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Abstract The African clawed frog, Xenopus laevis, is

able to withstand extremely arid conditions by estivating,

in conjunction with dehydration tolerance and urea accu-

mulation. Estivating X. laevis reduce their metabolic rate

and recruit anaerobic glycolysis, driven by lactate dehy-

drogenase (LDH; E.C. 1.1.1.27) enzymes that reversibly

convert pyruvate and NADH to lactate and NAD?, to meet

newly established ATP demands. The present study

investigated purified LDH from the liver of dehydrated and

control X. laevis. LDH from dehydrated liver showed a

significantly higher Km for L-lactate (1.74 fold), NAD?

(2.41 fold), and pyruvate (1.78 fold) in comparison to LDH

from the liver of control frogs. In the presence of physio-

logical levels of urea found in dehydrated animals, the Km

values obtained for dehydrated LDH all returned to control

LDH Km values. Dot blot analysis showed post-transla-

tional modifications may be responsible for the kinetic

modification as the dehydrated form of LDH showed more

phosphorylated serine residues (1.54 fold), less methylated

lysine residues (0.43 fold), and a higher level of ubiquiti-

nation (1.90 fold) in comparison to control LDH. The

physiological consequence of dehydration-induced LDH

modification appears to adjust LDH function in conjunc-

tion with urea levels in dehydrated frogs. When urea levels

are high during dehydration, LDH retains its normal

function. Yet, as urea levels drop during rehydration, LDH

function is reduced, possibly shunting pyruvate to the TCA

cycle.

Keywords Metabolic rate depression � Estivation � Post-

translational modification

Abbreviations

ANOVA Analysis of variance

ATP Adenosine triphosphate

BWCi Initial body water content

DEAE? Diethylaminoethanol

DSF Differential scanning fluorimetry

EDTA Ethylene diamine tetraacetic acid

EGTA Ethylene glycol tetraacetic acid

IgG Immunoglobulin G

Km Michaelis constant

LDH Lactate dehydrogenase

Md Measured mass

Mi Initial mass

MW Molecular weight

NAD? Nicotinamide adenine dinucleotide

NADH Reduced form of nicotinamide adenine

dinucleotide

PEG Polyethylene glycol

PMSF Phenylmethanesulfonyl fluoride

PVA Polyvinyl alcohol

Rf Distance migrated over the gel length

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis

SEM Standard error of the mean

TBS Tris-buffered saline

TBST Tris-buffered saline with 0.05 % Tween-20

TCA cycle Tricarboxylic acid cycle
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Tm Melting point

Vmax Maximum initial velocity of the enzyme

catalyzed reaction

Introduction

The African clawed frog, Xenopus laevis, is a primarily

aquatic species of frogs native to South Africa that can

survive extreme arid conditions. During seasonally arid

periods, the bodies of water in which X. laevis reside

can dry up, prompting the frogs to migrate to a new

body of water or burrow into the mud and enter a

dormant state, termed estivation (Tinsley and Kobel

1996). Estivation is commonly associated with extreme

metabolic rate depression (Hillman et al. 2009). During

migration and estivation, X. laevis experience dehydra-

tion and can tolerate up to 35 % of total body water loss

(Romspert 1976). As a consequence of dehydration,

anurans often experience hyper-salinity that can, in turn,

help hinder further water loss (Malik and Storey 2009;

Hillman et al. 2009). One such common osmolyte that

increases in X. laevis is urea; plasma urea concentrations

increase by 15–30-fold while liver urea concentrations

increase by *20-fold (Balinsky et al. 1967; Malik and

Storey 2009). In addition, dehydrated X. laevis experi-

ence an increase in blood viscosity and a decrease in

blood volume, both of which can impair oxygen trans-

port and create hypoxia stress (Hillman 1978a; Hillman

et al. 2009). As such, estivating X. laevis may shift from

aerobic to anaerobic metabolism to meet newly estab-

lished energy demands.

Under hypoxic conditions, metabolic ATP production

shifts from primarily oxidative phosphorylation to glycol-

ysis. Pyruvate, generated during glycolysis, is converted to

lactate under anaerobic conditions to regenerate the NAD?

needed to sustain glycolysis. Lactate dehydrogenase (LDH;

E.C. 1.1.1.27) is responsible for catalyzing the reversible

reaction of pyruvate and NADH to lactate and NAD?. X.

laevis can estivate for months at a time waiting for favor-

able environmental conditions to return and would likely

need to regulate the build-up of acidic glycolytic end-

products such as lactate (Storey and Storey 2004b). Post-

translational modifications, such as reversible protein

phosphorylation, have been shown to play important roles

in regulating key proteins in metabolic pathways in

organisms that experience periods of dormancy (Storey and

Storey 2004a; Malik and Storey 2009). In fact, post-

translational modification of LDH has been reported in

previous studies examining dormancy and metabolic rate

depression in animals such as the freeze-tolerant North

American wood frog (Rana sylvatica) and the anoxia

tolerant turtle (Trachemys scripta elegans) (Dawson et al.

