 3D).

In C. gigas, the short-term hypoxia and reoxygenation led to
an increase in the PKA- and PKC-dependent phosphorylation
levels in the digestive gland proteins albeit this increase
was only statistically significant for the PKC-dependent
sites (Figures 3E,F). The PKA- and PKC-dependent protein
phosphorylation levels in the digestive gland of C. gigas after
the long-term hypoxia and reoxygenation were similar to the
normoxic baseline (Figures 3E,F).

Activity of Complex I and IV During H/R
Stress
In M. edulis, the maximum activity (Vmax) of the Complex I
increased after 1 and 6 days of hypoxia and subsequent recovery
albeit these trends were not statistically significant (Figure 4A).
In A. islandica, the Complex I activity decreased after the short-
term (1 day) hypoxia, but returned to the baseline levels after 1 h
of reoxygenation (Figure 4B). Long-term (6 days) hypoxia and
subsequent reoxygenation had no effect on the Complex I activity
in A. islandica. In C. gigas, activity of Complex I decreased after
1 day and 6 days of hypoxia, and remained below the control
levels following 1 h reoxygenation after the short-term (but not
long-term) hypoxia (Figure 4C).

In M. edulis, exposure to short-term (1 day) or long-term
(6 days) hypoxia led to a significant decline of the Complex
IV activity that remained below the control levels during post-
hypoxic recovery (Figure 4D). In A. islandica and C. gigas,
short-term (1 day) hypoxia led to a decrease of the Complex
IV activity; however, the Complex IV activity rapidly increased
after 1 h of recovery above the respective control (normoxic)
levels (Figures 4E,F). Long-term (6 days) hypoxia also led to an
increase in the Complex IV activity in A. islandica and C. gigas.
After 1 h of recovery following 6 days of hypoxia, the activity of
Complex IV remained elevated inA. islandica but returned to the
normoxic control level in C. gigas (Figures 4E,F).

Putative Phosphorylation Sites on the
Complex I and IV Subunits
In the seven mitochondrially-encoded core Complex I subunits
(ND1, ND2, ND3, ND4, ND4L, ND5, and ND6), a total of
505 predicted phosphorylation sites was found across all studied
species. Most (470) of these sites were species-specific. Only
24 predicted phosphorylation sites were shared by two out of
the three studied species, and 11 sites were shared by all three
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FIGURE 2 | Activities of protein phosphatases in the digestive gland of three species of marine bivalves during the exposure to H/R stress. (A) The mussels M. edulis,

(B) the quahogs A. islandica, and (C) the oysters C. gigas. Exposure conditions are control (normoxia), 1 day hypoxia (H1), 1 h reoxygenation following 1 day of

hypoxia (H1/R), 6 days of hypoxia (H6), and 1 h reoxygenation following 6 days of hypoxia (H6/R). Activities are expressed in µmol product per minute per gram wet

tissue mass. Columns that do not share a letter represent significantly different values (p < 0.05). The vertical bars represent S.E.M. N = 6.

species (Supplementary Table 1). Similarly, out of 250 predicted
phosphorylation sites on the three mitochondrially-encoded
Complex IV subunits (COX1, COX 2, and COX3), most (211)
sites were unique for each studied species, with 35 sites found
in two out of three studied species and 4 phosphorylation sites
shared among all three studied species (Supplementary Table 2).
The relative fraction of species-specific (unique) phosphorylation
sites was higher on the mitochondrially-encoded Complex I
subunits compared to the Complex IV subunits (93 vs. 84%,
respectively; Table 1).

The amount of the putative phosphorylation sites was
unevenly distributed between different studied Complex I and
Complex IV subunits, reflecting different sizes of these subunits.
Thus, the small subunits of the Complex I (ND4L and ND3)
had the least putative phosphorylation sites (23 and 25 across all
studied species, respectively), and the largest subunit ND5 had
the most (155 across all studied species). Of the Complex IV
subunits, COX1, COX 2, and COX3 had 119, 74, and 77 putative
phosphorylation sites, respectively.

Predicted phosphorylation sites indicate that protein kinases
PKA, PKC, and cdc2 potentially play the greatest role of the
PTM of the core subunits of Complexes I and IV of the studied
bivalve species. Thus, across all studied species, 99 (27%) sites
belonged to PKA, 121 (33%) sites to PKC, and 85 (23%) sites
to the cdc2 kinase (disregarding the sites for unspecified generic
kinases) (Table 1). The kinases PKA, PKC, and cdc2 accounted,
respectively, for 25, 41, and 23% of the phosphorylation sites on
Complex I subunits inM. edulis, 31, 25, and 24% in A. islandica,
and 23, 37, and 19% in C. gigas (Table 2).

