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Abstract Ground squirrel torpor during winter hibernation

is characterized by numerous physiological and biochem-

ical changes, including alterations to fuel metabolism.

During torpor, many tissues switch from carbohydrate to

lipid catabolism, often by regulating key enzymes within

glycolytic and lipolytic pathways. This study investigates

the potential regulation of pyruvate kinase (PK), a key

member of the glycolytic pathway, within the skeletal

muscle of hibernating ground squirrels. PK was purified

from the skeletal muscle of control and torpid Richardson’s

ground squirrels, and PK kinetics, structural stability, and

posttranslational modifications were subsequently assessed.

Torpid PK displayed a nearly threefold increase in Km PEP

as compared to control PK when assayed at 5 �C. ProQ
Diamond phosphoprotein staining as well as phospho-

specific western blots indicated that torpid PK was signif-

icantly more phosphorylated than the euthermic control.

PK from the torpid condition was also shown to possess

nearly twofold acetyl content as compared to control PK.

In conclusion, skeletal muscle PK from the Richardson’s

ground squirrel may be regulated posttranslationally

between the euthermic and torpid states, and this may

inhibit PK functioning during torpor in accordance with the

decrease in glycolytic rate during dormancy.
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Introduction

Pyruvate kinase (PK; 2.7.1.40) is the cytosolic enzyme that

catalyzes the irreversible and terminal reaction of the

glycolytic pathway within mammalian cells. It mediates

the transfer of the phosphate group on phosphoenolpyru-

vate to ADP producing ATP and pyruvate, which is typi-

cally shuttled into the mitochondria for further oxidation.

Being at a point of energy production within the cell, PK is

a common regulatory site in many mammalian systems, rat

liver [1, 2] and mouse liver [3] PK being regulated by

reversible phosphorylation. However, this form of regula-

tion has not been shown previously in normal mammalian

muscle cells.

Reversible phosphorylation and other posttranslational

modifications ensure that the flux of cellular metabolites

can be quickly and tightly controlled in response to

changing environmental conditions. An extreme example

of this is the significant metabolic reorganization necessary

for survival during mammalian winter hibernation. Hiber-

nation consists of extended bouts of torpor where body

temperature (Tb) drops to near ambient (2–10 �C) and

metabolic rate drops to as much as 2–4% of the normal

rates [4]. During these dormant periods, physiological

processes are slowed greatly or stopped completely,

including heart rate dropping from 200–300 to 3–5 beats

per minute [5], breathing is reduced from 100–200 to 4–6

breaths/min [6], and renal function typically ceases [5].

These processes increase to near-euthermic levels during
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the many short (12–24 h) arousal periods that interrupt the

periods of torpor.

Of particular importance to this study are the many

molecular changes that occur during torpor. In order to

conserve the fixed amount of metabolic fuel and maintain a

deep hypometabolic state, ATP-consuming processes, such

as protein synthesis [7] and ion transport via ion-motive

ATPases [8], are typically suppressed during hibernation.

Furthermore, fuel utilization during dormancy changes to

feature lipid catabolism rather than carbohydrate catabo-

lism as the energy source during torpor [9, 10]. This sup-

pression of glucose metabolism during hibernation is

thought to be mediated by the posttranslational modifica-

tion of key enzymes within the glycolytic pathway [11];

however, this regulation appears to be tissue specific. For

instance, while many mammalian glycolytic enzymes are

known to be regulated by reversible phosphorylation, few

mammalian skeletal muscle glycolytic enzymes have been

found to be controlled by reversible phosphorylation. This

study proposes that skeletal muscle PK from the hiber-

nating ground squirrel, Urocitellus richardsonii, is regu-

lated posttranslationally between the euthermic and torpid

states, with increased PK phosphorylation and/or acetyla-

tion acting to decrease PK functioning during torpor.

Materials and methods

Animals

Richardson’s ground squirrels were captured in the summer

near Calgary, Alberta and held in an animal care facility at

the University of Calgary. The squirrels were housed at

22 �C in separate cages and exposed to a fall photoperiod

(10-h light: 14-h dark) for an 8-week feeding period to

optimize their body lipid reserves. Following this time,

some squirrels were removed from their cages and placed

in a cold room (maintained at 4 �C) without food but with

access to water. This room was held in a state of constant

darkness for the duration of the experiments. Squirrels

were allowed to enter hibernation, and after 1 month of

torpor cycles, they were sampled in their last cycle after a

minimum of 2 days of constant torpor (rectal temperature

6.4–7.4 �C); the minimum length of continuous torpor was

confirmed visually by monitoring the disturbance of saw-

dust bedding. Euthermic squirrels, which were fed and

maintained at a room temperature of 22 �C, remained alert

and active prior to sampling and had rectal temperatures

between 36 and 37 �C. At the time of sampling, all

squirrels were decapitated and tissues were removed and

frozen in liquid nitrogen. Samples were then sent to Car-

leton University where they were subsequently stored at

- 80 �C.

PK purification

Frozen skeletal muscle samples were homogenized using a

Polytron Homogenizer 1:5 in buffer A (25 mMMES, pH 6,

1.25 mM EDTA, 1.25 mM EGTA, 12.5 mM b-glyc-
erophosphate (b-GP), 5 mM b-mercaptoethanol, and 5%

glycerol). Prior to homogenization, a few crystals of

phenylmethylsulfonyl fluoride (PMSF) were added to

inhibit serine/threonine proteases. Homogenates were

centrifuged at 13,5009g at 5 �C, after which the super-

natant was decanted and held on ice.

