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Passive regeneration of glutathione: glutathione reductase
regulation in the freeze-tolerant North American wood frog,
Rana sylvatica
Neal J. Dawson1,* and Kenneth B. Storey2

ABSTRACT
Wood frogs inhabit a broad range across North America, extending
from the southern tip of the Appalachian Mountains to the northern
boreal forest. Remarkably, they can survive the winter in a frozen
state, where as much as 70% of their body water is converted into ice.
Whilst in the frozen state, their hearts cease to pump blood, causing
their cells to experience ischemia, which can dramatically increase
the production of reactive oxygen species within the cell. To
overcome this, wood frogs have elevated levels of glutathione, a
primary antioxidant. We examined the regulation of glutathione
reductase, the enzyme involved in recycling glutathione, in both the
frozen and unfrozen (control) state. Glutathione reductase activity
from both the control and frozen state showed a dramatic reduction in
substrate specificity (Km) for oxidized glutathione (50%) when
measured in the presence of glucose (300 mmol l−1) and a
increase (157%) when measured in the presence of levels of urea
(75 mmol l−1) encountered in the frozen state. However, when we
tested the synergistic effect of urea and glucose simultaneously, we
observed a substantial reduction in the Km for oxidized glutathione
(43%) to a value similar to that with glucose alone. In fact, we found no
observable differences in the kinetic and structural properties of
glutathione reductase between the two states. Therefore, a significant
increase in the affinity for oxidized glutathione in the presence of
endogenous levels of glucose suggests that increased glutathione
recycling may occur as a result of passive regulation of glutathione
reductase by rising levels of glucose during freezing.

KEY WORDS: Antioxidants, Enzyme kinetics, Freezing, Metabolic
rate depression, Phosphorylation

INTRODUCTION
The North American wood frog, Rana sylvatica (syn: Lithobates
sylvaticus), is able to overwinter in a remarkable fashion; it freezes
solid where up to 70% of its total body water is converted into
extracellular ice (Rubinsky et al., 1990). However, the wood frog
limits the amount of dehydration and quells subsequent damage to
cell shape and membrane integrity by accumulating and distributing
low molecular weight carbohydrate cryoprotectants, primarily
glucose, to reduce osmotic pressure (Storey and Storey, 1984;
Costanzo et al., 1993; Costanzo and Lee, 1993). The production of

glucose, among other cryoprotectants, is achieved rapidly during the
initial stages of freezing (first few hours) before blood circulation is
halted, and can rise to as high as 250 mmol l−1 naturally, while
further studies have shown that wood frogs can sustain levels of as
much as 650 mmol l−1 glucose (Storey and Storey, 1984; Costanzo
et al., 1993). In addition to glucose, urea is thought to act as an
important cryoprotectant and possible driving force behind
metabolic rate depression for R. sylvatica (Muir et al., 2008).
Rana sylvatica has been reported to be able to accumulate as much
as 80 mmol l−1 urea in skeletal muscles (Muir et al., 2008). The
accumulation of these cryoprotectants can help offset osmotic
stress; however, many complications still remain, and little is known
of their effects on the activity of important cellular processes.

Overwintering in the frozen state exposes the wood frog to
extreme hardships including ischemic conditions in the cells as a
result of the complete cessation of cardiac function, resulting in a
halt in blood flow (Rubinsky et al., 1990; Storey, 1990). Wood frogs
employ a host of defenses against ischemic insult imposed by
freezing, including dramatically depressing their metabolic rate to
balance energy demands with limited energy production, sustaining
high levels of antioxidants, and increasing the total antioxidant
capacity by augmenting the activity or function of key enzymes
including superoxide dismutase (SOD), glutathione peroxidase
(GPx), glutathione S-transferase (GST) and catalase (Joanisse and
Storey, 1996; Cowan and Storey, 2001; Dawson et al., 2015;
Dawson and Storey, 2016).

As the frog freezes, the overall reducing environment of the cells
increases as oxygen is depleted as the final electron acceptor
during aerobic metabolism (Joanisse and Storey, 1996). Because
oxygen is exhausted in the frozen state, the electron transport chain
is fully reduced, essentially priming the cell for reactive oxygen
species (ROS) production. In order to combat the increasingly
reduced state of the cell, as well as the burst production of free
radicals during reperfusion, R. sylvatica has markedly higher levels
of reduced glutathione (GSH; 219±17 nmol g−1 wet mass) in skeletal
muscle compared with its non-freezing cousin Rana pipiens (19.9±
1.8 nmol g−1 wet mass) (Joanisse and Storey, 1996). The levels of
GSH in the muscle of R. sylvatica were also observed to increase
significantly during freezing in R. sylvatica, to 308±21 nmol g−1 wet
mass (Joanisse and Storey, 1996). An increase in total GSH levels
could counteract an increase in the production of ROS during freeze-
induced ischemia or reperfusion during thawing.

GSH is the most abundant non-protein thiol in cells and plays a
primary role as an antioxidant in mammalian cells (Meister, 1995).
The role of GSH as an antioxidant can be divided into two main
functions: direct interaction with ROS or as an electron donor to
antioxidant enzymes such as GPx, GST and glutaredoxin (GRX)
(Meyer et al., 2009). Glutathione exists in two forms, the reduced
form (GSH) or the oxidized form (GSSG), the latter arising from theReceived 14 March 2017; Accepted 25 June 2017
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disulfide linkage of two GSH molecules. Glutathione reductase
(GR; E.C. 1.8.1.7; also known as glutathione disulfide reductase) is
a secondary antioxidant enzyme involved in the reduction of
glutathione disulfide (GSSG) into two glutathione molecules
(GSH). Specifically, GR catalyzes the following reaction:

GSSGþ NADPHþ Hþ ! 2GSHþ NADPþ:

Primary antioxidant enzymes use GSH to detoxify ROS species
and GR is the main enzyme tasked with actively recycling oxidized
GSSG back to GSH. In vertebrates, GR typically has only one gene,
gsr, as in Xenopus and humans. GR from Xenopus tropicalis or
Xenopus laevis has a molecular mass of 51.8 kDa as reported in the
UniProtKB database (B1WBJ3_XENTR, Q58E89_XENLA; Klein
et al., 2002). The active site of GR has two key tyrosine residues that
stabilize NADPH and GSSG during catalysis (Krauth-Siegel et al.,
1998).
GR plays a major role in maintaining the GSH/GSSG ratio in the

cell. Maintenance of this ratio is crucial, as GSH deficiencies cause
severe oxidative shock to cells and can lead to apoptotic or necrotic
cell death (Galluzzi et al., 2007; Circu and Aw, 2008; Franco and
Cidlowski, 2009). In fact, keeping GSH levels high has been shown
to be beneficial in apoptosis-resistant models (Armstrong et al.,
2002; Friesen et al., 2004). Although GSH is found in high amounts
(millimolar levels) in the cytoplasm, GSH also exists in many
organelles in the cell, including the mitochondria, peroxisomes,
nuclear matrix and the endoplasmic reticulum (Forman et al., 2009).
Mitochondria are incapable of de novo synthesis of GSH, which
suggests that the importance of GSH is amplified in the
mitochondria, the organelle with perhaps the highest continuous
generation of ROS in association with running the electron transport
system (Galluzzi et al., 2007; Circu and Aw, 2008). This emphasizes
the crucial role of mitochondrial GR in recycling GSH from GSSG.
It has been proposed that both GR and GSH must be actively
transported into the mitochondrial matrix (Franco and Cidlowski,
2009). The roles of mitochondrial and cytosolic levels of GSH have
been explored independently, and oxidative stress has been linked to
both in a similar fashion, suggesting that their roles may in fact not
be independent of one another (Garcia-Ruiz and Fernandez-Checa,
2006; Lash, 2006).
Cytosolic and mitochondrial GSH pools seem to be critically

important to counteract the production of ROS during
reoxygenation of cells, and reactivation of the electron transport
chain in the mitochondria following ischemic stress (Muyderman
et al., 2007). This may cause certain sites of burst ROS production,
such as the mitochondria, to overwhelm the GSH pools at the site of
insult during or preceding ischemic stress. One of the main ROS
produced in the mitochondria is superoxide (O2

−). O2
− cannot cross

the mitochondrial membrane, and either reacts with GSH or other
antioxidants or is converted into H2O2 by manganese superoxide
dismutase (MnSOD). GR plays a pivotal role in maintaining the
redox state of the cell, specifically the GSSG/GSH ratio, and
maintenance of the mitochondrial ratio of GSSG/GSH has also been
linked to the suppression of apoptosis (Marchetti et al., 1997;
Muyderman et al., 2007).
GR has been widely studied and characterized from humans and

traditional animal models; however, less is known about its role in
disease states or in aiding survival in the freezing frog. This study
presents the first investigation of the potential method of regulation
of GR in the leg muscle of R. sylvatica, comparing control and
frozen states, and provides evidence of possible regulation by rising
glucose levels.

MATERIALS AND METHODS
Chemicals
All chemicals were from BioShop (Burlington, ON, Canada) with a
few exceptions: oxidized glutathione (GSSG) was from Sigma (St
Louis, MO, USA), Cibacron Blue column was from Affiland (Ans,
Belgium), hydroxyapatite Bio-Gel® HTP Gel column was from
Bio-Rad (Hercules, CA, USA) and potassium phosphate,
monobasic was from J. T. Baker Chemical Company (London, UK).

Animals
Male wood frogs, Rana sylvatica LeConte 1825, were collected
from the Ottawa area in the spring and, upon capture, were washed
in a tetracycline bath. Sixteen frogs were then placed in containers
containing damp sphagnum moss and held at 5°C for 1 week. The
frogs were separated into two different groups. Eight control frogs
were sampled directly from the 5°C group. Eight frozen frogs were
placed in closed boxes with damp paper towel lining the bottom and
placed in an incubator set at −3°C. The frogs were cooled over a
45 min period to allow the body temperature of the frogs to fall to
below −0.5°C. Ice nucleation was achieved through skin contact
with ice crystals formed on the wet paper towel. The frozen group of
frogs was kept under these conditions for 24 h. Both control and
frozen frogs were killed by pithing and tissues were quickly excised
and frozen in liquid N2. All tissue samples were stored at −80°C
until later use. The Carleton University Animal Care Committee, in
accordance with the Canadian Council on Animal Care guidelines,
approved all animal handling protocols used during this study.

Preparation of muscle tissue lysates for protein purification
For protein purification, samples of frozen muscle tissue were
homogenized 1:5 w:v in ice-cold homogenizing buffer A
[50 mmol l−1 potassium phosphate (KPi) buffer, pH 7.2, containing
30 mmol l−1 β-glycerophosphate, 1 mmol l−1 EGTA, 1 mmol l−1

EDTA, 15 mmol l−1 β-mercaptoethanol, 10% glycerol and
1 mmol l−1 phenylmethylsulfonyl fluoride (PMSF)]. Homogenates
were then centrifuged at 13,500 g at 4°C and the supernatant was
collected for use in protein purification.