2013; Abboud and Storey 2013).

The purpose of this study is to understand the regulation

of a key anaerobic metabolic enzyme, lactate dehydroge-

nase, under dehydration stress in a model organism, X.

laevis. Here we report on the purification of LDH from the

liver, a central organ involved in metabolism, of control

and dehydrated X. laevis and investigate the differences in

kinetics, post-translational modifications, and stabilities of

LDH from the two conditions. In addition, we examine the

effect of urea and protein crowding on the activity/function

of LDH from control and dehydrated animals.

Materials and methods

Chemicals and animals

All biochemicals were from BioShop (Burlington, ON,

Canada) with a few exceptions; sodium pyruvate was from

Sigma (St. Louis, MO), L(?) lactic acid was from Poly-

sciences Inc. (Warrington, PA, USA), potassium phos-

phate, monobasic was from J.T. Baker Chemical Company

(London, UK) and 409 SYPRO Orange dye was from

Invitrogen (Carlsbad, CA, USA).

Adult male X. laevis were obtained from the University

of Toronto Xenopus colony (Toronto, ON, Canada) and

weighed 38.3 ± 1.5 g. Frogs were housed in buckets

containing dechlorinated water at room temperature

(*20 �C). Animals were acclimated for at least a week

prior to the initiation of dehydration experiments. Control

animals were sampled from this group. For dehydration

exposure, frogs were placed in closed plastic buckets at

room temperature; animals were weighed at 12 h intervals

until *30 % of their total body water had been lost. The

total body water lost was calculated from the change in

mass of the frogs over time:

% water lost ¼ Mi�Mdð Þ= Mi� BWCið Þ½ � � 100 %

where, Mi is the initial mass of the frog, Md is the mass at

any given weighing during the experimental dehydration,

and BWCi is the initial body water content of the frog

before dehydration, which was experimentally determined

to be 0.741 ± 0.019 g H2O per gram body mass (Malik

and Storey 2009). The mean percent body water lost from

the dehydrated frogs was 34.9 ± 1.6 % and occurred over

a 3–4 day time period. It was assumed that no significant

weight loss was due to tissue loss over this time period.

Frogs from the control and experimental conditions were

killed by pithing, and tissues rapidly excised and flash

frozen in liquid nitrogen. All tissue samples were stored at

-80 �C until use. The Carleton University Animal Care

Committee, in accordance with the Canadian Council on
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Animal Care guidelines, approved all animal handling

protocols and experiments performed in this study.

Preparation of tissue extracts

Frozen liver tissue samples were homogenized 1:10 in ice

cold homogenization buffer [20 mM potassium phosphate

(pH 7.2), 15 mM b-glycerophosphate, 1 mM EGTA,

1 mM EDTA, 15 mM b-mercaptoethanol] using a Polytron

homogenizer (Brinkmann Instruments, Rexdale, ON,

Canada). Immediately following the addition of ice-cold

homogenization buffer to the tissue sample, a few crystals

of phenylmethylsulfonyl fluoride (PMSF) were added,

usually to 1–2 mL of homogenization solution, to prevent

protease activity. Tissue homogenates were centrifuged at

10,0009g at 4 �C for 30 min, the supernatant collected and

held at 4 �C until use.

Lactate dehydrogenase purification

A 1.6 mL sample of liver extract (1:10 in homogenization

buffer) containing *29 mg of total protein was applied to

a DEAE? column previously equilibrated with homoge-

nization buffer. Following application of the crude

extract, the column was washed with 30 mL of homog-

enization buffer and 3.31 mL fractions collected. From

each fraction, a 1:20 dilution was prepared in homoge-

nization buffer and 5 lL from each diluted fraction was

assayed to detect LDH activity. The active fractions were

pooled and applied to a Cibacron Blue 3GA column

equilibrated with homogenization buffer. The Cibacron

Blue 3GA column was washed with 30 mL of homoge-

nization buffer to remove unbound protein and a linear

gradient of 0–6 mM sodium pyruvate and NADH applied

to elute bound protein. Fractions of 1.24 mL were col-

lected and 5 lL from each fraction was assayed to detect

LDH activity. The fractions containing peak activity were

pooled, diluted 1:10, and applied to a second Cibacron

Blue 3GA column in a similar fashion, although in this

case, protein was eluted with a linear gradient of 0–2 M

KCl in homogenization buffer. The fractions were assayed

for LDH activity, and the active fractions pooled. Protein

concentrations of all samples and fractions were measured

using the Bio-Rad protein assay dye reagent (Bio-Rad,

Hercules, CA, USA) with serial dilutions of bovine serum

albumin as the standard according to the manufacturer’s

instructions. The purity of the LDH sample was checked

by denaturing and reducing gel electrophoresis followed

by Coomassie blue staining as described below. LDH

from the liver tissue of control and dehydrated frogs were

purified in the same manner.

