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ARTICLE INFO ABSTRACT

Keywords: The African clawed frog, Xenopus laevis, can withstand extremely arid conditions through aestivation, resulting
Allosteric regulation in dehydration and urea accumulation. Aestivating X. laevis reduce their metabolic rate, and rely on anaerobic
Anaerobiosis ) glycolysis to meet reduced ATP demands. The present study investigated how severe dehydration affected the
Glucone?ge“eS‘S transcript levels, kinetic profile, and phosphorylation state of the key glycolytic enzyme pyruvate kinase (PK) in
ﬁz;ﬂzf;:m the liver and skeletal muscle of X. laevis. Compared to control frogs, severely dehydrated frogs showed an

increase in the transcript abundance of both liver and muscle isoforms of PK. While the kinetics of muscle PK did
not differ between dehydrated and control frogs, PK from the liver of dehydrated frogs had a lower K,, for
phosphoenolpyruvate (PEP) (38%), a lower K, for fructose-1,6-bisphosphate (F1,6P,) (32%), and a greater ac-
tivation of PK via F1,6P, (1.56-fold). PK from dehydrated frogs also had a lower phosphorylation-state (25%) in
comparison to the enzyme from control frogs in the liver. Experimental manipulation of the phosphorylation-
state of liver PK taken from control frogs by endogenous protein phosphatases resulted in decreased phos-
phorylation, and a similar kinetic profile as seen in dehydrated frogs. The physiological consequence of dehy-
dration-induced PK modification appears to adjust PK function to remain active during a metabolically depressed
state. This study provides evidence for the maintenance of PK activity through elevated mRNA levels and a
dephosphorylation event which activates frog liver PK in the dehydrated state in order to facilitate the pro-

Reversible protein phosphorylation

duction of ATP via anaerobic glycolysis.

1. Introduction

The African clawed frog, Xenopus laevis, survives severe loss of
aquatic habitat during arid periods. The seasonal drying and loss of
water sources forces X. laevis to either migrate to find other aquatic
habitats or burrow into the ground, entering a state termed aestivation.
Aestivation is characterized by whole body water loss, urea accumu-
lation, and entrance into a metabolically depressed state that can last
for months (Hillman, 2009; Storey and Storey, 2004a, 2004b; Tinsley
et al., 1996). During aestivation, X. laevis endures severe dehydration
losing up to 35% of total body water (excluding bladder water)
(Romspert, 1976). Some anurans (Rana pipiens, Heleioporus eyrei) can
withstand daily fluctuations of > 22% of total body water (Dole, 1967;
Lee, 1968). This remarkable tolerance to water loss is crucial for the
survival of most anurans because the skin typically offers little re-
sistance to evaporative water loss. In fact, the extent of dehydration
endurance correlates strongly with the terrestrial nature of anuran
habitats (Hillman, 1980; Joergensen, 1997; Thorson and Svihla, 1943;
Thorson, 1955). Regulation of water balance to facilitate the endurance

of dehydration involves a suite of behavioral, physiological, and bio-
chemical responses (Churchill and Storey, 1993; Malik and Storey,
2009; Pinder et al., 1992). Dehydration-induced variability in body
water content also leads to wide variations in body fluid osmolality and
ionic strength and, among vertebrates, anurans show some of the
greatest tolerance to variation in these parameters (Hillman, 1978,
1988, 2009). Another consequence of severe dehydration is reduced
blood volume and increased blood viscosity which leads to impairment
of aerobic cardiovascular capacity and performance, including a decline
in arterial pressure, pulse rate, and oxygen consumption (Gatten Jr,
1987; Hillman, 1987). Due to decreased blood flow, tissues and organs
can become hypoxic during severe dehydration, which induces an in-
creased use of anaerobic energy production via glycolysis (Churchill
and Storey, 1994a; Churchill and Storey, 1995; Hillman, 1978, 1987).

When aerobic energy production via oxidative phosphorylation is
limited, such as in aestivating frogs, metabolic ATP production shifts
from primarily oxidative phosphorylation to anaerobic production of
ATP. Pyruvate, generated during glycolysis from the intermediate
phosphoenolpyruvate, is converted to lactate under anaerobic
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conditions to regenerate the NAD' needed to sustain glycolysis.
Pyruvate kinase (PK; E.C. 2.7.1.40) is responsible for catalyzing the
following reaction:

phopshoenolpyruvate + ADP — pyruvate + ATP

This reaction is an important regulatory step in glycolysis, leading
to production of pyruvate that can either be reduced (forming lactate)
or oxidized (forming acetyl CoA), depending on conditions. In most
cases, this reaction is essentially irreversible, representing one of the
major points of control for glycolysis. Hence, mediation of PK activity is
critical for regulating levels of ATP and glycolytic intermediates, while
also serving as a metabolic control point, regulating the use of PEP by
gluconeogenic or glycolytic pathways in tissues such as liver (Jurica
et al., 1998; Mattevi et al., 1996; Valentini et al., 1995). Regulation of
PK activity occurs via multiple mechanisms, including tight allosteric
regulation and regulation via insulin-mediated cell signaling pathways
(Jurica et al., 1998; Mattevi et al., 1996; Valentini et al., 1995). In this
way, PK activity is responsive to the metabolic requirements of an or-
ganism, which may change depending on the energy state, tissue, or cell
type.

