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Glycogen synthase is a rate-limiting enzyme in the biosynthe-
sis of glycogen and has an essential role in glucose homeostasis.
The three-dimensional structures of yeast glycogen synthase
(Gsy2p) complexed with maltooctaose identified four conserved
maltodextrin-binding sites distributed across the surface of the
enzyme. Site-1 is positioned on the N-terminal domain, site-2
and site-3 are present on the C-terminal domain, and site-4 is
located in an interdomain cleft adjacent to the active site. Muta-
tion of these surface sites decreased glycogen binding and cata-
lytic efficiency toward glycogen. Mutations within site-1 and
site-2 reduced the V, ,,/S, 5 for glycogen by 40- and 70-fold,
respectively. Combined mutation of site-1 and site-2 decreased
the V,,,../So 5 for glycogen by >3000-fold. Consistent with the in
vitro data, glycogen accumulation in glycogen synthase-defi-
cient yeast cells (AgsyI-gsy2) transformed with the site-1, site-2,
combined site-1/site-2, or site-4 mutant form of Gsy2p was
decreased by up to 40-fold. In contrast to the glycogen results,
the ability to utilize maltooctaose as an in vitro substrate was
unaffected in the site-2 mutant, moderately affected in the site-1
mutant, and almost completely abolished in the site-4 mutant.
These data show that the ability to utilize maltooctaose as a
substrate can be independent of the ability to utilize glycogen.
Our data support the hypothesis that site-1 and site-2 provide a
“toehold mechanism,” keeping glycogen synthase tightly associ-
ated with the glycogen particle, whereas site-4 is more closely
associated with positioning of the nonreducing end during
catalysis.

Glycogen synthase was the first reported intracellular target
of insulin, and the enzyme catalyzes the linear polymerization
of glucose residues from activated sugar donor molecules to the
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nonreducing end of the glycogen chain. Recent structural stud-
ies have shown that the enzyme folds into two Rossmann fold-
like domains, with a deep cleft in between harboring the active
site (1-3). Although the basic fold is conserved between the
prokaryotic, archaeal, and eukaryotic enzymes, there are mul-
tiple sequence insertions in the eukaryotic enzymes. The largest
of these insertions (a long coiled-coil insert in the C-terminal
domain) gives rise to their unique tetrameric arrangement as
well as the structural plasticity necessary for the complex reg-
ulation of glycogen synthase activity in eukaryotes (3). Further-
more, a conserved arginine cluster present in the C-terminal
region of the eukaryotic enzymes mediates the sensitivity to
inhibition by phosphorylation and activation by glucose
6-phosphate (4, 5). In our recent structural studies, we demon-
strated that the middle two arginine residues (Arg-583 and Arg-
587)> are necessary and sufficient to confer regulation by glu-
cose 6-phosphate and that the first three arginine residues
(Arg-580, Arg-581, and Arg-583) are required for full regula-
tory response to phosphorylation (3).

The yeast Saccharomyces cerevisiae possesses two genes
encoding glycogen synthase, GSY1 and GSY2, which are differ-
entially controlled, with the protein product of GSY2 contrib-
uting more to glycogen accumulation under most metabolic
conditions (6). Unlike many other glycogen-associated proteins
and enzymes, such as Stbd1 (7), laforin (8), type 1 protein phos-
phatase glycogen-targeting subunits (9), and AMP kinase (10),
glycogen synthases from yeast or higher eukaryotes do not har-
bor a readily recognizable carbohydrate-binding module. In
addition, very little is known about how glycogen synthase
interacts with the nonreducing end during catalysis or stays so
tightly associated with the glycogen particle while still main-
taining a highly efficient level of catalysis. Early studies with
rabbit muscle glycogen synthase using sugar acceptors with
varying lengths and branching features demonstrated that the
enzyme efficiency increases as longer and more branched oli-
gosaccharides are used as acceptors (11). Based on these results,
it was proposed that the enzyme has two distinct acceptor sub-
strate-binding sites, a catalytic site and a polysaccharide-bind-
ing site, and occupancy of both sites is required for high cata-
Iytic efficiency (11). Consistent with this hypothesis, structural

3 We have adopted the residue numbering recommended by the Human
Genome Organisation (HUGO), and numbering begins at the initiator
methionine.
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studies of the Escherichia coli (12) and Pyrococcus abyssi (13)
glycogen synthases have identified oligosaccharide-binding
sites in the N-terminal domain of the respective enzymes that
impact catalysis on glycogen in both the archaeal and human
enzymes (13).