Lactate dehydrogenase enzyme assay

The activity of LDH was measured as the rate of produc-

tion or consumption of NADH using a plate based assay by

measuring absorbance at 340 nm using a Thermo Labsys-

tems Multiskan spectrophotometer (Thermo Scientific,

Waltham, MA, USA). Optimal assay conditions for LDH

in the lactate-oxidizing direction were 100 mM potassium

phosphate buffer pH 7.2, 60 mM L-lactate and 2 mM

NAD? in a total volume of 200 lL, with 5 lL of 1:1

(dehydrated) or 1:5 (control) diluted purified LDH per

assay. The optimal conditions for LDH in the pyruvate-

reducing direction were 100 mM potassium phosphate pH

7.2, 1 mM pyruvate, and 0.2 mM NADH in a total volume

of 200 lL containing 5 lL of 1:1 (dehydrated) or 1:5

(control) diluted purified LDH. The Km and IC50 values for

lactate, NAD? or pyruvate were determined by holding the

co-substrate constant at 2 mM NAD?, 60 mM lactate, or

0.2 mM NADH. In a second set of experiments, these

assays were preformed in the same manner but in the

presence of 150 mM urea, 1 % polyethylene glycol (PEG-

8000), or a combination of 150 mM urea and 1 % PEG-

8000. 1 % PEG-8000 was chosen for studies in molecular

crowding as a low concentration of a high molecular

weight PEG has been demonstrated to mimic molecular

crowding in vitro. A higher percentage of PEG was avoi-

ded in our experiments as increasing percentages of PEG

have been shown to decrease protein solubility in aqueous

solutions (Atha and Ingham 1981). One unit of LDH

activity in the pyruvate-reducing direction is defined as the

amount of LDH that consumed 1 lmol of NADH per

minute at 25 �C. Data were analyzed using the Kinetics

v.3.5.1 program [developed by (Brooks 1992)].

Gel electrophoresis and Coomassie blue staining

Purified LDH fractions were separated on 10 % SDS-

PAGE gels under reducing conditions by electrophoresis

for 40 min at 185 V. Following gel electrophoresis, gels

were immersed in Coomassie blue stain (0.025 % Coo-

massie blue powder, 33.3 % distilled water, 50 % metha-

nol, 16.7 % glacial acetic acid) overnight at room

temperature with gentle rocking. Coomassie blue stain was

removed and the gel was de-stained with multiple

exchanges of de-stain solution (33.3 % distilled water,

50 % methanol, 16.7 % glacial acetic acid) at room tem-

perature with gentle rocking. Gels were visualized under

light and images captured using a ChemiGenius Bio-

Imaging system with GeneSnap software (Syngene, Fred-

erick, MD, USA). The apparent molecular weight of X.

laevis LDH was calculated by plotting Rf versus log MW

of the standards in the protein ladder.
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Dot blotting

Equal amounts of purified LDH from liver tissues of con-

trol and dehydrated animals were applied to nitrocellulose

membranes (Bio-Rad, Hercules, CA, USA) using a Bio-

Dot micro-filtration apparatus (Bio-Rad, Hercules, CA,

USA) using a previously developed protocol (Dawson et al.

2013). Briefly, nitrocellulose membranes placed between

the plates of the Bio-Dot microfiltration apparatus were

pre-wet with tris-buffered saline (TBS; 100 mM tris, 1.4 M

NaCl, pH 7.6). Sample was applied to the wells of the Bio-

Dot microfiltration apparatus and allowed to flow through

by gravity for 1 h. Membranes were washed twice with

200 lL of TBS using vacuum suction. The membrane was

removed from the apparatus, washed three times for 5 min

each in TBS containing 0.05 % Triton-X (TBST) before

being blocked with 10 mL of warm 1 mg mL-1 PVA in

TBST for 15 s. Membranes were washed three times with

TBST for 5 min each before the primary antibody was

applied: (1) rabbit anti-phosphoserine (Cat # 618100,

Invitrogen, Carlsbad, CA, USA); (2) rabbit anti-phospho-

threonine (Cat. # 718200, Invitrogen, Carlsbad, CA, USA);