Of the 177 kinase-specific phosphorylation sites on the studied
Complex IV subunits, 27 (15%) sites belong to PKA, 70 (40%)
sites to PKC, and 33 (19%) sites to cdc2 kinase (Table 1). This
pattern was similar across all studied species with the percentage
of the putative phosphorylation sites for PKA, PKC, and cdc2,
respectively: 14, 39, and 21% of in M. edulis, 16, 32, and 19% in
A. islandica, and 16, 52, and 14% in C. gigas (Table 3). For the
subsequent functional analyses, we focused on the PKA and PKC
kinases that play an important role in regulation of Complex I
and IV activities, based on the published studies in mammalian

models, and jointly account for ∼50% of phosphorylation sites
on the core subunits of Complexes I and IV of the three studied
species of marine bivalves.

Responses of Complex I Activity to the
Changes in Phosphorylation Status
In M. edulis, experimental dephosphorylation by CeO2

significantly suppressed the activity of the mitochondrial
Complex I (Figure 5A and Supplementary Figure 3). The
effects of the stimulation of PKA and PKC activity on
the activity of Complex I depended on the experimental
treatment of the mussels. In the mussels acclimated
under the normoxic conditions or recovering after the
long-term (6 days) hypoxia, phosphorylation by PKA
led to a considerable increase of the Complex I activity
relative to the enzyme in its native phosphorylation state
(Supplementary Figure 3). In the mussels exposed to 1
day or 6 days of hypoxia, or in those recovering after the
short-term (1 day) hypoxia, no increase in the Complex
I activity was observed in response to the PKA treatment
(Supplementary Figure 3).

Stimulation of the PKC had no effect on the Complex I
activity in the control mussels, as well as in those exposed
to the short-term hypoxia or subsequent recovery. In the
mussels exposed to 6 days of hypoxia and subsequent
recovery, phosphorylation by PKC led to a suppression of
the Complex I activity compared to the respective native
phosphorylation state (Supplementary Figure 3). Except for
the mussels recovering after 6 days of hypoxia (which
showed consistently low Complex I activity regardless of the
phosphorylation state), stimulation of the PKA led to the
maximum Complex I activity similar in all H/R treatment
and normoxic controls (shown by the solid red line on
Supplementary Figure 3).

In A. islandica, dephosphorylation by CeO2 led to a
suppression of the Complex I activity (Figure 5B and
Supplementary Figure 4). Stimulation of the PKA or PKC
activity led to an increase in the Complex I activity relative to
the native phosphorylation state in all experimental treatments
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FIGURE 3 | Amount of PKA- and PKC-phosphorylated sites on the digestive gland proteins of three species of marine bivalves during the exposure to H/R stress.

(A,B) The mussels M. edulis, (C,D) the quahogs A. islandica, and (E,F) the oysters C. gigas. Exposure conditions are control (normoxia), 1 day hypoxia (H1), 1 h

reoxygenation following 1 day of hypoxia (H1/R), 6 days of hypoxia (H6), and 1 h reoxygenation following 6 days of hypoxia (H6/R). RU, relative units. Columns that do

not share a letter represent significantly different values (p < 0.05). The vertical bars represent S.E.M. N = 5.

of the quahogs (Supplementary Figure 4). The maximum
PKA-stimulated activity of the Complex I in A. islandica was
similar under most experimental conditions, except for the

animals exposed to 6 days of hypoxia or recovering after 1 day of
hypoxia, which showed enhanced stimulation of the Complex I
activity by PKA (Supplementary Figure 4).
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FIGURE 4 | Activities of the mitochondrial Complexes I and IV in the digestive gland of three species of marine bivalves during the exposure to H/R stress. (A,D) The

mussels M. edulis, (B,E) the quahogs A. islandica, and (C,F) the oysters C. gigas. (A–C) The activity of mitochondrial Complex I, (D–F) the activity of mitochondrial

Complex IV. Enzymes were isolated in the presence of phosphatase and kinase inhibitors to preserve the native phosphorylation state. Exposure conditions are

control (normoxia), 1 day hypoxia (H1), 1 h reoxygenation following 1 day of hypoxia (H1/R), 6 days of hypoxia (H6), and 1 h reoxygenation following 6 days of hypoxia

(H6/R). Activities are expressed in nmol product per minute per gram wet tissue mass. Columns that do not share a letter represent significantly different values (p <

0.05). The vertical bars represent S.E.M. N = 6.

Dephosphorylation by CeO2 decreased the Complex I activity
in C. gigas (Figure 5C and Supplementary Figure 5). Unlike
M. edulis and A. islandica, experimental stimulation of PKA
and PKC activity led to a decline of the Complex I activity of
C. gigas relative to the respective native state of the enzyme.
This trend was significant under most experimental conditions
except after 6 days of hypoxia and reoxygenation following 1
day of hypoxia, where the native activity of Complex I was low
and did not further decrease in response to the experimental
(de-)phosphorylation (Supplementary Figure 5).