To examine the mechanism by which eukaryotic glycogen
synthases bind their substrates, we solved the structures of
yeast Gsy2p in association with maltooctaose in both its basal
(R580A/R581A/R583A) and activated (R589A/R592A with glu-
cose 6-phosphate) state conformations. These structures reveal
the presence of four distinct maltodextrin-binding sites on the
surface of the enzyme. One of the maltodextrin-binding sites is
similar in general location to sites observed in the P. abyssi and
E. coli enzymes (12, 13) but is formed from structural elements
unique to the eukaryotic enzymes (residues 117-121, 145-156,
and 182-184). The remaining three sites (site-2 (residues 365—
367 and 439 — 465), site-3 (residues 333—340 and 461—463) and
site-4 (residues 208 —211, 324, and 507—-561)) are found on the
surface of the C-terminal domain and have no known counter-
part in the bacterial or archaeal enzymes. Site-1, site-2, and
site-4 utilize structural elements derived from unique sequence
insertions found in the eukaryotic enzymes. Sequence align-
ment of the eukaryotic enzymes shows that the residues pro-
viding the hydrophobic and polar interactions for maltodextrin
binding are highly conserved among eukaryotic species (sup-
plemental Fig. S1). Mutations to conserved residues within
these sites decreased the catalytic efficiency toward glycogen as
well as glycogen binding. Furthermore, studies in Agsyl-gsy2
yeast cells demonstrated that the glycogen-binding mutants
significantly reduced the net glycogen accumulation. Finally,
we developed a new and highly sensitive assay that directly
measures the ability of glycogen synthase to utilize small oligo-
saccharides, such as maltooctaose, as substrates and can distin-
guish between glycogen-binding sites from those that affect
positioning of the nonreducing end for catalysis. Using this
assay, we show that site-4 affects the ability of Gsy2p to utilize
maltooctaose as a substrate and is implicated in acceptor end
positioning during catalysis.

EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization—A PCR-based site-
directed mutagenesis approach was used for generating the
mutant enzymes from the pET-28A-wild-type Gsy2p con-
struct. His-tagged Gsy2p was expressed in E. coli BL21(DE3)
cells, and the recombinant enzyme was purified as described
previously (3) by affinity and ion exchange chromatographies.
Crystals of the basal and activated state conformations of yeast
Gsy2p R580A/R581A/R583A and R589A/R592A were pre-
pared, cryoprotected, and frozen as described previously (3).
The complexes with bound oligosaccharides were prepared in
crystal soaking experiments using 50 mm maltooctaose (Carbo-
synth Ltd.).

Data Collection, Processing, Structure Solution, and Refine-
ment—The data sets were collected at the Advanced Photon
Source at beamline 23-ID operated by the General Medical Sci-
ences and Cancer Institute Collaborative Access Team (GM/
CA-CAT). The data sets were indexed, integrated, and scaled
using the HKL2000 program suite (14). The structures were
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solved by the molecular replacement method using the pro-
gram MOLREP as implemented in the CCP4 program package
(15) using Protein Data Bank codes 3NAZ and 3NBO as the
search models for the basal and activated state conformations,
respectively. Initial rigid-body and restrained refinements were
performed with Refmac5 (16), and subsequent rounds of refine-
ment utilized Phenix (17, 18).

Enzyme Assays and Kinetic Data Analysis—The activities of
the purified Gsy2p enzymes were measured as described previ-
ously (19). Glycogen titration of the enzymes was performed
using a fixed UDP-glucose concentration of 4.4 mm and nine
different concentrations of glycogen ranging between 0.03 and
12 mg/ml in the absence and presence of 7.2 mm glucose
6-phosphate. The SigmaPlot software package (version 10) was
used to determine the apparent Michaelis-Menten parameters
by fitting to the following equation: v = (V. *[S])/(K,,, + [S]).