Following homogenization and centrifugation, car-

boxymethyl (CM-) Sephadex beads were used to fill a col-

umn to the approximate dimensions of 3 9 1.8 cm (h 9 d).

These beads were subsequently equilibrated in 15 mL of

buffer A and 2 mL of crude muscle extract was added onto

the column. After allowing the extract to seep into the col-

umn, the column was washed with 30 mL of buffer A and

fractions were collected using a Gilson FC203B Fraction

Collector. An endpoint spectrophotometric reading of the

wash fractions at 280 nm indicated that this was sufficient to

clear the column of any unbound protein. PKwas then eluted

using a 0–1 M KCl gradient (KCl solution was made in

buffer A). Fractions were assayed for PK activity and the

four most active fractions were pooled (* 2 mL) and

applied to a similarly sized column of blue-agarose beads

pre-equilibrated in buffer B (25 mM imidazole, pH 7,

1.25 mM EDTA, 1.25 mM EGTA, 12.5 mM b-GP, 5 mM

b-mercaptoethanol, and 5% glycerol).

After allowing the pooled fractions from the CM-

Sephadex column to seep into the blue-agarose column, the

beadswerewashedwith 30 mLof buffer B.Again, this was a

sufficient amount of washing to rid the column of unbound

protein, as determined by assay at 280 nm. PK was again

eluted with a 0–1 MKCl gradient (KCl solution wasmade in

buffer B) and subsequently assayed under Vmax conditions.

PK assay

PK activity was monitored spectrophotometrically at

340 nm using a Thermo Labsystems Multiskan spec-

trophotometer. The optimal conditions for muscle PK were

1 mM phosphoenolpyruvate (PEP), 2 mM ADP, 0.15 mM

NADH, 1 Unit of lactate dehydrogenase (LDH) activity

(Sigma, St. Louis, MO, USA), 5 mM MgCl2, 50 mM KCl,

and 50 mM imidazole, pH 7. The fraction with the most

activity was diluted 109 in buffer B to obtain an appro-

priate amount of enzyme activity to characterize PK

kinetics. Reactions were initiated by adding 5 lL of dilute

purified PK in a total volume of 200 lL. Enzyme activity is

in U/mg of purified protein.

Km values were determined at optimal cosubstrate con-

centrations. Ka and I50 values associated with the effects of
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various metabolites and salts (Mg-ATP, alanine, aspartate,

fructose-1,6-bisphosphate (F16P2), MgCl2, and KCl) on

PK activity were determined at suboptimal cosubstrate

concentrations (0.05 mM PEP, 0.3 mM ADP, 0.15 mM

NADH, and 1 Unit of LDH activity).

Temperature effects on PK

For assays at 5 �C, the spectrophotometer, purified enzyme

sample, and microplates prepared for the desired assay

(without the purified PK) were placed into a temperature-

controlled incubator previously cooled to 5 �C. A random

microplate well was monitored by a telethermometer until

the solution reached 5 �C, during which 10 lL of purified

(undiluted) PK was quickly added to the appropriate

microplate wells to begin the assay. Following the assay,

the temperature of the same microplate well was reassessed

by a telethermometer to determine if there was any tem-

perature change during the assay.

Similarly, for assays at 36 �C microplates were prepared

(without purified PK) and placed on an EchoTherm chil-

ling/heating plate (Torrey Pines Scientific, Carlsbad, CA,

USA) set to 37 �C. In the meantime, the Thermo Labsys-

tems spectrophotometer was set to heat the microplate

measurement chamber to 37 �C. Once the temperature of

the measurement chamber and a random microplate well

reached the desired temperature, 5 lL of 109 diluted

purified PK was added to each well (PK was held at room

temperature (* 25 �C) prior to the assay). The tempera-

ture of a random microplate well was quickly checked after

the addition of enzyme and following the assay to ensure

assay temperature stability.

Physical stability of PK

Investigation into the physical stability of PK from

euthermic and torpid conditions was undertaken by

exposing purified PK to various concentrations of known

denaturants, urea, and guanidine hydrochloride. The con-

centrations used depended on the assay temperature and the

denaturant, with urea concentrations ranging from 0 to 2 M

for assays at 5 �C and RT, and 0 to 1 M for assays at

35 �C. Guanidine hydrochloride, on the other hand, ranged

in concentration from 0 to 0.75 M at 5 �C and RT, and 0 to

0.2 M for assays at 35 �C. Purified extracts were incubated

with the denaturants for 24 h prior to assaying for maximal

PK activity.

SDS polyacrylamide gel electrophoresis

and immunoblotting

SDS resolving gels [10% v/v acrylamide, 400 mM Tris, pH

8.8, 0.1% w/v SDS, 0.2% w/v ammonium persulfate

(APS), 0.04% v/v tetramethylethylenediamine (TEMED)]

were prepared with a 5% stacking gel (5% acrylamide,

190 mM Tris, pH 6.8, 0.1% w/v SDS, 0.15% w/v APS,

0.1% v/v TEMED). Purified euthermic and torpid PK were

loaded onto these gels and separated electrophoretically in

SDS-PAGE running buffer (25 mM Tris-base, 190 mM

glycine, and 0.1% w/v SDS) at 180 V for 45 min. 3 lL of

SpectraTM Multicolor Broad Range Protein Ladder was

added to one lane of every gel to act as molecular weight

markers. Following electrophoresis, proteins were elec-

troblotted onto polyvinylidene difluoride (PVDF) mem-

branes (Millipore) by wet transfer using transfer buffer

(25 mM Tris, pH 8.5, 192 mM glycine, and 20% v/v

methanol). The electroblotting was run at room tempera-

ture for 1.5 h at 160 mA.

