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Sensitivity of glycogen phosphorylase isoforms
to indole site inhibitors is markedly dependent
on the activation state of the enzyme

S Freeman, JB Bartlett, G Convey, I Hardern, JL Teague, SJG Loxham, JM Allen, SM Poucher
and AD Charles

Cardiovascular and Gastrointestinal Discovery Department, AstraZeneca, Macclesfield, Cheshire, UK

Background and purpose: Inhibition of hepatic glycogen phosphorylase is a potential treatment for glycaemic control in type
2 diabetes. Selective inhibition of the liver phosphorylase isoform could minimize adverse effects in other tissues. We
investigated the potential selectivity of two indole site phosphorylase inhibitors, GPi688 and GPi819.

Experimental approach: The activity of glycogen phosphorylase was modulated using the allosteric effectors glucose or
caffeine to promote the less active T state, and AMP to promote the more active R state. In vitro potency of indole site inhibitors
against liver and muscle glycogen phosphorylase a was examined at different effector concentrations using purified
recombinant enzymes. The potency of GPi819 was compared with its in vivo efficacy at raising glycogen concentrations in liver
and muscle of Zucker (fa/fa) rats.

Key results: In vitro potency of indole site inhibitors depended upon the activity state of phosphorylase a. Both inhibitors
showed selectivity for liver phosphorylase a when the isoform specific activities were equal. After 5 days dosing of GPi819 (37.5
umol kg~'), where free compound levels in plasma and tissue were at steady state, glycogen elevation was 1.5-fold greater
in soleus muscle than in liver (P<0.05).

Conclusions and implications: The in vivo selectivity of GPi819 did not match that seen in vitro when the specific activities of
phosphorylase a isoforms are equal. This suggests T state promoters may be important physiological regulators in skeletal
muscle. The greater efficacy of indole site inhibitors in skeletal muscle has implications for the overall safety profile of such
drugs.
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Introduction

Glycogen phosphorylase (phosphorylase; EC 2.4.1.1) cata-
lyses the phosphorolysis of the glycosidic bond in glycogen
to generate glucose-1-phosphate. The kinetic properties of
the enzyme have been studied since its discovery in 1936
and have revealed a complex pattern of allosteric regulation
(Maddaiah and Madsen, 1966; Lowry et al., 1967; Tan and
Nuttall, 1975; Stalmans and Gevers, 1981). The three
isoforms of the enzyme, liver, muscle and brain, are encoded
by three distinct genes. These isoforms share 80% identity at
the protein level and are structurally similar. Phosphorylase
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exists as a dimer of two identical subunits, each subunit
containing a catalytic site, an allosteric ‘I’ inhibitor site,
an AMP site and a novel allosteric indole site. The crystal
structures of the liver and muscle isoforms have been
studied extensively, and conformational changes of the
enzyme in response to physiological effectors have been
described in detail (Newgard et al., 1989; Sprang et al.,
1991; Johnson 1992; Rath et al., 2000b; Buchbinder et al.,
2001; Lukacs et al., 2006). Phosphorylase activity is regulated
by phosphorylation of Serine-14 causing a conforma-
tional transition from the inactive, non-phosphorylated
b state to the active, phosphorylated a state (Buchbinder
et al., 2001).

Glucose, glucose-1-phosphate, glucose-6-phosphate, uri-
dine diphosphate-glucose, N-isopropyl-p-[(125)IJiodoamphe-
tamine (IMP), AMP, ADP and ATP have all been shown to be
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effectors of the enzyme. Binding of these effectors modulates
the activity of phosphorylase by promoting the less active T
or the more active R state. Differences in the regulation of
the liver and muscle isoforms by the R state promoter, AMP
were discovered in early kinetic studies with phosphorylase
(Lowry et al., 1964; Kobayashi et al., 1982). Unlike liver
phosphorylase b, muscle phosphorylase b can be activated by
AMP. More recently, crystallographic comparisons of liver
and muscle isoforms have revealed differences in the
coupling between the AMP and catalytic sites that can
account for the difference in sensitivity to AMP activation
(Buchbinder et al.,, 2001). Regulation of liver glycogen
phosphorylase by glucose is important in the control of
hepatic glucose balance. Glucose inhibits liver phosphor-
ylase by causing a conformational change to the T state.
In hepatocytes, T state phosphorylase a is rapidly dephos-
phorylated to inactive phosphorylase b by protein phospha-
tase 1 (PP1) (Stalmans et al., 1974). The importance of
glucose in regulating muscle phosphorylase is less clear.
However, the mechanism of regulation by dephosphoryla-
tion of T state phosphorylase by PP1 in muscle cells is similar
to that in the liver (Lerin et al., 2004).

Inhibition of glycogen phosphorylase has been proposed
as a potential approach for the treatment of hyperglycaemia
in patients with type 2 diabetes. In the last 10 years,
compounds targeting both the catalytic and allosteric sites
have been identified in the search for effective pharmacolo-
gical agents (McCormack et al., 2001). One class of inhibitors
binds to a novel allosteric indole site at the dimer interface.
These inhibitors are efficacious at lowering blood glucose in
animal models of diabetes (Martin et al., 1998). In the case of
liver phosphorylase, the inhibitory effect of these indole site
inhibitors in vitro was found to act synergistically with that of
glucose (Martin et al., 1998). The mechanism of the synergy
between glucose and the indole site inhibitors was deter-
mined from structural studies (Oikonomakos et al., 2000;
Rath et al., 2000a). Indole site inhibitors bind to and further

stabilize the less active T state (Oikonomakos et al., 2002).
Synergy with glucose is not unique to indole site inhibitors
and has been described previously for the I site inhibitor,
caffeine (Kasvinsky et al.,, 1978). Crystal structures of
glycogen phosphorylase revealed caffeine also stabilizes the
less active T state conformation (Oikonomakos et al., 1992).
The effect of glucose on the potency of caffeine and the
indole site inhibitors indicates that inhibitor potency is
dependent on the activity state of the enzyme.

