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Regulation of liver glutamate dehydrogenase by reversible phosphorylation in a
hibernating mammal
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Glutamate dehydrogenase (GDH) is a key enzyme that links amino acid and carbohydrate metabolism in
cells. Regulation is likely most important when organisms are confronted with extreme stresses such as the
low environmental temperatures and lack of food associated with winter. Many small mammals, such as
Richardson's ground squirrels, Spermophilus richardsonii, cope with these conditions by hibernating. Animals
enter long periods of profound torpor where metabolic rate is greatly suppressed, body temperature drops to
near-ambient and all metabolic needs must be met from fixed internal body stores of fuels. To investigate
how GDH is regulated under these conditions, kinetic properties of GDH were analyzed in liver from
euthermic and torpid squirrels, revealing significant differences in Vmax, Km glutamate, Ka ADP and inhibition
by urea between the two forms of GDH. These data suggested an activation of the glutamate-oxidizing
activity of GDH in the hypometabolic state. Subsequent experiments suggested that the molecular basis of
the kinetic differences was a change in the protein phosphorylation state of GDH between euthermia and
torpor. Specifically, liver GDH appears to be dephosphorylated and activated when animals transition into
torpor and this may serve to promote amino acid oxidation to contribute to energy production and
gluconeogenesis. This is the first study to show that mammalian liver GDH can be regulated by reversible
phosphorylation, providing an important new regulatory mechanism for GDH control.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Glutamate dehydrogenase (GDH; E.C. 1.4.1.3) plays a key role in
metabolism, acting as the primary link between carbohydrate and
amino acid metabolism. This resident of the mitochondrial matrix
catalyzes the NAD(P)(H)+-linked interconversion of L-glutamate to
α-ketoglutarate and ammonium ion. In the oxidative deamination
direction, GDH gates entry into the Krebs cycle by carbon skeletons
derived from several amino acids (glutamate, glutamine, arginine,
proline, histidine) and in the opposite direction is the first step in the
synthesis of several amino acids. Furthermore, reversible transami-
nation reactions involving glutamate are the primary way that amino
groups are introduced onto carbon skeletons to synthesize amino
acids and, oppositely, the primary way of deaminating most amino
acids. This makes glutamate and GDH that synthesizes it extremely
important. Hence, regulatory control of GDH is critical and, GDH is
well-known to be regulated by multiple allosteric modifiers
(reviewed in Smith and Stanley, 2008). The enzyme from bacteria
and yeast is also subject to reversible phosphorylation control
(Hemmings, 1978, 1981; Uno et al., 1984; Lin and Reeves, 1994) but

this form of posttranslational regulation of GDH has not previously
been demonstrated in mammalian organs.

Reversible phosphorylation often mediates major changes in the
activity states of enzymes, frequently providing virtual on–off control,
and triggering major changes in metabolic flux through many
pathways. Perhaps the most extreme example of a need for strong,
global controls on intermediary metabolism in mammalian systems
can be found in the phenomenon of hibernation. During the
hibernating season, animals enter long periods of deep cold torpor
with features including a strong suppression of all physiological
processes (e.g. rates of breathing, heartbeat, and kidney filtration), a
suppression of mitochondrial respiration in some organs (notably
liver), a reprioritization of ATP-expensive metabolic functions in cells
(e.g. ion pumping, transcription, translation, among others), a
reorganization of fuel metabolism, and a reduction in core body
temperature (Tb) to as low as 0–5 °C (Zatman, 1984; McArthur and
Milsom, 1991; and reviewed in Carey et al., 2003; Geiser, 2004; Storey
and Storey, 2004; Staples and Brown, 2008). Metabolic rate in deep
torpor is often only 1–5% of the resting rate at euthermic Tb (36–
38 °C), and is strictly controlled and coordinated via the regulation of
gene expression and enzyme function (reviewed in Storey, 1997;
Carey et al., 2003; Storey and Storey, 2004;). Reversible phosphory-
lation of enzymes and functional proteins is a major regulatory
mechanism that mediates the suppression and reprioritization of
metabolic reactions when animals enter hypometabolic states and
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widespread control by this mechanism has been demonstrated in
hibernating species for glycolytic enzymes (Brooks and Storey, 1992),
ion motive ATPases (MacDonald and Storey, 1999), ribosomal
proteins (van Breukelen et al., 2004), and transcription factors
(reviewed in Storey, 1997; Carey et al., 2003), among others.