Of the three studied species, the Complex I of A. islandica
showed the largest increase in activity due to phosphorylation
by PKA compared to the dephosphorylated state (∼12 to 17-fold
increase under themost conditions) (Table 4). InM. edulis andC.
gigas, the ratio of Complex I activity in the PKA-phosphorylated
to dephosphorylated state was ∼4 to 12-fold and ∼2 to 11-fold,
respectively. The PKC-induced increase in Complex I activity
(relative to the dephosphorylated state) was lower in all three
studied species, ranging between∼1.3 and 5-fold (Table 4).

Responses of Complex IV Activity to the
Changes in Phosphorylation Status
In M. edulis, dephosphorylation by CeO2 led to a decrease in
the Complex IV activity except in the mussels exposed to 6
days of hypoxia, where the low native levels of the Complex
IV activity were not affected by CeO2 treatment (Figure 5D
and Supplementary Figure 6). Stimulation of PKA increased
the Complex IV activity compared to the respective native
state except in the mussels exposed to the normoxic condition
or 1 day of hypoxia (Supplementary Figure 6). Stimulation
of PKC increased the Complex IV activity in the mussels
exposed to normoxia or recovery after 1 day of hypoxia
(Supplementary Figure 6) but had little or no effect under other
experimental conditions.

In A. islandica, dephosphorylation by CeO2 caused
mild inhibition of the Complex IV activity (Figure 5E and
Supplementary Figure 6). Stimulation of PKA and PKC led to a
strong increase in the Complex IV activity in A. islandica in all
experimental exposures (Supplementary Figure 7).
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InC. gigas, experimental manipulation of the phosphorylation
state had little effect on the Complex IV activity under
the control (normoxic) conditions (Figure 5F and
Supplementary Figure 8). Dephosphorylation by CeO2

suppressed the Complex IV activity in oysters exposed to 6 days
of hypoxia or recovering after 1 day of hypoxia compared to the
respective native state, but not in other experimental treatments
(Supplementary Figure 8). Responses of the Complex IV
activity to PKA and PCK stimulation were strongly condition-
dependent. Thus, stimulation of the PKA decreased the activity
of Complex I in the oysters recovering after 1 days of hypoxia,
increased the Complex IV activity in the oysters recovering
after 6 days of hypoxia, and had little or no effect under other
experimental conditions. Stimulation of the PKC activity led
to an increase of the Complex IV activity above the respective
native state in the oysters exposed to 1 day of hypoxia but not in
other experimental treatments (Supplementary Figure 8).

An increase in the Complex IV activity due to PKA- or PKC-
induced phosphorylation (compared with the dephosphorylated
state) was higher in A. islandica (∼9 to 15-fold and∼3 to 11-fold
increase for PKA and PKC, respectively) andM. edulis (∼3 to 14-
fold and∼2 to 12-fold increase) compared with C. gigas (∼1.1 to
4-fold and ∼1 to 7-fold increase for PKA and PKC, respectively;
Table 4).

DISCUSSION

H/R-Induced Modulation of Kinase and
Phosphatase Activities in Marine Bivalves
PKA and PKC are ubiquitous serine/threonine kinases localized
in the cytosol and mitochondria of animals (Lim et al.,
2016). These enzymes play important roles in regulating
cellular metabolism by transducing multiple intracellular signals
mediated by cAMP (PKA) or phospholipid hydrolysis (PKC)
(Newton, 1997; Taylor et al., 2005). Mollusks are characterized
by a broad molecular and functional diversity of PKA and PKC
enzymes with demonstrated roles in regulation of the muscle
contraction, cytoskeleton, neuronal function and glycolysis
(Brooks and Storey, 1997; MacDonald and Storey, 1999; Bardales
et al., 2004; Béjar and Villamarín, 2006; Sossin and Abrams,
2009). Our study shows high activities of PKA and PKC in the
digestive gland of the three studied bivalve mollusks as well as the
presence of PKA- and PKC-phosphorylated residues in multiple
cellular proteins.

Earlier studies in humans andmodel organisms demonstrated
an important role of PKA and PKC in responses to H/R
stress such as occurs during ischemia-reperfusion (Armstrong,
2004; Sanada et al., 2004; Hüttemann et al., 2012). In hypoxia-
sensitive terrestrial mammals, PKA and PKC are activated by
hypoxia (Srinivasan et al., 2013; Gozal et al., 2017; Lucia et al.,
2020), whereas in a nematode Caenorhabditis elegans, hypoxia
suppresses PKA activity (Han et al., 2019). Our present study
showed a strong species-specificmodulation of the protein kinase
activities by H/R stress in marine bivalves ranging from no
change (except for a transient decrease in PKC during short-
term hypoxia) in M. edulis, an increase during hypoxia and
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TABLE 2 | Distribution of the predicted phosphorylation sites on the core mitochondrial subunits of Complex I in the three studied species.