An inhibitor selective for liver phosphorylase might be
advantageous in the treatment of type 2 diabetes by
minimizing any potential adverse effects arising from
inhibiting muscle phosphorylase during exercise. Here, we
investigate the potential for selectivity of indole site
inhibitors between phosphorylated skeletal muscle and liver
phosphorylase as a consequence of differences in regulation
by AMP and glucose. We hypothesized that the overall
activity state of phosphorylase a, reflecting the relative
proportions of R and T states, and hence the activation state,
would affect the potency of these inhibitors and offer the
potential for tissue selectivity. We have used the allosteric
effectors AMP, glucose and caffeine to manipulate phosphor-
ylase a activity, thus altering the amount of phosphorylase a
in the R and T states. The effect of these R and T state
promoters against human recombinant skeletal muscle
phosphorylase a activity has not been described previously.
We then investigated the potencies of two indole site
inhibitors, GPi688 and GPi819 (Figure 1), against human
recombinant skeletal muscle phosphorylase a and liver
phosphorylase a in the presence and absence of glucose,
AMP and caffeine. Finally, we have compared the efficacy of
GPi819 on glycogen content in liver and skeletal muscle of
Zucker fa/fa rats. Our data indicate that potency correlates
with the activation state of the enzyme and that in vitro,
indole site inhibitors show selectivity for liver phosphorylase
a. However, in vivo, the efficacy of GPi819 was greater in
skeletal muscle than in liver. This greater efficacy cannot be
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Figure 1

(a) GPi688 (2-chloro-N-{1-[(2R)-2,3-dihydroxypropyl]-(3R/S)-2-oxo-1,2,3,4-tetrahydroquinolin-3-yl}-6 H-thieno[2, 3-b]pyrrole-5-

carboxamide); (b) GPi819 (N-{(1S,2R)-1-benzyl-2-hydroxy-3-[methoxy(methyl)amino]-3-oxopropyl}-5-chloro-1H-indole-2-carboxamide);

(c) caffeine; (d) DAB.
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easily explained by the physiological differences in glucose
and AMP concentrations between liver and skeletal muscle.
These results indicate that other T state promoters may
be the major physiological regulators of phosphorylase
activity in skeletal muscle under fed, non-exercising con-
ditions.

Methods

Animals

Zucker (fa/fa) rats were obtained from the Animal Breeding
Unit, AstraZeneca, Alderley Park, Cheshire. Animal experi-
ments were undertaken in strict adherence to the Animals
Scientific Procedures 1986 Act (UK).

Recombinant enzyme expression and purification

Recombinant human and rat liver phosphorylase and
human skeletal muscle phosphorylase isoforms were
expressed and purified by a modification of the method
described by Luong et al. (1992). Liver and skeletal muscle
phosphorylase cDNAs were cloned into pFastBac (Invitrogen,
UK) and expressed in Sf+ insect cells under control of the
polyhedron gene promoter. Cells expressing the skeletal
muscle enzyme were harvested 48 h post-infection whereas
cells expressing the liver phosphorylase were harvested 72h
post-infection. To prepare phosphorylase in the active state
only, the dialysed fraction from a Cu*" iminodiacetic acid
column (Pharmacia-LKB, Sweden) was phosphorylated with
rabbit muscle phosphorylase kinase using 1ug kinase per
18 ug phosphorylase in the presence of 200 uM ATP and 3 mM
MgCl, at 30°C for 1h. Phosphorylated phosphorylase was
dialysed into 25 mM Tris-HCI (pH 7.5), 0.5 mM dithiothreitol
(DTT), 0.2mM EDTA and further purified by applying to a
Mono Q column (GE Healthcare, UK) equilibrated with
buffer B (25mM Tris-HCl (pH 7.5), 0.5mM DTT, 0.2mM
EDTA). The column was washed with buffer B (10 column
volumes) and protein eluted with a 0-400 mM NaCl gradient
in buffer B over 30 column volumes. The fractions contain-
ing phosphorylase a were pooled and dialysed into 25 mM
p-glycerophosphate (pH 6.8), 0.3mM p-mercaptoethanol,
0.3mM EDTA. The pooled fractions were diluted with an
equal volume of polyethylene glycol 400 and stored at
—20°C.

During the preparation of this paper, methods for the
expression and purification of human muscle glycogen
phosphorylase for structural studies were published (Lukacs
et al., 2006). Their methods are essentially the same as ours
with the inclusion of additional sizing column and a 5'-AMP
Sepharose column.

Dephosphorylated skeletal muscle phosphorylase b was
produced by treating the phosphorylated enzyme in 25 mMm
p-glycerophosphate (pH 6.8), 0.3mM f-mercaptoethanol,
0.3mM EDTA with PP1 at a ratio of 1:100 PP1:GPa (vv ')
at room temperature for 1h. The enzyme was stored in the
presence of PP1 in 25mM f-glycerophosphate (pH 6.8),
0.3mM fS-mercaptoethanol, 0.3 mM EDTA at 4°C.

The degree of phosphorylation of the enzymes was
determined by mass changes, measured by mass spectro-
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metry (Micromass LCT, Waters, UK). Protein concentrations
were measured by the Bradford assay (Bradford, 1976) using
a Bio-Rad Protein Assay Kit (Bio-Rad, CA, USA).