(3) rabbit anti-phosphotyrosine (Cat # 615800, Invitrogen,

Carlsbad, CA, USA); (4) rabbit anti-pan-acetyl (CR)-R

(Cat. # sc-8663-R, Santa Cruz Biotechnology, Santa Cruz,

CA, USA); (5) rabbit anti-ubiquitin (ab19247, Abcam,

Cambridge, UK); or (6) rabbit anti-methylated lysine

(SPC-158F, StressMarq, Biosciences Inc., Victoria, BC,

Canada). Primary antibodies were applied to membranes

and allowed to incubate overnight at 4 �C with gentle

rocking. Membranes were washed with TBST

(3 9 5 min), and incubated with a 1:5,000 dilution of goat

anti-rabbit IgG-peroxidase secondary antibody for 15 min

at room temperature. Blots were washed with TBST

(3 9 5 min) prior to chemiluminescence visualization on

the ChemiGenius Bioimaging System (Syngene, Frederick,

MD, USA). The dot intensities were quantified using the

GeneTools software (Syngene, Frederick, MD, USA). To

confirm equal protein loading of samples, Coomassie blue

staining was performed on the membranes and used to

standardize immunoblotting dot intensities. Protein-nor-

malized dot intensities were then normalized to that of the

signal intensities from the control LDH samples.

Differential scanning fluorimetry

Purified control and dehydrated LDH were concentrated

169 using 10 K Amicon Ultra-4 centrifugal filters (Merck

Millipore Ltd., Tullagreen, Carrigtwohill, Co., Cork, IRL)

by centrifugation for 10 min at 7,5009g. Differential

scanning fluorimetry was used to assess protein unfolding

as previously described (Niesen et al. 2007; Biggar et al.

2012). Briefly, 15 lL of concentrated sample, 2.5 lL of

DSF buffer (100 mM potassium phosphate, pH 7, 150 mM

NaCl, without or with 1.2 M urea) and 2.5 lL of 409

SYPRO Orange dye (Invitrogen, Carlsbad, CA, USA) were

added to wells of a 96 well plate before being sealed with

optical adhesive film (BioRad, Hercules, CA, USA). The

thermocycling program run on the MyIQ2 qRT-PCR

thermocycler (BioRad, Hercules, CA, USA) consisted of

1 �C increases in temperature every 30 s starting from an

initial temperature of 15 �C, ending with 95 �C. Fluores-

cence of SYPRO Orange was measured every 5 s (exci-

tation filter: 485 ± 30 nm, emission filter: 625 ± 30 nm)

using the MyIQ2 software (version 3.0.6070, BioRad,

Hercules, CA, USA). Data were analyzed using OriginPro

8.5 software (OriginLab Corporation, North Hampton,

MA, USA) employing the Boltzmann distribution curve to

yield the temperature at which half of the protein was

unfolded (Tm).

Statistics

Data for all kinetic parameters and dot blots were analyzed

using the Student’s t test (two-tailed). Data for kinetic

parameters in response to urea and PEG were analyzed

using one-way analysis of variances (ANOVAs) followed

by a Tukey post hoc test. DSF data were analyzed using a

two-way ANOVA with a Tukey post hoc test. A proba-

bility of \0.05 was considered significant.

Results

Purification of LDH from the liver of control

and dehydrated Xenopus laevis

Purification of LDH from the liver of control and dehy-

drated X. laevis was accomplished by chromatography with

a DEAE? column (unbound fraction), a Cibacron blue

affinity column (0–6 mM NADH and sodium pyruvate

gradient), and finally a second Cibacron blue affinity col-

umn (0–2 M KCl gradient) (Table 1). Collection of the

flow through fractions from the DEAE? column resulted in

1.08-fold purification of recovered activity for the LDH

from the liver of control (control LDH) and dehydrated

(dehydrated LDH) frogs. Elution from the Cibacron blue

column using a metabolite gradient gave 31.9-fold purifi-

cation, while elution from the second Cibacron blue col-

umn using a KCl gradient resulted in a 26.4-fold

purification (Table 1). The second Cibacron blue column

using a KCl gradient was required to remove a final con-

taminating protein, resulting in a 10,820 mU mg-1 specific

activity of LDH. As a result of this three-step purification

scheme, LDH was purified to [95 % homogeneity, as

determined by separation by gel electrophoresis and
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staining with Coomassie blue (Fig. 1). The purified LDH

had an apparent molecular weight of 37.3 kDa (Fig. 1),

consistent with the predicted molecular weight of 36.5 kDa

for X. laevis (Genbank accession number NP_001080702).

Kinetic activity of purified LDH from control

and dehydrated liver

Analysis of the kinetic activity of LDH from the liver of

control and dehydrated animals showed distinct differ-

ences. For the forward reaction, the Km for pyruvate of

LDH nearly doubled from the control to the dehydrated

condition from 0.074 ± 0.004 to 0.132 ± 0.005 mM

(Table 2, P \ 0.001, Fig. 2c). Similarly, the Km for lactate

and Km for NAD? of dehydrated LDH enzyme were nearly

double that of the Km values for the control LDH (Table 2,

P = 0.01 and P = 0.001, and Fig. 2a, b, respectively).