Species and subunit ATM cdc2 cdk5 CKI CKII DNAPK EGFR INSR p38MAPK PKA PKC PKG RSK SRC Unsp Total

M. edulis 30 2 3 3 2 2 2 33 53 51 181

ND1 1 2 1 3 9 16

ND2 5 2 1 9 10 8 35

ND3 1 1 1 1 4 8

ND4 11 1 12 12 12 48

ND4L 1 1 1 3

ND5 10 2 1 1 1 8 23 13 59

ND6 2 2 3 5 12

A. islandica 2 31 9 3 7 2 1 41 33 1 1 49 180

ND1 2 2 1 1 6 2 10 24

ND2 5 3 3 8 4 6 29

ND3 1 1 4 6 12

ND4 9 1 1 1 1 6 5 9 33

ND4L 1 1 3 4 1 1 11

ND5 1 11 3 1 2 15 11 1 12 57

ND6 1 3 2 3 5 14

C. gigas 1 26 1 3 5 8 2 3 2 31 50 2 54 188

ND1 5 1 7 10 12 35

ND2 1 1 1 5 10 8 26

ND3 2 1 3 3 9

ND4 6 1 2 2 1 1 7 10 5 35

ND4L 1 1 1 3 2 1 9

ND5 8 2 3 1 2 2 6 12 1 19 56

ND6 3 1 1 3 3 1 6 18

Names of the kinases are given in the head row of the table. Unsp—unspecified (generic) kinases. Rows highlighted in bold show the total numbers of the phosphorylation sites across all studied subunits for each species.
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reoxygenation in A. islandica, and a strong suppression after
the long-term hypoxia in C. gigas. In mammals, activation of
PKA and PKC may have protective or damaging effects during
H/R stress depending on the timing of activation (i.e., during
preconditioning vs. hypoxic exposure) and the isoform of the
protein kinase that becomes activated (Armstrong, 2004; Sanada
et al., 2004; Miura et al., 2010; Duquesnes et al., 2011; Yang et al.,
2013; Gozal et al., 2017). Physiological implications of the H/R-
induced modulation of the PKA and PKC activity are not known
in marine bivalves, and further studies are needed to determine
the consequences of the modulation of these enzymes for cellular
signaling during hypoxia.

The species-specific changes in the protein kinase activity
during hypoxia correlated with the changes in the overall levels
of the phosphorylated serine/threonine residues in the proteins.
In M. edulis, the relatively constant levels of PKA activity were
associated with the unchanging amounts of the phosphorylated
PKA substrates in the digestive gland (cf. Figures 3A, 4A). In C.
gigas andA. islandica, H/R induced increases and decreases in the
PKA activity were broadly reflected in the increases and decreases
of the PKA-specific phosphorylated residues in the digestive
gland (cf. Figures 1C,E, 2C,E). The relationship was less clear
for the PKC-mediated phosphorylation. These discrepancies may
be due to the changes in the protein phosphatase activities
or compartmentalization of PKC in the bivalve tissues. These
findings indicate that the kinase-specific protein phosphorylation
levels in crude protein extracts can be a useful indicator of the
overall tissue activity of PKA but not PKC in the digestive gland
of the three studied species of marine bivalves. In contrast, the
total phosphatase activity was not correlated with the levels of
the phosphorylated protein residues in the digestive gland of the
three studies species likely because the total phosphatase activity
measured in our study involves multiple phosphatases and not
only those specific to PKA- and PKC-phosphorylated residues.

Reversible Phosphorylation as a
Regulatory Mechanism for ETS Activity in
Bivalves
Bioinformatics analysis discovered a large number (23–153)
of the putative phosphorylation sites on the mitochondrially-
encoded subunits of Complexes I and IV in the studied marine
bivalves. The number of the predicted phosphorylation sites
depended on the overall size of the respective subunit, with an
average of one phosphorylation site for each 3–5 amino acids.
The most frequent phosphorylation sites on the bivalve Complex
I mitochondrial subunits corresponded to the recognition sites
for the protein kinase A (99 sites) and protein kinase C (121 sites),
similar to the human Complex I (Gowthami et al., 2019). The
putative PKA and PKC phosphorylation sites were also highly
represented (27 and 70 sites, respectively) on the Complex IV
subunits of the studied marine bivalves. While a comparable
bioinformatics map could not be found for mammals, the
important role of PKA-dependent phosphorylation in regulation
of the Complex IV activity has been shown experimentally in
humans and othermammals (Helling et al., 2012; Castellanos and
Lanning, 2019).
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FIGURE 5 | Effects of the experimental manipulation of the phosphorylation state on the activities of the mitochondrial Complexes I and IV in the digestive gland of

three species of marine bivalves. (A,D) The mussels M. edulis, (B,E) the quahogs A. islandica, (C,F) the oysters C. gigas. (A–C) The activity of mitochondrial Complex

