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Introduction. Glycogen phosphorylase (GP) reversibly cata-
lyzes the release of a single glucose-1-phosphate (G-1-P)
molecule from glycogen. G-1-P is then converted to glucose
via glycolysis in the muscle and via glycogenolysis and
gluconeogenesis in the liver. GP is therefore important for
the regulation of serum glucose levels, which are elevated in
diabetic patients. Inhibition of the liver isoform of GP is of
pharmaceutical interest as a therapeutic target for the
treatment of type 2 diabetes;1–4 however, such drugs should
exhibit selectivity over the muscle isoform to prevent poten-
tial side effects such as muscle cramping due to buildup of
glycogen. The human liver and muscle enzymes, which share
79.5% sequence identity, have markedly different kinetic
properties; the unphosphorylated (GPb) muscle enzyme is
completely dependent on the activator AMP for activity, and
this activity can be inhibited by ATP or glucose-6-phosphate;
the phosphorylated (GPa) enzyme is active, and addition of
AMP can produce a futher 10–20% increase in activity.5

Liver GPb is inactive, and is not sensitive to these effectors;
AMP only stimulates liver GPb by 10–20%, while liver GPa
is active and it is not further activated by AMP.5–7

GP is a homodimer that exists in either the T (inactive)
or R (active) state. Although phosphorylation at Ser 14
normally converts the enzyme to the active R-state, active
site and allosteric site binders can modulate the state of
the enzyme. Synthetic molecules have been shown by
X-ray crystallography to bind GP in the active site,8,9 the
allosteric site,10–14 the nucleoside inhibitor site,15–17 and
the indole site.18–22 Over 50 reported structures of GP,
mostly of the rabbit muscle or human liver isoform,
represent several different states (T, T�, R) with different
combinations of both natural and synthetic ligands in the
various binding sites. Here we report for the first time the
expression, purification, crystallization, and crystal struc-
ture to 2.3 Å resolution of human muscle glycogen phos-
phorylase a with both AMP and glucose bound, and
describe a previously unobserved conformation that likely
represents an intermediate in the transition between the
T-state and the R-state.

Materials and Methods. Full-length hmGP was cloned
by RT-PCR using human muscle mRNA (Clontech) as a
template. The cDNA was PCR-amplified using 50� Advan-
tage Polymerase (Clontech). The amplicon was cloned into
a pFASTBAC vector. GP was expressed in Sf9 insect cells.
After incubation, harvesting, washing, and freeze-thaw,
DNAase was added. Cells were sonicated, centrifuged, and
the lysate was brought to 300 mM NaCl. Protein was
purified via Cu metal affinity, Q Sepharose, and 5�-AMP
Sepharose chromatography. The purified GPb was incu-
bated with phosphorylase kinase � subunit 1–30023 at 5
�g/mg GP in the presence of 2.5 mM ATP and 5 mM
MgCl2. The phosphorylated GPa sample was loaded onto a
Superdex 200 column equilibrated with 50 mM B-
glycerophosphate, 100 mM NaCl, 0.2 mM EDTA, 1 mM
DTT, pH 7.5. The final purified GPa was concentrated and
dialyzed into 20 mM BES, 20 mM NaCl, 1 mM EDTA,
1mM DTT, pH 6.8.

For crystallization, protein at 12 mg/mL � 10 mM AMP
was equilibrated against 5% polyethylene glycol mono-
methyl ether 550, 100 mM glucose, Tris pH 6.9, 2 mM
spermine and 4 mM DTT at 4°C. Orthorhombic crystals
were transferred through a mixture of reservoir solution
with 15% w/v glucose before being cooled in liquid nitro-
gen. Diffraction data were collected at liquid nitrogen
temperature at beamline X8-C at the NSLS at Brookhaven
National Laboratories. The crystals diffracted to 2.3 Å
resolution and belong to space group P21212 with unit cell
dimensions a � 92.4 Å, b � 144.0 Å, c � 59.4 Å, and
contained one protein molecule in the asymmetric unit.
The data were processed, scaled, and reduced using the
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HKL2000 package24 and reindexed using CCP4.25 Statis-
tics are shown in Table I.

The structure was solved by molecular replacement
using the program AMoRe.26 The A molecule from the
crystal structure of R-state rabbit muscle GPb (PDB code
7GPB27) was used as a starting model. After one cycle of
rigid body, positional, and B-factor refinement using
CNX,28 the structure and maps were examined using the
program O.29 The 22 amino acid changes between rabbit
and human muscle GP were incorporated. Several loops
were removed for rebuilding and/or rebuilt at this time.
After one cycle of slow-cool refinement, AMP, glucose, and
PLP were added to the structure. After several further
rounds of refinement and rebuilding, the final structure
contained residues 2–17, 22–249, 261–836, glucose, AMP,
and 369 waters. Density at the nucleoside binding site was
modeled as the adenine portion of AMP. Lysine 680 is
modified by PLP, and Serine 14 is phosphorylated. Resi-
dues 548–561 are modeled but are in poor density.