We reasoned that the transition from active euthermia to cold
torpor would be a time where strong stable control of GDH should be
expressed. Such control could contribute both to the overall
suppression of metabolic rate and also to a reorganization of fuel
metabolism to favor glutamate oxidation, thereby allowing amino
acid catabolism to contribute to energy needs during torpor. Indeed,
in a previous study, Thatcher and Storey (2001) documented
significant stable differences in the kinetic and physical properties
of purified liver GDH from of euthermic versus hibernating Richard-
son's ground squirrels (Spermophilus richardsonii), but without
identifying the mechanism responsible. The present study demon-
strates that ground squirrel GDH is regulated by reversible protein
phosphorylation and that changes in phosphorylation state occur in
deep torpor that make significant changes to enzyme properties. This
study provides the first example of reversible phosphorylation control
of mammalian GDH.

2. Materials and methods

2.1. Animals

Protocols for holding and experimentation with Richardson's
ground squirrels (S. richardsonii) were as reported previously
(Thatcher and Storey, 2001). Briefly, ground squirrels were captured
in the summer near Calgary, Alberta and housed in the animal care
facility at the University of Calgary. The animals were kept in separate
cages at a room temperature of 22 °C with a fall photoperiod (10 h
light:14 h dark). Following an 8-week feeding period to optimize their
body lipid reserves, some squirrels were transferred into a 4 °C cold
room in constant darkness. Food was withheld in the cold room but
water was available. Squirrels were allowed to enter hibernation and
after one month of torpor cycles, animals were sampled in their last
cycle after a minimum of 2 days of constant torpor (rectal temper-
ature 6.4–7.4 °C); the minimum length of continuous torpor was
confirmed visually bymonitoring the disturbance of sawdust bedding.
Euthermic squirrels, maintained and fed at 22 °C throughout, were
also sampled at this time; all euthermic animals were alert and active
and had rectal temperature between 36–37 °C. All squirrels were
euthanized by decapitation. Tissues were immediately excised, frozen
in liquid nitrogen, and then shipped to Carleton University on dry ice
where they were stored at −80 °C.

2.2. Preparation of liver extracts

Samples of frozen liverwere homogenized 1:5w:v using a Polytron
homogenizer in buffer A that contained 50 mM Tris–HCl (pH 8.0),
10 mM 2-mercaptoethanol, 10% v:v glycerol and inhibitors of protein
kinases (2.5 mM EDTA, 2.5 mM EGTA) and protein phosphatases
(25 mM β-glycerophosphate [β-GP]) with a few crystals of phenyl-
methylsulfonyl fluoride (PMSF) added just prior to homogenization.
Initial tests showed that 25 mM sodium fluoride (NaF), another
protein phosphatase inhibitor, decreased recoverable GDH activity
and thereforewas not used. Homogenateswere centrifuged for 30 min
at 13,500 g at 5 °C and then the supernatant was decanted and held on
ice until use. GDH activity in these extractswas fully stable over 24 h at
4 °C, but after 48 h, ~50% of activity was lost.

2.3. Enzyme assay

GDH was assayed spectrophotometrically at 340 nm using an
MR5000 microplate reader and Biolinx 2.0 software. Optimum assay

conditions were 1.5 mM NAD(P)+, 50 mM L-glutamate and 50 mM
Tris–HCl buffer, pH 8.0 in a total volume of 200 μL with 5 μL of liver
extract used per assay. Activity was measured as mU/mg soluble
protein. Km values for substrates were determined under optimal
cosubstrate concentrations. Analysis of the effects of nucleotide
activators and inhibitors (GTP, ATP, ADP) was carried out at sub-
optimal substrate concentrations of 12.5 mM L-glutamate and 0.5 mM
NAD(P)+.

2.4. Incubations to stimulate endogenous protein kinase and
phosphatase activities

Incubations that stimulated the activities of endogenous protein
kinases or protein phosphatases were used to determine whether
torpor-responsive changes in GDH properties could be due to
phosphorylation or dephosphorylation of the enzyme. Aliquots of
liver extracts were mixed 1:2 v:v with the appropriate incubation
stock solution, designed so that after dilution, the final concentrations
were as indicated below. All incubations included a basic incubation
buffer B (50 mM Tris–HCl, 10% v:v glycerol, 10 mM β-mercaptoetha-
nol, pH 8.0), with additions as follows.

(A) Control Incubations (denoted as STOP): buffer B plus 2.5 mM
EDTA, 2.5 mM EGTA and 25 mM β-GP.