Maltooctaose Extension Assay—The reaction conditions for
maltooctaose utilization by Gsy2p were as follows: 25 mm Tris-
HCI (pH 7.6), 12.5 mm UDP-glucose, and 1.3-3.3 um Gsy2p
enzyme in a final reaction volume of 20 ul. The maltooctaose
concentration was varied between 5 and 150 mm. The enzyme
concentration and incubation time were optimized for each
enzyme to ensure that maltononaose was the only product
formed during the reaction. The enzymatic reactions were car-
ried out at 30 °C for either 10 or 20 min and terminated by
heating at 95 °C for 3 min, followed by cooling on ice for 5 min.
After cooling, maltotriose was added to the reactions as an
internal standard to control for injection volume variability,
and the sample was subjected to centrifugation at 14,000 rpm
for 1 min. For each substrate concentration, a control reaction
was prepared in which an equivalent concentration of UDP was
substituted for UDP-glucose. For consistency of analysis, prior
to injection, the samples were diluted with water to give a final
oligosaccharide concentration of ~1 um. All samples were ana-
lyzed using a Dionex ICS3000 high-performance anion-ex-
change chromatography system equipped with a PA1 column
and monitored using pulse amperometric detection as de-
scribed previously (20). All samples were filtered prior to injec-
tion. Eluent A consisted of 100 mM NaOH, and Eluent B con-
sisted of 100 mm NaOH containing 1 M sodium acetate. The
samples were eluted with a continuous gradient of 0-31.25%
Eluent B over 25 min at a flow rate of 0.25 ml/min. To quanti-
tate the reaction progress, a calibration curve for maltooctaose
was prepared between 0.5 to 15 um and analyzed under condi-
tions identical to those used in the reaction. Reaction rates were
determined by monitoring the decrease in maltooctaose as a
function of time. All areas under the curve for maltooctaose
were normalized to that of the internal standard.

Gsy2p Construct for Yeast Expression—The pJR1420-A vec-
tor (21) was used for expressing wild-type and mutant Gsy2p in
yeast cells. pJR1420-A has the promoter and coding region of
the GSY2 gene with the stop codon deleted cloned into pRS416
(22) containing the gene for enhanced GFP and a yeast termi-
nator sequence from the UGPI gene. The various maltodex-
trin-binding mutants were transferred from pET-28a into the
pJR1420-A vector suitable for yeast expression by a three-step
procedure. The pJR1420-A vector was digested with Notl and
Spel, and a fragment containing the GSY2 promoter and coding
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FIGURE 1. Glycogen-binding sites in Gsy2p. a and ¢, ribbon diagram representation of the basal state conformation of the yeast Gsy2p tetramer (a) and dimer
(c) (top view), highlighting the available glycogen-binding sites. The individual subunits are colored separately and labeled. The glycogen-binding sites are
marked S7-54, and the bound glycogen is represented in space-filling models. The cyan molecules represent the actual occupied sites, and the yellow
molecules highlight the unoccupied sites. b and d, ribbon diagram representation of the activated conformation of the tetramer (b) and dimer (d) with similar
coloring and labeling schemes. UDP binding is shown in the activated state dimer in a space-filling model and labeled. Structural alignments were utilized to
place maltodextrins at all available binding sites to provide a representation of the full number of interaction surfaces available; see “Results” and supple-

mental Table S1 for site occupancies in the crystal structures.

sequence was subcloned between the Notl and Spel sites of
pBluescript II SK(+), generating pBluescript-Gsy2. Each
maltodextrin-binding mutant of GSY2 in pET-28a was digested
with BstBl and Ndel, releasing a fragment of GSY2 spanning the
region that contained the mutations of interest. These BstBI/
Ndel fragments were then used to replace BstBI/Ndel frag-
ments of pBluescript-Gsy2. The resulting GSY2 mutants were
removed from pBluescript-Gsy2 by digestion with Notl and
Spel and cloned into pJR1420-A, which had been digested with
Notl and Spel. Each construct expressed wild-type Gsy2p or the
maltodextrin-binding mutant fused at the C terminus to GFP.
The yeast strain WW 100, which is deficient for both the GSY1
and GSY2 genes (MATa leu2 trpl ura3 gsyl:kanMX6
gsy2:natMX4), was used for the in vivo studies. Yeast cells were
transformed with the wild-type or mutant Gsy2p-expressing
plasmids and grown as described previously (21).