Following protein transfer, the PVDF membranes were

incubated overnight at 4 �C with either: (1) pan-acetyl

primary antibody (Santa Cruz Biotechnology), (2) phos-

phoserine primary antibody (Calbiochem), (3) phosphoty-

rosine primary antibody (Cell Signalling Technology), or

(4) anti-ubiquitin primary antibody (BIOMOL affiniti). All

primary antibodies were diluted 1:1000 in Tris-buffered

saline with Tween-20 (TBST; 20 mM Tris-base, 140 mM

NaCl, 0.05% Tween-20) with the addition of a small

amount of sodium azide. After the overnight incubation,

membranes were washed with TBST three times for 5 min

each, followed by incubation with the appropriate sec-

ondary antibody conjugated with horseradish peroxidase

(Bioshop Canada) at a dilution of 1:4000 in TBST. Mem-

branes were incubated at 4 �C for 1.5 h. Membranes were

then washed three times for 5 min each time, and signal

was then detected using enzymatic chemiluminescence

(ECL) and the ChemiGenius Bioimaging System (Syn-

gene, MD, USA). The membranes were then stained with

Coomassie blue (0.25% w/v Coomassie Brilliant Blue R in

50% methanol, 7.5% acetic acid) and destained with

destaining solution (60% v/v methanol, 20% v/v acetic acid

in ddH2O) until bands were clearly seen. Band densities

were analyzed using the associated Bioimaging software

and normalized with the corresponding Coomassie blue-

stained band.

ProQ diamond phosphoprotein staining

To investigate the total phosphorylation of PK from

euthermic and torpid states, purified PK samples were

added to the wells of a 10% SDS-PAGE gel. The gel was

run at 180 V for 45 min in running buffer. The gel was

then washed three times in fixing solution (50% v:v

methanol, 10% v:v acetic acid) and left overnight in this

solution at * 4 �C. The following day, the gel was washed
three times with ddH2O for 10 min each and then stained

with ProQ Diamond phosphoprotein stain (Invitrogen,
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Eugene, OR, USA) for 30 min. Following staining, the gel

was washed three times with ddH2O for 5 min each. Flu-

orescent bands on the gel were visualized using the

ChemiGenius Bioimaging System (Syngene, Frederick,

MD, USA) and intensities were quantified using the asso-

ciated GeneTools software.

Once quantified, the gel was then stained for 30 min

with Coomassie blue and destained for 10 min with

destaining solution. PK band intensities from ProQ Dia-

mond chemiluminescence were normalized against the

corresponding Coomassie blue-stained band to normalize

for any variations in sample loading.

Alkaline phosphatase incubations

Crude skeletal muscle PK was incubated 1:1 in phos-

phatase incubation buffer (50 mM imidazole, pH 7, 10%

glycerol, 10 mM b-mercaptoethanol, 20 mM MgCl2,

10 mM EDTA, and 15 Units of alkaline phosphatase

activity) for 24 h at 4 �C. Following the incubation, PK

was purified as outlined above and a portion of the purified

extracts from euthermic and torpid conditions were stained

with ProQ Diamond phosphoprotein stain (details are the

same as outlined above). The remaining solution was

assayed to determine the Km ADP at room temperature.

Data and protein determination

Enzyme activity was analyzed with a Microplate Analysis

Program [12] and kinetic parameters were determined

using the Kinetics v.3.5.1 program [13]. Graphs and his-

tograms were created using the SigmaPlot 11 program.

Soluble protein concentration was determined by the

Coomassie blue dye-binding method using the Bio-Rad-

prepared reagent with bovine serum albumin as the

standard.

Results

PK purification

PK was purified from Richardson’s ground squirrel skeletal

muscle through the use of an ion exchange column (CM-

Sephadex) and an affinity column (Blue-agarose). PK was

purified 390-fold, with an overall yield of the final PK

preparation of 21% and a specific activity of 390 U/mg

(Table 1; Fig. 1). The molecular weight of PK was

approximately equal to that of rabbit muscle PK (shown in

Fig. 1) at a value of approximately 57 kDa.

Purified skeletal muscle PK kinetics

Purified squirrel skeletal muscle PK displayed markedly

different kinetics between euthermic and torpid states. One

distinct change in kinetics was in the Km PEP, where torpid

PK displayed a significantly higher Km PEP at both room

temperature and 35 �C as compared to the euthermic

condition (Table 2). Euthermic PK displayed its highest

Table 1 Purification scheme for U. richardsonii euthermic skeletal muscle PK

Purification step Total protein (mg) Total activity(U) Specific activity (U/mg) Fold purification % Yield

Supernatant 19 19 0.99 – –

CM- Sephadex 2.9 11 3.7 3.8 58

Blue-Agarose 0.010 4 390 390 21

Fig. 1 Purified euthermic PK from the skeletal muscle of U.