Purification of GR
A 5 cm column of Sephadex G-50 in a syringe barrel was
equilibrated in buffer A and centrifuged at 500 g in a bench-top
centrifuge for 2 min to remove excess buffer. An aliquot of 2 ml of
frog muscle tissue supernatant was applied to the column and
centrifuged again. The resulting eluant was collected. A
hydroxyapatite column (1.5 cm×2 cm) was then washed with
20 ml of buffer A to equilibrate the column. The eluant collected
from the Sephadex G-50 column was applied to the hydroxyapatite
column and washed with 20 ml buffer A to remove unbound
proteins. GR was eluted from the hydroxyapatite column with a
linear gradient of 0–3.5 mol l−1 KCl in buffer A. The four fractions
(with highest activity) of 900 µl were collected and 10 µl from each
fraction was assayed to detect GR activity (see ‘Kinetic assays’
section below for methodology). The fractions of peak GR activity
were pooled and diluted 10-fold with buffer A. The diluted fractions
were applied to a Cibacron Blue column (1.5 cm×10 cm) pre-
washed with 50 ml of buffer A. The column was washed with a
further 50 ml of buffer A to remove unbound protein and then
bound protein was eluted with a linear gradient of 0–2 mol l−1 KCl
in homogenization buffer A. The top four fractions (with highest
activity) of 450 µl were collected and 20 µl from each fraction was
assayed to detect GR activity. To assess enzyme purity, aliquots
of GR from different stages of the purification procedure were
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combined 2:1 with SDS loading buffer (100 mmol l−1 Tris buffer,
pH 6.8, 4% w/v SDS, 20% v/v glycerol, 0.2% w/v Bromophenol
Blue, 10% v/v 2-mercaptoethanol), boiled for 5 min, and then 20 µl
samples were used for SDS-PAGE as described below.

Kinetic assays
GR was assayed using a modified version of the method of Di Ilio
et al. (1983). Assay conditions were: 50 mmol l−1 KPi buffer
(pH 7.2), 2 mmol l−1 GSSG, 0.25 mmol l−1 NADPH and 10 µl
tissue extract. One unit of enzyme activity is the amount that
oxidizes 1 µmol of NADPH per minute at 25°C. The amount of
NADPH was measured at 340 nm in a Thermo Labsystems
Multiskan spectrophotometer (Thermo Scientific, Waltham, MA,
USA). Enzyme affinity for GSSG was determined in the presence
versus absence of 75 mmol l−1 urea or 300 mmol l−1 glucose.
Activation of GR by adenosine triphosphate (ATP), adenosine
diphosphate (ADP), adenosinemonophosphate (AMP),Mg2+, Mn2+,
K+, Ca2+ or Zn2+ was also tested. Data were analyzed using the
Kinetics v.3.5.1 program (Brooks, 1992).

Gel electrophoresis
GR was purified as described above. Protein separation was
achieved by running 20 μl of GR samples on 10% SDS-PAGE gels.
Sample aliquots were loaded onto polyacrylamide gels together
with PageRuler® pre-stained size (10–180 kDa) standards (Thermo
Scientific, cat no. 26616) and separated using a discontinuous buffer
system. Electrophoresis was carried out at 180 V for 65 min using
the Bio-Rad Mini-Protean 3 system with 1× Tris-glycine running
buffer (0.05 mol l−1 Tris, 0.5 mol l−1 glycine, 0.05% w/v SDS).
Protein banding was visualized with Coomassie Blue.

Pro-Q Diamond phosphoprotein staining
Muscle GR from control and frozen frogs was purified as described
above. The top four fractions based on activity were pooled, and
protein levels in the pooled fractions were quantified using the
Coomassie Blue dye-binding method. Aliquots of the pooled
fractions were then mixed 1:1 v:v with SDS loading buffer
(100 mmol l−1 Tris buffer, pH 6.8, 4% w/v SDS, 20% v/v glycerol,
0.2% w/v Bromophenol Blue, 10% v/v 2-mercapotethanol),
subsequently boiled for 5 min and stored at −20°C until used.
Equal volumes of each sample were loaded on a 10% SDS-PAGE

gel. The gel was run at 180 V for 55 min in running buffer
(0.5 mol l−1 Tris, 5 mol l−1 glycine, 0.5% w/v SDS). The gel was
removed and washed in fixing solution (50% v/v methanol, 10% v/v
acetic acid) twice for 10 min, then left in fixing solution overnight at
4°C followed by 3 washes with ddH2O for 10 min. The gel was then
stained with Pro-Q Diamond phosphoprotein stain (Invitrogen,
Eugene, OR, USA) for 90 min and washed 3 times with ddH2O for
10 min. The gel was covered during staining (and for the remainder
of the protocol) with aluminium foil to prevent the photosensitive
stain from interacting with light. To minimize non-specific
background, the gel was washed in Pro-Q Diamond destaining
solution (20% v/v acetonitrile, 50 mmol l−1 sodium acetate, pH 4) for
45 min, and then washed 3 times in ddH2O for 10 min. The bands on
the gel were visualized using the ChemiGenius Bioimaging System
(Syngene, Frederick, MD, USA) to assess the relative intensities of
the fluorescent bands. The fluorescence of the bands was quantified
using the accompanying GeneTools software (Syngene).

In vitro incubation to stimulate protein kinases
Frog muscle tissue extracts, prepared as described above, were
filtered through a Sephadex G-50 spun column equilibrated in

incubation buffer (50 mmol l−1 KPi, 10% v:v glycerol, 30 mmol l−1

β-mercaptoethanol, pH 7.2). Aliquots of the filtered supernatants
were incubated for 12 h at 4°C with specific inhibitors and
stimulators of protein kinases, as described in Macdonald and
Storey (1999). Each aliquot was mixed 2:1 v:v with the appropriate
solutions to stimulate protein kinases. Each solution was prepared in
incubation buffer and the following incubation conditions were used:
(i) STOP conditions: 2.5 mmol l−1 EGTA, 2.5 mmol l−1 EDTA and
30 mmol l−1 β-glycerophosphate (designed to inhibit both kinases
and phosphatases); (ii) stimulation of endogenous kinases:
5 mmol l−1 MgATP, 30 mmol l−1 β-glycerophosphate,1 mmol l−1

cAMP (to stimulate protein kinase A, PKA), 1 mmol l−1 cGMP (for
protein kinase G, PKG), 1.3 mmol l−1 CaCl2+7 μg ml−1 phorbol 12-
myristate 13-acetate (PMA; for protein kinase C, PKC), 1 mmol l−1

AMP (for AMP kinase, AMPK) and 1 U of calf intestine calmodulin
+1.3 mmol l−1 CaCl2 (for Ca2+/calmodulin-dependent protein
kinase, CaMK).