PK has tissue specific isozymes, each of which exhibit different ki-
netic properties to meet the particular metabolic requirements of the
expressing tissue. Although multiple PK isoforms can be detected in
some tissues, cells generally express only one isoform at appreciable
levels (Cardenas and Dyson, 1978; Imamura and Tanaka, 1972). The
biochemical properties of the different PK isozymes are best char-
acterized in mammals, which typically have four isozymes: PKL, which
is the major isozyme in the liver and minor isozyme in the kidney;
PKM1, which is associated with metabolically-demanding tissues like
muscle, heart and brain; PKR, which is found exclusively in ery-
throcytes; and the embryonic PKM2, which is also found in proliferating
cells (Cardenas and Dyson, 1978; Imamura and Tanaka, 1972; Imamura
and Tanaka, 1982; Noguchi et al., 1986; Noguchi et al., 1987). The pklr
gene encodes the liver and erythrocyte isozymes of PK (PKL, PKR),
while the pkm gene encodes the two muscle isozymes (PKM1, PKM2)
(Noguchi et al., 1986; Noguchi et al., 1987). In X. laevis, both pklr and
pkm have been identified, but not all transcripts and isoforms have been
characterized (Klein et al., 2002). Work so far suggests that the reg-
ulation of liver and muscle isozymes differs considerably. The muscle
isozyme PKM1 is typically regarded as non-allosterically regulated, as it
shows no responses to the binding of its inhibitors and/or activators
under most conditions (Jurica et al., 1998); whereas, PKM2 is allos-
terically regulated (Israelsen and Vander Heiden, 2015). In contrast
PKL, the liver isozyme is tightly regulated by the product of the phos-
phofructokinase 1 (PFK) reaction, fructose-1,6-bisphosphate (F1,6P,)
(Jurica et al., 1998). PKL is also allosterically regulated via feed-back
inhibition by ATP, the product of the PK reaction, and by phosphor-
ylation by cyclic AMP-dependent protein kinase (PKA) (Birnbaum and
Fain, 1977; El-Maghrabi et al., 1982).

Aside for the action of inhibitors, activators and feedback loops,
post-translational modifications, such as reversible protein phosphor-
ylation, also play an important role in regulating key proteins in me-
tabolic pathways in organisms that experience periods of dormancy
(Dawson et al., 2013; Dawson et al., 2015; Dawson and Storey, 2011,
2012a, 2012b, 2016; Malik and Storey, 2009; Storey and Storey,
2004a). Post-translational modification of PK specifically has been re-
ported in previous studies examining dormancy and metabolic rate
depression in other animals such as the aestivating land snail (Otala
lactea) and the freeze-tolerant goldenrod gall fly (Eurosta solidaginis)
(Abboud, 2015; Whitwam and Storey, 1990). However, few studies
have examined multiple isoforms, and no work to date has character-
ized the role of regulation of PK activity in aestivating frogs.

The purpose of this study is to understand the transcriptional, al-
losteric and post-translational regulation of pyruvate kinase under de-
hydration stress in X. laevis, which may facilitate increased glycolytic
production of ATP in a metabolically depressed state. Here we report on
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the characterization of PK from hind limb muscle and liver of control
and dehydrated X. laevis by investigating the differences in mRNA le-
vels, enzyme kinetics, and post-translational modifications. In addition,
we examine the effect of phosphorylation on the function of PK from
control and dehydrated animals.

2. Materials and methods
2.1. Animals

African clawed frogs, Xenopus laevis, were donated from the
Department of Zoology, University of Toronto. All animals were in-
itially held in tanks of dechlorinated water, acclimated to 22 °C without
food for at least 1 week. Animals were exposed to various levels of
dehydration and were housed as described previously (Churchill and
Storey, 1993). The frogs were divided into two groups; a control group
(n = 4), and a severe dehydration group (> 25% body water lost)
(n = 4). Control frogs were left in the tanks as previously described
(Churchill and Storey, 1993). Dehydration groups were placed in closed
containers and allowed to dry until ~25% of their body water was lost.
To facilitate drying, a layer of silica gel desiccant was present in the
container of the dehydration group; the silica gel desiccant was kept
physically separate from the frogs using a perforated divider. Water loss
was monitored for both groups over a period of 6-7 days by removing
the animals at set intervals and weighing each animal. No significant
changes in body mass were observed for the control groups. The change
in body mass was used as a measurement of water loss using the fol-
lowing equation; % water lost = [(Wi — Wd) / (Wi x BWCi)] x 100,
where Wi is the initial mass of the frog, Wd is the measured mass at
each interval, and BWCi is the initial body water content of frogs prior
to dehydration. For sampling, animals were killed by pithing and liver
and hind limb skeletal muscle tissues were quickly harvested, im-
mediately frozen in liquid nitrogen, and stored at —70 °C.

All experiments were conducted in accordance with the Canadian
Council on Animal Care guidelines and The Carleton University Animal
Care Committee.