Results and Discussion. Although the activator AMP
was required to bring the solution of GP to crystallization
concentration, crystals were obtained only when the inhib-
itor glucose was also present in the experiment. Overall,
the phosphorylated protein with glucose bound in the
active site and AMP bound in the allosteric site [Fig. 1(a)]
adopts a conformation that we feel represents an interme-
diate in the transition between the T- and R-states.
Glucose bound at the active site results in much of the
protein adopting a T-state conformation, including the
overall dimer relationship. However, features such as the
ordering of the N-terminus, the binding of AMP in the
allosteric site, and the dimeric contacts at the interface
near this site are consistent with the R-state conformation.
In addition, the 313–325 loop is ordered around the bound
AMP in a conformation only previously reported for AMP
activated (R-state) GPb with pyridoxal pyrophosphate
bound in place of the natural cofactor PLP,30 resulting in a
large and very specific set of contacts between AMP and
the enzyme. The combination of AMP binding and phos-

phorylation of Ser 14 stabilizes the N-terminus and the
cap-�2 helix interface, creating a stable, local R-state
conformation in this portion of the protein that prevents
the completion of the transition to T-state initiated by
glucose binding.

The major features that have been observed crystallo-
graphically for T-state enzyme—tight glucose binding, the
conformation of the tower helices, the closed 280s loop
gate—are generally maintained in the human muscle
structure. The closest structure by C� RMSD calculation is
phosphorylated rabbit muscle GPa with only glucose bound
(2GPA;31 0.425 Å for the monomer, 0.653 Å for the dimer),
closer even than rabbit muscle GPa with both glucose and
the allosteric site inhibitor W1807 (3AMV31) bound. Inter-
estingly, the human liver enzyme with the same combina-
tion of ligands (AMP and glucose) bound maintains the
R-state conformation (1FA96).

On the other hand, the ordering of the N-terminus,
normally observed in phosphorylated enzyme (usually
R-state) is found in this structure as well. Residues 2–16
are clearly visible, although there is poor density for
residues 17–21, and the side chain of Arg 2 forms a salt
link to Glu 8. The phosphoserine is clearly visible, making
direct hydrogen bonds to the side chains of Arg 69 and Arg
43�. In contrast, the N-terminus is completely disordered
in other T-state GP structures, and modeled with high
B-factors in T�-state structures.15,31

AMP is bound in the versatile allosteric site [Fig. 1(b)],
which recognizes a variety of phosphorylated compounds
such as IMP, ATP, glucose-6-P,32 and other nonnatural
ligands.10–14 Contacts made by the liver enzyme to AMP are
also found in this structure—namely, hydrogen bonds be-
tween the phosphate and Arg 242, Arg 306, Arg 309, Arg 310,
Tyr 75, and Tyr 155. There is a face-to-face interaction
between the adenine and Tyr 75 and a hydrogen bond
between the 2�-OH of the ribose to Asp 42� from the other
monomer. Furthermore, the 313–325 loop folds over the
nucleoside binding subsite, enclosing the AMP. Hydrogen
bonds are formed between the N6 of the AMP and the

TABLE I. Data Collection and Crystallographic Refinement Statistics

Data collection
Space Group P21212
Cell constants a � 92.37 Å, b � 144.01 Å, c � 59.44 Å
Resolution of data 2.28 Å
Number of observations 124,314
Number of unique reflections 36,521
Completeness (%, last shell) 98.1 (93.1)
Redundancy 3.4 (2.94)
Rsym (last shell)a 0.068 (0.201)
I /�(I) 11.4 (5.0)

Refinement
Resolution range 50.0–2.3 Å
Number of reflections used in refinement 35,334 (34,628 � 706)
Rcryst/Rfree

b 0.192/0.251
Number of atoms (protein/water/ligands) 6,707/369/45
Average B-factors (Å2, protein/water/ligands) 17.1/19.6/17.3
Rmsd bond lengths (Å) 0.006
Rmsd angles (deg) 1.4

aRsym � 	�Ih 
 �Ih��/	Ih over all h, where Ih is the intensity of reflection h.
bRcryst/Rfree � 	��Fo� 
 �Fc�/	�Fo�. Rfree was calculated with selected reflections excluded
from refinement.