richardsonii. Lane 1 shows the protein ladder; Lane 2 shows

commercial rabbit muscle pyruvate kinase (Sigma); Lane 3 shows

the purified PK sample following CM- and blue-agarose columns;

Lane 4 shows a crude skeletal muscle sample prior to any purification
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Km PEP at the temperature closest to Tb during torpor,

while torpid PK Km PEP remained relatively constant at all

assay temperatures with a slight increase in Km at the

temperature experienced during euthermia. Conversely, Km

ADP for torpid PK was 61 and 54% lower at RT and 35 �C,
respectively, than the corresponding values for euthermic

PK. Interestingly, torpid PK displayed its highest Km ADP

at the Tb typically found during torpor, while euthermic PK

Km PEP was the highest at RT and lowest at the two

temperature extremes (5 and 35 �C). Both euthermic and

torpid PK displayed predictable behaviors at the various

assay temperatures, with increasing temperature leading to

increased enzyme activity. However, the degree to which

enzyme activity increased varied between the two condi-

tions. Torpid PK Vmax was 45% higher at 5 �C and * 50%

lower at room temperature and 35 �C as compared to the

corresponding euthermic Vmax at those temperatures.

Similar changes were observed for Kcat where the turnover

number for torpid PK was significantly higher at the low

temperature and lower at room temperature and 35 �C as

compared to the euthermic control.

Effectors of PK

The response of muscle PK to various metabolites com-

monly encountered in a cell was investigated in this study.

One consistent inhibitor of PK activity was ATP, which

inhibited euthermic and torpid forms of PK at subsaturating

substrate levels and at all temperatures. Torpid PK was

significantly less susceptible to ATP inhibition at 5 and

35 �C, with * 5 fold and twofold higher I50 ATP,

respectively, as compared to the euthermic values. Fur-

thermore, at the same temperatures, torpid PK’s fold

inactivation caused by ATP were 70 and 50% less,

respectively, as compared to the values for euthermic PK

(Table 3).

KCl and MgCl2 activated PK from both conditions at all

three temperatures. PK from the torpid condition was

markedly less sensitive to MgCl2 activation at 5 �C as

compared to PK from the euthermic condition, with Ka

MgCl2 of 0.7 ± 0.1 and 4 ± 1 mM, respectively

(Table 3). At room temperature, torpid PK displayed a

significantly lower Ka at 1.2 ± 0.3 mM as compared to PK

from the euthermic condition with a Ka of 3.1 ± 0.1 mM.

Lastly, at 35 �C, there was no difference between euther-

mic and torpid PK responses to MgCl2. Conversely to the

situation with MgCl2 at 5 �C, torpid PK was significantly

more sensitive to KCl with a Ka that was 69% less than the

corresponding Ka from the euthermic animal (Table 3). At

room temperature and 35 �C, Ka KCl and the fold activa-

tion by the monovalent cation were similar for PK from

both conditions.

Several different metabolites were tested to see if they

would affect PK activity at suboptimal substrate concen-

trations. The amino acids alanine and aspartate did not

affect PK activity significantly at concentrations up to

10 mM. Similarly, the Krebs cycle intermediate, citrate,

did not have any effect on PK activity at concentrations up

to 10 mM. F16P2 also showed little propensity to effect PK

activity under the conditions of this experiment up to a

concentration of 10 mM.

Physical stability of PK

PK stability was assessed by exposing the purified enzyme

to various concentrations of the chemical denaturants, urea

and guanidine hydrochloride. At 5 �C, torpid PK was sig-

nificantly less susceptible to urea denaturation as compared

to the euthermic enzyme (Table 4). This difference in

structural stability was lost at room temperature with

euthermic and torpid PK displaying similar I50 urea. Lastly,

at 35 �C, the I50 urea could not be determined for euther-

mic PK as the purified enzyme was unstable and lost all

activity after an overnight incubation at 35 �C. The torpid

form of PK, however, was able to withstand the prolonged

exposure to higher temperatures and displayed an I50 urea

of 0.60 ± 0.03 M.

Guanidine hydrochloride-induced denaturation of

euthermic and torpid PK was nearly identical at 5 �C and

varied only slightly at room temperature, with torpid PK

Table 2 Purified euthermic and

torpid U. richardsonii skeletal

muscle PK kinetics

Euthermic Torpid

5 �C RT 35 �C 5 �C RT 35 �C

PEP Km (lM) 25 ± 2 48 ± 4 33 ± 5 63 ± 8* 65 ± 4* 80 ± 1*

ADP Km (mM) 0.32 ± 0.05 0.57 ± 0.06 0.44 ± 0.04 0.38 ± 0.04 0.22 ± 0.01* 0.20 ± 0.04*

Vmax (U/mg) 3.87 ± 0.04 14.3 ± 0.5 90 ± 4 5.6 ± 0.3* 8.0 ± 0.3* 47 ± 3*

Kcat (s
-1) 15.3 ± 0.2 56 ± 2 360 ± 20 22 ± 1* 32 ± 1* 190 ± 10*

Data are mean ± SEM, n = 4 individual determinations. Km values were determined at optimal cosubstrate

concentrations (defined in Materials and methods)

* Significantly different from the corresponding euthermic value using a two-tailed Student’s t test,

p\ 0.05
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displaying a 24% higher I50 GnHCl. Again, euthermic PK

was unable to withstand incubation at high temperature

overnight, and thus the I50 GnHCl could not be determined

at 35 �C. PK from the torpid condition, however, had an I50
GnHCl of 0.13 ± 0.01 M at the same temperature.