GR was then purified and samples were analyzed using Pro-Q
diamond phosphoprotein stain as described above. Fig. 1 shows
the elution profile for control and frozen preparations from a
DEAE+ column. There was no significant difference in the elution
profiles.

Western blotting analysis of post-translationalmodifications
of GR
Electrophoresis was carried out as previously described. Proteins on
the gel were then electroblotted onto polyvinylidene difluoride
(PVDF) membrane (Millipore, Bedford, MA, USA) using a Bio-
Rad mini Trans-Blot cell. The transfer was carried out at 160 mA for
1.5 h. Following the transfer, membranes were washed in TBST
(10 mmol l−1 Tris, pH 7.5, 150 mmol l−1 NaCl, 0.05% v/v Tween-
20) for 3×5 min. The membranes were blocked using 0.1%
polyvinyl alcohol in TBST for 30 min then probed for 3 h at
room temperature (RT) with the following primary antibodies (all
from Invitrogen, Carlsbad, CA, USA) diluted 1:500 v:v in TBST:
(1) rabbit anti-phosphoserine (cat. no. 618100), (2) rabbit anti-
phosphothreonine (cat. no. 718200) or (3) rabbit anti-
phosphotyrosine (cat. no. 615800). The membranes were washed
3×5 min with TBST at RT and probed with goat anti-rabbit–
peroxidase secondary antibody for 20 min. Membranes were again
washed 3×5 min in TBST at RT. Blots were developed with
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Fig. 1. DEAE+ elution profiles for purified glutathione reductase (GR) from
control and 24 h frozen Rana sylvatica muscle after incubation to
stimulate protein kinases.
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enhanced chemiluminescence reagents. Images were captured using
a ChemiGenius Bio-Imaging system with GeneSnap software and
densitometry analysis performed using GeneTools software
(Syngene). The intensity of the immunoreactive bands was
standardized against corresponding Coomassie Blue stained
bands. The intensity of the standardized immunoreactive bands of
GR from control muscle was set to a reference value of 1, whereas
the intensity of standardized immunoreactive bands from frozen
muscle was expressed as a fold change.

Arrhenius plots
Maximal GR activity was determined at 5°C increments from 5°C to
45°C. The reaction temperature was altered by placing the Thermo
LabsystemsMultiskan spectrophotometer into a VWR International
BOD 2020 Incubator (Sheldon Manufacturing Inc., Cornelius, OR,
USA) set to the desired temperature. Microplates filled with assay
mixture (but without enzyme) were equilibrated in the same
incubator for several minutes until the desired temperature was
reached (as measured by a telethermometer). Plates were then placed
into the spectrophotometer and reactions were initiated by the
addition of enzyme. Arrhenius plots were constructed from these
experiments and the activation energy (Ea) was calculated.

Determination of protein stability
Differential scanning fluorimetry is a high-throughput method that
monitors the thermal unfolding of proteins in the presence of a
fluorescent dye (Niesen et al., 2007). Purified control and 24 h frozen
GRwas aliquoted to a concentration of approximately 0.1 μg μl−1 per
well into the wells of a 96-well, thin-walled PCR plate along with the
dye SYPRO Orange (40× final concentration, Invitrogen) to a total
volume of 20 μl. PCR plates were then sealed with sealing tape and
placed into a Bio-Rad iCycler5 PCR instrument. SYPRO Orange
fluorescence was monitored as described by Biggar et al. (2012).
Briefly, SYPRO Orange was excited via the transmission of light
through the FAM filter (485±30 nm), with the subsequent emission of
light through the ROX filter (625±30 nm). Measurements were taken
every 30 s at 1°C increments from 25 to 97°C. Subsequent analysis of
the fluorescence data using OriginPro 8.5 and the Boltzmann
distribution curve yielded the midpoint temperature of the protein
unfolding transition, known as the protein melting temperature (Tm),
for control and frozen frog muscle GR.

Statistical analysis
Comparison of enzyme kinetics, relative protein phosphorylation
and protein stability was performed using a Student’s t-test, two-
tailed, assuming unequal variances. A probability of P<0.05 was
considered significant.

RESULTS
Purification of GR from themuscle of control and frozen frogs
The purification scheme used for wood frog muscle GR is shown in
Table 1. The procedure used ion exchange chromatography on a
Bio-Gel® HTP Gel hydroxyapatite column (Fig. 2A), and Cibacron
Blue chromatography (Fig. 2B). GR eluted from the Cibacron Blue
column at approximately 1 mol l−1 KCl. Frog muscle GR was
purified 134.9-fold with an overall yield of activity of 34.2%
(Table 1). The final specific activity of GR was 124.73 mU mg−1 of
protein (Table 1). The success of the purification process was
assessed using SDS-PAGE with Coomassie Blue staining of the gel
(Fig. 3). This showed that GR was purified to near homogeneity as
there was one band corresponding to the correct molecular mass of
∼50 kDa for GR (Fig. 3).