PROTEINS: Structure, Function, and Bioinformatics DOI 10.1002/prot

1124 C.M. LUKACS ET AL.



backbone carbonyls of residues Lys 315 and Cys 318, and
between N1 and the backbone nitrogen of Gly 317. The side
chain of Phe 316 completes this capping by making an
edge-to-face interaction with the outer edge of the adenine.
This loop is disordered or different in the T or T� state rabbit
muscle GP structures,15,27,31,32 and takes a different path in
the liver GPa–AMP complex6 as well. The different conforma-
tion of the 313–325 loop in the two isoforms [Fig. 1(c)] may
help explain the much higher cooperativity of activation by
AMP for the muscle isoform than for the liver isoform.

The rest of the loop is also well defined. Lys 315 forms a
salt bridge with symmetry related Glu 785�, as does Asp 320
with Lys 786�. Arg 323 reaches back down to the body of the
protein to make a salt bridge with Asp 78. These symmetry
contacts are not mimicked in the R-state GPb–AMP struc-
ture,30 showing that this folding of the adenine binding loop
is not a crystallographic artifact, but the true activated
structure in the environment of the allosteric site.

The corresponding structure of human liver GPa with both
AMP and glucose bound has also been solved (1FA96). Rath
et al. report that the addition of AMP to liver GPa results in
crystals that are of the R-state, even when glucose is included
in the crystallization setup. Ser 14 phosphorylation and the
presence of AMP “set” the conformation of the liver enzyme,
and it is not affected by glucose. In contrast, in the human
muscle enzyme, the presence of AMP and phosphorylated
Ser 14 are unable to prevent glucose from binding and
initiating the conversion to T-state. In other words, AMP can

bind to the muscle enzyme even if glucose is bound. The
transition to R-state begins, but is stalled until glucose is
released, that is, the ease of transition to R-state upon the
drop in glucose levels is enhanced.

The implications that this has for drug development are
very promising, since antidiabetic drugs should target liver
GP. Because there are no sequence differences in the AMP
binding site between the liver and muscle isoforms that can
be exploited to gain selectivity, one can take advantage of
kinetic differences instead. Pfizer has demonstrated that
5-chloroindole based compounds, which bind at the dimer
interface, show two- to threefold lower activity against muscle
enzyme than liver enzyme.33,34 It has been shown via
crystallography that these compounds bind to and stabilize
the T-state of GP.18,19 Our in-house data (unpublished)
additionally show that in the muscle enzyme, these types of
compounds are more potent against a glucose-inhibited
enzyme, but significantly less potent when both glucose and
AMP are present. The T-state of the liver enzyme does not
bind AMP; however, we have shown here that T-state muscle
enzyme can bind AMP, causing local structural changes—
specifically the movements of the �2 helix/Val 64, the �1
helix, and the 190s loop—which result in a narrowing of the
indole binding site that renders it too small for the 5-chloroin-
dole to fit well. Thus, in the physiological state, the indole
based inhibitors are clearly better binders to the liver en-
zyme than the muscle enzyme.

We have demonstrated that the muscle isoform of human

Fig. 1. (a) The overall fold of human muscle glycogen phosphorylase a. Because there was one molecule in the asymmetric unit, the active dimer
was generated using a symmetry related molecule. Glucose, AMP, PLP, P-Ser 14, and adenine are shown and labeled. The positions of amino acids that
differ between the human and rabbit muscle enzyme are shown in the blue monomer as yellow spheres. Figures were made with MOLSCRIPT35 and
Raster3D.36 (b) Stereoview of the interactions between human muscle GPa and AMP. These interactions include extensive water-mediated contacts
from the phosphate groups, several direct hydrogen bonds between the adenine and the AMP binding loop, and one hydrogen bond between the ribose
and the cap region of the dimeric molecule. Van der Waals contacts from the adenine include an edge-to-face interaction with Phe 316 and a stacking
interaction with Tyr 75. 2Fo-Fc density for the AMP is shown at 1� contour level. (c) Superposition of human muscle glycogen phosphorylase a (yellow)
with human liver GPa with AMP bound (1FA96) in orange and rabbit muscle GPb with AMP bound (7GPB27) in cyan, highlighting the difference in the
allosteric site loop surrounding the AMP. Phe 316 is shown in for the viewer’s clarification.
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glycogen phosphorylase has structural differences that are
consistent with the long-known kinetic differences between
the liver and muscle enzymes. The activator AMP can bind
the muscle enzyme even when it is locked in the T-state
conformation by the binding of glucose. Local changes around
the AMP site prime the enzyme for the transition to the
R-state, activating it in a way that does not happen in the
liver isoform. It will be interesting if future work with this
system can elucidate the structures of human muscle GP and
human liver GP with an allosteric inhibitor bound. The
implications for the enzyme as a target in drug discovery
continue to be promising.
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