2.2. Chemicals

Chemicals, biochemicals, chromatography media and coupling en-
zymes were from Sigma Chemical Co. (St. Louis, MO) whereas ProQ
Diamond Phosphoprotein stain was from Invitrogen (Eugene, OR).

2.3. Preparation of tissue lysates for protein purification

Frozen liver and skeletal muscle samples were homogenized using a
Polytron PT1000 homogenizer (1:5 w:v) on ice in buffer A (50 mM Tris,
25 mM NaF, 2.5 mM ethylenebis(oxyethylenenitrilo)tetraacetic (EGTA),
2.5mM ethylenediaminetetraacetic ~acid (EDTA), 1mM phe-
nylmethylsulfonyl fluoride (PMSF), pH 8.0). PMSF crystals were added
before homogenization process. Liver and skeletal muscle homogenates
were centrifuged at 13500 x g at 4 °C for 20 min. The resulting super-
natant was decanted and held on ice until use.

2.4. Sephadex G-50 and DEAE™ chromatography of PK

A 5cm column of Sephadex G-50 in a syringe barrel was equili-
brated in buffer A and centrifuged at 500 X g in a bench-top centrifuge
for 2min to remove excess buffer. 500 pul aliquots of either liver or
skeletal muscle extracts (1:5 w:v in buffer A) were centrifuge through
the columns at 500 X g for 2 min. The resulting eluant was collected and
1 ml was applied to a DEAE* Sephadex G50 column (1.5 cm X 20 cm)
equilibrated in buffer A, washed with 50 ml of buffer to remove un-
bound protein, and then eluted with a linear KCl gradient (0-1 M in
50 ml) in the same buffer. Fractions of ~0.6 ml were collected and 5 pl
from each fraction was assayed to detect PK activity. The top 3 fractions
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from the DEAE™ Sephadex column were pooled.
2.5. Kinetic assays

PK activity was measured as the rate of pyruvate production cou-
pled to an assay system using lactate dehydrogenase (LDH). Optimal
assay conditions for PK were 50 mM Tris buffer pH 7.2, 50 mM KCl,
2.5mM Mg-ADP, 5mM phosphoenolpyruvate (PEP), 0.25 mM NADH,
and 1 U/assay of LDH in a total volume of 200 pul with 5 pl of purified
enzyme extract per assay. The kinetic parameters of muscle and liver PK
were determined by varying the concentration of substrate or activa-
tions from zero to saturating levels. The concentrations used to de-
termine the kinetic parameters for each substrate or activator are as
follows (in mM): PEP (0, 0.025, 0.05, 0.075, 0.1, 0.3, 0.5, 0.75, 1, 1.5,
2), ADP (0, 0.025, 0.05, 0.075, 0.1, 0.3, 0.5, 0.75, 1, 3, 5), F1,6P; (O,
0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 1, 2), AMP (0, 0.05, 0.1, 0.25, 0.5, 0.75, 1,
2). One unit of PK activity is defined as the amount of enzyme that
consumed 1 pmol of PEP per minute at 25°C. The amount of NADH
consumed in the coupled reaction was measured at 340 nm with a
Thermo Labsystems Multiskan spectrophotometer (Thermo Scientific,
Waltham, MA, USA). Data were analyzed using the Kinetics v.3.5.1
program (Brooks, 1992). Protein concentrations were determined using
the Coomassie blue dye-binding method with the BioRad prepared re-
agent and bovine serum albumin as the standard.

2.6. In vitro incubation to stimulate protein kinases and phosphatases

Samples of liver or skeletal muscle extracts, prepared as previously
described in Section 2.3, were centrifuged through G50 Sephadex col-
umns equilibrated in buffer B (50 mM Tris, 10% v:v glycerol, 30 mM (-
mercaptoethanol, pH 8.0). Aliquots of the filtered supernatants were
incubated for 12h at ~4 °C with specific inhibitors and stimulators of
protein kinases and phosphatases, as described in MacDonald and
Storey (MacDonald and Storey, 1999). Each aliquot was mixed 1:2 v:v
with the appropriate solutions in buffer B that were designed to sti-
mulate protein phosphatases;

(I) STOP conditions: 2.5mM EGTA, 2.5mM EDTA and 30 mM B-gly-
cerophosphate.
(II) Total phosphatase: 5 mM MgCl,, 5mM CaCl,

After incubation, low molecular weight metabolites and ions were
removed from the extracts by centrifugation for 2min at 2000 x g
through small columns of Sephadex G50 equilibrated in buffer A before
assay.