Post-translational modifications of LDH from control

and dehydrated frogs

Immunoblotting using a dot blot apparatus was used to

assess the possible differences in the post-translational

modifications of liver LDH from control and dehydrated

conditions. Phosphorylation via serine residues of dehy-

drated LDH was 1.54 ± 0.04 fold higher compared to

control LDH (1 ± 0.08, P \ 0.001, Fig. 3a). The phos-

phorylation levels of threonine and tyrosine residues

between control LDH and dehydrated LDH did not differ

(P [ 0.05, Fig. 3a). In addition to phosphorylation, addi-

tional post-translational modifications of control LDH and

dehydrated LDH were examined and included: acetylation,

methylation of lysine residues, and ubiquitination. Levels

of methylated lysine for dehydrated LDH were

0.57 ± 0.09 fold that of control LDH levels (1 ± 0.09,

P = 0.007, Fig. 3b). Conversely, ubiquitination of dehy-

drated LDH was 1.91 ± 0.17 fold higher in comparison to

the level of ubiquitination of control LDH (1 ± 0.19,

P = 0.007, Fig. 3b). The acetylation state of control LDH

and dehydrated LDH did not differ (P [ 0.05, Fig. 3b).

Influence of urea and polyethylene glycol on Km values

for control and dehydrated LDH forward and reverse

reactions

To assess whether urea and protein crowding would have

an effect on the kinetic characteristics of control and

dehydrated LDH, the Km values for lactate, NAD? and

pyruvate of control and dehydrated LDH were measured in

the presence of (1) 150 mM urea to simulate the physio-

logical concentration of built-up urea in a dehydrated frog,

Table 1 Typical purification and yield of Xenopus laevis liver LDH

Step Total

protein

(mg)

Total

activity

(mU)

Specific

activity

(mU/mg)

Fold

purification

Yield

(%)

Crude 29.04 11,900 410 – –

DEAE 23.26 10,300 440 1.08 86.6

Cibocron

blue

(NADH/

pyruvate)

0.29 3,740 13,060 31.9 31.4

Cibocron

blue (KCl)

0.20 2,130 10,820 26.4 17.9

Fig. 1 Purified liver LDH from control Xenopus laevis. Coomassie-

stained 10 % SDS-PAGE gel (reducing conditions) showing molec-

ular weight ladder (left) and the purified liver control LDH enzyme

(right)

Table 2 LDH kinetics from control and dehydrated X. laevis liver

Enzyme parameters Control 30 % Dehydrated

Forward reaction (lactate to pyruvate)

Km pyruvate (mM) 0.074 ± 0.004 0.132 ± 0.005*

IC50 pyruvate (mM) 10.54 ± 0.74 7.08 ± 0.56*

Reverse reaction (pyruvate to lactate)

Km lactate (mM) 7.72 ± 0.72 13.44 ± 1.69*

Km NAD? (mM) 0.37 ± 0.04 0.89 ± 0.10*

Asterisks indicate significant differences from the corresponding

control, Student’s t test, two-tailed, P \ 0.05
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(2) 1 % PEG to simulate the crowding of enzymes in a

dehydrated cell due to smaller cell volumes, or (3) a

combination of 150 mM urea and 1 % PEG. While the

presence of 150 mM urea did not have an effect on the Km

values for lactate (Fig. 4a), NAD? (Fig. 4c) or pyruvate

(Fig. 4e) of control LDH (P [ 0.05), the presence of

150 mM urea significantly reduced the Km for lactate

(Fig. 4b), NAD? (Fig. 4d) and pyruvate (Fig. 4f) of

dehydrated LDH to 8.02 ± 0.51 mM (P = 0.006),

0.38 ± 0.02 mM (P \ 0.001), and 0.061 ± 0.005 mM

(P [ 0.001), respectively. These values, when compared to

that of control LDH Km values (7.72 ± 0.77, 0.37 ± 0.03,

and 0.074 ± 0.005 mM, respectively), were not signifi-

cantly different (P [ 0.05).

The effect of 1 % PEG on the Km values varied between

control and dehydrated LDH and depended on the kinetics

being examined. For example, the Km for pyruvate for con-

trol LDH in the presence of PEG increased to

0.11 ± 0.02 mM compared to that of 0.074 ± 0.005 mM

for control LDH alone (P = 0.013, Fig. 4e), whereas there

were no differences between the Km for lactate (Fig. 4a) and

Km for NAD? (Fig. 4c) values for control LDH in the

absence or presence of 1 % PEG (P [ 0.05). For dehydrated

LDH, the presence of 1 % PEG lowered the Km for lactate to

9.34 ± 0.80 mM (P = 0.049, Fig. 4b) and Km for pyruvate

to 0.081 ± 0.004 mM (Fig. 4f) from 13.44 ± 1.70 to

0.133 ± 0.005 mM, respectively. The presence of 1 % PEG

did not affect the Km for NAD? (Fig. 4f, P [ 0.05).