(B) Stimulation of endogenous protein kinase activities: buffer B
plus 5 mMMg ATP, 30 mM β-GP and either (1) 1 mM cAMP to
stimulate protein kinase A (PKA); (2) 1 mM cGMP to stimulate
protein kinase G (PKG); (3) 1.3 mM CaCl2+7 μg/mL phorbol
myristate acetate (PMA) to stimulate protein kinase C (PKC);
(4) 1 mM AMP to stimulate AMP-dependent protein kinase
(AMPK); or (5) 1 U of calmodulin+1.3 mM CaCl2 to stimulate
calcium–calmodulin kinase activity (CaMK).

(C) Stimulation of endogenous protein phosphatase (PPase) activ-
ities: buffer B plus (1) 2.5 nM okadaic acid+2 mM EDTA+
2 mM EGTA+5 mM Na3VO4 to optimize protein phosphatase
type 1 (PP1) action; (2) 5 mM MgCl2+5 mM CaCl2+5 mM
Na3VO4+1 μM okadaic acid for stimulation of protein phos-
phatase 2B and 2C (PP2B+PP2C); (3) 1 μM okadaic acid+
5 mM CaCl2+2 mM EDTA+5 mM Na3VO4 for protein phos-
phatase type 2B (PP2B); and (4) 1 μM okadaic acid+5 mM
MgCl2+2 mM EGTA+5 mM Na3VO4 for protein phosphatase
type 2C (PP2C). Note that okadaic acid at the low concentration
(2.5 nM) effectively inhibits PP2A in the PP1 assay but that the
higher (1 μM) okadaic acid concentration is used in the PP2B
and PP2C assays to inhibit both PP1 and PP2A; sodium
orthovanadate is present in all assays as a tyrosine phosphatase
inhibitor.

Ground squirrel liver extracts were incubated for 4 h at ~4 °C.
Following incubation, Km glutamate was determined under optimum
assay conditions with NAD+ as the cofactor.

2.5. ProQ Diamond phosphoprotein staining

GDH from liver of euthermic and torpid ground squirrels was
partially purified by affinity chromatography using a method (GTP-
agarose chromatography) that worked well for ground squirrel GDH
previously (Thatcher and Storey, 2001). Liver samples were homog-
enized in buffer A and the extracts (~2 mL) obtained after centrifu-
gationwere applied to aGTP-agarose column (2.5×1 cm) equilibrated
in homogenization buffer A. Once the extract entered the column, the
column was washed with ~10 mL of buffer A to remove any unbound
material prior to elution of GDHwith a gradient of 0–1 M KCl in buffer
A; fractions of 0.75 mL were collected and assayed for maximal GDH
activity with NAD+ as the coenzyme (as described earlier). The five
fractions with the most activity were pooled and soluble protein
contentwas quantified using the Coomassie blue dye-bindingmethod.

311R.A.V. Bell, K.B. Storey / Comparative Biochemistry and Physiology, Part B 157 (2010) 310–316



Author's personal copy

Aliquots of the pooled fractions 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-mercaptoethanol) and
then boiled for 5 min, cooled on ice and frozen at −20 °C.

Aliquots containing 0.5 μg of protein were added to the wells of a
10% SDS-PAGE gel. The gel was run at 180 V for 45 min in running
buffer containing 25 mM Tris-base, 250 mM glycine, and 0.1% w:v
SDS. The gel was then washed twice 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, Eugene, OR, USA) for 90 min. During staining the gel
container was covered with tin foil to prevent light from reaching the
light-sensitive stain; the gel also remained covered for the next steps.
Following staining, the gel was destained by washing twice with ProQ
Diamond destaining solution (20% v:v acetonitrile, 50 mM sodium
acetate, pH 4) for 30 min each time. The gel was then washed three
times with ddH2O for 5 min each. Fluorescent 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.

An identical gel was run in parallel with the aforementioned gel, and
after electrophoresis proteins were stained for 20 min with Coomassie
blue (25% w/v Coomassie Brilliant Blue R in 50% v/v methanol, 7.5% v/v
acetic acid) and destained for 10 min with destaining mix (60% v/v
methanol, 20% v/v acetic acid in ddH2O). GDH band intensities from
ProQ Diamond chemiluminescence were normalized against the
corresponding Coomassie brilliant blue stained band to normalize for
any variations in sample loading.