Glycogen phosphorylase assays

Enzyme activity was measured in the glycogenolytic
direction by the coupled enzyme reaction with a phospho-
glucomutase preparation from rabbit muscle, and glucose-
6-phosphate dehydrogenase (Maddaiah and Madsen, 1966).
Reduction of nicotinamide adenine dinucleotide (NAD ™) to
NADH was measured either spectophotometrically or
fluorometrically at 30°C in MATRIX (Matrix Technologies
Corp., NH, USA) 384-well plates in a final volume of
50 ul. Fluorescence was read at 340nm excitation/465 nm
emission and absorbance was read at 340nm on a Tecan
Ultra Evolution plate reader (Tecan, UK). The reaction
mixture contained S50mM HEPES (pH 7.2), 100mMm KCI,
2.5mM EGTA, 2.5mM MgCl,, 3.5mM KHPO4 plus
1mgml* glycogen, 5mM NAD *, 0.5 mM DTT. Recombinant
human phosphorylase isoforms were added at a final
concentration of 8 nM. Recombinant rat liver phosphorylase
was added at a final concentration of 6 nM. The coupling
enzymes, glucose-6-phosphate dehydrogenase and phospho-
glucomutase, were in excess at 1 and 0.0625U per well.
Enzymes were pre-incubated for 30min with glycogen,
glucose and AMP before the addition of inhibitors; 20 ul of
pre-incubated enzyme was added to wells containing
10l inhibitor in 10% dimethylsulphoxide (DMSO), or
10% DMSO alone, and the reaction was started with the
addition of 20ul of the coupling enzymes in the HEPES
buffer. Assay conditions were optimized to ensure that the
reaction rate was linear with time and enzyme concentra-
tion. Glucose, caffeine, 1,4-dideoxy-1,4-imino-D-arabinitol
(DAB) and the inhibitors GPi688 and GPi819 did not
inhibit glucose-6-phosphate dehydrogenase or phospho-
glucomutase.

The effect of glucose (0, 4, 8, 16 or 32mM) and AMP
(0-0.2mM) on human enzyme activity and the potencies of
the inhibitors, GPi688, GPi819, DAB and caffeine were
determined fluorometrically. The potencies of GPi688 and
GPi819 against rat liver enzyme were determined in the
presence of 12mM glucose and in the absence of AMP.
Potencies are expressed as ICsy values, calculated from the
hyperbolic inhibition curve-fitting model in Origin Version
7.5 (Origin Lab Co., MA, USA). The geometric mean and 95%
confidence interval (95% CI) were calculated from at least
three independent ICs, determinations.

Specific activities of muscle phosphorylase a and b in the
presence of 0.2 mM AMP and 15 mM glucose were determined
spectrophotometrically from changes in the absorbance at
340nm on the reduction of NAD* to NADH. The specific
activity of liver phosphorylase a was determined with and
without AMP at 8 mMm glucose. The absorbance reading from
the Tecan plate reader was corrected to a 1cm path length
using the protocol supplied by the manufacturer. An
extinction coefficient of 6.22mMcm ! for NAD* was used
to calculate specific activities (umolmin~'mg~! protein).
Specific activities at AMP concentrations less than 0.2 mMm
were calculated from the fluorescence readouts and
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converted to umolmin~'mg~! protein by the following
equation.
(fluorescence at X mM AMP/fluorescence at 0.2 mM AMP) x
specific activity at 0.2 mM AMP

The change in fluorescence was linear over the range of
specific activities measured.

In vivo efficacy study

Tissue glycogen concentration was measured in 9- to
11-week-old male Zucker fa/fa rats dosed with either vehicle
(0.25% polyvinyl pyrrolidine/0.05% sodium dodecyl
sulphate) (S5ml kg’l) or vehicle + GPi819 (12.5, 37.5 or
125 umolkg™1), p.o for 5 days. Animals were housed in pairs
on a 12:12h light cycle with free access to water and
breeding diet (RM3 2.7kcalg™' or 14.4% kcal of fat in
ration). Body weight was monitored daily at the time of
compound dosing (2 h after lights on). Three days before the
start of compound dosing, all animals were gavaged orally
with vehicle to become accustomed to oral dosing. Twenty-
four hours after the final dose, animals were culled by
terminal anaesthesia with halothane and the liver, soleus
and extensor digitorum longus (EDL) muscles removed for
the measurement of tissue glycogen concentration. All
tissues were weighed, snap frozen in liquid nitrogen and
stored at —80°C until required for analysis. Tissue glycogen
concentration was analysed by potassium hydroxide diges-
tion of tissues at 70°C followed by amyloglucosidase
conversion of glycogen to glucose. The liberated glucose
was measured by the addition of hexokinase and measure-
ment of the absorbance of the NADPH generated from the
subsequent reaction at 340nm on a Multiscan Ascent
(ThermoQuest, UK). Glycogen concentration in tissues was
calculated as umol g~ wet weight tissue.

Analytical methods

The compound concentration in plasma and tissue from
GPi819-treated animals was measured by liquid chromato-
graphy-mass spectroscopy (LC-MS). Tissue samples (approxi-
mately 100 mg) were diluted 10-fold with distilled water and
homogenized using a hand-held homogenizer. Homogenate
samples or calibration standards (100 ul) were vortex mixed
with acetonitrile (200 ul) to precipitate the proteins, the
resulting mixture was centrifuged, and the supernatant
decanted before injection (10pul) onto the LC-MS system.
Separation was achieved using a Prodigy 3 um octadecyl
silane(3) 100 x 4.6 mm HPLC column (Phenomenex, Mac-
clesfield, UK) with a water:acetonitrile:formic acid:40:60:0.2
mobile phase, coupled to a Sciex API-365 detector.