Similar to the addition of PEG, the addition of both urea

and PEG had varying effects on the Km values depending

on the condition the enzyme was purified from and the

kinetic activity being measured. The combination of urea

and PEG increased the Km for NAD? of control LDH to

0.60 ± 0.09 mM from that of 0.37 ± 0.03 mM

(P = 0.015, Fig. 4c), while the Km for lactate (Fig. 4a) and

Km for pyruvate (Fig. 4e) were not significantly different

from that of control LDH alone (P [ 0.05). For dehydrated

LDH, the combination of urea and PEG did not affect the

Km for lactate compared to dehydrated LDH alone or

dehydrated LDH with PEG, but was significantly higher

than dehydrated LDH with urea (P = 0.04, Fig. 4b). The

Km for NAD? for dehydrated LDH in the presence of urea
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b Fig. 2 Michaelis-Menten curves for forward and reverse reactions

catalyzed by purified control and dehydrated LDH. Lactate (a),

NAD? (b), and pyruvate (c). Michaelis-Menten curves for control

LDH (open circles) and dehydrated LDH (black circles). Plots are

fitted with a three-parameter Hill coefficient curve using SigmaPlot

11. Data are mean ± SEM, n = 8 individual determinations on

purified enzyme samples
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and PEG was significantly lower compared to dehydrated

LDH (P = 0.014) and dehydrated LDH with PEG

(P = 0.017), but not significantly different from that of

dehydrated LDH with urea (P [ 0.05) (Fig. 4d). Lastly, the

Km for pyruvate of dehydrated LDH with urea and PEG

was significantly lower than that of dehydrated LDH

(P = 0.003), was significantly higher than that of dehy-

drated LDH with urea (P = 0.001), but was not signifi-

cantly different from dehydrated LDH with PEG

(P [ 0.05, Fig. 4f).

Structural stability of LDH

Differential scanning fluorimetry was used to assess the

thermal stability of LDH purified from the liver of control

and dehydrated frogs by measuring the Tm values. The Tm

for control LDH was 68.8 ± 0.03 �C and was not signifi-

cantly different than the Tm of 68.9 ± 0.30 �C for dehy-

drated LDH (Fig. 5, P \ 0.05, n = 4). In addition, since a

physiological concentration of urea (150 mM in the cells of

dehydrated frogs) had an effect on the Km values of the

forward and reverse reaction, the effect of urea on the

thermal stability of control and dehydrated LDH enzymes

was examined. For control LDH in the presence of urea,

the Tm of 67.5 ± 0.10 �C was significantly lower than that

of the Tm for control LDH without urea (Fig. 5, P \ 0.001,

n = 4). Similarly, the Tm of dehydrated LDH was signifi-

cantly lowered to 66.8 ± 0.08 �C in the presence of urea

(Fig. 5, P \ 0.001, n = 4). The Tm values for control LDH

and dehydrated LDH both in the presence of urea, how-

ever, were not significantly different (P [ 0.05).

Discussion

Various species of frogs have well-developed tolerances

for dehydration. X. laevis undergo estivation that is

frequently characterized by a substantial loss of body water

(as much as 35 %) as the soil loses water (Romspert 1976).

Studies focused on long-term estivation in X. laevis show a

reduction in oxygen consumption and suppression of the

activities of various metabolic enzymes (Merkle 1989;

Merkle and Hanke 1988; Onishi et al. 2005). Metabolic

adaptations supporting such facultative anaerobiosis

include: substantial reserves of fermentable substrate

(glycogen), particularly in liver, along with substantial

changes in the activities of glycolytic enzymes in all organs

and metabolic rate depression. Anaerobic glycolysis, the

conversion of hexose phosphates to lactate, helps support

the ATP requirements of the estivating frog. As a result,

there is a requirement for strict regulatory control over

glycolytic rate, likely critical for the maintenance of

homeostasis during long-term estivation. Interestingly,

lactate levels in a dehydrating frog have been shown to

increase (fivefold) under dehydration conditions (Churchill

and Storey 1994). This increase in lactate has been attrib-

uted to hypoxia induced by a decrease in blood-flow as a

result of increased blood viscosity in dehydrated animals

(Hillman 1978a; Hillman et al. 2009).

Lactate dehydrogenase has been studied in other aquatic

animals including T.s. elegans (Xiong and Storey 2012)

and R. sylvatica (Abboud and Storey 2013) in which sig-

nificant changes in kinetic parameters were discovered

between the control and stressed state. Most pertinent to

this study, R. sylvatica LDH only demonstrated kinetic

differences when animals experienced dehydration stress

(Abboud and Storey 2013). Similarly, in this study, a

nearly twofold increase (Table 2) in the Michaelis constant

for all substrates (forward and reverse direction) was

observed for liver LDH in X. laevis during dehydration,

suggesting a broad reduction in the catalytic efficiency of

LDH during dehydration stress.