2.7. ProQ diamond phosphoprotein staining of liver isoform

PK was purified from liver tissue of both control and dehydrated
frogs as described above. Aliquots of purified PK were then mixed 1:1
v:v with SDS loading buffer (100 mM Tris buffer, pH 6.8, 4% w/v SDS,
20% v/v glycerol, 0.2% w/v bromophenol blue, 10% v/v 2-mercapo-
tethanol) and 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 together with PageRuler® pre-stained molecular weight standards
(Thermo Scientific; Cat# 26616) and electrophoresis was carried out at
180V for 45 min in running buffer (0.05M Tris, 0.5M glycine, 0.05%
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 ddH,O for
10 min. The gel was then stained with ProQ Diamond Phosphoprotein
stain for 30 min and washed. The gel was covered with aluminum foil
during staining (and for the remainder of the protocol) to prevent the
photosensitive stain from interacting with light. To minimize non-spe-
cific background, the gel was washed in ProQ Diamond destaining so-
lution (20% v/v acetonitrile, 50 mM sodium acetate, pH 4) for 45 min,
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and then washed 3 times in ddH50 for 10 min. The bands on the gel
were visualized using the ChemiGenius Bioimaging System (Syngene,
Frederick, MD) to assess the relative fluorescence intensities. The
fluorescence of the bands was quantified using the accompanying
GeneTools software.

2.8. Scansite prediction of phosphosites

In order to determine any potential phosphorylation sites of either
muscle of liver PK, the Scansite application from the Massachusetts
Institute of Technology (http://scansite.mit.edu/) was used to analyze
the PK sequences from both muscle (NP_001080582) and liver
(NP_001083514) of X. laevis in a search for putative phosphorylation
sites.

2.9. Total RNA isolation

Total RNA was isolated from 100mg of both liver and skeletal
muscle. Each sample was homogenized using a Polytron homogenizer
in 1 ml Trizol followed by the addition of 200 pl of chloroform and
centrifugation at 10,000 X g for 15 min at 4 °C. The upper aqueous layer
(containing RNA) was removed and collected into a fresh micro-
centrifuge tube. Total RNA was then precipitated with the addition of
500 pl of isopropanol followed by incubation at room temperature for
10 min. The samples were placed in a centrifuge at 10,000 x g for
10 min and the washed with 70% ethanol and centrifuged again. The
RNA pellet was resuspended in 50 ul in DEPC-treated water. RNA
quality was assessed by the 260/280 nm ratio and was confirmed by gel
electrophoresis to check for integrity of the 18S and 28S ribosomal RNA
bands.

2.10. Primer design

Primers were designed from Xenopus laevis pklr (NM_001090045.1)
and pkm (NM_001090872.1) mRNA sequences downloaded from the NCBI
gene database. Primer Designer program version 3.0 (Scientific and
Educational Software) was used to design primers based on a number of
different parameters obtained from IDT OligoAnalyzer 3.1 program
(http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/).
Selected primer sets were chosen and purchased from Sigma Genosys;
primers are listed in Table 1.

2.11. Reverse transcriptase-PCR

cDNA was prepared from a 5pg aliquot of total RNA from each
sample diluted to 10 ul with DEPC-treated H>O and 1 pl of 200 ng/pul
oligo-dT (5-TTTTTTTTTTTTTTTTTTTTTTV-3; V = A, G, or C) primer.
Samples were incubated in a thermal cycler for 5min at 65 °C, chilled
on ice for 1 min and 4 pl of 5 X First strand buffer, 2l of 0.1 M di-
thiothreitol (DTT), 1 ul of 25 mM dNTPs (BioShop) and 1 pul of M-MLV
reverse transcriptase (Invitrogen) were added to each sample. Samples
were incubated for 45 min at 42 °C.

PCR was performed using a mixture of 15.5 pl of sterile water, 5 pl
of diluted cDNA, 1.25 pl of primer mixture (to a final concentration of
1.5puM forward and 1.5puM reverse), 0.5ul of 10x PCR buffer

Table 1
Sequences of primer pairs used in reverse transcriptase-PCR.

Gene Primer Primer sequence

pklr Forward 5’ CACACCATTCGCAAGGAACT 3’
Reverse 5’ ATACAGTCAGCTCCATCCAG 3’

pkm Forward 5’ TCTGCGTGACTGAGATTGAG 3’
Reverse 5" TAAGCACGATGATGGCTCCA 3’

a-tubulin Forward 5 AAGGAAGATGCTGCCAATAA 3’
Reverse 5’ GGTCACATTTCACCATCTG 3’
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(Invitrogen), 1.5pul MgCl, (50 mM), 0.5ul of ANTP mixture (25 mM
each) and 1 pl of Taq polymerase, for a total volume of 25 pl. All PCR
amplification cycles were as follows; an initial denaturation at 94 °C for
7 min, followed by an optimized number of cycles of 94 °C for 1 min,
primer annealing at 60 °C for 1 min, and elongation at 72 °C for 1 min.
The final elongation was at 72°C for 10 min. PCR products were se-
parated on a 1% agarose gel, stained with 1 x Sybr Green I (Invitrogen).
Band intensity was normalized against the corresponding intensity of a-
tubulin bands amplified from the same RNA sample.

2.12. Statistical analysis

Data are presented as means * SE. Student's t-tests (two-tailed;
equality of variance was determined using F tests) were used to analyze
enzyme kinetic parameters and relative protein phosphorylation levels.
Analysis of post-incubation kinetics were performed using two-factor
ANOVA followed by the Bonferroni post-tests to compare between de-
hydrated and control frogs within each incubation condition as well as
incubation conditions within the control or dehydrated groups.
P < 0.05 was considered significant.