2.6. Ion exchange chromatography of GDH

Liver extracts were prepared from euthermic and torpid squirrels
essentially as above but with a modified homogenization buffer
(buffer C): 25 mM MES [2-(N-morpholino) ethanesulfonic acid],
5 mM 2-mercaptoethanol, 1.25 mM EDTA, 1.25 mM EGTA, 5% v:v
glycerol, 12.5 mM β-GP, pH 6. Aliquots of 200 μL supernatant were
applied to 3×1.8 cm (h×d) columns of CM− cellulose equilibrated in
buffer C. Columns were washed with ~10 mL of buffer C to remove
any unbound material and then GDH was eluted with a 0–2 M
gradient of KCl in buffer C. Fractions of 350 μL were collected and
assayed for maximal GDH activity. A euthermic liver extract was
incubated with commercial acid phosphatase (Sigma Chemical
Company; Catalog number P-0157) in an attempt to stimulate
dephosphorylation of euthermic GDH. The extract was incubated
overnight at 4 °C in a 1:2 v:v ratio with the incubation solution
(25 mM MES pH 6.0, 5 mM 2-mercaptoethanol, 5% v:v glycerol,
10 mM MgCl2, 5 mM EDTA, and 1 U of acid phosphatase). After
incubation the solution was applied to a CM− cellulose column and
the procedure that followed was identical to that used in obtaining
the original GDH elution profiles.

2.7. Physical stability of GDH

GDH structural stability was assessed by examining its suscepti-
bility to urea denaturation. Enzyme extracts were incubated with
varying concentrations of urea (0.5–6.6 M) for 24 h prior to assaying
under standard conditions for maximal GDH activity. C50 values (the
concentration of urea that reduced activity by 50%) were determined
using the Kinetics program.

2.8. Data, statistics and protein determination

Enzyme activity was analyzed with a Microplate Analysis Program
(Brooks, 1994) and kinetic parameters were determined using
the Kinetics v.3.5.1 program (Brooks, 1992). Data are expressed as

mean±SEM from independent determinations on separate prepara-
tions of enzyme. Statistical testing used the Student's t-test. Soluble
protein concentration was determined by the Coomassie blue dye-
binding method using the BioRad prepared reagent with bovine
serum albumin as the standard.

3. Results

Ground squirrel liver GDH could use either NAD+ or NADP+ as its
cofactor with near equal facility. Indeed, the NADP+-linked activity
was 82% of the NAD+-linked activity for the glutamate-utilizing
direction when GDH from liver of euthermic animals was analyzed at
23 °C. The pH optimum of the glutamate-oxidizing reaction using
either NAD+ or NADP+ was determined to be 8.0, but ~95% of activity
remained over the range from pH 7.5–9.0.

3.1. Kinetic analysis of GDH using NAD+ as the cofactor

The properties of liver GDH were analyzed from ground squirrels
in two states: euthermic animals with rectal Tb of 36–37 °C (E-GDH)
and animals in hibernation sampled after a minimum 2 days of cold
torporwith a rectal Tb of 6–7 °C (H-GDH). Kinetic properties of E-GDH
and H-GDH were significantly different in a manner that also
depended on the nicotinamide cofactor that was used. Table 1
shows the properties of E-GDH and H-GDH assayed at room tem-
perature with NAD+ as the cofactor. The Km glutamate of E-GDH was
4.2±0.4 mM, significantly higher (Pb0.05) by 24% than the value for
H-GDH. GDH Km values for NAD+ did not change between the two
physiological states but the maximum activity of H-GDH was 44%
higher than E-GDH (Pb0.05).

3.2. Kinetic analysis with NADP+ as the cofactor

Assays with NADP+ as the cofactor also showed significant
differences in kinetic parameters between E-GDH and H-GDH. Table 2
shows that the Km glutamate was nearly 80% lower for H-GDH, as
comparedwith E-GDH. However, contrary to the kineticswith NAD+ as
the cofactor, Km NADP+ was 78% higher and Vmax was 37% lower
(Pb0.05) for H-GDH when compared to E-GDH.

3.3. Effectors of GDH

GDH is affected by a number of metabolites that act as allosteric
modifiers and analysis of some of these showed significant differences
between E-GDH and H-GDH that depended on the cofactor being
used. With NAD+ as the cofactor, Ka ADP of H-GDH was 54% lower
than E-GDH (Table 1). Furthermore, under these conditions, ADP
activation of H-GDH was 3.5 fold but just 1.6 fold for E-GDH.

Table 1
Comparison of liver GDH kinetic parameters from euthermic and hibernating ground
squirrels, S. richardsonii, using NAD+ as the cofactor.