The physiological implications of kinetic changes or

changes in enzyme function are often hard to establish in
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Fig. 3 Quantification of post-translational modifications of purified

control and dehydrated LDH. Fold change in phosphorylation (a) and

other post-translational modification levels (b) of purified control

LDH and dehydrated LDH are shown. Chemiluminescence signal

intensities were normalized to protein amount, and the control LDH

reference group set to an arbitrary value of 1. Data are mean ± SEM,

n = 6 individual determinations on purified enzyme samples. Aster-

isks indicate significant differences from the corresponding control

LDH levels, Student’s t test, two-tailed, P \ 0.05
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an in vitro system in which an enzyme has been purified

away from the osmolytes and proteins within a cellular

environment. One must take into consideration the

changing cellular environment in which an enzyme resides

during the prolonged exposure of X. laevis to dehydration.

Urea accumulation in the plasma, liver and muscle is one

strategy used by estivating amphibians, including X. laevis,

to minimize water loss (Janssens 1964; Wray and Wilkie

1995; Romspert 1976; Balinsky et al. 1961; Malik and

Storey 2009; Hillman 1978b). To properly elucidate the

physiological implications of the present findings, kinetic

experiments were performed in the presence of physio-

logical concentrations of urea found in the liver of esti-

vating X. laevis. Dehydrated LDH kinetics reverted back to

control values in all cases (Fig. 4) when measured in the

presence of 150 mM urea. Urea treatments yielded no

significant changes to control LDH, suggesting that this

phenomenon is isolated to the dehydrated form of LDH
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Fig. 4 Influence of urea and

polyethylene glycol on the Km

values of the forward and

reverse reactions for control and

dehydrated LDH. The Km of

lactate for control LDH (a), Km

of lactate for dehydrated LDH

(b), Km of NAD? for control

LDH (c), Km of NAD? for

dehydrated LDH (d), Km of

pyruvate for control LDH (e),

and Km of pyruvate for

dehydrated LDH (f) were

determined for enzyme alone

(white bars), enzyme with

150 mM urea (gray bars),

enzyme with 1 % PEG (black

bars), and enzyme with

150 mM urea and 1 % PEG

(black and white striped bars).

Data are mean ± SEM, n = 8

individual determinations on

purified enzyme samples.

Letters indicate statistical

difference; bars with the same

lettering are not statistically

different from each other while

those bars with different letters

are statistically different from

each other, one-way ANOVA

with Tukey’s post hoc test,

P \ 0.05
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(Fig. 4). There are examples from other animals in which

LDH activity is interrelated with urea concentration. For

example, elasmobranch fish possess a urea-requiring LDH

with markedly increased enzymatic activity compared to

non-elasmobranch fish (Yancey and Somero 1978). How-

ever, the kinetic activity of elasmobranch fish LDH in the

presence of urea decreased to levels typically found in non-

elasmobranch fish (Yancey and Somero 1978). Further-

more, there are a number of reports that document low

concentrations of urea increasing enzyme activity, such as

bovine LDH (Garza-Ramos et al. 1992), human aldose

reductase (Burg et al. 1999) and human biliverdin-IXa

reductase (Franklin et al. 2013). These studies demonstrate

the spectrum of effects that low concentrations of urea have

on enzyme activity. To ensure that the effects of urea on

LDH from the liver of dehydrated X. laevis were not

simply due to a protein-crowding effect of increased

osmolytes, a 1 % PEG solution was employed as a control

(Fig. 4). While treatment with PEG did result in changes in

measured kinetic parameters, these changes varied, sug-

gesting that the effects of urea on dehydrated LDH function

are unique and not due to protein crowding.

Previous studies have shown that LDH is subject to

reversible phosphorylation (Yasykova et al. 2000; Fan

et al. 2011; Xiong and Storey 2012; Abboud and Storey

2013). For example, differential phosphorylation of liver

and muscle LDH, along with a subsequent change in

kinetic parameters, has been reported in turtles in response

to hypoxia (Xiong and Storey 2012; Dawson et al. 2013).

The data presented in this study indicate that X. laevis liver

LDH is also a phosphoprotein, phosphorylated via serine

residues (Fig. 3). Phophorylation of X. laevis liver LDH on

serine residues is similar to the phospho-control of turtle

LDH in which serine-phosphorylation was suggested to

regulate LDH in response to hypoxia (Xiong and Storey

2012; Dawson et al. 2013). The change in the phosphory-

lation state of LDH during dehydration stress suggests that

reversible phosphorylation of LDH may adjust enzyme

function in response to changing conditions.