I, (D–F) the activity of mitochondrial Complex IV. Enzymes were isolated from the control (normoxic) animals and treated with CeO2 (to dephosphorylate the enzymes),

cAMP or phorbol myristate acetate to stimulate PKA and PKC activity, respectively. Stop solution contained inhibitors of phosphatases and kinases to preserve the

native phosphorylation state. Activities are expressed as % of the respective activity in the native phosphorylation state. Columns that do not share a letter represent

significantly different values (p < 0.05). The vertical bars represent S.E.M. N = 6.

High number of the candidate phosphorylation sites in
the Complexes I and IV of marine bivalves indicates a
considerable potential for this PTM mechanism to regulate
ETS activity, even if not all the putative phosphorylation sites
undergo reversible phosphorylation in vivo (Chen et al., 2004;
Papa et al., 2012; Gowthami et al., 2019). This hypothesis is
supported by the results of the experimental manipulation of
the enzyme phosphorylation state showing that mitochondrial
Complexes I and IV of marine bivalves are sensitive to the
regulation by reversible protein phosphorylation. Thus, the
Complex I activity was strongly suppressed by the experimental
dephosphorylation by CeO2 in all three studied species compared
to the enzyme in the native phosphorylation state. This finding
is similar to the earlier reports in humans and mammalian
models showing deactivation of the Complex I by experimental
dephosphorylation or by the site-directed mutagenesis removing
the critical phosphorylation residues on Complex I subunits
(Ould Amer and Hebert-Chatelain, 2018; Castellanos and
Lanning, 2019). Interestingly, unlike humans, rodents, and
marine bivalves, dephosphorylation by alkaline phosphatase
activated Complex I in the 13-lined ground squirrels (Ictidomys
tridecemlineatus) (Mathers and Staples, 2019). This activation by
dephosphorylation was found only in the Complex I isolated

from torpid (but not from active) squirrels (Mathers and Staples,
2019).

In all three studied species, the activity of Complex I was
elevated in the PKA-phosphorylated state albeit the degree of
activation was higher in M. edulis and A. islandica (∼12 to 16-
fold) than in C. gigas (∼4-fold). Effects of the PKC-induced
phosphorylation on Complex I activity were weaker than PKA
and similar in the three studied species (∼2 to 4-fold increase
compared to the fully dephosphorylated state). These findings are
in agreement with the earlier studies in humans and mammalian
models that showed the critical importance of serine/threonine
phosphorylation on Complex I subunits in the assembly and
activation of this enzyme complex (Castellanos and Lanning,
2019). Interestingly, in C. gigas activity of the Complex I was
higher in its native state compared to the PKA- and PKC-
phosphorylated or dephosphorylated states. This indicates that
PTM-dependent activation of this enzyme in oysters might
involve other kinases not included in the present study.

Similar to Complex I, dephosphorylation by CeO2 led to
a strong decrease in Complex IV activity in M. edulis and
A. islandica, while PKA- and PKC-dependent phosphorylation
stimulated this complex’s activity. The amplitude of the difference
in Complex IV activity between the dephosphorylated and PKA-
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TABLE 4 | Inducibility of CI and CIV activity by PKA and PKC-dependent phosphorylation relative to the dephosphorylated state.