Glycogen Synthase Activity and Glycogen Accumulation
Measurement in Yeast Cells—Yeast cells were lysed with glass
beads, and the glycogen synthase activity in the cell lysate was
determined by the filter paper method described previously
under the standard assay conditions (19, 23). The glycogen
accumulation in the cells was quantified by the method
described previously (24). Yeast cells transformed with the vec-
tor alone were used as the negative control for activity mea-
surement and glycogen quantification. The relative levels of
expression of the various glycogen synthase constructs were
determined by Western blot analysis of the yeast cell extracts
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with anti-Gsy2p and anti-GFP antibodies (Roche Applied Sci-
ence). Yeast Hsp90 was used as a loading control.

RESULTS

Overall Structures—Two distinct crystal structures of yeast
Gsy2p with bound maltodextrins were determined using
maltooctaose as an analog of the linear chains of glycogen (Fig.
1 and Table 1). For these studies, we used non-phosphorylated
mutant forms of Gsy2p that permit structure determination in
abasal activity state (R580A/R581A/R583A) and in an activated
state (R589A/R592A) (3). The first mutant is conformationally
restricted and does not respond to glucose 6-phosphate as an
activator or to inhibitory phosphorylation. In contrast, the
R589A/R592A mutant exists in an inhibited state that can be
fully activated by glucose 6-phosphate (3). We created com-
plexes with the substrate analog in both the basal and activated
states of the enzyme in an attempt to map how changes in
conformation affect acceptor binding within the active site. The
overall structures of these two activity states and the local struc-
tures within the maltodextrin-binding sites did not change sub-
stantially in response to substrate binding, demonstrating a
root mean square deviation at their Ca positions of 0.34 and
0.36 A to their respective uncomplexed structures (Protein
Data Bank codes 3NAZ and 3NBO) (3). Surprisingly, rather than
being bound in the active-site cleft, these substrate analogs
bound to conserved surface crevices on the enzyme, and the
number of available sites increased from two to four upon acti-
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TABLE 1
Data collection and refinement statistics
Basal Activated
(R580A/R581A/R583A) (R589A/R592A)

Data collection
Space group P2,
Cell dimensions a=96.6,b=166.7,
c=121.1 A; a = 90.0°,
B = 103.2°, y = 90.0°
50.0-3.0 (3.1-3.0)

1222
a=1934,b = 12053,
¢ = 2069 A; a = 90.0°,
B =90.0°, y = 90.0°

Resolution (A) 50.0-2.8 (2.9-2.8)

Ry (%) 8.2 (52.5) 9.0 (60.3)
1olb 13.2 (2.0) 13.7 (2.0)
Completeness (%)  99.4 (94.7) 99.8 (99.8)
Redundancy 3.8(3.1) 5.0 (4.6)
Refinement

Resolution (A) 50.0-3.0 50.0-2.8
No. of reflections 73,079 96,658
R/ Rivee (%) 20.9/24.7 21.1/26.1
No. of atoms

Protein 19,742 20,617

Ligand/ion 260 333
B-factors

Protein 82.10 72.00

Ligand/ion 111.48 68.73
rm.s.d.”

Bond length (A)  0.008 0.007

Bond angle 1.15° 1.01°
Ramachandran plot

Core 86.1 85.6

Allowed 13.5 14.2

“r.m.s.d., root mean square deviation.

vation (supplemental Table S1). All of the sugar molecules
bound in the basal and activated state conformations show a
tight distribution of torsion angles and glycosidic angles (sup-
plemental Table S2).

Maltodextrin Binding to the Basal State Conformation of
Gsy2p—In the basal state conformation, we observed two oli-
gosaccharide-binding sites in each subunit, and in each of these
two sites, we found four ordered glucose residues bound along
depressions on the surface of the enzyme (Fig. 1, 2 and ¢). Site-1
is occupied in subunits A and B. This site is not available in
subunits C and D, as it is utilized in a crystal-packing contact.
Site-1 is located on the surface of the N-terminal domain and is
defined by helices a4, a5, and 6 (Figs. 1, a and ¢, and 2a). Helix
o4 in Gsy2p is an element of secondary structure unique to
eukaryotic enzymes and is adjacent to the 1'-end of the malto-
dextrin moiety. Helix a5 forms the base of the maltodextrin site
and runs more or less parallel with the carbohydrate moiety.
The side chains of Trp-118, Tyr-145, Trp-149, and Ile-184 form
the hydrophobic contacts, and the side chains of Glu-117, Asp-
121, Glu-153, His-156, Arg-182, and Arg-86 are positioned
along the edges of the hydrophobic trough to provide hydro-
gen-bonding interactions.