E-GDH H-GDH

Km glutamate (mM) 4.2±0.4 3.2±0.2a

Km NAD+ (mM) 1.17±0.08 1.21±0.08
Vmax (mU/mg) 16±2 23±2a

Ka ADP (μM) 50±10 23±7a

ADP fold activation 1.61±0.03 3.5±0.4a

C50 Urea (M) 3.8±0.1 3.14±0.05a

I50 GTP (μM) 1.8±0.2 1.8±0.2

Data are means±SEM, n=3–4 determinations on liver extracts from different
individual animals. Km values were determined at optimal cosubstrate
concentrations. Ka and I50 values were determined at suboptimal substrate
concentrations (defined in Materials and methods).

a Significantly different from the corresponding euthermic value using a two-tailed
Student's t-test, Pb0.05.
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Similar to the situation with the NAD+-linked enzyme, H-GDH
assayedwith NADP+ showed a Ka ADP that was 33% lower than that of
E-GDH (Table 2). Moreover, H-GDH showed a significantly greater
fold activation (4.4 fold) by ADP than did E-GDH (1.9 fold).

The effects of two high-energy molecules (GTP and ATP) on GDH
activity were assessed with NAD+ as the cofactor. ATP, tested at
concentrations up to 10 mM, had no significant effect on liver GDH
from either state. However, GTP was a strong inhibitor with an I50
value of just 1.8 μM for both E-GDH and H-GDH (Table 1).

3.4. Reversible phosphorylation of GDH

To determine if ground squirrel liver GDHwas subject to reversible
phosphorylation and whether this could account for the stable kinetic
differences between euthermic and torpid states, in vitro incubation
studies were conducted in which crude liver extracts were incubated
with activators/stimulators of specific endogenous protein phospha-
tases or protein kinases. The effects of these treatments on Km

glutamate was then analyzed (Figs. 1 and 2). Incubation conditions
that inhibited both kinases and phosphatases (STOP) resulted in a
high Km for E-GDH and a significantly lower one for H-GDH, similar to
the data in Table 1 but with somewhat lower absolute values. The
incubations that facilitated protein phosphatase action lead to 28–50%
decreases (Pb0.05) in the Km glutamate for E-GDH (Fig. 1). Stim-
ulation of PP1 activity had no effect but incubation under conditions
that stimulated either PP2B or PP2C significantly reduced the Km

glutamate of E-GDH but without affecting H-GDH. However, when
both PP2B+PP2C were stimulated an additive effect was seen on the
Km glutamate of E-GDH, reducing it to about one-half of the value
under STOP conditions. Furthermore, stimulation of both phospha-
tases suppressed the Km glutamate of H-GDH by 24% as compared to
its corresponding STOP condition (Fig. 1).

In general, the incubations that stimulated the action of endoge-
nous protein kinases had the opposite effect, producing significant
increases (Pb0.05) in Km glutamate compared to the STOP condition
(Fig. 2). For E-GDH, the stimulation of PKA or PKC resulted in a 31 and
42% increase, respectively, in Km glutamate compared to the control
situation. Similarly, actions of endogenous protein kinases on
hibernator GDH resulted in 44–76% increases in the Km glutamate.
Hibernator GDH responded to stimulation by PKA, PKC, AMPK and
CaMK.

Altering the phosphorylation state of an enzyme changes its net
charge and allows for the separation of high- and low-phosphate
forms of an enzyme by ion exchange chromatography. Fig. 3 shows
three elution profiles (run independently but graphed together) from
a CM− cellulose column using a linear 0–2 M KCl gradient and
featuring: (a) E-GDH, (b) H-GDH, and (c) E-GDH treated by
incubation with commercial acid phosphatase. Liver extracts from
euthermic ground squirrels showed a single, sharp peak of GDH
activity early in the gradient. By contrast, the enzyme from torpid
animals eluted in two peaks, a broad minor peak eluting near the E-
GDH peak and a major peak eluting at a higher salt concentration.
Treatment of euthermic extracts with commercial acid phosphatase
caused a major shift in the elution position of GDH so that the enzyme
eluted at the same salt concentration as themajor peak of H-GDH. This
provided strong evidence that E-GDH is the phosphorylated form and
that the major peak of H-GDH is a dephosphorylated enzyme.

The difference in phosphorylation state between GDH from
euthermic and torpid conditions was also investigated after partial
purification of GDH via GTP-agarose chromatography followed by
electrophoresis on SDS-PAGE. The resulting gel was stained with ProQ

Table 2
Comparison of liver GDH kinetic parameters from euthermic and hibernating ground
squirrels using NADP+ as the cofactor.