3. Results
3.1. DEAE™ purification of PK

The elution profile for X. laevis liver PK on a DEAE" ion exchange
column is shown in Fig. 1. PK from control frogs eluted from the DEAE*
ion exchange column yielding a peak at ~410 mM KCl (Fig. 1). How-
ever, PK from liver of dehydrated frogs eluted from the DEAE + ion
exchange column much earlier at ~120 mM KCl (Fig. 1). There were no
observable differences in the elution profiles for muscle PK from control
and dehydrated frogs.

3.2. Kinetic characterization of PK

Kinetic parameters of liver PK, purified as described in Sections 2.4
and 2.5, were assessed to determine the differences in enzyme-substrate
interactions between control and dehydrated forms. The K, for PEP
from the dehydrated form of PK decreased by 38% compared to PK
from control frogs (Table 2; p < 0.05). The K, value for ADP was not
significantly different in the dehydrated form of PK in comparison to
the control form (Table 2; p > 0.05). Additionally, there was no sig-
nificant change in the V., value for PK between the control and de-
hydrated forms (Table 2; p > 0.05).

In contrast to the kinetic parameters of the liver isoform, the kinetic
parameters of the leg muscle form of PK resulted in no significant
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Fig. 1. Typical elution profile for PK from control and dehydrated liver on a DEAE*
column. Solid line shows the KCI gradient use to elute PK from the column.
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Table 2

The Ky, for PEP and the Ka for F1,6P2 were significantly lower for PK from the liver of
dehydrated X. laevis in comparison to control frogs. F1,6P2 also showed significantly
greater activation of PK in the liver of dehydrated X. laevis in comparison to control frogs.
PK was assayed in the PEP utilizing direction. K,, values were determined for crude en-
zyme extracts. Data are means = SEM. * — Significantly different from the corre-
sponding control value using Student's t-test, p < 0.05 (n = 4).

Enzyme parameter Control Dehydrated F test
Vinax (U/g wet 38.1 = 1.1 36.2 = 1.8 Fs3 = 2.678,
weight) P = 0.4400
K, PEP (mM) 0.29 = 0.016 0.18 = 0.015* F33=1.138,
P = 0.9180
Ky ADP (mM) 0.17 + 0.018 0.18 + 0.006 F33 = 9.000,
P = 0.1041
Iso ATP (mM) No effect (<10) No effect (<10) -
150 Alanine (mM) No effect (<10) No effect (<10) -
I5o Citrate (mM) No effect (<10) No effect (<10) -
Ka F1,6P, (mM) 0.22 + 0.009 0.15 + 0.014* F33 = 2.420,
Fold activation 4.13 + 0.35 6.44 = 0.66* P =0.4870
Fs3 = 3.556,
P = 0.3252
Ka AMP (mM) 0.64 + 0.017 0.62 + 0.028 F33 = 2.713,
Fold activation 1.43 = 0.028 1.35 = 0.097 P =0.4342
F33 = 12.00,
P = 0.0707

Table 3

There were no significant differences in kinetic parameters for PK from the hind limb
muscle of dehydrated and control X. laevis. PK was assayed in the PEP utilizing direction.
Km values were determined for crude enzyme extracts. Data are means + SEM.

Enzyme parameter Control Dehydrated F test
Vinax (U/g wet 94.8 = 5.7 82.8 = 3.6 Fs3 = 2.507,
weight) P = 0.4702
K PEP (mM) 0.19 + 0.018 0.18 + 0.025 F33 = 1.929,
P = 0.6030
K., ADP (mM) 1.26 = 0.13 1.43 = 0.12 Fs3 = 1.174,
P = 0.8984
Iso ATP (mM) No effect (<10) No effect (<10) -
150 Alanine (mM) No effect (<10) No effect (<10) -
I5o Citrate (mM) No effect (<10) No effect (<10) -
Ka F1,6P, (mM) 0.38 + 0.011 0.37 + 0.014 F33 = 1.620,
Fold Activation ~ 3.16 * 0.35 2.97 + 0.66 P = 0.7016
Fs3 = 3.556,
P = 0.3252
Ka AMP (mM) 0.74 + 0.077 0.80 + 0.068 F33 = 1.282,
Fold Activation 1.33 £ 0.058 1.37 £ 0.099 P =0.8430
F33 = 2913,
P = 0.4032

changes in kinetic parameters between the dehydrated state as com-
pared to the control condition (Table 3 ; p > 0.05).

3.3. Effect of cellular metabolites on PK activity

The effects of cellular metabolites on the activity of X. laevis liver
and skeletal muscle PK were evaluated (Tables 2, 3). In both the liver
and skeletal muscle, the effects of the allosteric regulators ATP, alanine,
citrate, fructose 1,6-bisphosphate (F1,6P,) and AMP were explored. In
both the liver and skeletal muscle, ATP, alanine and citrate had no
effect on PK kinetic parameters at concentrations equal to or below
10 mM (Tables 2, 3; p > 0.05).