Phosphorylation of PK

Investigation into the phosphorylation state of squirrel

muscle PK began with using ProQ Diamond phosphopro-

tein stain to quantify the overall level of enzyme phos-

phorylation. Figure 2 indicates that torpid PK was * 40%

more phosphorylated than euthermic PK, and that when the

purified extracts were acted upon by commercial alkaline

phosphatase there was a dramatic decrease in protein

phosphorylation. Subsequent western blot analysis indi-

cated that torpid PK had a greater degree of tyrosine and

serine phosphorylation, * 50 and * 40%, respectively,

as compared to the control condition. Although not statis-

tically significant, dephosphorylation of torpid PK also

appeared to alter PK kinetics, as is evident in Fig. 3 where

torpid PK Km ADP increased nearly twofold, to a value

similar to that seen for euthermic PK.

Other posttranslational modifications

In addition to phosphorylation, other posttranslational

modifications that might potentially be important to the

role of this enzyme during torpor were investigated. It can

be observed from Fig. 4 that PK from the two conditions

may be ubiquitinated, but they are ubiquitinated to the

same degree. Interestingly, torpid PK appears to be more

highly acetylated, with a * 70% greater signal detected as

compared to euthermic PK.

Discussion

Entrance into torpor during winter mammalian hibernation

is characterized by a drastic reduction in metabolic rate

[14] and, typically, a reorganization of fuel usage within

most body tissues to favor lipid oxidation [15]. Skeletal

Table 3 Effect of various metabolites on purified euthermic and torpid U. richardsonii skeletal muscle PK

Euthermic Torpid

5 �C RT 35 �C 5 �C RT 35 �C

I50 ATP (mM) (fold inact.) 1.02 ± 0.08

(10 ± 1)

3.0 ± 0.3

(4.6 ± 0.8)

3.6 ± 0.6

(5.0 ± 0.5)

5.6 ± 0.4*

(3.0 ± 0.3*)

4.6 ± 0.5

(3.2 ± 0.3)

6.6 ± 0.5*

(2.4 ± 0.2*)

Alanine NE NE NE NE NE NE

Aspartate NE NE NE NE NE NE

Citrate NE NE NE NE NE NE

Ka MgCl2 (mM) (fold act.) 0.7 ± 0.1

(7.4 ± 0.8)

3.1 ± 0.1

(1.46 ± 0.05)

0.9 ± 0.1

(2.1 ± 0.2)

4 ± 1

(1.4 ± 0.1)

1.2 ± 0.3*

(1.38 ± 0.05)

1.1 ± 0.2

(1.8 ± 0.1)

Ka KCl (mM) (fold act.) 3.9 ± 0.6

(1.7 ± 0.1)

9 ± 1

(2.4 ± 0.3)

2.7 ± 0.6

(1.8 ± 0.2)

1.6 ± 0.2*

(2.2 ± 0.2)

9 ± 1

(1.8 ± 0.1)

1.4 ± 0.2

(2.7 ± 0.7)

F16P2 NE NE NE NE NE NE

Data are mean ± SEM, n = 4 individual determinations. Ka and I50 values were determined at suboptimal cosubstrate concentrations (defined in

Materials and methods). NE indicates that the substance had no effect on PK activity under the defined conditions

* Significantly different from the corresponding euthermic value using a two-tailed Student’s t test, p\ 0.05

Table 4 Effect of chemical denaturants, urea and guanidine hydrochloride (GnHCl), on the activity of purified euthermic and torpid U.

richardsonii skeletal muscle PK

I50 urea (M) I50 GnHCl (M)

5 �C RT 35 �C 5 �C RT 35 �C

Euthermic 0.90 ± 0.02b 1.26 ± 0.06 NA 0.376 ± 0.005b 0.443 ± 0.005 NA

Torpid 1.728 ± 0.009a,b 1.19 ± 0.03b 0.60 ± 0.03a 0.350 ± 0.005a, b 0.55 ± 0.03a, b 0.13 ± 0.01a

Data are mean ± SEM, n = 4 individual determinations. The temperature values reported here were the incubation temperatures; assays were

performed at RT. I50 values were determined under Vmax conditions
aSignificantly different from the corresponding euthermic value using a two-tailed Student’s t test, p\ 0.05
bSignificantly different from the value at RT for euthermic PK or the value at 35 �C for torpid PK using a two-tailed Student’s t test, p\ 0.05
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muscle metabolism is no exception, with various studies

indicating significant decreases in muscle glycolytic

activity during hibernation [11, 16, 17]. Glycolytic sup-

pression during hibernation is usually mediated through the

regulation of one or more key enzymes within the pathway,

and this study suggests that PK might be a key regulatory

point, which aids in tempering skeletal muscle glucose

metabolism during torpor.

Previous studies on Spermophilus lateralis skeletal

muscle PK did not show any differences between euther-

mic and hibernator kinetics from crude preparations [11].