E-GDH H-GDH

Km glutamate (mM) 2.8±0.2 0.6±0.1a

Km NADP+ (mM) 0.41±0.03 0.73±0.06a

Vmax (mU/mg) 13.2±0.8 8.3±0.5a

Ka ADP (μM) 21±1 14±3a

ADP fold activation 1.9±0.1 4.4±0.5a

C50 urea (M) 3.4±0.2 2.76±0.02a

Data are means±SEM, n=3–4 determinations on liver extracts from different animals.
Other information as in Table 1.

Fig. 1. Effects of in vitro incubations to stimulate the activities of endogenous protein
phosphatases on Km glutamate of S. richardsonii liver GDH. Crude extracts were
incubated for 4 h before assay at 23 °C. Data are means±SEM, n=3 determinations on
liver extracts from different animals. * - Significantly different from E-GDH as determined
by the Student's t-test, Pb0.05; ** - significantly different from the corresponding ‘STOP’
condition, Pb0.05.

Fig. 2. Effects of in vitro incubations to stimulate the activities of endogenous protein
kinases on Km glutamate for liver GDH. Other information as in Fig. 1.

Fig. 3. CM− cellulose elution profiles for ground squirrel liver GDH comparing E-GDH,
H-GDH, and E-GDH after incubation with acid phosphatase. The enzyme was eluted
with a 0–2 M KCl gradient in buffer C at pH 6. The elution profiles shown are
representative of n=3 total trials (each using extracts from different animals) that
gave comparable results (data not shown).
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Diamond phosphoprotein stain which detects proteins that are
phosphorylated. Having partially purified GDH using its strong affinity
for the GTP-agarose column, most other proteins were removed prior
to electrophoresis and purified commercial bovine liver GDH (Sigma)
confirmed the location of GDH subunits (~50 kDa). Quantification of
band intensities on the stained gel showed that the relative intensities
of GDH bands in samples from euthermic liver were significantly
stronger by 30% (Pb0.05) compared with the phosphoprotein stained
intensity of H-GDH (Fig. 4).

3.5. GDH stability

Oneway to characterize structural differences between enzymes is
to assess their susceptibility to denaturation by urea. Liver extracts
from both euthermic and torpid squirrels were incubated with
varying concentrations of urea (0.5–6.6 M), and then GDH activity
was measured and C50 values for the reduction in GDH activity were
calculated. Tables 1 and 2 show that when assayed with either
cofactor, the C50 urea was significantly different when comparing the
two enzyme forms. In all cases, H-GDH was more susceptible to urea
denaturation (lower C50 value than E-GDH).

4. Discussion

Although the oxidation of endogenous lipid reserves constitutes
the majority of the fuel used for energy production during
mammalian hibernation, amino acids derived from tissue proteins
can also be significant fuels (Yacoe, 1983; Wang, 1988). Furthermore,
gluconeogenesis from amino acids contributes to the production of
glucose that remains a preferred or necessary fuel for selected cell
types. Thus, GDH has a central role to play in channeling the carbon
skeletons of several amino acids into the tricarboxylic acid cycle for
use as either an aerobic fuel or a gluconeogenic substrate during
torpor. Indeed Muleme et al. (2006) found no significant difference in
respiration rates of isolated liver mitochondria oxidizing glutamate or
palmitoyl carnitine between torpid, arousing and summer active
ground squirrels indicating the importance of these fuels in torpor
whereas respiration with pyruvate was strongly suppressed in
mitochondria from torpid animals, in line with the known inhibition
of pyruvate dehydrogenase in the hypometabolic state (Storey, 1997).

This present study shows that liver GDH from euthermic and torpid
Richardson's ground squirrels displays markedly different properties
suggesting active regulation between the two states and that these
differences are linked with a significant change in the phosphoryla-
tion state of the enzyme.

Previous studies with bacterial and yeast systems have reported
phosphorylation of GDH (Hemmings, 1978; Hemmings, 1981; Uno
et al., 1984; Lin and Reeves, 1994) and a recent study of mammalian
GDH demonstrated posttranslational modification of the enzyme by
ADP-ribosylation, catalyzed by Sir2, in pancreatic beta cells (Haigis
et al., 2006). Thatcher and Storey (2001) first reported evidence for
structural and kinetic differences between liver GDH isolated from
euthermic versus torpid ground squirrels. In particular, size exclusion
chromatography on HPLC showed a difference in native molecular
mass between the two forms; mean values for hexameric GDH were
335±5 kDa for the euthermic enzyme and 320±5 kDa for GDH from
animals in deep torpor versus 331±5 kDa for bovine liver GDH (all
n=3). The difference in mass between the two ground squirrel forms
could be due, at least in part, to higher numbers of phosphorylated
residues on E-GDH.