Control H1 H1R H6 H6R

PKA-induced change in CI activity

M. edulis 12.2 ± 4.5 4.5 ± 1.3 4.3 ± 2.0 10.5 ± 6.8 3.8 ± 1.4

A. islandica 16.5 ± 8.7 14.1 ± 8.9 16.6 ± 3.9 12.1 ± 7.5 5.7 ± 1.7

C. gigas 4.4 ± 3.5 3.0 ± 0.6 2.4 ± 0.8 4.2 ± 1.6 11.4 ± 3.7

PKC-induced change in CI activity

M. edulis 3.6 ± 1.5 3.1 ± 2.0 3.2 ± 1.6 4.2 ± 1.6 1.3 ± 0.6

A. islandica 1.8 ± 0.3 1.8 ± 1.0 2.9 ± 0.8 3.1 ± 0.7 3.1 ± 1.1

C. gigas 4.4 ± 2.7 1.9 ± 0.5 1.5 ± 0.7 2.4 ± 0.8 4.8 ± 2.1

PKA-induced change in CIV activity

M. edulis 4.6 ± 0.6 3.0 ± 0.7 14.5 ± 4.3 3.8 ± 1.1 8.0 ± 1.4

A. islandica 12.2 ± 3.6 14.6 ± 3.1 9.6 ± 2.4 9.2 ± 0.8 13.5 ± 4.5

C. gigas 1.3 ± 0.4 1.4 ± 0.5 1.1 ± 0.5 4.1 ± 1.2 3.7 ± 0.8

PKC-induced change in CIV activity

M. edulis 4.2 ± 1.3 2.3 ± 1.8 11.6 ± 7.5 1.9 ± 0.6 2.0 ± 0.8

A. islandica 6.1 ± 3.8 11.3 ± 4.8 5.0 ± 2.2 1.4 ± 0.8 2.8 ± 1.2

C. gigas 1.2 ± 0.5 6.6 ± 2.2 3.3 ± 1.9 5.8 ± 2.7 1.0 ± 0.6

N 6 6 6 6 6

Means and S.E.M. are given. N = 6 for all groups. The inducibility by phosphorylation was calculated as the ratio of the CI or CIV activity after treatment with cAMP or PMA (to activate

PKA and PKC, respectively) relative to the activity measured after CeO2 treatment (to dephosphorylate the enzyme) in the same sample. For interpretation of the significance of the

differences between the respective activities of dephosphorylated and phosphorylated enzymes, see Supplementary Figures 3–7.

or PKC-phosphorylated state was larger in A. islandica (∼12 and
6-fold for PKA and PKC, respectively) than in M. edulis (∼4 to
5-fold). In C. gigas, the activity of Complex IV was insensitive
to experimental phosphorylation and dephosphorylation under
the normoxic conditions. In humans and mammalian models,
Complex IV activity is modulated by phosphorylation albeit the
effects appear to be site-dependent (Castellanos and Lanning,
2019). Thus, PKA-dependent phosphorylation of serine 58
improves the Complex I activity in the human and mouse
cells (Acin-Perez et al., 2011; Castellanos and Lanning, 2019),
whereas phosphorylation of tyrosine 304 suppresses Complex I
and increases the cellular reliance on glycolysis (Samavati et al.,
2008). In mammals, PKA-dependent phosphorylation of the
Complex I subunit COX5B also suppresses Complex IV activity
during reperfusion (Hüttemann et al., 2012).

It is worth noting that our present study used an in vitro
approach that cannot differentiate between different PKA and
PKC targets on the bivalve Complexes I and IV and does not
permit determining the site-specific effects of phosphorylation
on the activity of these enzyme complexes. Furthermore, even
though crude tissue extracts used in our study retain all the
essential components of the cellular phosphorylation machinery,
some auxiliary components (such as the scaffolding proteins
that ensure specificity of the phosphorylation sites) might be
altered during homogenization (Hüttemann et al., 2012). Despite
these caveats, our study shows a strong potential of reversible
phosphorylation by PKA and PKC as the PTM mechanism
regulating the ETS activity in marine bivalves and demonstrates
considerable species-specific sensitivity of Complexes I and IV
to these PTMs, with C. gigas enzymes being the least sensitive.
Future in vivo studies using targeted phosphoproteomics are
required to identify the PKA- and PKC phosphorylation targets

in the bivalve ETS complexes and assess the implications of the
site-specific protein phosphorylation for the enzyme activities.

Activity of the Mitochondrial Complex I and
IV During H/R Stress: A Role for PTM?
Mitochondrial Complexes I and IV are recognized as the key
targets for H/R stress involved both in the adaptive response
and the stress-induced injury caused by oxygen fluctuations
(Kim et al., 2011). Our study showed differential responses
of the mitochondrial Complex I to H/R stress in the three
studied species of hypoxia-tolerant marine bivalves (Table 5). In
A. islandica and C. gigas, both short- and long-term hypoxia
led to a suppression of Complex I activity (by ∼20–40% and
∼30–70% in A. islandica and C. gigas, respectively). These
findings agree with an earlier report of a decrease in the
oxygen consumption rates of intact mitochondria of C. gigas
respiring with Complex I substrates (such as pyruvate, malate,
or glutamate) (Sussarellu et al., 2013; Sokolov et al., 2019).
Notably, the oxygen consumption of mitochondria respiring
with a Complex II substrate (succinate) remained stable or
slightly elevated during H/R stress in C. gigas (Kurochkin et al.,
2008; Sokolov et al., 2019). This indicates that a decline in
the pyruvate- and glutamate-driven mitochondrial respiration
in oysters (Sussarellu et al., 2013; Sokolov et al., 2019) reflects
inhibition of the Complex I activity (such as found in our
present study) rather than suppression of the downstream ETS
complex(es). A decrease in the Complex I activity is considered
a major adaptive response to H/R stress that suppresses the
mitochondrial ROS generation (Fuhrmann and Brüne, 2017).
Therefore, the hypoxia-induced suppression of Complex I
activity and electron flux capacity might have protective effects
in the mitochondria of A. islandica and C. gigas.
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In the quahogs A. islandica, Complex I activity remained
strongly responsive to PKA and PKC-dependent activation
in all experimental H/R treatments (Supplementary Figure 3),
so that the activity of Complex I in the native state was
intermediate between the fully dephosphorylated and PKA-
or PKC-phosphorylated states. This makes it difficult to
unequivocally infer the potential role of PKA and PKC in the
modulation of the Complex I activity during the H/R stress
in the quahogs. Interestingly, during reoxygenation following
the short-term hypoxia, the activity of the fully PKA- or
PKC-activated Complex I of A. islandica was >2-fold higher
than the respective values for the fully activated normoxic
enzyme (Supplementary Figure 3C), indicating an increase in
the abundance of the Complex I during reoxygenation. In C.
gigas, the H/R-induced modulation of the Complex I activity
in C. gigas unlikely involved the reversible phosphorylation
by PKA and PKC. Either of these protein kinases failed to
stimulate the Complex I activity of oysters and, in most
experimental exposures, suppressed the Complex I activity below
the native state (Supplementary Figure 4). It is conceivable that
a decrease in the Complex I activity during hypoxia reflects
dephosphorylation of the enzyme, but if this is the case,
reactivation of the enzyme during recovery must occur through
other protein kinases not investigated in our present study.