The K, for F1,6P, was 220 uM for control liver PK, while a sig-
nificant decrease (32%) in the K, for F1,6P, under dehydration stress
was observed (Table 2; p < 0.05). In addition, activation of PK activity
by F1,6P, was significantly higher in the dehydrated form (6.44 fold-
activation) in comparison to the control form (4.13 fold-activation)
(Table 2; p < 0.05). AMP activated PK from both control and dehy-
drated animals; however no significant differences in the K, or fold-
activation were observed (Table 2; p > 0.05).
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In the skeletal muscle, none of the tested metabolites showed dif-
ferences between the control and dehydrated form (Table 3; p > 0.05).
F1,6P, and AMP did activate skeletal muscle PK by ~3 and 1.3 fold
respectively, whereas ATP, alanine, citrate did not elicit any significant
changes in PK activity in concentrations equal to or < 10 mM (Table 3;
p > 0.05).

3.4. Post-translational modification of endogenous PK

To test whether liver PK was modified by reversible phosphoryla-
tion, the peak fractions (based on activity) from the purification profiles
for control and dehydrated frogs were combined and aliquots of enzyme
were run on SDS-PAGE gels, and stained with ProQ Diamond phos-
phoprotein stain. When band densities were quantified, they showed a
1.3 fold higher band intensity for PK from liver of control frogs as
compared to the enzyme from dehydrated frogs (Fig. 2; p < 0.05),
indicating a higher content of bound phosphate on liver PK from con-
trol frogs.

3.5. In vitro post-translational modification of PK

To test whether or not reversible phosphorylation of PK could ac-
count for the observed changes in K, for PEP that were seen between
control and dehydrated states, incubations were set up such that crude
extracts of liver were exposed to conditions that stimulated endogenous
phosphatases. After incubation for 12h at 4°C, PK was purified as
previously described in Section 2.4., and the effects of incubation on the
K., of PEP were measured.

The K., of PEP was measured after incubations that promoted spe-
cific endogenous phosphates as described in Section 2.7. Stimulation of
endogenous phosphatases resulted in a significant decrease in the K,
for PEP for PK from control frogs to a value not significantly different
from the dehydrated form (Fig. 3; p < 0.05).

3.6. Scansite prediction of phosphosites

Analysis of PK sequences from both muscle (NP_001080582) and
liver (NP_001083514) of X. laevis resulted in putative consensus se-
quences for phosphorylation sites on liver PK for ATM Kinase (threo-
nine), Casein Kinase 1 (serine), Protein kinase A (PKA) (threonine),
Protein kinase C (PKC) delta (serine), and PKC epsilon (serine); while
the muscle form of PK was predicted to be phosphorylated by Casein
Kinase 1 (serine), PKC alpha (threonine), PKC beta (threonine), PKC
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Fig. 2. PK purified from the liver of control X. laevis show significantly elevated levels of
phosphorylation in comparison to dehydrated frogs with detection using ProQ Diamond
phospho-protein stain. Data are mean + SEM. * — Significantly different from the cor-
responding control value using Student's t-test, p <0.05 (n=4; F33=1.094,
P = 0.9428).
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Fig. 3. The K,, value for PEP of purified liver PK was significantly decreased in control
frogs after treatment with by in vitro incubations that stimulated the activities of en-
dogenous protein phosphatases, but remained unchanged in dehydrated frogs. Data are
mean * SEM. There was a significant main effect of dehydration (F,,s = 10.77,
P = 0.0041), incubation (F5 ;5 = 21.01, P < 0.0001) and dehydration X incubation in-
teraction (Fy15 = 19.69, P < 0.0001) (n = 4). a — Significant pairwise differences be-
tween the control and dehydrated frogs within the same incubation conditions in
Bonferroni post-tests. b — Significant pairwise differences between the incubation con-
ditions within control or dehydrated groups of frogs in Bonferroni post-tests.

delta (serine), PKC gamma (threonine), PKC mu (serine) (Fig. 4). The
protein sequence of muscle and liver PK from X. laevis showed a > 90%
identity with X. tropicalis, but only ~50% identity with humans and
other animals (UniProtKB; pklr Q6PA20_XENLA; pkm KPYM_XENLA).

3.7. mRNA levels of PK

Primers were designed based on the X. laevis pkir
(NM_001090045.1) and pkm (NM_001090872.1) mRNA sequences
downloaded from the NCBI gene database for use in relative quantita-
tion of mRNA levels in the muscle and liver of control and dehydrated
frogs. Alpha-tubulin was amplified from the same samples as a control.
Transcript levels of pklr or pkm in dehydrated frogs look to be sub-
stantially higher in both the liver and hind limb muscle in comparison
to control frogs (Fig. 5).

4. Discussion

Studies focused on long-term starvation in X. laevis show a reduction
in oxygen consumption and key metabolic enzymes in the liver (LDH,
glucose-6-phosphate dehydrogenase, PK) and muscle (LDH, PK) along
with a nearly a complete depletion of liver glycogen reserves (Merkle,
1989; Merkle and Hanke, 1988). Metabolic adaptations supporting fa-
cultative anaerobiosis typically include: metabolic rate depression, ac-
cess to reserves of a fermentable substrate, and substantial increases in
the activities of glycolytic enzymes in all organs to facilitate anaerobic
ATP production. Anaerobic glycolysis, the conversion of hexose phos-
phates to lactate, helps support the ATP requirements of the aestivating
frog. As a result, there is a requirement for strict regulatory control over
glycolytic rate, likely critical for the maintenance of energy homeostasis
during long-term aestivation. Indeed, lactate levels in the dehydrating
frog, Pseudacris crucifer, increased (5 fold) under dehydration condi-
tions (Churchill and Storey, 1994a) and LDH function has been shown
to be improved in X. laevis during dehydration through regulation by
changes in urea levels in conjunction with post-translational mod-
ification (Katzenback et al., 2014). This increase in lactate has been
attributed to hypoxia exposure, induced by a decrease in blood-flow as
a result of increased blood viscosity in dehydrated animals, and is a
strong indication of increase glycolytic activity (Hillman, 1978, 2009).