Site-2 is located in a crevice near the subunit A/D and B/C
interfaces and lies along the structural boundary between the
conserved Rossmann fold domain and the unique helical ele-
ments that give rise to the subunit arrangement found in the
eukaryotic enzymes (Fig. 1, and ¢). Similar to the maltodextrin
binding at site-1, only two of the available sites are occupied,
each containing four ordered glucose residues in subunits A
and B. The inner surface of site-2 is lined by a hydrophobic
stretch of residues within the secondary structural element 813
comprising Leu-439 —Val-443 and Phe-465 (Fig. 2b). The ori-
entation of the maltodextrin moiety is essentially antiparallel to
the direction of the B-strand. This hydrophobic trench is sur-
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rounded by Thr-365, Glu-367, Asn-446, Asp-450, and Arg-460,
which are positioned for hydrogen-bonding interactions with
the bound glucose polymer.

Maltodextrin Binding to the Activated State of Gsy2p—In the
activated state of Gsy2p, we observed maltodextrins bound to
site-1 and site-2 within subunits C and D as well as two addi-
tional sugar polymer-binding sites, designated site-3 and site-4
(Fig. 1, b and d). Site-3 is positioned adjacent to site-2 in the
C-terminal domain and is bordered by helices @17 and «18 (Fig.
2¢). In subunit A, site-3 has two ordered glucose residues visi-
ble, whereas in subunit D, this site contains four ordered glu-
cose residues. The side chains of Tyr-340 and Val-462 are posi-
tioned on either side of the sugar polymer and provide the
majority of the hydrophobic binding surface. In subunit D, the
first and second glucose moieties stack against the side chain of
Tyr-340, whereas the polar side chains of GIn-333, Arg-337,
Gln-461, and GIn-463 are positioned to form hydrogen bonds
with the hydroxyl groups of the glucose residues.

Unlike the other sites that are positioned on the surface of
Gsy2p, site-4 is located within the interdomain cleft and is adja-
cent to the active site of the enzyme (Fig. 1d). In subunit A,
site-4 has the longest ordered oligosaccharide with seven glu-
cose residues (Fig. 2d). This extended binding pocket is defined
by helix @21 and loop 21-18 from the C-terminal Rossmann
domain and helix a8 from the N-terminal domain, the latter of
which is a unique structural element in the eukaryotic enzymes.
The pyranose ring of Glc-2 in this polymer is stacked between
the side chains of Tyr-507 and Pro-561, whereas Phe-558 stacks
against Glc-6 and Glc-7 at the 4’-end of the polymer. The 2'-hy-
droxyl group of Glc-2 is located within hydrogen-bonding dis-
tance to the side chain of Lys-324. The side chains of Asp-208
and Asn-211 from helix a8 are positioned to hydrogen bond
with the hydroxyl groups of Glc-3. The 1'-end of the oligosac-
charide interacts with Arg-556, whereas the 4'-end is stabilized
by interactions with the side chains of Glu-563, Lys-559, Asn-
529, and Glu-538.

Kinetic Studies Using Glycogen—To study the influence of
the sites on enzyme function, a sequence alignment of the yeast
and mammalian glycogen synthase enzymes was generated
(supplemental Fig. S1), and residues that made contacts critical
for maltodextrin binding and are highly conserved across
eukaryotes were selected for mutation to alanine. Because these
sites possess multiple interactions across rather large surfaces,
we chose to prepare multiple mutations within each site to
ensure disruption of function. Using this strategy, we pre-
pared the following mutations of Gsy2p for study: site-1
(W118A/W149A/H156A), site-2 (D450A/R460A/Y465A),
site-3 (E333A/Y340A/Q461A), and site-4 (D208A/N211A/
R556A). The site-4 triple mutant was not stable, was subject to
extensive proteolysis, and had no detectable enzymatic activity.
As our prior work had also demonstrated that mutations to
residues 556 —559 of Gsy2p were unstable (4), we prepared the
D208A/N211A double mutant to study site-4. A similar but
more intense protein stability problem was observed with the
site-3 mutant. In this case, the triple alanine mutant and all
possible combinations of double alanine mutants were not sta-
ble, suggesting that these amino acids serve a structural as well
as functional role. Thus, wild-type Gsy2p and three stable
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Y

FIGURE 2. Protein-ligand interactions in the glycogen-binding sites of Gsy2p. a-d, ribbon representation of the secondary structural elements of the
glycogen binding in Gsy2p in site-1-4, respectively. The bound polymer is represented in a cyan ball and stick model, and the 4’-hydroxyl group is labeled. The
surrounding amino acids are represented in a ball and stick model and labeled. The residues mutated to alanine for the functional studies of the binding sites

are shown in green.