Chemicals

GPi688  (2-chloro-N-{1-[(2R)-2,3-dihydroxypropyl]-(3R/S)-2-
0xo0-1,2,3,4-tetrahydroquinolin-3-yl}-6H-thieno|[2,3-b] pyrrole-
S-carboxamide) was synthesized as described in patent WO
03/074532A1 (AstraZeneca, 2003). GPi819 (N-{(1S,2R)-1-
benzyl-2-hydroxy-3-[methoxy(methyl)amino]-3-oxopropyl}-
5-chloro-1H-indole-2-carboxamide) was synthesized at
AstraZeneca as described in patent WO 96/39385 (Pfizer, Inc.
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1995). DAB was obtained from Sigma-Aldrich (UK). Stocks
solutions (10 mM) of GPi688, GPi819 and DAB were prepared
in DMSO. Caffeine (Sigma-Aldrich, UK) was dissolved in
distilled water to give a 10mM stock solution. Rabbit liver
glycogen type III, D(+)glucose, AMP, glucose-6-phosphate
dehydrogenase type IX (200-400 unitsmg '), phospho-
glucomutase preparation from rabbit muscle (containing
o-D-glucose-1-phosphate  phosphotransferase and  «-D-
glucose-1,6-bisphosphatase), rabbit muscle phosphorylase
kinase and amyloglucosidase from Aspergillus niger were
obtained from Sigma-Aldrich (UK). PP1 was obtained from
Upstate (UK) and hexokinase/glucose-6-phosphate dehydro-
genase was purchased from Boehringer (UK).

Statistical analysis

Phosphorylase activities are quoted as the mean and
s.e.mean from at least three independent experiments. The
ICso data were summarized by a geometric mean and least
significant difference (LSD) bars for at least three indepen-
dent ICso determinations. Overlaying LSD bars indicate no
statistical significance at the 5% level. Tissue glycogen and
compound concentrations are mean and s.e.mean. Statistical
comparisons were performed using group contrasts follow-
ing linear modelling that correctly reflected the experimen-
tal structure of dependence (each animal furnished data for
three tissues) and independence (12 animals, randomly split
into three group of four).

Results

Specific activities of purified recombinant phosphorylase

Skeletal muscle phosphorylase b had negligible activity
without AMP present. The specific activities of skeletal
muscle phosphorylase a and phosphorylase b in the presence
of 0.2mM AMP and 15mM glucose were 167+11 and
116+9 umol min~'mg~?, respectively. The specific activity
of liver phosphorylase a in the presence of 0.2 mM AMP and
8mM glucose was 274+ 12umolmin~'mg~'. Liver phos-
phorylase a specific activity in the absence of AMP and
presence of 8mMm glucose was 109+ 16 ymolmin~'mg™'.
There was no significant difference in the specific activities
of skeletal muscle phosphorylase a in the presence of 0.2 mMm
AMP and 15mM glucose, and liver phosphorylase a in the
presence of 8 mM glucose alone.

The phosphorylation state of the recombinant skeletal
muscle enzyme was determined by mass spectroscopy.
Treatment of purified enzyme with phosphorylase kinase
resulted in 100% phosphorylation and treatment with PP1
generated the fully dephosphorylated phosphorylase
b enzyme. Specific activities of stored phosphorylated liver
and muscle phosphorylase a remained unchanged over the
time period of the investigations. The activity of dephos-
phorylated muscle phosphorylase b was lost on storage.

Inhibitory effect of glucose on phosphorylase a
Glucose inhibited both liver and muscle phosphorylase a in
a concentration-dependent manner and the inhibitory effect



of glucose was reduced by a maximally activating concen-
tration of AMP (0.2 mMm) (Figure 2). In the presence of 8 mM
glucose alone, liver phosphorylase a was inhibited by
38+9%. This inhibition was reduced to 20+6% by the
addition of 0.2mM AMP. Skeletal muscle phosphorylase a
was inhibited by 65+ 6% with 8 mM glucose alone, and this
was reduced to 21+ 5% inhibition in the presence of 0.2 mM
AMP. In 15mM glucose, skeletal muscle phosphorylase a
was inhibited by ~75% and this inhibition was reduced to
~35% with 0.2mM AMP (Figure 2).

AMP activation of phosphorylase a and b in the presence of
glucose

In the presence of 15mM glucose, AMP (0.2 mM) increased
skeletal muscle phosphorylase a activity by 2.4- to 4.0-fold
above activity without AMP (Figures 2 and 3). Note that in
Figure 3, activation by AMP is expressed as calculated specific
activity at each AMP concentration. In contrast, AMP
(0.2mM) increased liver phosphorylase a activity 1.3- to 2.0-
fold in the presence of 8mM glucose. Skeletal muscle
phosphorylase b in the presence of 15mM glucose required
AMP for activation and activity increased ~2-fold as AMP
concentration was increased from 8 uM to 0.2 mM. The kinetic
data for liver phosphorylase a and skeletal muscle phosphor-
ylase b (Figure 3) fitted the Michaelis-Menten equation. The
K for liver phosphorylase a with respect to AMP was 67 uM
(95% CI 22-206 uM) and for skeletal muscle phosphorylase b
the value was 28uM (95% CI 7-118 uM). The change in
activity of the skeletal muscle phosphorylase a with AMP was
sigmoidal. The concentration estimated to give the half-
maximum reaction rate was 10 uM (95% CI 3-40 uM) and a
Hill coefficient of ~1.0, indicating no cooperativity.
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Figure 2 Glucose inhibited liver (huLGPa) and skeletal muscle
(huSMGPa) phosphorylase a in a concentration-dependent manner.
Phosphorylase activities were determined from the change in
fluorescence in the conversion of NAD™ to NADH at O, 4, 8, 16
and 32mMm glucose in the presence and absence of 0.2mm AMP.
Note that in the absence of glucose, the specific activities for each
isoform in the presence or absence of AMP were different. Values are
arithmetic mean and s.e.mean from at least three independent
experiments.
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Effect of AMP and glucose on the potency of GPi688 and GPi819
We first examined the synergistic effect of glucose on the
potency of GPi688 and GPi819 against liver phosphorylase a
at 0, 4, 8, 16 and 32mM glucose (Figure 4). In the absence
of AMP, the potency of GPi688 and GPi819 increased three-
and 10-fold, respectively between 0 and 8 mM glucose. The
potencies showed no further increase at higher glucose
concentrations. The synergy between glucose and inhibitor
was maintained in the presence of maximally activating
AMP (0.2 mM) and sub-maximally activating AMP (0.02 mm).
AMP at 0.02 mM had little or no effect on inhibitor potency
at each glucose concentration. AMP at 0.2 mM significantly
reduced the potency of both indole site inhibitors at 0, 4, 8,
and 16 mM but not at 32mM glucose. Without glucose, the
ICso value for GPi688 decreased from 0.069 uM (95% CI
0.052-0.09 uMm) to 0.56uM (95% CI 0.429-0.732uM) on
addition of 0.2mM AMP. Similarly, without glucose present
and on addition of 0.2mM AMP, the ICsq value for GPi819
decreased by a factor of 7.