Kinetic characterization of GR
Kinetic parameters of purified muscle GR were assessed to search
for differences between control and frozen animals. The Km for
GSSG and the Vmax of GR from R. sylvatica muscle did not change
significantly between control and frozen animals (P>0.05; Table 2).
However, when assayed in the presence of different additives, the
Km value for GSSG did change. In the presence of 75 mmol l−1

urea, the Km for GSSG increased significantly (1.57-fold, P<0.05)
in comparison to the Km of GSSG in untreated samples (Table 2). In
contrast, in the presence of 300 mmol l−1 glucose, the Km for GSSG
decreased significantly to 50% of the measured Km of GSSG in
untreated samples. In the presence of both 75 mmol l−1 urea and
300 mmol l−1 glucose, the Km for GSSG was significantly different
from the Km of GSSG in both urea-treated and -untreated samples
but was not different from the Km in the presence of glucose.
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Fig. 2. Purification of GR fromR. sylvaticamuscle. (A) Typical elution profile
for glutathione reductase (GR) on a hydroxyapatite column. (B) Typical elution
profile for GR on a Cibacron Blue column.

Table 1. Typical purification and yield of Rana sylvatica muscle
glutathione reductase (GR)

Purification
step

Total
protein
(mg)

Total
activity
(mU)

Specific
activity
(mU mg−1)

Fold
purification

Yield
(%)

Crude extract 73.6 69.3 0.94 – 100
SephadexG-50 63.6 63.0 0.99 1.1 91.0
Hydroxyapatite 0.55 25.8 46.91 49.9 37.2
Cibacron Blue 0.19 23.7 124.73 134.9 34.2
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GR purified from control muscle was activated when assayed in
the presence of ATP (1.42-fold), ADP (1.37-fold) and AMP (1.35-
fold; Table 2).Ka values for ATP and ADPwere similar at 0.076 and
0.071 mmol l−1, respectively. AMP had a Ka (0.16 mmol l−1) more
than 2-fold greater that of either ATP or ADP (Table 2).
Mn2+ inhibited GR activity, showing an I50 value (inhibitor

concentration that reduced activity by 50%) of 4.44 mmol l−1

(Table 2). Ca2+ inhibited GR activity, with an I50 of 5.12 mmol l−1

(Table 2). Mg2+ and K+ did not inhibit GR activity up to
10 mmol l−1.

Post-translational modification of GR
To test whether GR was susceptible to reversible phosphorylation,
the purified GR from muscle of both control and frozen frogs was
run on an SDS-PAGE gel and stained with Pro-Q Diamond
phosphoprotein stain. GR did not react with the Pro-Q Diamond
phosphoprotein stain, resulting in no apparent banding (Fig. 4A).

Crude extracts of skeletal muscle from control and frozen frogs
were incubated to stimulate the activity of endogenously present
kinases and GR was then purified. The enzyme showed a clear band
at ∼50 kDa when stained for total phosphorylation (Fig. 4B).
However, there was no significant difference in band intensity
between GR purified from control and frozen samples.

Immunoblotting was used to assess residue-specific
phosphorylation of muscle GR. Purified GR reacted with
antibodies testing for phosphorylation on serine residues,
threonine residues and tyrosine residues (Fig. 5). However,
relative phosphorylation levels of serine, threonine and tyrosine
residues did not change between control and frozen states (P>0.05).

Scansite prediction of phosphosites
The Scansite application from the Massachusetts Institute of
Technology (http://scansite.mit.edu/) was used to analyze GR
sequences from two other frogs, X. laevis and X. tropicalis, to
search the proteins for putative phosphorylation sites (Fig. 6). GR
protein sequences showed 94.75% identity between X. tropicalis
and X. laevis. Multiple putative phosphorylation sites were
predicted to occur on GR based on the presence of consensus
sequence motifs for different protein kinases. Only those kinases
predicted to phosphorylate GR from both X. laevis and X. tropicalis
are reported. Putative consensus sequences for phosphorylation
sites of Akt kinase (protein kinase B; threonine), AMPK (serine,
threonine), CaMKII (serine, threonine), casein kinase 1 (CK1;
serine, threonine), casein kinase 2 (CK2; serine, threonine),
epidermal growth factor receptor kinase (EGFR; tyrosine), Fgr
kinase (tyrosine), insulin receptor kinase (tyrosine), PKA (serine,
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Fig. 3. Assessment of GR purification from R. sylvatica muscle. (i) Crude
muscle homogenate. (ii) GR-containing eluant after Sephadex G-50
chromatography. (iii) GR-containing eluant after hydroxyapetite
chromatography. (iv) purified GR from Cibacron Blue chromatography.
(v) Molecular mass standards. GR protein is the prominent band at ∼50 kDa
indicated by the arrow.

Table 2. Kinetic parameters of GR purified from muscle of control and
frozen R. sylvatica

Enzyme parameters Control 24 h frozen

Km GSSG (mmol l−1) 0.054±0.006 0.048±0.003
Vmax (mU g−1 wet mass) 125±6.1 121±5.3
Tm 63.8±0.4 64.7±0.4
Km GSSG+urea (mmol l−1) 0.085±0.009*
Km GSSG+glucose (mmol l−1) 0.027±0.002*
Km GSSG+glucose+urea (mmol l−1) 0.031±0.002*
Ka ATP (mmol l−1) 0.076±0.02
Fold activation ATP 1.42

