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SUMMARY

Glycogen is the primary energy reserve in mammals, and dysregulation of glycogen metabolism can result in
glycogen storage diseases (GSDs). In muscle, glycogen synthesis is initiated by the enzymes glycogenin-1
(GYG1), which seeds the molecule by autoglucosylation, and glycogen synthase-1 (GYS1), which extends
the glycogen chain. Although both enzymes are required for proper glycogen production, the nature of their
interaction has been enigmatic. Here, we present the human GYS1:GYG1 complex in multiple conformations
representing different functional states. We observe an asymmetric conformation of GYS1 that exposes an
interface for close GYG1 association, and propose this state facilitates handoff of the GYG1-associated
glycogen chain to a GYS1 subunit for elongation. Full activation of GYS1 widens the GYG1-binding groove,
enabling GYG1 release concomitant with glycogen chain growth. This structural mechanism connecting
chain nucleation and extension explains the apparent stepwise nature of glycogen synthesis and suggests
distinct states to target for GSD-modifying therapeutics.
INTRODUCTION
Glycogen is a glucose polymer that forms a reserve of quickly
accessible energy, supporting key physiological functions such
as blood sugar regulation and skeletal muscle contraction
(Parolin et al., 1999; Roach et al., 2012). The primary polymer
structure of glycogen consists of glucose molecules connected
by a-1,4 glycosidic bonds that regularly branch via a-1,6 glycosidic linkages. Glycogen chains can approach up to 55,000
glucose units, and the ultimate size of a glycogen particle tends
to be tissue specific. The two main glycogen reservoirs in humans are in the skeletal muscle, where b-particles of the polymer
can range from 10 to 50 nm in diameter, and the liver, which contains a-particles ranging from 110 to 290 nm (Roach et al., 2012;
Rybicka, 1996; Ryu et al., 2009, Takeuchi et al., 1978).
Glycogen synthesis requires the activities of multiple enzymes
in concert. The first step of glycogen synthesis is performed
by the homodimeric glucosyltransferase enzyme glycogenin
(GYG) using the substrate UDP-glucose (UDP-Glc) as a glucose
donor (Pitcher et al., 1987). GYG initiates glycogenesis via autoglucosylation of a conserved active-site tyrosine to covalently
link a glucose molecule to the enzyme (Smythe and Cohen,
1991). The newly incorporated glucose unit becomes the next
site of extension as GYG progressively adds glucose monomers

connected by a-1,4 glycosidic bonds. Geometric and steric constraints limit this priming stage of glycogenesis to approximately
12 glucose units, after which GYG glucosyltransferase activity
ceases (Bilyard et al., 2018). The glycogen chain remains covalently attached to GYG as other enzymes continue to catalyze
polymerization.
Further extension of glycogen is catalyzed by glycogen synthase (GYS) (Roach et al., 1976). GYS, like GYG, is a glucosyltransferase that incorporates glucose residues from UDP-Glc
into the glycogen chain via a-1,4 glycosidic linkages. GYS activity is a rate-limiting step for glycogen synthesis and is consequently highly regulated (Roach et al., 2012). GYS was found
to be controlled by hierarchical phosphorylation whereby serine
residues are phosphorylated sequentially in a discrete order
(Roach, 1990). The fully phosphorylated form is inactive and
dephosphorylation restores activity. Phosphorylated GYS can
alternatively be activated by the allosteric effector glucose-6phosphate (G6P), a secondary messenger for glucose availability, to quickly commence glycogen storage when glucose is
abundant (Bouskila et al., 2010; Palm et al., 2013; Smith et al.,
1971).
Dysregulation of the genes involved in glycogen synthesis and
breakdown can manifest as glycogen storage diseases (GSDs)
(Roach, 2002). GSDs can be broadly classified into distinct types
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that cluster according to what genes are affected. GSD complications are diverse and can include hypoglycemia, exercise
intolerance, myopathy, liver cirrhosis, and renal failure, reflecting
the ubiquity of glycogen and the requirement for its precise
metabolic regulation (Ozen, 2007; Shin, 2006). One such GSD,
called Pompe disease (type II), is marked by disruption of
glycogen catabolism due to misfunction of the enzyme acid
alpha-glucosidase (GAA). Reducing aberrant glycogen storage
by transient and genetic-based knockouts of GYS corrects multiple pathologies observed in Pompe mice, such as preventing
type II muscle atrophy and reversing cardiomegaly (DouillardGuilloux et al., 2008, 2010). GYS inhibition can theoretically
reduce the buildup of muscle glycogen and therefore is a promising route for the treatment of Pompe disease.