TABLE 2
Kinetic properties of Gsy2p (glycogen extension)
V max for glycogen varied S,.5 for glycogen Vinax!So.5
Enzyme —Glc-6-P +Glc-6-P —Glc-6-P +Glc-6-P —Glc-6-P +Glc-6-P
min ! mg/ml

WwWT 1120 = 20 1730 = 10 0.29 = 0.03 0.12 = 0.01 3860 14,400
Site-1 180 = 20 1340 = 30 1.73 = 0.32 4.89 = 0.08 100 270
Site-2 220 £ 10 1070 = 30 3.69 *+ 041 5.57 £0.15 60 190
Site-1/site-2 NS“ NS NS NS 45" 45"
Site-4 780 £ 10 1450 = 20 3.37 £0.12 0.60 £ 0.03 230 2420

“ NS, non-saturable kinetics.
2V, ax/So.5 Values were estimated from the specific activity at 6.7 mg/ml glycogen.

maltodextrin-binding site mutants (site-1, site-2, and site-4)
were used for all subsequent functional studies.

To determine the influence of glycogen concentration on
enzymatic activity, we varied the concentrations of glycogen in
both the absence and presence of 7.2 mm glucose 6-phosphate
to determine the S, for glycogen and overall catalytic effi-
ciency toward glycogen (Table 2 and supplemental Fig. S3).
All of the mutant enzymes exhibited increased S, values,
decreased V. values, and catalytic efficiencies that were

max

reduced between 17- and 65-fold in the absence of glucose
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6-phosphate and between 6- and 75-fold in the presence of
glucose 6-phosphate (Table 2).

Utilization of Maltooctaose as an Acceptor Substrate—To
distinguish the contributions of the identified maltodextrin-
binding sites to glycogen binding versus acceptor positioning at
or near the active site, an assay was developed that could
directly measure extension of small maltodextrin substrate
analogs by glycogen synthase. The results from this assay com-
pared favorably with the reported behavior toward maltodex-
trins using '*C incorporation (11). In contrast to its behavior
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TABLE 3
Kinetic properties of Gsy2p (maltooctaose extension)
Enzyme Vinax K., Vinax! Ko
min~! M m L min~!
WT Gsy2p 470 £ 29 0.044 = 0.009 10,700 = 2500
Site-1 270 = 20 0.110 = 0.010 2400 £ 200
Site-2 530 = 33 0.046 = 0.007 12,000 = 1100
Site-1/site-2 210 =20 0.067 = 0.017 3200 £ 500
Site-4 NS NS* 1400 *+ 200°

“ NS, non-saturable kinetics.
2V, ax/ K, was estimated from the linear slope of the Michaelis-Menten plot.

TABLE 4
Yeast glycogen synthase activity and glycogen levels
Yeast cell lysate GS* Glycogen
Construct activity + Glc-6-P accumulation
nmol/min/mg pg/107 cells
Vector alone 0.68 + 0.33 ND
wWT 19.5 3.3 323 £4.5
Site-1 3.25+0.63 5.58 = 1.28
Site-2 1.88 + 0.42 147 £2.7
Site-1/Site-2 1.87 = 0.34 0.81 = 0.22
Site-4 6.65 = 1.69 229=*55

“ GS, glycogen synthase; ND, not detectable.

toward glycogen as a substrate, mutation of site-2 had no
demonstrable effect on maltooctaose utilization (Table 3). The
site-4 mutant was least able to utilize maltooctaose as a sub-
strate and did not show saturable behavior up to the maximal
tested concentration of 150 mwm, which precluded deter-
mination of V, .  or K, values. However, the V. /K, for
maltooctaose could be estimated from the slope of this line
(Table 3). The site-1 mutant showed intermediate behavior and
exhibited an increased K, as well as a decreased V,,,, for
maltooctaose, resulting in a 4.5-fold lower catalytic efficiency
toward maltooctaose (Table 3). Analysis of the product distri-
butions following more extended incubations between the
wild-type enzyme and maltooctaose gave results consistent
with a distributive mode of catalysis (supplemental Fig. S4).