The present study further explored this idea and provides the first
good evidence that mammalian GDH is subject to reversible
phosphorylation. Three lines of evidence support this proposal.
Firstly, differentially phosphorylated forms of proteins can be
separated on ion exchange columns due to their differences in charge.
Chromatography of ground squirrel liver GDH on a carboxymethyl-
celluose column showed that E-GDH eluted from the cation exchange
column at a lower salt concentration than did themajor form in torpid
animals (Fig. 3). Furthermore, incubation of E-GDH with acid
phosphatase caused a shift in the GDH elution pattern to a higher
salt concentration that overlapped with the elution position of the
major peak of H-GDH. Since the removal of phosphate groups from an
enzyme would decrease the negative surface charge and lead to later
elution off the negatively charged CM column, these results indicate
that E-GDH is the higher phosphate form.

Secondly, the ProQ Diamond phosphoprotein stain directly
analyzes the relative amount of bound phosphate associated with
bands of purified E- and H-GDH. This confirmed the presence of a
greater phosphate content associated with E-GDH; the mean relative
band intensity of H-GDH was 30% lower than that of the E-GDH when
equal amounts of protein were compared (Fig. 4). This shows that
liver GDH from euthermic versus torpid animals are the high and low
phosphate forms, respectively.

Finally, in vitro incubations of liver extracts under conditions that
promoted either phosphorylation or dephosphorylation resulted in
significant changes in the Km glutamate of GDH that mimicked the
kinetic differences between E- and H-GDH. Thus, protein phosphatase
action by PP2B and/or PP2C was highly effective in reducing the Km

glutamate of E-GDH to a value that mimicked the Km of H-GDH
(Fig. 1). By contrast, Km of H-GDH was not affected by stimulation of
any of the phosphatases individually but in incubations that
stimulated both PP2B+PP2C a small reduction in Km glutamate was
seen. This susceptibility of E-GDH to phosphatase action further
supports the idea that this is the high phosphate form in vivo.
Furthermore, the response of E-GDH to incubations that stimulated
either PP2B or PP2C argues that the enzyme may be controlled in vivo
by more than one protein phosphatase and/or protein kinase. It is
interesting to note thatMacDonald and Storey (2007) found that PP2C
activity increased significantly during hibernation in liver of Richard-
son's ground squirrels. Thus, PP2C may be a good candidate for the
enzyme that dephosphorylates GDH in vivo when ground squirrels
enter torpor.

The in vitro incubations that stimulated protein kinases also
supported the proposal that reversible phosphorylation regulates
ground squirrel liver GDH. In vitro incubations that stimulated protein
kinases led to significant increases in Km glutamate for both E- and H-

Fig. 4. Relative phosphorylation state of partially purified liver E-GDH and H-GDH as
assessed from band intensities on a SDS-PAGE gel stained with ProQ Diamond
phosphoprotein stain. The histogram showsmean±SEM, n=4 determinations on liver
extracts from different animals. Two representative bands from the ProQ Diamond and
Coomassie blue stained gels are shown above the histogram. * - Significantly different
from the mean relative band intensity of E-GDH using the Student's t-test, Pb0.05.
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GDH (Fig. 2). Stimulation of PKA or PKC elevated the Km of E-GDH by
31 and 42%, respectively, whereas stimulation of PKA, PKC, AMPK
or CaMK all affected H-GDH, raising Km glutamate by 44–76%. Hence,
H-GDH responded to more protein kinases and also showed a greater
percentage increase in Km when treated with protein kinases. This
argues that H-GDH is the lower phosphate form. However, the fact
that protein kinases could alter the kinetics of E-GDH indicates that
the enzymewas notmaximally phosphorylated in the euthermic state
or that it was phosphorylated only at selected sites by one or more of
the multiple protein kinases that can modify the enzyme.

Recent studies have investigated the role of some protein kinases
in ground squirrel hibernation. For instance, Horman et al. (2005)
found that liver AMPK was much more active in euthermia compared
to torpor. Thus, it is plausible that AMPK phosphorylates GDH in vivo
when ground squirrels exit torpor thereby helping to re-establish
normal euthermic functioning. Similarly, PKA activity increased
rapidly upon arousal from torpor in brown adipose tissue of ground
squirrels (MacDonald and Storey, 1998); a similar occurrence in liver
could also implicate PKA in GDH control during arousal. Additional
evidence for the regulation of GDH by reversible phosphorylation
comes from an analysis of mammalian GDH sequences to search for
putative phosphorylation motifs in their amino acid sequences.
Analysis of human, mouse, and rat GDH using PhosphoSite (http://
www.phosphosite.org) showed peptide sequences of recognized
tyrosine and serine phosphorylation sites, as well as, for human
GDH, putative phosphorylation sites for PKA, CaMK and other kinases.