UnlikeA. islandica andC. gigas, hypoxia led to a modest (∼1.6
to 2.0-fold) increase in Complex I activity in M. edulis. This
change was statistically not significant due to the large individual
variation (P > 0.05), yet an increasing trend of Complex I
activity in the mussels was observed both after 1 and 6 days
of hypoxia. The blue mussels M. edulis are considered hypoxia-
tolerant likemany intertidal bivalves (Vaquer-Sunyer andDuarte,
2008). However, the Baltic Sea population of M. edulis used
in this study was reportedly less hypoxia tolerant, possibly due
to the weakening effects of low salinity (Falfushynska et al.,
2020; Haider et al., 2020). Therefore, the lack of the adaptive
suppression of Complex I activity during hypoxia is in line
with the lower hypoxia tolerance of the mussels compared with
the two other studied species of bivalves. The hypoxia-induced
increase in the Complex I activity in M. edulis might reflect
cAMP-dependent phosphorylation of this complex by PKA.
This suggestion is supported by the finding that the activity
of Complex I in the hypoxia-exposed mussels is similar in
the native and PKA-activated states (Supplementary Figure 2).
PKC-dependent phosphorylation is likely not involved in this
modulation, since Complex I of the H/R-exposed mussels (like
that of the normoxic controls) was insensitive to the activation
by PKC.

The change in the overall activity of the mitochondrial
Complex IV as well as its responsiveness to the activation by
PKA and PKC strongly depended on the duration of hypoxia
exposure in the three studies species. InM. edulis, both the short-
and long-term hypoxia led to a strong suppression of Complex
IV activity by ∼2- and 6-fold, respectively. The suppression
of Complex IV activity during hypoxia and reoxygenation in
mussels likely reflected a decrease in the amount of the potentially
active enzyme rather than effects of dephosphorylation, because
activation by PKA or PKC did not restore the normal (normoxic)
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activity of Complex IV (Supplementary Figure 5). Post-hypoxic
reoxygenation for an hour failed to restore the normoxic
levels of Complex IV activity in the mussels indicating slow
mitochondrial recovery.

In A. islandica, short-term hypoxia suppressed the Complex
IV activity by ∼1.6-fold whereas the long-term hypoxia
stimulated the Complex IV activity by ∼3-fold. A decrease
in the Complex IV activity during the short-term hypoxia in
A. islandica can be explained by dephosphorylation of the
enzyme, whereas the elevated activity of Complex IV during
the long-term hypoxia reflect an increased enzyme amount
(Supplementary Figure 6). An increase in the amount of the
potentially active enzyme also played a role in the increase of
Complex IV activity during post-hypoxic reoxygenation in A.
islandica, albeit a contribution of the PKA- or PKC-dependent
phosphorylation cannot be excluded.