Ka ADP (mmol l−1) 0.071±0.01
Fold activation ADP 1.37

Ka AMP (mmol l−1) 0.16±0.03
Fold activation AMP 1.35

I50 Mn2+ (mmol l−1) 4.44±0.33
I50 Mg2+ (mmol l−1) No inhibition

≤10 mmol l−1

I50 K+ (mmol l−1) No inhibition
≤10 mmol l−1

I50 Ca2+ (mmol l−1) 5.12±0.99
Ea (kJ mol−1) 40.7±0.9

To test the effects of additives on Km, assays were run with the addition of
75 mmol l−1 urea or 300 mmol l−1 glucose. Ka and I50 values were determined
at Km values for GSSG. Values are means±s.e.m. (n=8).
*Significantly different from the corresponding Km value for GSSG in the
absence of glucose or urea (Student’s t-test; P<0.05).
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Fig. 4. Phosphorylation of GR in control and frozen muscle. (A) The
absence of bands indicates no apparent phosphorylation of muscle GR from
either control or 24 h frozen frogs as assessed by Pro-Q diamond
phosphoprotein staining. (B) Relative phosphorylation levels of GR from
control and 24 h frozen frog muscle after total kinase incubations as assessed
by Pro-Q diamond phosphoprotein staining.
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threonine), PKCα (serine, threonine), PKCβ (serine, threonine),
PKCδ (serine), PKCε (serine), PKCγ (serine, threonine) and PKCμ
(serine) were predicted for GR (Fig. 6B).
Human GR shows 81.75% identity to X. laevis and X. tropicalis

GR. Human GR was analyzed for comparison using Scansite,
resulting in the following putative consensus sequences for
phosphorylation sites: Akt kinase (serine, threonine), AMPK
(serine, threonine), CaMKII (serine), CK1 (threonine), CK2
(threonine), EGFR kinase (tyrosine), extracellular signal-regulated
kinase 1 (Erk1; serine, threonine), Fgr kinase (tyrosine), glycogen
synthase kinase 3 (GSK3; serine, threonine), insulin receptor kinase
(tyrosine), PKA (threonine), PKCα (serine, threonine), PKCβ
(serine, threonine), PKCδ (serine, threonine), PKCε (threonine),
PKCγ (serine, threonine), PKCμ (serine, threonine) and PKCζ
(serine) were predicted for GR.

Arrhenius plots
Maximum GR activity was measured at 5°C increments starting
from 5°C and ending at 45°C using purified GR from the leg muscle
of R. sylvatica. Purified GR demonstrated a positive correlation
between temperature and activity (Fig. 7). Arrhenius plots were
created by plotting ln(Vmax) versus 1/temperature (in K). The Ea was
then calculated as 40.7±0.9 kJ mol−1 (Table 2, Fig. 7).

Stability of GR
The structural stability of GR was evaluated by testing enzyme
sensitivity to thermal denaturation using differential scanning
fluorimetry. There was no significant difference in the pattern of
thermal denaturation of purified GR between control and frozen
frogs (Fig. 8). GR purified from the muscle of R. sylvatica showed a
peak at 68°C for both control and frozen frogs. The calculated Tm
value (the temperature that results in a 50% loss of folded enzyme)
was 64.7°C for GR from control frog muscle extracts, which was not
significantly different from the value of 63.8°C for GR from frozen
muscle extracts (Table 2, Fig. 8).

DISCUSSION
Abnormalities in GR activity have been linked to disease states
including Parkinson’s disease and Alzheimer’s disease, in which an

increase in GSSG concentration was linked with greater apoptotic
cell death (Merad-Boudia et al., 1998; Aksenov and Markesbery,
2001; Diaz-Hernandez et al., 2005). An increase in the activity of
GR has been observed in rheumatoid arthritis (Mulherin et al.,
1996), and changes in the expression level and activity of GR have
also been found in cancer (Mullineaux and Creissen, 1997).
Although the exact role of GR in disease is still being explored,
knockout and knockdown experiments with GR have proved to be
lethal (Pretsch, 1999; Rogers et al., 2004, 2006). Specifically,
elevated levels of GSSG due to oxidative stress have been directly
linked to apoptotic signaling events in these experiments. As the
function of GR seems paramount for the continued survival and
quality of life in humans, exploration of GR function in organisms
than can endure long periods of time under conditions that mimic
disease-like states is of great interest to understanding the role of GR
in disease. A common theme observed for the diseases mentioned
above is an increase in oxidative stress imposed on both the whole
cell and at the mitochondrial level due to fluctuations in blood flow
and oxygen deprivation. Organisms experiencing changes in GR
regulation under oxygen-deprived states include: the red eared slider
turtle (Trachemys scripta elegans), which shows fluctuations in GR
activity as well as decreased GSH levels in the liver, heart and
muscle during anoxia (Willmore and Storey, 1997), the leopard frog
(Rana pipiens), which shows a reduction in GR activity in muscle
tissue during severe dehydration (Hermes-Lima and Storey, 1998),
the common carp (Cyprinus carpio), which shows increases in GR
activity in the brain during hypoxia (Lushchak et al., 2005), the
spadefoot toad (Scaphiopus couchii), where GR activity in the liver,
heart and kidney was significantly lower during estivation (Grundy
and Storey, 1998), and the marine periwinkle (Littorina littorea),
where GR activity decreased in the hepatopancreas during anoxia as
well as foot muscle upon exit from anoxia (Pannunzio and Storey,
1998).