While that study touched the surface of several glycolytic

Fig. 2 Phosphorylation state of euthermic and torpid PK from the

skeletal muscle of U. richardsonii. Histogram bars that are indicated

as ‘post-phosphatase’ are the ProQ Diamond relative band intensities

following incubation of the samples with alkaline phosphatase (see

‘‘Materials and Methods’’ for details). Data are mean ± SEM, n = 4

determinations on independent enzyme samples. a represents

significant difference from the euthermic relative band intensity

without any phosphatase treatment. b represents significant difference

from the corresponding value without phosphatase treatment. The

statistical test used for these determinations was the Holm–Sidak

method, p\ 0.05

Fig. 3 Alkaline phosphatase incubations to alter PK Km ADP. Km

values are mean ± SEM, n = 4 independent determinations on

different incubated samples. (a) represents significant difference

from the corresponding euthermic PK value using the Holm–Sidak

method, p\ 0.05

Fig. 4 Posttranslational modification of skeletal muscle PK from U.

richardsonii as assessed through western blots. Relative band

intensities are mean ± SEM, n = 4 determinations on independently

purified PK samples. (a) represents significant difference from the

corresponding euthermic value using Student’s t test, p\ 0.05
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enzymes, this study aimed to look deeper at the behavior of

PK during hibernation. PK from U. richardsonii was

purified to electrophoretic homogeneity (Fig. 1), and then

its kinetics at high and low temperatures were assessed.

Generally speaking, regardless of temperature, ground

squirrel muscle PK behaved similarly to an M1-type PK

typically found in skeletal muscle [18]. For instance,

ground squirrel PK displayed a Km PEP that ranged from

0.03 to 0.1 mM with a Hill coefficient of * 1 (data not

shown), as well as Km ADP and I50 ATP that are fairly

close to typical M1-type PK values [18].

Although euthermic and torpid PK displayed properties

that were typical of M1-type enzymes, there were signifi-

cant differences between PK kinetics from the two condi-

tions. At 35 �C, or near-normal Tb, numerous kinetic

changes were observed between euthermic and torpid PK.

These included significant increases in Km PEP and

decreases in Km ADP, Vmax, and Kcat for torpid PK as

compared to the euthermic form of the enzyme. In deci-

phering the possible significance of these changes to the

ground squirrel, it is important to look at the endogenous

levels of metabolites and substrates typically found during

euthermia. Endogenous level of ADP within resting

mammalian muscle is approximately 1 mM [19], which is

well above the Km ADP values for either enzyme form at

35 �C (Table 2). This suggests that the decrease in Km

ADP for torpid PK at 35 �C may be inconsequential as

ADP levels are nearing saturating conditions. Conversely,

mammalian skeletal muscle PEP concentrations under

normal conditions range from 0.03 to 0.06 mM [20, 21],

which is well within the Km values determined in this

study, potentially making this a key kinetic parameter for

determining PK activity. Thus, the lower Km PEP for

euthermic PK as compared to torpid PK indicates that the

torpid form of the enzyme is less able to function at high

temperature, while the euthermic form appears suitable for

high-temperature function.

Assays at 5 �C revealed significant kinetic differences

between torpid and euthermic PK; however, these differ-

ences did not decidedly indicate an activation or inhibition

of PK activity at low temperatures. Torpid PK showed a

significant increase in Km PEP, Vmax, and Kcat when com-

pared to the euthermic condition (Table 2). Although

contradictory, it is unlikely that PK would function at Vmax

capacity since the muscle PEP concentration is known to

decrease from the above-stated range during torpor [21].

This suggests that the increase in Km PEP may be more

significant during torpor and, thus, may indicate a decrease

in PK functioning during dormancy.

Decreased PK function at the low temperature typically

found during torpor coincides well with the overall muscle

metabolic landscape found during dormancy. During tor-

por, most organs, including the skeletal muscle, switch

from carbohydrate to lipid oxidation for energy [15]. While

suppression of carbohydrate metabolism typically entails

decreasing glycogen catabolism (through regulation of

glycogen phosphorylase) [3], and/or decreasing glucose

catabolism (through regulating hexokinase) [17], PK typi-

cally plays an important regulatory role in slowing the

glycolytic rate further along the glycolytic pathway. PK as

a glycolytic control point during hibernation has been

almost exclusively associated with mammalian liver [3].

However, studies in the jumping mouse, Zapus hudsonius,

showed that skeletal muscle PEP concentrations rose dur-

ing torpor but concentrations of pyruvate decreased during

dormancy, suggesting that muscle PK may be an important

control point within mammalian muscle during hibernation

[21]. This study essentially coincides with the previous

study, showing that skeletal muscle PK displays decreased

functioning during torpor.

PK is typically susceptible to a variety of metabolites

depending on the tissue-specific isoform being observed.

An important regulatory molecule for PK is ATP. At both

high and low temperatures, torpid PK was significantly less

susceptible to ATP inhibition than euthermic PK (Table 3).

Looking at the endogenous levels of ATP during euthermia

(* 6 mM) and hibernation (* 3.5 mM), it is clear that PK

from this ground squirrel may be sufficiently susceptible to

ATP inhibition to make it a potentially important regula-

tory molecule throughout the life of the squirrel [19]. The

fact that euthermic PK is particularly more sensitive to

ATP inhibition likely reflects the fact that at a normal Tb

energy flux can be much greater and rapid changes in ATP

levels would need to temper glycolytic output more

forcefully.