We then determined the effect of AMP on the ICsq values
for GPi688 and GPi819 against both liver and skeletal muscle
phosphorylase a at a single glucose concentration (Figure 5).
Glucose concentrations of 8 mM for liver phosphorylase a,
and 15 mM for skeletal muscle phosphorylase a, were selected
for inhibitor potency comparisons. At these glucose con-
centrations and in the absence of AMP, the specific activity
of skeletal muscle was significantly less than that of liver
(P<0.05) (Figure 3). However, the ICs, values for GPi688 and
GPi819 were similar against both enzymes (Table 1). In the
case of GPi688, addition of 0.02 mM AMP resulted in a sixfold

—m— hulLGPa
—&— huSMGPa
—w— huSMGPb
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Calculated specific activity
(umoles min"'mg™)

T T L | T T L |
0  0.001 0.01 0.1
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Figure 3 AMP increased activity of phosphorylated skeletal muscle
(huSMGPa), dephosphorylated skeletal muscle (huSMGPb) and
phosphorylated liver (huLGPa) glycogen phosphorylase. Glucose
was present at 8 mm with liver phosphorylase and 15mm with
muscle phosphorylase. Activities were measured as described
previously for glucose inhibition. Activity is expressed as calculated
specific activity from specific activity measured at 0.2 mm AMP. The
measured specific activities at 0.2mM AMP for each enzyme are
shown in the figure with open symbols and were 167+11, 116 +9
and 274412, umol min~"mg~" for skeletal muscle phosphorylase a,
skeletal muscle phosphorylase b and liver phosphorylase g,
respectively. The calculated specific activity for liver phosphorylase
a without AMP was 132 +32 umol, which agreed with the measured
specific activity of 109 +16 umol min~' mg~". The measured value is
shown in the figure with the hatched box. Values are mean and
s.e.mean from three independent experiments.
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Figure 4 The ICso for indole site inhibitors (a) GPi688 and (b)
GPi819 decreased with glucose against phosphorylated liver
phosphorylase (huLGPa) in the absence and presence of AMP.
Glucose was present at 8 mm with liver phosphorylase a. The figure

shows the geometric mean and LSD bars for at least three separate
ICso determinations.

increase in the ICsq value for skeletal muscle phosphorylase a
and hence a reduction in potency, but only a twofold
difference in the ICso value for liver phosphorylase a
(Figure 5a). The maximally activating concentration of
AMP (0.2mM) caused a 28-fold increase in the ICsqo value
for skeletal muscle phosphorylase a and a sevenfold increase
in the ICs value for liver phosphorylase a. AMP had a similar
effect on the I1Cso values of GPi819 (Figure Sb). At 0.2mM
AMP, both inhibitors were less potent against skeletal muscle
phosphorylase a than against liver phosphorylase a by a
factor of ~2.5.

As noted earlier, the specific activities of the two isoforms
were similar when glucose was present at 8 mM without AMP,
for liver phosphorylase a, and at 15mM with 0.2mMm AMP
for muscle phosphorylase a. At these comparable specific
activities, GPi688 was 17-fold more potent, and GPi819 was
50-fold more potent against the liver isoform (Figure 5Sa and
b). The GPi688 ICs values for liver and muscle phosphor-
ylase a, respectively, were 0.016 uM (95% CI 0.010-0.026 uMm)
and 0.332 uM (95% CI 0.204-0.540 M), and for GPi819, the
ICso values were 0.034uM (95% CI 0.024-0.047 uMm) and
1.448 uM (95% CI 0.824-2.542 um).
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Figure 5 AMP reduced the potency of (a) GPi688 and (b) GPi819
against liver (huLGPa) and skeletal muscle phosphorylase a
(huSMGPa), but increased the potency of (c) DAB against skeletal
muscle phosphorylase a (huSMGPa). Glucose was present at 8 mm
with liver phosphorylase a and 15 mm with muscle phosphorylase a.
The figure shows the geometric mean and LSD bars for at least three
separate 1Cso determinations.