The addition of ubiquitin or methyl groups to frog LDH

has unknown effects on enzyme function. Classically,

ubiquitination of cellular proteins leads to proteasome-

mediated degradation. In addition, previous studies have

shown that LDH ubiquitination may be sensitive to oxi-

dative stress, with increased hydrogen peroxide-derived

free radicals leading to enhanced ubiquitination and deg-

radation (Onishi et al. 2005). Protein methylation has

demonstrated regulatory properties in protein–protein

interaction (Bedford and Richard 2005; Martin and Zhang

2005; Huang and Berger 2008), however, there is also

speculation as to the role of both protein methylation and

ubiquitination in protein stabilization (Bedford and Richard

2005; Varadan et al. 2002; Clarke 1993). In the present

study, similar Tm values for control and dehydrated LDH

were observed despite differences in their methylation and

ubiquitination levels, suggesting that these post-transla-

tional modifications do not affect liver LDH thermal

stability.

The results from this study suggest that the stress form

of LDH in X. laevis liver is being modified, relative to

control LDH, in a manner that allows for dehydrated LDH

to function in the presence of urea at a similar level to that

of control LDH. However, in the absence of urea, dehy-

drated LDH has reduced activity. It is interesting to note

that the kinetics of control LDH enzyme were not affected

by urea, suggesting the modifications to dehydrated LDH
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are not a mechanism to maintain LDH activity during

dehydration. Rather, our observations suggest that the

modifications to LDH during dehydration may, in fact, be a

regulatory mechanism in preparation for recovery from

stress, marked by the frog re-entering an aquatic habitat,

rapidly excreting urea and rehydrating (Balinsky et al.

1961; Jorgensen 1997). Previous studies examining other

enzymes, such as antioxidant enzymes, from a number of

animal model systems have brought light to an emerging,

re-occurring, theme suggestive of protein modification and

regulation as a preparatory mechanism for return to a

normal post-stress homeostatic state (Hermes-Lima et al.

1998; Storey and Storey 2004c). For example, in R. sylv-

atica the activity of glutathione peroxidase, an antioxidant

enzyme, was increased by *2 fold in heart, kidney and

muscle of frozen frogs, yet returned to basal levels in

recovered (thawed) animals (Joanisse and Storey 1996). In

these studies, it has been proposed that the increase in anti-

oxidant enzyme activity is triggered during the hypoxic

stressed state in preparation for an increase in oxygen

consumptions and subsequent production of oxidants. In a

similar fashion, we hypothesize that the post-translational

modification of LDH in dehydrated animals acts as a pre-

paratory mechanism to reduce conversion of pyruvate to

lactate in the absence of urea. During exit from estivation

and recovery from dehydration, urea is rapidly excreted,

resulting in a decrease in intracellular urea concentration.

In the absence of urea, LDH from the dehydrated liver of X.

laevis was found to be less active, which would suggest the

bulk of pyruvate formed via glycolysis may be shunted to

the TCA cycle, favouring a return to oxidative phosphor-

ylation. Furthermore, the ubiquitination of dehydrated

LDH may enhance proteasome-dependent degradation of

the less active form of LDH in recovering animals, as

proteasome activity appears to be suppressed in other

estivating or hibernating organisms (Ramnanan et al. 2009;

Woods and Storey 2005). Thus, ubiquitinated LDH in

estivating frogs may be subject to delayed-turnover upon

exit from estivation and further facilitate a shift from

glycolysis to oxidative phosphorylation. Together, the urea

dependence of LDH kinetics and regulation of LDH deg-

radation may be key mechanisms in facilitating aerobic

metabolism in rehydrating frogs. The potential facilitation

of a return to aerobic metabolism by LDH as outlined in

this study is speculative, but could be clarified by future

experiments that generate experimental groups of frogs at

multiple time points over the course of recovery (rehy-

dration). Our current animal protocols and resources do not

allow for us to conduct this additional study, but examining

the interactions of enzyme activity, posttranslational

modifications and urea effects will be a focus of our lab in

the future.

The kinetic alterations identified in this study suggest

that liver LDH from dehydrated and control X. laevis exists

in two distinct forms. While the exact natures of the

aforementioned posttranslational modifications are not

explicitly known, it seems as though post-translational

modifications of liver LDH during dehydration results in a

global reduction in LDH function. This reduction in

function seems to be countered by a natural increase in urea

levels during dehydration. Together, this suggests that

LDH function may play a role in the maintenance of gly-

colytic flux during dehydration when urea levels are high,

while acting as a metabolic shunt, directing the flow of

pyruvate toward oxidative phosphorylation when urea

levels are low. This may effect the survival of X. laevis

upon rehydration as no net energy would be required to

induce a metabolic shift to aerobic metabolism.
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