In line with the animals discussed above, the freeze-tolerant frog
also experiences low oxygen, specifically in the form of ischemia,
which has been repeatedly demonstrated to include oxidative stress
and a burst production of ROS in the reperfusion recovery episode
(Ferrari et al., 1991; Simpson and Lucchesi, 1987; Zweier and
Talukder, 2006). In contrast to the other animals, the freeze-tolerant
frog controls freezing and limits dehydration and cellular damage
through the accumulation of cryoprotectants, primarily glucose and
urea (Storey and Storey, 1984; Costanzo et al., 1993; Costanzo and
Lee, 1993; Muir et al., 2008; Schiller et al., 2008). This provides the
frog with a unique advantage in that glucose is widely thought of as
a protein stabilizer which may aid protein function during the frozen
state (Imamura et al., 2003; Biggar et al., 2012; Childers et al.,
2016); however, elevated levels of glucose are linked to increased
oxidative stress, while urea is a commonly used as a protein
denaturant (Bonnefont-Rousselot, 2002; Biggar et al., 2012;
Childers et al., 2016; Dawson et al., 2015). Additionally, previous
specializations in the antioxidant defense system have been reported
in R. sylvatica, involving improved function of MnSOD and
catalase during the frozen state (Dawson et al., 2015, Dawson and
Storey, 2016); however, little is known about the effects of freezing
on glutathione reductase. Studies involving the overexpression or
increased activity of GR in the mitochondria have shown increased
resistance to oxidative stress (Foyer et al., 1995; Mockett et al.,
1999). Therefore, through exploration of the role of GR in
maintaining GSH pools during freezing in R. sylvatica, with
particular emphasis on the effects of cryoprotectants on GR
function, the regulation of GR in the frozen frog can provide
important information for both the survival of the animal upon exit
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Fig. 5. Relative phosphorylation levels of frogmuscle GR after incubation
to stimulate total kinases. Residue-specific phosphorylation of GR from
control and frozen muscle was compared using western blot analysis. There
were no significant differences between control and frozen values (Student’s
t-test; P<0.05). Values are means±s.e.m. (n=8).
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from the frozen state and insight into disease states that could
possibly benefit from a similar regulation of GR to stave off
apoptosis upon reoxygenation following ischemia.

Kinetic changes of GR in the face of increasing glucose
The kinetic properties of wood frog skeletal muscle GR were not
significantly different for GR purified from control and frozen
animals (Table 2). As GR is an abundant enzyme in muscle cells,

and is found in several subcellular locations, it may be less
energetically costly to modify the entire GR pool in order to deal
with the stress imposed by freezing. However, covalent
modification of proteins is only one of many methods to change
enzyme activity or function. Rana sylvatica increases the levels of
select osmolytes to extreme values during freezing (e.g.

X tropicalis
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X tropicalis

X tropicalis

X tropicalis
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S348 – CaMKII, PKA

T223 – CaMKII, CK2
T257 – AMPK
T273 – Akt kinase, PKA, PKCα/β/γ
T381 – Erk1 kinase 2
T387 – PKA
T413 – PKA

Y21 – EGFR, Fgr kinase, Insulin receptor kinase
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Fig. 6. Predicated phosphorylation sites on GR.
(A) Comparison of the predicted serine (S),
threonine (T) and tyrosine (Y) phosphorylation sites
on GR that are shared between Xenopus tropicalis
and Xenopus laevis. Predicted phosphorylation sites
are shown in bold and underlined. (B) Specific
kinases predicted to phosphorylate the highlighted
phosphorylation sites. PKC, protein kinase C; PKA,
protein kinase A; AMPK, AMP-activated protein
kinase; Akt, protein kinase B; Erk, extracellular signal-
regulated kinase; EGFR, epidermal growth factor
receptor.
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>200 mmol l−1 glucose), which seems to affect the enzymatic
function of GR (Storey and Storey, 2004).
GR purified from the muscle of R. sylvatica demonstrated

significant changes in affinity for GSSGwhen tested in the presence
of the physiological concentrations of glucose or urea that are
encountered during freezing (Table 2). GR showed a significant
decrease in affinity for GSSG when subjected to physiological
levels of urea (75 mmol l−1) that can be present during freezing
(Table 2). This phenomenon was overwhelmed by the effects of
high glucose, as purified GR showed a significant increase in
affinity for GSSG when subjected to physiological levels of glucose
alone or glucose+urea (Table 2). As previously mentioned,
R. sylvatica elevates glucose levels in order to prevent the osmotic
loss of water from cells due to freezing of extracellular water. The
frog may be benefitting from a pre-existing hyperglycemic response
to augment the function of GR.
Ischemia stress must be removed in order to return glucose levels

to normal; therefore, the positive effects of glucose on GR activity
would likely remain throughout the burst production of ROS during
reperfusion. Once the initial oxidative stress imposed on the cells as
a result of prolonged ischemia has been surmounted, glucose levels
will gradually return to normal levels, and the glucose-induced
increase in GR affinity for GSSG will also return to normal. This is
of note, as the GSSG/GSH ratio is involved in many signaling
pathways, and could be disrupted by maintaining elevated GR
affinity beyond the necessary time to overcome reperfusion-induced
ROS production.
In humans, high glucose has been suggested to increase the

production of free radicals, and ultimately cell death and reduced
proliferation, in diabetic and glucose-treated human cell lines
(Durante et al., 1988; Curcio and Ceriello, 1992; Tesfamariam and
Cohen, 1992; Ceriello et al., 1996). However, elevated or added GSH
has demonstrated protective effects on glucose-treated human cell
lines (Marfella et al., 1995). Previous studies on the effects of
elevated glucose levels on antioxidant enzymes have demonstrated
up-regulation in the presence of high glucose, suggesting that glucose
can stimulate the activity of antioxidant enzymes (Ceriello et al.,
1996). It is clear from these studies, as well as the evidence of
glucose-activated GR found here, that glucose levels, free radicals
and antioxidant enzyme activity are linked.