Inhibition of recombinant human skeletal muscle phosphorylase a
by DAB

In the absence of AMP, the potency of DAB was 6.3 uM (95%
CI 4.4-9.0 uMm). In the presence of 0.2 mM AMP, the ICs( value
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Table 1 Potency of GPi688 and GPi819 against human and rat phosphorylase isoforms in the presence of glucose
GPi688 GPi819
Glucose (mm) ICs0 (WM) 95% Cl ICs0 (UM) 95% Cl
huLGPa 8 0.019 (0.011-0.034) 0.034 (0.024-0.047)
ratLGPa 12 0.061 (0.034-0.110) 0.062°
huSMGPa 15 0.012 (0.007-0.021) 0.017 (0.007-0.044)

Abbreviation: Cl, confidence interval.

ICs0 values were calculated from at least three independent experiments and expressed as geometric means with 95% Cl, unless otherwise indicated.
The potency of GPi819 against ratLGPa was determined in two independent experiments. The individual ICsq values were 0.034 and 0.112 um.

for DAB decreased to 0.59 uM (95% CI 0.55-1.13 um) and did
not change significantly at low AMP (0.02 mMm) (Figure 5¢).

Effect of caffeine on potency of GPi688 and GPi819 against
skeletal muscle phosphorylase a

We used caffeine in combination with AMP and glucose to
determine the effect of ligands bound at the catalytic, AMP
and I sites, on the potency of indole site inhibitors against
skeletal muscle phosphorylase a. We first examined the effect
of AMP and caffeine on the individual phosphorylase a
isoforms. In the presence of 0.2mM AMP, the ICs, value for
caffeine was 360 uM (95% CI 250-500 uMm). The potency did
not alter with either 0.02 or 0.08 mM AMP (data not shown).
In the absence of AMP, the potency of caffeine was 92 uMm
(95% CI 31-274 uMm). Caffeine (375 uM) in combination with
glucose inhibited skeletal muscle phosphorylase a activity,
but did not prevent activation of the enzyme by AMP (data
not shown).

ICsp values for GPi688 and GPi819 were then determined
in the presence of AMP (0.02, 0.08 and 0.2mM), glucose
(15mM) and caffeine (375 or 750 um). The combination of
caffeine and glucose resulted in a two- to threefold increase
in potency at each AMP concentration (Figure 6). Both
caffeine concentrations were equally effective in increasing
the potencies of GPi688 and GPi819 against AMP-activated
skeletal muscle phosphorylase a. In the absence of AMP,
375 uM caffeine with 15 mM glucose inhibited the activity of
skeletal muscle phosphorylase a by 80-90% and ICs, values
for GPi688 and GPi819 could not be calculated accurately.

Inhibition of recombinant rat liver phosphorylase a by GPi688
and GPi819

The potencies of GPi688 and GPi819 against recombinant rat
phosphorylase were determined in the presence of 12mMm
glucose and absence of AMP. As shown in Table 1, in the case
of each inhibitor, the difference between the ICsqy values
against rat and human liver phosphorylase a was <3-fold.
This was not considered pharmacologically significant.

In vivo concentrations of GPi819 and efficacy on muscle and liver
glycogen storage

To investigate the efficacy of indole site inhibitors in vivo,
GPi819 was administered orally for 5 days to free-feeding
male Zucker (fa/fa) rats at a once-daily dose of 12.5 or
37.5 umol kg~'. Total compound concentrations were mea-

a 1 —®— huSMGPa
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Figure 6 Effect of caffeine (375 uM) on the potency of (a) GPi688
and (b) GPi819 against skeletal muscle phosphorylase a (huSMGPa)
in the presence of increasing AMP and 15mm glucose. The figure
shows the geometric mean and LSD bars for at least three separate
ICso determinations.

sured at the dose interval in plasma, liver and gastrocnemius
muscle on days 1 and 5. There was no significant increase
in plasma or tissue compound concentration between the
two dose levels at either time point (Figure 7a). Following
37.5umolkg™!, the plasma concentration of GPi819 was
0.5+0.24 and 0.7 +0.44 uM on days 1 and 5, respectively,
suggesting that compound distribution was at steady state at
day S. Steady-state compound distribution was also observed
in plasma at the lower dose of 12.5 yumol kg '. After 5 days of
oral dosing at 37.5 umol kg, total GPi819 concentrations in
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day 0, and after 5 days oral treatment with vehicle (0.25% polyvinyl pyrrolidine/0.05% sodium dodecyl sulphate) alone, or with
vehicle + GPi819 at 12.5 or 37.5 umol kg~". Animals were housed in pairs on a 12:12 h light cycle with free access to water and breeding diet.
Animals were gavaged for 3 days with vehicle (5mlkg™"), followed by 5 days treatment with vehicle+GPi819. The values shown are

mean+s.e.mean (n=4).

the liver and muscle were 3.3+0.6 and 2440.3 umol kg’l
wet weight, respectively. At the lower dose of 12.5 umolkg*,
total GPi819 concentrations in liver and muscle were
3.5+0.9 and 24+ 6.0 umol g~ ! wet weight, respectively.

To determine in vivo efficacy, the glycogen content of liver,
soleus muscle and EDL muscle was measured in the same
GPi819-treated animals. Glycogen content in tissue from the
vehicle-dosed animals was not significantly different be-
tween days O and 5 (Figure 7b). After 5 days dosing of GPi819
at 12.5 and 37.5 umol kg™ !, liver glycogen content was 1.6-
and 1.7-fold greater than the glycogen content in the
vehicle-dosed animals. At the dose of 12.5 ymolkg™', EDL
and soleus muscle glycogen content was increased 1.7- and
2.0-fold, respectively. At 37.5umolkg™'!, EDL and soleus
muscle glycogen content was increased 2.3- and 2.6-fold and
the fold increase in glycogen content in soleus muscle was
significantly greater than the fold increase in liver (P<0.05).
The data show a similar trend for EDL muscle, although did
not reach statistical significance. As part of the same study, a
separate group of rats was dosed with 125 yumolkg ' GPi819
for 5 days. In these animals, liver glycogen content was
increased by 2.2-fold to 485+35umol glycogen g ' wet
weight tissue. Glycogen content in EDL muscle was
increased by 5.2-fold (124 + 7 umol glycogen g ' wet weight
tissue) and soleus muscle by 3.7-fold (9543 pumol
glycogeng™! wet weight tissue). The fold increase
in glycogen content in both muscle subtypes was signifi-
cantly greater than in liver (EDL, P<0.0001; soleus, P<0.01).
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Discussion