All isoforms of PK require monovalent and divalent

cations, and in vivo these cations are most likely potassium

and magnesium, respectively [22, 23]. In this study,

increasing concentrations of potassium and magnesium

activated both euthermic and torpid PK; however, the

sensitivity to activation by these ions varied between the

two enzyme forms. With regard to magnesium, torpid PK

at 5 �C was significantly less sensitive to the divalent

cation and also showed substantially lower fold activation

as compared to euthermic PK under the same conditions

(Table 3). Judging by the known intracellular concentra-

tion of magnesium within skeletal muscle (0.5–3 mM)

[24], the insensitivity of torpid PK at low temperature

likely contributes to the decreased PK functioning during

dormancy. With respect to potassium, torpid PK displayed

a significantly lower Ka KCl at 5 �C as compared to

euthermic PK (Table 3). However, the approximate

potassium ion concentration within mammalian muscle

is * 200 mM [25], and even with a slight reduction in

concentration during hibernation [26], KCl levels are likely

to be well above the Ka values observed here. Thus, the
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most relevant kinetic parameter in regards to potassium

would be its resulting fold activation of PK, which is not

significantly different between the two enzyme forms at

any temperature studied (Table 3).

F16P2 is a common allosteric regulator of most PK

isozymes; however, it is not known to affect the most

common skeletal muscle isozyme, PKM1. The binding site

for FBP is thought to be coded for by the spliced portion of

the PKM mRNA (unspliced mRNA is responsible for the

production of PKM2) [27]. Consistent with these facts,

F16P2 did not affect euthermic or torpid PK at any tem-

perature in this study (Table 3). Several other common

cellular molecules were tested for their effects on PK

activity, including alanine, aspartate, and citrate. Alanine is

a known inhibitor of the liver isozyme of PK, but is typi-

cally not a key regulatory molecule for the muscle isozyme

[28]. The results shown here (Table 3) support this claim,

as alanine did not affect euthermic or torpid PK activity at

concentrations as high as 10 mM. Alternatively, aspartate

is known to activate plant-derived PK [29], as well as PK

from a variety of anoxia-tolerant molluscs [30]. This acti-

vation was not found in ground squirrel muscle PK which

is likely a product of these enzymes being somewhat dis-

tantly related. Citrate, on the other hand, has not previously

been known to affect PK; however, it is a common product

of lipid oxidation and can accumulate to appreciable

amounts as hibernators favor lipid catabolism during torpor

[31]. Citrate has been shown to affect several metabolic

enzymes, such as phosphofructokinase [32] and glucose-6-

phosphate dehydrogenase [33], in estivating land snails;

however, it does not appear to affect PK within the

hibernating ground squirrel (Table 3).

The kinetics changes noted above suggest that there may

be structural variations between the PK from the skeletal

muscle of euthermic animals and PK from animals that are

in torpor. Two common methods used to elucidate struc-

tural differences between two enzyme forms are chemical

and thermal denaturation. With regard to chemical denat-

uration, both urea and guanidine hydrochloride were used.

It can be observed from Table 4 that torpid PK is signifi-

cantly less susceptible to urea denaturation as compared to

euthermic PK at 5 �C. Furthermore, as the incubation

temperature increased, torpid PK became increasingly

more susceptible to urea denaturation. The opposite was

true for euthermic PK whose I50 urea increased as the

incubation temperature increased. The changes observed

for I50 GnHCl were less pronounced than those with urea,

with torpid PK being 7% more susceptible to denaturation

at 5 �C, and * 20% less susceptible to denaturation at RT

(Table 4). Generally speaking, it appears that torpid PK is

significantly more stable at low temperatures as compared

to euthermic PK, with euthermic PK becoming increas-

ingly more stable as the temperature increased. This may

be significant during torpor as protein turnover is required

to stay low as it is impossibly costly to maintain euthermic

rates of protein synthesis and degradation. Thus, a more

chemically stable enzyme may be able to withstand greater

insult by the cellular environment without unfolding and

requiring recycling. It is important to note that denaturation

studies at 35 �C could not be completed as the enzyme was

unstable overnight at this high temperature.

Based on the kinetic and stability variations between

euthermic and torpid PK, it appears that there may be

significant structural differences between PK from the two

conditions. Structural variations in proteins are common in

animals that transition into hypometabolic states, and

usually occur in the form of posttranslational modifications

to the proteins. Principle among these modifications is

reversible protein phosphorylation, which was investigated

in this study through ProQ Diamond phosphoprotein

staining and phosphoserine and phosphotyrosine western

blots on purified PK. It can be observed from Fig. 2 that the

relative intensity of torpid PK bands following ProQ Dia-

mond phosphoprotein staining was * 40% more than the

band intensity for euthermic PK. Subjecting both enzyme

forms to alkaline phosphatase treatment for 48 h resulted in

a drastic decrease in ProQ staining. Furthermore, phos-

phoserine western blots indicated that torpid PK con-

tained * 50% more serine phosphorylation than PK from

the control condition (Fig. 4). Conversely, phosphotyrosine

levels remained relatively constant between euthermic and

torpid conditions.

Pyruvate kinase has been known to be phosphorylated in

a variety of systems, such as rat, chicken, and human liver

[2, 34–36], rat pancreatic islet [37], human and rat ery-

throcyte cells [38], and many human cancer cells [39, 40].

Phosphorylation of muscle PK is far less common and has

only been found in the channeled whelk and the spadefoot

toad [41, 42]. The only experimental evidence for mam-

malian muscle PK phosphorylation comes from work on

human cancer cells, which showed increased phosphory-

lation of pyruvate kinase muscle isoform 2 (PKM2).