Glycogen Accumulation and Synthase Activity in Agsyl-gsy2
Yeast—To study the effect of the maltodextrin-binding site
mutants in cells, glycogen synthase-deficient yeast cell lines
were complemented with various forms of wild-type and
mutant Gsy2p enzymes. Cells expressing the individual site-1
and site-2 mutants accumulated between 2- and 6-fold less gly-
cogen compared with wild-type enzyme-expressing cells,
whereas expression of the site-4 mutant reduced glycogen
accumulation by only 30% (Table 4). Cells transformed with the
combined site-1/site-2 mutant possessed ~40 times less glyco-
gen than wild-type enzyme-transformed cells (Table 4). Con-
sistent with the glycogen accumulation assays, the extracts
from yeast cells expressing the combined site-1/site-2 mutant
showed the lowest levels of glycogen synthase activity (Table 4).
The differences in the amount of glycogen synthase activity
cannot be accounted for by different levels of mutant protein
expression (supplemental Fig. S5).

DISCUSSION

Many enzymes acting on polysaccharides are characterized
by the presence of a carbohydrate-binding module that facili-
tates the association between the enzyme and its glycan sub-
strate (25). The data presented here are consistent with what
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has been found for the bacterial and archaeal glycogen syn-
thases (12, 13) and glycogen phosphorylase (26) in that they
integrate their carbohydrate-binding sites onto the surface of
the enzyme. The physical and chemical features of the sites are
comparable with the B-type carbohydrate-binding modules,
which are characterized by the presence of a hydrophobic cleft
or groove that accommodates at least two sugar moieties where
additional points of contact are mediated through hydrogen
bonding to the polar edges of the sugar molecules (25). Despite
these physical and chemical similarities, there is no conserva-
tion of either the secondary structural elements or the amino
acid sequences that contribute to glycan binding in glycogen
synthase or carbohydrate-binding modules. It is an interesting
aspect of functional evolution that the relative positioning of
the respective N-terminal domain glycogen storage sites in gly-
cogen phosphorylase, E. coli glycogen synthase, P. abyssi glyco-
gen synthase, and site-1 of yeast Gsy2p is similar yet structurally
distinct at the molecular level.