Our aim was to investigate potential isoform selectivity
of two indole site inhibitors, GPi688 and GPi819, against
skeletal muscle and liver phosphorylase a. Glycogen phos-
phorylase is regulated by a complex interplay between many
allosteric effectors altering the activity state of the enzyme.
In generating the in vitro profile of indole site inhibitor
potency, we chose to focus on the R state promoter AMP,
and T state promoters glucose and caffeine, to modulate
phosphorylase a activity state. Other known effectors were
held constant, such as inorganic phosphate (3.5mM), or
omitted, such as ADP and ATP.

AMP is the major regulator of rabbit-isolated muscle
enzyme, activating the a and b form by different degrees.
The b form requires AMP for activity and the a form is further
activated by AMP (Newgard et al., 1989; Johnson 1992;
Oikonomakos et al.,, 1992). AMP concentrations ranging
from 0.45uM to 0.1 mM have previously been reported to
activate rabbit skeletal muscle phosphorylase a by three-
to fourfold in the presence of known allosteric effectors
(Kasvinsky et al., 1978; Rush and Spriet, 2001). In the
presence of glucose, human recombinant skeletal muscle b
used in our studies required at least 8 uM AMP for significant
activation and the phosphorylated a form was further
activated by 4 uM AMP. We observed a fourfold increase in
the activity of recombinant muscle phosphorylase a with
0.2mM AMP, which is consistent with published data on



rabbit skeletal muscle phosphorylase a (Kasvinsky et al.,
1978). The inhibitory effect of the T state promoter glucose
on recombinant muscle phosphorylase a was counteracted
by AMP. In summary, the kinetic properties of human
recombinant skeletal muscle phosphorylase with respect
to AMP are similar to those reported for rabbit skeletal
muscle.

To test the hypothesis that differences in the effect of AMP
and glucose on skeletal muscle and liver phosphorylase a
activity would influence the selectivity of indole site
inhibitors, the potencies of GPi688 and GPi819 were
determined at a range of AMP and glucose concentrations.
Glucose acted synergistically with the inhibitory effects of
both inhibitors on liver phosphorylase a, as previously
shown for the indole site inhibitor CP-91149 (Martin et al.,
1998). Addition of AMP (0.2 mM) decreased the potency of
both inhibitors to similar extents at all glucose concentra-
tions. The reduction in inhibitor potency against liver
phosphorylase a in the presence of a maximally activating
concentration of AMP is consistent with the characterization
of the indole site inhibitors as T state inhibitors (Oikono-
makos et al., 2003).

To further study the effects of AMP on indole site
inhibitors, we started with glucose concentrations where
the potencies of each inhibitor were similar for both the liver
and skeletal muscle phosphorylase a in the absence of AMP.
For liver phosphorylase a, we chose 8 mM glucose, which is
believed to be close to the intracellular hepatic concentra-
tion of glucose in the fasting state (Ercan et al., 1996;
Kiinnecke et al., 2000). The glucose concentration required
for the compounds to show similar potency against phos-
phorylated skeletal muscle was 15 mM. This suggests that the
indole site inhibitors are intrinsically less effective at
inhibiting the skeletal muscle enzyme, because at 15mM
glucose, in the absence of AMP, skeletal muscle phosphor-
ylase a is only at ~30% of glucose-free activity, whereas the
liver enzyme with 8 mM glucose is at ~65% glucose-free
activity (Figure 2). To further support this conclusion, in
assay conditions where the specific activities of the liver and
skeletal muscle enzyme were approximately equal (8 mM
glucose without AMP and 15 mM glucose with 0.2 mMm AMP,
respectively — see Figure 3), both inhibitors had greater
potency against liver phosphorylase a.

The increase in inhibitor potency with decreasing AMP
concentrations reflected the decrease in phosphorylase
activity with decreasing AMP (Figures 3 and 5). Addition of
the T state promoter caffeine, in the presence of 15mMm
glucose, increased the potency of both indole site inhibitors
against the skeletal muscle enzyme. These changes in
potency accord with a shift of the enzyme activation state
from R to T.

The effect of AMP on the indole site inhibitor potency
contrasts with that of DAB. The binding site for DAB has not
been fully identified, although kinetic analysis indicates DAB
binds at or near the catalytic site (Fosgerau et al., 2000). The
increase in DAB’s potency in the presence of AMP is
consistent with a site of action at or near the catalytic site.
In the active state with AMP bound, access to the active site
is ‘unblocked’ (Buchbinder et al., 2001) and hence open to
either substrate or inhibitor.
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To determine if the in vitro difference in isoform potency
observed with the indole site inhibitors is translated to a
difference in in vivo efficacy, we investigated the effects of
GPi819 treatment on glycogen content in liver and muscle
tissues in Zucker (fa/fa) rats. We first established that there
was no species difference in the potencies of GPi688 and
GPi819 against recombinant rat and human liver phosphor-
ylase a. Similar EDsq values for glucagon-stimulated glyco-
genolysis were also observed for both GPi688 and GPi819 in
human and rat primary hepatocytes (unpublished data). This
lack of species difference for liver phosphorylase is consistent
with published data for the indole site inhibitor CP-91149 in
rat and human liver cells (Martin et al., 1998). Comparison of
the amino-acid sequence at the indole-binding site of rat and
human liver phosphorylase shows only a single amino-acid
substitution (Ala192 in rat, Ser192 in human) (Oikonomakos
et al., 2002). Human and rat liver phosphorylase have 94%
identity overall. Human and rat muscle phosphorylase have
identical sequence at the indole-binding site and share 95%
identity overall. Although potencies of GPi688 and GPi819
were not determined against rat recombinant muscle
phosphorylase a, with the high degree of homology between
rat and human muscle phosphorylase, we would expect our
indole site inhibitors to show similar potency against muscle
phosphorylase from both species. In our interpretation of
the in vivo results we have assumed, this is the case.