Kinetic changes of GR due to common metabolites
The effect of Ca2+ on GR is likely linked to damage of the
mitochondrial membrane, which would lead to an increase in the
cytoplasmic Ca2+ concentration (Halliwell, 1992). Leakage of Ca2+

has been widely characterized in the mitochondrial signaling of
apoptosis (Pinton et al., 2008). It has also been suggested that
freeze–thaw cycles can disrupt Ca2+ transport in muscle, suggesting
that as Ca2+ levels return to normal, GR activity could be influenced
by the change in Ca2+ levels (Halliwell, 1992; Storey and Storey,
2004).
Cellular Mn2+ exists mainly in complexes with proteins,

and a rise in free metals is usually the result of damage to
proteins and the subsequent release of the bound metals from the
protein structure (Valko et al., 2005). It would appear that the
inhibition of GR is linked to cellular damage and subsequent release
of Mn2+ when proteins are damaged; however, it is unclear at
this time what the role of Mn2+ is in inhibiting GR activity in
R. sylvatica.
Rana sylvatica ATP levels have been shown to drop in some

tissues during freezing (Storey and Storey, 1984). However, ATP,
ADP and AMP were observed to activate GR similarly (Table 2),

suggesting that any activation of GR by changes in adenylate ratios
during freezing is unlikely.

Phosphorylation of GR during freezing and induced
phosphorylation of GR by endogenous kinases
Reversible protein phosphorylation has been demonstrated as an
important method of modifying key enzymes involved in the
success of R. sylvatica during freezing (Dieni and Storey, 2008,
2009, 2010, 2011; Abboud and Storey, 2013; Dawson et al., 2015;
Dawson and Storey, 2016). The potential phosphorylation of GR
during freezing was therefore explored in order to determine
whether this same method of regulation is used to aid GSSG/GSH
homeostasis during freezing. However, there was no evidence of
changes in the phosphorylation state of GR between control or
frozen states as assessed by Pro-Q Diamond staining (Fig. 4). This
lack of phosphorylation suggested that any differences in GR
activity are not due to a freeze-induced phosphorylation event.

The phosphorylation state of GR was nonetheless explored as a
potential method of further regulating the protein and to discover
whether different phosphorylation profiles are possible between the
control and frozen states. The activities of endogenous kinases
were stimulated in frog muscle homogenates, resulting in the
phosphorylation of frog muscle GR (Fig. 4B). Fig. 1 shows the
elution profile for control and frozen preparations from a DEAE+

column. There was no significant difference in the elution profiles,
suggesting that no frozen state-specific phosphorylation event
occurred. Further analysis of the induced phosphorylation of GR
suggested that phosphorylation was achieved on serine, threonine
and tyrosine residues (Fig. 5). This is the first study to show
phosphorylation of GR in vitro.

However, phosphorylation of GR does not seem to play a role in
freeze tolerance of R. sylvatica, although it highlights the propensity
of GR for phosphorylation, which may play other roles in the
regulation of GR in the frog. Investigation based on GR sequences
from X. laevis and X. tropicalis showed the presence of putative sites
for serine, threonine and tyrosine kinases, supporting the notion that
endogenous kinases in R. sylvatica muscle can phosphorylate GR
(Fig. 6). Several of the kinases stimulated in the endogenous
incubation study were among those predicted to phosphorylate GR,
including AMPK, CaMK, PKA and PKC. This suggests that
although altered phosphorylation of GR is not a factor in the freeze
tolerance of R. sylvatica, it could play a role in other cellular
functions. Interestingly, human GR also shows potential serine,
threonine and tyrosine phosphorylation sites, suggesting the
possibility for GR phosphorylation in humans. Although GR
shows a propensity for phosphorylation, more work must be
conducted to elucidate the physiological role of phosphorylation of
this enzyme. It is clear, however, that the phosphorylation of GR
during freezing in R. sylvatica is unlikely to have a role in the
maintenance of the GSH/GSSG levels.

Thermal stability and temperature-dependent activity of GR
GR purified from both control and frozen frogs was explored via
differential scanning fluorimetry, and showed no significant
differences in enzyme structural stability between states (Fig. 8).
This provides further proof that GR from control and frozen animals
is not functionally different. Past studies of GR have demonstrated
the thermodynamic stability of GR activity, and have similarly
shown that GR remains active across a broad range of temperatures
(Lopez-Barea and Chi-Yu, 1979; Ohtsuka et al., 1994; Rescigno
and Perham, 1994). The Tm determined for frog GR shows that
denaturation takes place at a relatively high temperature of
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approximately 64°C, suggesting the GR is a very stable enzyme
(Table 2, Fig. 8). The calculated Ea was 40.7 kJ mol−1, which
suggests that the reaction catalyzed by GR is endothermic in nature,
and that the reaction may be hindered at low temperatures.

Conclusions
This study of the regulation of GR in the freeze-tolerant frog R.
sylvatica provides useful insights into the maintenance of the cellular
redox states as well as the GSSG/GSH ratios involved in apoptotic
cell signaling. The regulation of GR activity during freezing seems to
be related to the changing cellular environment, specifically increases
in glucose concentrations. GR from R. sylvatica seems to have
coupled an increase in the affinity for GSSGwith a natural increase in
the concentration of glucose during freezing. Although cytosolic
concentrations of GSH are significantly higher in R. sylvatica than in
other closely related frog species, an increase in GR activity may
be vital to maintaining GSH/GSSG levels, specifically in the
mitochondria. The mitochondrial production of ROS has been
linked to apoptotic signaling, and GR activity may be augmented in
order to combat the mitochondrial production of ROS during thaw-
induced reperfusion. GR, along with many antioxidant-related
proteins, has a high degree of similarity across species. The
similarity observed in mitochondrial proteins could allow for
researchers to explore possible roles for GR in a controlled
ischemic state, such as freezing in R. sylvatica. It is clear from this
study and others that the role of GSH and GR maintenance of the
mitochondrial redox environment during freezing in R. sylvatica
should be explored in greater detail, as it could provide valuable
insight into disease pathology by offering an alternative perspective
on the role of GR during ischemia.
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