Although this isoform is not found in mammalian skeletal

muscle, it has an amino acid sequence that is only 4%

dissimilar to the predominant muscle isoform (i.e., PKM1).

Indeed, PKM1 and PKM2 are expressed from alternative

RNA splicing of the same gene [43], and the 43 amino

acids that are present in PKM2 do not appear to contain any

obvious phosphorylation sequence [39]. Furthermore,

computational analysis of mammalian muscle PK does

show considerable evidence for serine, threonine, and tyr-

osine phosphorylation sites on rat, mouse, and human

muscle PK (phosphorylation predictions were done with

PHOSIDA and NetPhos 2.0 sites; data not shown).

PHOSIDA is a web-based system that encompasses both

already identified phosphosites as well as phosphosite
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predictions for your protein of interest [44]. NetPhos 2.0,

on the other hand, is a prediction-based system that uses an

artificial neural network to predict specific serine, thre-

onine, and tyrosine phosphorylation sites [45]. Taken

together, these applications indicate that it is possible to

phosphorylate mammalian muscle PK and this is the first

study that shows this to be true.

The known effects of reversible phosphorylation on PK

functioning are inconsistent, with some reports indicating

that it has no effect on PK activity [37], and others showing

that phosphorylation inhibits PK [2, 40, 46, 47]. In an effort

to determine whether reversible PK phosphorylation had an

effect on enzyme function in this study, crude muscle

extracts were incubated with exogenous alkaline phos-

phatase prior to purification, and the Km ADP was reas-

sessed. It can be observed from Fig. 3 that incubation of

euthermic PK with alkaline phosphatase did not affect its

affinity for ADP to a significant degree; however, incuba-

tion of torpid PK with alkaline phosphatase increased the

Km ADP by approximately twofold to a value similar to

that seen for euthermic PK. Thus, it appears that reversible

phosphorylation may regulate changes in PK kinetics.

In addition to phosphorylation, ubiquitination and

acetylation were investigated in this study to discern other

key posttranslational modifications for skeletal muscle PK

during hibernation. First, western blots detecting ubiquitin-

conjugated proteins indicated that at least a portion of the

PK population within euthermic and torpid PK from the

skeletal muscle was ubiquitinated; however, there was little

difference in the degree of ubiquitination between euther-

mic and torpid conditions (Fig. 4). This result may repre-

sent some level of protein turnover that may be occurring

under both conditions; however, ubiquitination does not

appear to be a critical form of regulation during the tran-

sition into torpor.

An analysis of the level of acetylation of muscle PK

through western blot indicated that torpid PK was signifi-

cantly more acetylated than the euthermic form of the

enzyme (Fig. 4). Acetylation is emerging as a crucial and

varied regulatory mechanism that is being found on an

array of proteins within the cell. Recently, Zhao and col-

leagues [48] found that many enzymes of glycolysis (in-

cluding PK), gluconeogenesis, TCA cycle, urea cycle, fatty

acid metabolism, and glycogen metabolism were found to

be acetylated in human liver tissue. The effect of protein

acetylation is varied, and studies have shown that acety-

lation both positively and negatively affects protein–pro-

tein interactions [49, 50] and protein stability or half-life

[51, 52]. Few studies have been conducted to reveal the

potential function of PK acetylation, but one study shows

that acetylation of the M2 isoform of PK, found only in

embryonic and tumor cells, targets this protein for lyso-

some-dependent degradation [53]. While possible for

squirrel skeletal muscle PK, it may be unlikely that

acetylation targets this enzyme for degradation as it is a

crucial component of glycolysis that is necessary for

arousal. During hibernation, the ground squirrel switches to

using lipid oxidation for their primary fuel source, as evi-

denced by a respiratory quotient of * 0.7 [9]. However,

during the many periodic arousals that occur during

hibernation the respiratory quotient quickly ramps up

to * 0.8–1 indicating a rapid switch back to carbohydrate

oxidation [4]. It would be uneconomical with the ground

squirrel’s fixed fuel reserves to degrade PK during torpor

only to have to synthesize it again upon arousal. Acetyla-

tion could potentially regulate protein–protein interactions

between PK and another cellular protein, or it could result

in some of the kinetic or physical changes that were seen

between euthermic and torpid PK. Clearly, there are many

possible functional outcomes to PK acetylation and the role

of ground squirrel muscle PK acetylation will require fur-

ther investigation.

Conclusion

Purified skeletal muscle PK from Richardson’s ground

squirrels showed distinctly different kinetic properties

between euthermic and torpid conditions, with torpid PK

appearing to be less active at a low temperature that is

typically experienced by the squirrels during dormancy as

compared to euthermic PK. PK from the euthermic con-

dition was however well suited to function at normal

mammalian Tb. ProQ Diamond phosphoprotein staining

and western blot analyses indicate that skeletal muscle PK

from the torpid animal was significantly more phosphory-

lated than the enzyme from the euthermic condition.

Moreover, incubations that stimulated alkaline phosphatase

were able to alter PK kinetics, suggesting that this rever-

sible modification is linked to some of the kinetic changes

observed in this study. In addition to phosphorylation,

skeletal muscle PK was found to be differentially acety-

lated, with torpid PK showing greater levels of acetylation.

The role of PK acetylation is unknown but may represent

an important covalent modification during torpor.
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