In vivo, glycogen content was measured as the most
proximal endpoint for glycogen phosphorylase activity. Five
days dosing of GPi819 at 37.5 umolkg ' induced a greater
fold increase in glycogen content in soleus muscle than in
liver. As shown by measurement of compound concentration
at the dose interval, tissue total compound levels were at
steady state in muscle and liver. Although total compound
levels in muscle and liver were 35- and fivefold higher than
the corresponding values observed for plasma, steady-state
free compound levels in each tissue were assumed to be in
equilibrium with plasma-free compound levels (Rowland
and Tozer, 1995). If this assumption is correct, our data
suggest GPi819 has greater efficacy against glycogen content
in muscle than in liver. If active transport of compound were
occurring to increase exposure of free compound in muscle
relative to liver, then this would alter the interpretation of
our data. We have no evidence to suggest active transport is
occurring with GPi819.

One alternative explanation of our data is that glycogen
levels had reached the maximum storage capacity in the
liver, but not in muscle. However, when GPi819 was
administered at 125umolkg~!, we observed a further
increase in glycogen levels in both tissues. This indicates
that glycogen storage in liver and muscle was not saturated
at 37.5 umol kg~!, although it may be approaching maximal
storage capacity at 125 umolkg ™' (unpublished results).

The in vitro data show that the inhibitors are more potent
at either low AMP or high glucose concentrations. Levels of
AMP measured in skeletal muscle biopsies generally range
from 20 to 100umolkg™' wet weight (Newsholme and
Leech, 1983; Arabadjis et al., 1993; Rush and Spriet, 2001;
Baker et al., 2005; Hancock et al., 2005). In liver, physiolo-
gical AMP levels determined by biochemical methods (Koch
et al., 1998; Ercan-Fang et al., 2002) typically range from 680
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to 1000 umol kg ! wet weight. Although the concentrations
of free AMP in liver and muscle cannot be measured directly
in vivo, they are thought to be significantly lower (Wheeler
and Lowenstein, 1979; Iles et al., 1985; Hancock et al., 2006).
A low AMP content in skeletal muscle is consistent with the
view that AMP is rapidly deaminated to IMP, thus ensuring
the reaction catalysed by adenylate kinase favours ATP
production. Therefore, the efficacy of indole site inhibitors
could be significantly greater in skeletal muscle than liver
owing to a lower free AMP concentration.

In liver, glucose is considered the main allosteric regulator
and the intracellular glucose concentration in fasting rats
is almost equal to plasma glucose at ~8mM (Ercan-Fang
et al., 2002). Glucose may not, however, be a physiologically
important inhibitor in muscle. Studies using '*C NMR report
intracellular glucose concentrations ranging from <0.1 to
0.3mM in rat and human skeletal muscle (Cline et al., 1998,
1999). At these concentrations, glucose per se would have
little inhibitory effect on skeletal muscle phosphorylase a
(Figure 2).

The efficacy of the indole site inhibitor, GPi819 on muscle
glycogen concentration in our Zucker (fa/fa) rat study is,
therefore, consistent with either a low AMP in skeletal
muscle or other T state promoters being the major physio-
logical regulator in this tissue. The identification of the
physiological T state promoter(s) in skeletal muscle is beyond
the scope of this study.

We were unable to determine the potency of the indole
site inhibitors, and the effect of glucose and AMP on
inhibitor potency against the human recombinant skeletal
muscle phosphorylase b, as our preparation of dephosphory-
lated enzyme lost activity rapidly with storage. Crystal-
lographic studies with chloroindole compounds complexed
with either rabbit skeletal muscle b form or human liver a
form, show that the major interactions between inhibitor
and protein are conserved (Oikonomakos et al., 2002). It has
been proposed that indole site inhibitors will prevent the
conversion of the b to a form (Baker et al., 2005). In vivo
the relative amounts of a and b forms are regulated by
phosphorylation and intracellular effector concentration.
We cannot rule out the possibility that the greater efficacy of
GPi819 in skeletal muscle is the result of differential potency
against the b form in each tissue and/or a disparate
contribution of the b form to total phosphorylase activity.
Determination of the amount of a and b forms in the two
tissues in the presence of a glycogen phosphorylase inhibitor
would be required to address this issue.

In conclusion, differences in glucose and AMP regulation
of liver and skeletal muscle phosphorylase a contribute to
the diverging potency of indole site inhibitors against the
two isoforms in vitro. In vivo, the indole site inhibitor GPi819
had a greater effect on glycogen content in skeletal muscle
than liver in Zucker (fa/fa) rats. The lack of correlation
between in vitro potency and in vivo efficacy could possibly be
explained by tissue-specific differences in effector concentra-
tions that may influence the efficacy of an indole site
inhibitor in various tissues by altering the proportion of
phosphorylase a in the R and T states. This will have
implications for the overall safety and efficacy profile of
these compounds.
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