Pyruvate kinase is typically regulated tightly in accordance with the
energy state or fed-state of the animal. In the fed state, PK is typically
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Fig. 4. (A) The predicted phosphorylation sites for PK from the liver of X. laevis. (B) The predicted phosphorylation sites for PK from the muscle of X. laevis. Predicted phosphorylation
sites are shown in bold and underlined. Kinases predicted to phosphorylate PK are listed below each sequence. Sequences were retrieved from the NCBI database with accession numbers
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Fig. 5. PK transcript levels are higher in frog liver and muscle when compared using RT-
PCR (n = 4).

dephosphorylated and active, allowing for the production of ATP from
the newly acquired/digested glucose (El-Maghrabi et al., 1982). During
a fasted-state, when food is scarce; pyruvate kinase is phosphorylated
by PKA, inactivating it, preventing the conversion of PEP to pyruvate
(El-Maghrabi et al., 1982). This allows the liver to preferentially pro-
duce glucose via gluconeogenic pathways for use by other tissues. Al-
though one might be tempted to suggest that during prolonged dehy-
dration X. laevis may mimic the fasted state, dehydration studies
performed on the frogs, Pseudacris crucifer and Rana sylvatica, show that

levels of glucose content initially rose dramatically in both the liver and
muscle after dehydration (Churchill and Storey, 1994a; Churchill and
Storey, 1994b). The authors suggested this rise in glucose levels may be
due to a combination of increased gluconeogenic capacity in the liver
and increased transport of glucose to the muscle (Churchill and Storey,
1994a; Churchill and Storey, 1994b). This suggests that dehydration in
frogs may, in fact, be more analogous to the fed-state. Our results
suggest that PK is indeed regulated in the liver of dehydrated X. laevis,
which results in a low-phosphate, more active form of liver PK.

4.1. Kinetic changes of PK during severe dehydration

PK has tissue specific isoforms that are thought to be regulated in
different manners: (1) the unregulated muscle PKM1 form which is
constitutively active (Jurica et al., 1998), and (2) the tightly regulated
liver (PKL) and muscle PKM2 isoforms which are controlled allosteri-
cally and via phosphorylation (Birnbaum and Fain, 1977; El-Maghrabi
et al., 1982). The kinetic profiles for the muscle form of PK that we
isolated did not show any differences between the control and dehy-
drated forms of PK (Table 3). Since we observed allosteric regulation
via F1,6P,, and AMP in muscle PK, it is highly likely that our pur-
ification yielded both PKM1 and PKM2 forms (Israelsen and Vander
Heiden, 2015; Jurica et al., 1998).

In contrast to the muscle form, the K, for PEP of liver PK sig-
nificantly decreased in the dehydrated state as compared to the control
state (Table 2) and is indicative of a higher affinity for PEP substrate
during severe dehydration. Particularly in a situation of rising needs for
non-oxidative sources of energy, increased affinity of PEP could
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substantially increase the production of ATP via the glycolytic pathway.
The dehydrated form of liver PK also showed an increased sensitivity to
activation via F1,6P,, suggesting a greater control of liver PK activity
via allosteric effectors (Table 2). This is particularly interesting as levels
of regulatory metabolites such as ATP have been shown to drop during
the metabolically inactive state brought about by dehydration as energy
stores are depleted in another dehydrating frog, Pseudacris crucifer
(Churchill and Storey, 1994a). With prolonged dehydration exposure,
liver ATP and total adenylates fell and changes in glycolytic inter-
mediates were also consistent with an activation of glycolysis; con-
centrations of the PFK substrate F6P fell sharply, whereas those of the
product F1,6P,, increased (Churchill and Storey, 1994a). This is in-
dicative of an activation of flux through the PFK locus. Furthermore,
pyruvate also rose significantly in the liver suggesting a coordinated
activation of PK, likely through allosteric activation via F1,6P,
(Churchill and Storey, 1994a). Our results indicate that liver PK may
indeed be more active during the dehydrated state as the affinity for
both PEP and activation via F1,6P, were augmented, which, when
combined with potentially increasing level of allosteric activators,
would likely result in an increased anaerobic production of ATP.