In both the P. abyssi and E. coli enzymes, all of the glycogen-
binding sites are distributed on the surface of the N-terminal
domain, where it was proposed, for the E. coli enzyme, that they
efficiently uncouple substrate association from the domain
movement necessary for catalysis (12). Unlike these enzymes,
yeast Gsy2p has binding sites located on both the N- and C-ter-
minal domains, and sequence insertions that form secondary
structural elements unique to the eukaryotic enzymes contrib-
ute to these binding sites. The sequence conservation within
the maltodextrin-binding sites suggests that these sites are
present in all eukaryotic enzymes. Indeed, although the tyrosine
residues identified to contribute to dextran binding in the
P. abyssi enzyme (13) are not observed to directly bind malto-
dextrins in Gsy2p, these residues form the underlying struc-
tural foundation for site-1 in Gsy2p. This may explain why
mutation of these tyrosine residues in human muscle glycogen
synthase affects catalysis on glycogen and glycogen accumula-
tion in cell culture (13). The mutational studies reported here
for Gsy2p demonstrate that its dextran-binding sites, like
the sites found in glycogen phosphorylase and glycogen syn-
thase from P. abyssi, facilitate the association of the enzyme
with the glycogen substrate and are necessary for efficient catal-
ysis. These accessory sites also explain the observation that gly-
cogen synthase remains bound to glycogen independent of its
activity state because essentially all glycogen synthase is found
in association with glycogen in vivo even when its activity ratio
is reduced due to increased phosphorylation (27, 28). Efficient
co-localization of enzyme and substrate would facilitate faster
responses to the physiological signals that control glucose
homeostasis and eliminate any lag period resulting from the
reassociation of enzyme and substrate. Consistent with the
impact of mutations within site-2 on glycogen association and
accumulation, two mutations associated with glycogen storage
disease type 0 in humans (T445M and H446D, corresponding
to Thr-444 and His-445 in Gsy2p) (29) occur at amino acid
positions in close proximity to the site-2 maltodextrin-binding
site. Thus, the impaired glycogen synthesis in these patients
may be due to reduced association between the enzyme and its
substrate.
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Although it is clear that site-1 and site-2 likely have primary
functions directed toward maintaining association with glyco-
gen, the role of site-4 is more complex. Unlike site-1-3, site-4 is
located at the interdomain cleft and near the active site of
Gsy2p. Tyr-507, which lies in the midst of this site (Fig. 2), is in
a highly conserved stretch of residues (supplemental Fig. S1)
that includes the putative active-site nucleophile Glu-509 (30).
Mutations within site-4 were the least detrimental to catalysis
using glycogen but the most detrimental to the enzyme’s ability
to utilize maltooctaose (Tables 2 and 3). Because glycogen is a
heterogeneous substrate, it is not possible to directly compare
the catalytic efficiencies toward the two substrates without
some assumptions. However, if we assume that the average
molecular mass of glycogen in the assay is ~1.3 X 10° Da (11),
then the S, 5 of the wild-type enzyme for glycogen could be
estimated to be between 90 and 200 nwm, giving a V.. /S, 5 in
excess of 1.0 X 10® M~ ' s™', which is very near the diffusion-
limited condition for enzyme-catalyzed reactions. In contrast,
the V,,../K,,, of the wild-type enzyme for maltooctaose is ~200
M~ 's™! areduction in catalytic efficiency of nearly 10°. Clearly,
glycogen synthase is well optimized to use glycogen as a sub-
strate. It is likely that this is a function of the enzyme’s ability to
remain tightly associated with the polymer through multiple
contacts that lie outside the active site coupled to a lower affin-
ity binding site for the nonreducing end toward which catalysis
is directed. This strategy solves the problem of rapid binding
and release of actively extending chains and at the same time
does not require complete dissociation from the polymer to
reset the position of the acceptor end within the active site. It
also increases the local concentration of nonreducing ends at or
near the active site such that the lower affinity acceptor site
does not negatively impact the overall efficiency of catalysis.

Recent work has suggested that the binding at these acces-
sory sites forms the basis for processivity of glycogen synthase
toward glycogen (13). Although this may be true, processivity
toward a heterogeneous substrate such as glycogen is difficult
to assess because there are many nonreducing ends within a
single glycogen particle where catalysis can be directed without
dissociation from the particle itself. If one uses this definition of
processivity (namely catalysis limited to a single glycogen par-
ticle), then our data would lend further support to this hypoth-
esis. However, it is less clear how many rounds of elongation
occur toward any individual nonreducing end, where a more
strict definition of processivity would prevail. At present, there
are no unequivocal methodologies available to assess this defi-
nition of processivity toward glycogen. However, because our
assay directly measures and quantitates the products from
maltooctaose elongation, we can say that yeast glycogen syn-
thase acts distributively toward maltooctaose, producing a
Gaussian distribution of products with variable length as a
function of time (supplemental Fig. S5). Therefore, any proces-
sivity directed toward glycogen must be a function of the addi-
tional points of contact between the enzyme and this complex
substrate.

In conclusion, multiple studies by different groups have dem-
onstrated that glycogen synthases possess glycogen association
sites integrated into the surface of the enzyme. Our studies have
shown that yeast Gsy2p has four highly conserved glycogen

SEPTEMBER 30, 2011 +VOLUME 286-NUMBER 39

Glycogen Binding in Eukaryotic Glycogen Synthase

association sites, distinct from the actual catalytic site, that
function to keep glycogen synthase localized to the glycogen
polymer. We have shown that these sites are responsible for the
enzyme’s high catalytic efficiency toward this complex polymer
and impact the level of glycogen that accumulates in cells.
Mutations within site-4 only moderately affect catalysis on gly-
cogen but severely affect utilization of maltooctaose as an alter-
native substrate. Consequently, site-4 may participate in posi-
tioning the 4'-acceptor end of the growing glycogen chain in
the active site. The tight association conferred by this multi-
point glycogen-binding mechanism may provide a functional
advantage during signaling processes because the enzyme
remains bound to glycogen independent of its activation status
and thus does not require reacquisition of its substrate when
cellular conditions are conducive for glycogen synthesis.
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