Structural and functional insights into human GYS and other
glycogen-associated enzymes could accelerate therapeutic efforts in this area. Despite a half-century of intensive study, the
structural determination of human GYS has been hindered by
its heterogenous phosphorylation and presumed flexibility. Previously solved structures of GYS homologs in active and inactive
states exhibit multiple conformations, suggesting that major
structural changes underly the experimentally observed active
and inactive states of human GYS (Baskaran et al., 2010; Sheng
et al., 2009). Structures of human GYS in multiple states could
provide insight into its mechanism of complex regulation and
indicate key conformations to target with a small-molecule
drug. Human GYS and GYG are also known to function together
as a hetero-oligomeric complex. The C-terminal tail of GYG has
been shown to bind GYS but it is separated from the globular
catalytic domains by a flexible linker sequence (approximately
35–160 amino acids depending on isoform), raising the question
of whether the GYS-GYG interaction changes throughout the
multiple putative activity states of GYS (Skurat et al., 2006; Zeqiraj and Sicheri, 2015; Zeqiraj et al., 2014). While one structure
of this C-terminal tail (34 amino acids) bound to GYS was determined for Caenorhabditis elegans, no structures of any fulllength GYG have been solved in complex with GYS; the details
and extent of their interaction are therefore enigmatic.
Here, we describe the cryoelectron microscopy (cryo-EM)
structures of human GYS1:GYG1 complex, the paralogs responsible for glycogen synthesis in skeletal muscle. We observed the
complex in multiple conformations, revealing GYS1 is a flexible
tetramer that modulates the accessibility of its catalytic sites in
response to activation. One conformation exhibits an interaction
between catalytic domains of GYG1 and GYS1. We propose this
conformation brings the active sites into proximity for GYS1 to
accept the GYG1-primed glycogen primer and provide a model
for how these states facilitate the major stages of glycogen
synthesis.
RESULTS
Engineering and structure determination of the apo and
G6P-bound GYS1:GYG1 complexes
Recombinant production of human GYS1 in insect cells requires
co-expression of human GYG1, and the complex purifies as a
4:4 hetero-octamer (Hunter et al., 2015; Khanna et al., 2013).
Expression of the full-length GYS1:GYG1 complex yielded pro-
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teins that had glycogen bound in addition to non-uniform phosphorylation states. This heterogeneity complicated structural
studies and interpretation of biochemical data. To enable structural studies of the GYS1:GYG1 complex, a variant of GYG1 with
the autoglucosylated tyrosine mutated to phenylalanine (Y195F)
was used to prevent linkage of glycogen to the complex without
impairing GYS1 activity (Chaikuad et al., 2011) (Figure 1A). This
mutant (GYG1-Y195F) was used in all follow-up structural and
biochemical experiments.
GYS1 phosphorylation occurs at nine sites, two near the N terminus and seven along the C terminus (Skurat and Roach, 1995;
Skurat et al., 1994) (Figure 1A). The GYS1 wild-type (WT)
complex (GYS1-P) required G6P for activity, and in vitro dephosphorylation produced a complex active without G6P (GYS1-DP)
(Figure 1B). The two N-terminal phosphorylation sites S8
and S11 were mutated to glutamate in order to eliminate the potential for heterogeneous phosphorylation at these positions
(GYS1-EE). This phosphomimetic construct behaved similarly
to GYS1-P with a similar substrate KM and less than 2-fold increase in G6P KM (Figures 1A and 1B). To further reduce heterogeneity in GYS1 phosphorylation states, the C terminus was
truncated at residue 634, which is upstream of the remaining
seven phosphorylation sites, and yielded a construct suitable
for cryo-EM (GYS1-Cryo; Figure S3A). The modifications
comprising GYS1-Cryo resulted in a functional enzyme
with only a modest decrease in substrate KM compared with
GYS1-P when G6P was present. GYS1-Cryo exhibited a
>10-fold lower KM for G6P, consistent with the previous observation that G6P normally competes with the phosphorylated regions of the protein (Figure 1B) (Baskaran et al., 2010). Despite
the lower G6P KM, GYS1-Cryo maintained G6P dependence
for activation, in contrast with GYS1-DP, which intimated the
inhibitory function of the N-terminal phosphomimetic mutations.
In order to elucidate the functional relationship between GYS1
and GYG1, the GYS1-Cryo:GYG1-Y195F complex was examined by cryo-EM both in the presence and absence of G6P,
revealing three high-resolution electron density maps at 3.4 to
3.5 Å resolution (Figures 1C–1E, S1, and S3B–S3G; Table S1).