4.2. Phosphorylation of PK

Investigation into further regulation of PK, it was discovered that
the relative phosphorylation state of liver PK showed a significant dif-
ference in global phosphorylation levels (a 1.3 fold increase) of the
enzyme in the dehydrated state as compared with the control state
(Fig. 2). Interestingly, distinct peaks of liver PK activity were found
when comparing the dehydrated form of PK to the control form during
enzyme elution off a DEAE™* column (Fig. 1). Previously, shifts to the
right in elution profiles for proteins bound to a positively charged ion
exchange column have been attributed to phosphorylation (or possibly
other posttranslational modification) events, since the addition of
phosphate groups adds a large negative charge to a protein (Abnous and
Storey, 2008; Bell and Storey, 2010; Dawson and Storey, 2011, 2012a,
2012b, 2016; Holden and Storey, 2011; Lant and Storey, 2011). Hence,
it is probable that the peak for the dehydrated form of liver PK eluting
at lower salt concentration than the control form represents a low
versus high phosphorylation states of the enzyme, respectively.

To further analyze liver PK posttranslational modification, enzyme
preparations of the control animals were incubated under conditions
that stimulated endogenous protein phosphatases. After subsequent
purification, the protein phosphatase treated control-enzyme showed
similar kinetic properties to those of the dehydrated form (Fig. 3). This
adds strong support for the proposal that the difference in liver PK
function found in dehydrated frogs is driven by a dephosphorylation
event from high- versus low-phosphate forms of the enzyme and that
dehydration stimulates the conversion of liver PK into a more active,
low-phosphate form.

To test the viability of an alternate site for protein phosphorylation
as a mechanism of PK control during dehydration, an investigation into
the putative phosphorylation sites that might be present on PK was
undertaken by analyzing the PK protein sequences of X. laevis (Fig. 4).
This analysis showed the presence of putative PKA and PKC phos-
phorylation sites on Xenopus liver PK within well-conserved phos-
phorylation motifs for these two kinases. Putative phosphorylation sites
were identified at threonine 402 for PKA and at serine 138 and serine
420 for PKC, supporting the idea that these PKA and/or PKC phos-
phorylation sites are highly likely to occur in X. laevis PK and are
candidate sites for PK phosphorylation during dehydration. Since PKA
is known to regulate PK in normal working conditions (Birnbaum and
Fain, 1977; El-Maghrabi et al., 1982), it may fall upon alternate phos-
phorylation sites to help further regulate PK during dehydration, pos-
sibly through the activity of PKC. This may suggest that phosphoryla-
tion or dephosphorylation at alternate sites from the PKA regulatory
site could result in an ‘always on’ state of the enzyme. During an
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energy-starved state, continually active PK would be required to con-
tinually produce ATP via glycolysis during a metabolically depressed
state, despite the typical response by the liver to phosphorylate PK,
inactivating it. This is of particular importance due to the fact that the
liver is tasked primarily with producing glucose via gluconeogenesis,
which could cause issues as blood flow is impaired during dehydration
and a buildup of glucose may arise if left unchecked. Interestingly, there
was no prediction of phosphorylation of PK from muscle via PKA, a
known regulator of other PK isoforms (Fig. 4B) (Birnbaum and Fain,
1977; El-Maghrabi et al., 1982). This is in line with previous studies on
the muscle form of PK which show little to no regulation, preferentially
allowing glycolysis to run continually (Jurica et al., 1998; Mattevi et al.,
1996; Valentini et al., 1995).

4.3. mRNA levels of PK

PK mRNA band intensities were greater in the liver and hind limb
muscle of dehydrated X. laevis in comparison to control, which could
suggest that PK transcript abundance may be elevated in the dehy-
drated state (Fig. 5). However, there was no difference when comparing
individual enzyme maximal activity (Tables 1, 2). Elevated levels of PK
transcripts could benefit the frog during dehydration by augmenting the
capacity for PK synthesis to potentially offset protein degradation that
may occur during prolonged dehydration, or, to sustain normal levels of
PK synthesis despite global suppression of protein synthesis that ac-
companies metabolic rate depression (Storey and Storey, 2004a). There
is some evidence that a shift from PKM1 to PKM2 expression occurs in
cancer cells, resulting in an increased capacity for regulation (Mazurek,
2011), and while our results do not determine the relative amounts of
each isoform, we do not see a change in the overall regulatory prop-
erties of the purified muscle PK which suggests that a shift in relative
abundance of PKM1 versus PKM2 is unlikely. Nevertheless, it seems
most likely that elevated mRNA levels of pklr and pkm aids X. laevis
survive the dehydrated state by sustaining PK protein production
counter to the global reduction in protein expression and/or in the face
of dehydration-induced protein degradation to ensure sustained gly-
colytic ATP production.

5. Conclusion

Fine regulation of PK activity influences energy metabolism, and
appears to be important in coping with dehydration in X. laevis.
Pyruvate kinase from dehydrated frogs showed augmented kinetic
function, likely due to a dephosphorylation event, and higher transcript
abundance (which may offset the global reduction in protein synthesis
associated with metabolic depression), when compared to control frogs.
Augmented PK activity in the liver may increase the ability of X. laevis
to control the rate of glycolysis via increased sensitivity to allosteric
regulation and possibly increased anaerobic ATP production during the
dehydrated state. Taken together, these modifications may aid in the
preservation of pyruvate kinase activity, and by extension the function
of the key energetic pathway of glycolysis, during dehydration
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