The change in the phosphorylation state of GDH between
euthermic and hibernating conditions is clearly linked with the
change in the Km glutamate between the two states (Figs. 1, 2). It is
also interesting to note that the generally lower Km values for
glutamate in the torpid state would favor the use of glutamate as a
substrate in torpor and are well-matchedwith in vivo glutamate levels
in liver of ground squirrels. Thus, Serkova et al. (2007) reported levels
of 0.4–0.6 μmol/g for glutamate in liver of S. tridecemlineatus during
entrance into torpor and late torpor whereas we measured mean
values of 1.9±0.6 and 1.5±0.3 μmol/g in S. lateralis liver from
euthermic and late torpor states, respectively (T.A. Churchill and K.B.
Storey, unpublished data). Other kinetic differences between E- and
H-GDH were also identified and these could also be a consequence of
the change in phosphorylation state. For example, Vmax changed
significantly between euthermic and torpid states for activities
measured at 23 °C. This contrasts with results for Djungarian hamsters
where daily torpor had no effect on the maximal activities of GDH
in eight tissues (Heldmaier et al., 1999). Another difference between
E- and H-GDH was the relative use of NAD+ versus NADP+ in the
glutamate-oxidizing reaction. This difference was highlighted by
looking at the Vmax/Km NAD(P)+ ratio, also known as enzyme
efficiency, for each enzyme form. The calculated enzyme efficiencies,
shown in Table 3, indicated that cofactor preference changed between
the two states. At room temperature, E-GDH showed a N2-fold higher
enzyme efficiency with NADP+ as the cofactor as compared to
enzyme efficiency with NAD+. This is consistent with data for bovine
liver GDH (a nonhibernating mammal) that show a preference for
NADP+ as the cofactor when glutamate was being oxidized (Male and
Storey, 1982). NADP+ preference in euthermic situations could fit the
enzyme role in processing excess dietary glutamate without commit-
ting the α-ketoglutarate that is produced into NAD+-linked oxidation

by the Krebs cycle. It is important to note that changes in cofactor
preference may reflect a physical difference between E- and H-GDH,
thatmay be one result of posttranslational modification during torpor.

ADP is a well-known activator of mammalian GDH, and acts by
causing a conformational change in the enzyme that decreases
product affinity and thereby increases reaction rate (Smith et al.,
2001). In all cases in this study, GDH exhibited a Ka ADP between 14–
50 μM (well within the range of physiological levels of ADP in liver of
ground squirrels), with H-GDH beingmore sensitive to ADP activation
regardless of the cofactor used (Table 1 and 2; Churchill et al., 1996;
Serkova et al., 2007). Thus, ADP could play an important role in
regulating GDH activity in vivo under both euthermic and torpid
conditions. Measured liver ADP levels during euthermia and torpor
exceed the Ka ADP values measured and thus the difference in fold
activation of GDH by ADP may be more physiologically relevant
during hibernation. If this is the case, H-GDH displayed higher fold
activation by ADP with either cofactor when compared to the
euthermic condition. This likely indicates that H-GDH is more
responsive to changes in the energy state of the cell which may
better tailor enzyme function for a role in fuel metabolism during
torpor.

Protein stability, measured here as a function of urea denaturation,
can also be an indicator of a physical difference between two forms of
an enzyme. In all cases, E-GDH showed a higher C50 urea than H-GDH
which indicates that the euthermic enzyme was more stable to
denaturing conditions (Table 1 and 2). These differences may also
derive from different levels of phosphorylation of GDH in the two
states. A greater sensitivity by H-GDH to urea denaturation maymean
that this enzyme form has a more flexible structure that, although
more sensitive to denaturants, is better designed for function at low
temperatures. By contrast, a more rigid structure of E-GDH would
better suit function at the higher Tb in euthermia.

5. Conclusion

The data presented above indicate that GDH from euthermic ground
squirrels undergoes dephosphorylation when animals transition into
torpor. The low phosphate H-form of GDH typically showed greater
affinity for its substrates as compared to the high phosphate E-GDH.
Regulation of GDH by reversible phosphorylation could be adaptive
for ground squirrels in torpor since it could alter poise of the enzyme
(amino acid synthesis versus breakdown), and contribute to regulating
glutamate oxidation as a hepatic fuel or a gluconeogenic substrate
during torpor.
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