In C. gigas, the pattern of the hypoxia-induced changes in
the Complex IV activity was similar to that observed in A.
islandica. Thus, short-term hypoxia suppressed the Complex IV
activity of oysters by ∼3-fold whereas the long-term hypoxia
stimulated the Complex IV activity by ∼3-fold. However, the
mechanisms underlying these changes appeared to be different
in oysters compared to the quahogs. In oysters, the short-
term hypoxia and subsequent reoxygenation strongly increased
responsiveness of the Complex IV to activation by PKC while
PKA failed to activate this enzyme. Suppression of the Complex
IV activity after the short-term hypoxia in oysters reflected a
decrease in the enzyme abundance, while its recovery during
the 1st hour of reoxygenation was consistent with the PKC-
dependent activation (Supplementary Figure 7). Similar to A.
islandica, activation of Complex IV activity after the long-term
hypoxia in oysters was indicative of the elevated amount of the
enzyme rather that the kinase-induced activation. Interestingly,
the activity of Complex IV returned to the normoxic baseline
levels after 1 h of recovery following the long-term hypoxia,
but the enzyme had different properties relative to the one
found in normoxic animals, as it was highly responsive to PKA
activation (Supplementary Figure 7). These data indicate that
even though the Complex IV of oysters is insensitive to PKA-
and PKC-dependent modulation under the normoxic condition,
the H/R-induced changes in the enzyme properties (such as
conformation, accessibility of the phosphorylation sites, and/or
isoform composition) can strongly affect the regulatory potential
of PKA and PKC on the Complex IV activity in this species.

In hypoxia-sensitive terrestrial mammals such as humans and
rodents, suppression of the activity of mitochondrial Complex
IV during hypoxia (ischemia) or ischemic preconditioning
protects the tissue from reoxygenation-induced injury (Yang
et al., 2017; Sanderson et al., 2018). Inhibition of the Complex
IV activity during hypoxia in mammals is commonly mediated
by phosphorylation of serine or threonine residues on several
Complex IV subunits (Prabu et al., 2006; Fang et al., 2007)
albeit the identity of kinases involved in this response remains
controversial (Hüttemann et al., 2012). PKA can also inhibit the
Complex IV activity in mammalian liver indirectly by activating
downstream kinases that phosphorylate Tyr304 (Hüttemann
et al., 2012). Interestingly, activation of the soluble adenylyl
cyclase by bicarbonate in mammalian mitochondria results in

PKA-dependent phosphorylation of Complex IV that releases
allosteric inhibition of Complex IV by ATP and increases its
activity (Acin-Perez et al., 2009, 2011). This regulatory pathway
is unlikely to be involved in the Complex IV regulation in
bivalves as an earlier study showed that bicarbonate inhibits
(rather than activates) the ETS activity of marine bivalves
via a cAMP-independent mechanism (Haider et al., 2016).
Phosphorylation of cytochrome c also plays a role in regulation
of the Complex IV activity in mammals (Hüttemann et al.,
2012); however, this mechanism is not relevant to our present
study because exogenous cytochrome c was used in all enzymatic
assays. Suppression of the Complex IV activity such as found
in ischemic preconditioning in mammals (Yang et al., 2017;
Sanderson et al., 2018) and during the short-term hypoxia in
marine bivalves (present study) may play a protective role as it
prevents hyperactivation of Complex IV by the mitochondrial
Ca2+ overload during reoxygenation and thereby curtails the
production of ROS and mitochondrial injury (Hüttemann et al.,
2012). Interestingly, the suppression of the Complex IV activity
was reversed after the long-term (6 days) hypoxia in the two
most tolerant species, A. islandica and C. gigas, indicating that
after prolonged hypoxia other protective mechanisms (such
as suppression of the Complex I activity) might play more
important role.

CONCLUSIONS AND OUTLOOK

Our present study combining bioinformatics,
immunohistological, and biochemical approaches provides
evidence for the importance of the reversible phosphorylation
as a potential regulatory mechanism involved in the cellular
response to H/R stress of the hypoxia-tolerant marine bivalves.
Activities of the mitochondrial Complexes I and IV emerged
as important targets for modulation by H/R stress in marine
bivalves, and the observed hypoxia-induced changes in the
activities of these enzymes are consistent with the adaptive
mitochondrial phenotype earlier described in hypoxia-sensitive
terrestrial mammals during ischemic preconditioning that
enhances tolerance to H/R stress (Kim et al., 2011; Yang et al.,
2017; Sanderson et al., 2018). Stimulation of PKA and PKC led
to activation of the Complex I and IV activities in M. edulis
and A. islandica regardless of the oxygen exposure conditions,
with PKA being a stronger activator. In C. gigas, Complexes I
and IV activities were suppressed by PKA- and PKC-induced
phosphorylation except under certain experimental conditions
(e.g., short-term hypoxia and reoxygenation) where the effects
of PKA and PKC on the Complex IV activity were reversed.
The species-specific differences in responses to reversible
phosphorylation are consistent with the observation that most
phosphorylation sites on Complex I and IV subunits are not
homologous across different bivalve species. These findings
caution against extrapolation of the PTM-dependent regulatory
mechanisms identified in one species and/or physiological state
to other species and physiological states. Interpretation of the
functional implications of the PTM must be supported by the
direct measurements of the activities of enzymes in different
phosphorylation states for each target species and ideally
corroborated by the manipulations of the PTM in the living cells
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and organisms to assess their effects on the enzyme activities
in situ.
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