Apo GYS1:GYG1 structures include an asymmetric
GYS1 conformation
The apo GYS1-Cryo:GYG1-Y195F complex produced two
distinct conformations. The first map, formed by about twothirds of the particles, contains four lobes representing a core
GYS1 tetramer in an asymmetric arrangement, different from
the symmetric conformations observed in homologous GYS1
structures from Saccharomyces cerevisiae and C. elegans (Baskaran et al., 2010; Zeqiraj et al., 2014) (Figures 1C and S1A).
Furthermore, the density includes additional lobes corresponding to an ordered GYG1 dimer associated along a groove between two GYS1 protomers (Figure S4B). We therefore term
this first structure the GYS1:GYG1 ordered complex. The second apo map comprises the density for the GYS1 tetramer but
does not resolve any globular domains of GYG1 (Figure 1D).
We henceforth named this complex the GYS1:GYG1 mobile
complex. Although not all catalytic domains of GYG1 are
resolved in either apo map, the presence of GYG1 is indicated
by a previously identified GYG1 C-terminal tail (GYG1-tail) bound
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Figure 1. Construct engineering with functional validation enabled structure determination of the GYS1:GYG1 complex in three conformational states
(A) Schematic (top; not to scale) indicates full-length constructs with C6634 truncation location, phosphorylation sites on full-length WT GYS1, and glucosylated
tyrosine on GYG1. Table indicates any modifications from WT protein as purified from insect cells. KM values determined by UDP-glucose and G6P titrations,
shown in (B), are included where applicable.
(B) Titrations of the substrate UDP-Glc under activating conditions (+1.25 mM G6P) (left). Substrate KM values, reported in (A), calculated from Michaelis-Menten
fits. Titrations of the activator G6P under conditions where substrate is not limiting (2 mM UDP-Glc) (right). Activator KM values, reported in (A), calculated from
Michaelis-Menten fits. G6P KM for the dephosphorylated construct was not calculated as it is active in the absence of G6P and is instead shown with a connecting
dotted line. Plots are a representative experiment from four biological replicates and points are the average of two technical replicates (displayed as bars).
(C) Locally sharpened cryo-EM density map of the apo GYS1:GYG1 ordered complex. GYS1 chains A, B, C, and D are colored orange, turquoise, purple, and
navy respectively. GYG1 globular domains and the GYG1-tail fragment are colored in gray shades for all chains.
(D) Cryo-EM density map of the apo GYS1:GYG1 mobile complex. GYS1 chains and GYG1-tail chains are colored as in (C), with GYG1 globular domains not resolved.
(E) Cryo-EM density map of the +G6P GYG1:GYS1 complex. GYS1 chains and GYG1-tail chains are colored as in (C) and (D). Diffuse density seen in the region
near the GYG1 globular domains of the ordered complex is colored gray.
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to the periphery of each GYS1 protomer implying a 1:1 complex
stoichiometry (Figures S4A, S4C, and S4G) (Zeqiraj et al., 2014).
Atomic models of the ordered regions were built accordingly
(Figure S1).
GYS1 protomers are formed by two Rossmann-like folds that
create a cleft with the active site between them (Figures 2A and
S2A). A tetramerization core domain (residues 377–440) extends
out of the N-terminal Rossmann-like domain and interacts with
the core domain of the opposing protomer to form two GYS1
dimers (A/D and B/C) that then fit together like interlocking
horseshoes (Figure 2B). Compared with previously solved
GYS1 homologs, the ordered complex most closely resembles
the C. elegans inactive state structure but differs in the arrangement of a single GYS1 protomer (Zeqiraj et al., 2014; PDB: 4QLB)
(Figure S2D). Structural alignments revealed protomer B deviates by a 20 rotation around the tetramer core. The arrangement
of the other three subunits is essentially identical to the
C. elegans inactive state. The individual protomers are highly
similar to each other, with pairwise root-mean-square deviations
(RMSDs) <0.8 Å, implying that the symmetry-breaking conformation observed in the ordered complex arises from rigidbody motions across the oligomeric interface rather than a major
change in any individual subunit (Figure S2A).
Protomer B maintains the tetramerization core contacts with
C, but its rotation disrupts other tetramer interfaces (Figure 2B).
The first disrupted interface is across previously described regulatory helices (Baskaran et al., 2010) (residues 579–595) that
maintain cross-protomer contacts in A/C but are separated
across B/D (Figure 2C). Additionally, an orthogonal interface
around the periphery of each active site is formed by the N-terminal domain of one protomer (N-terminal domain [NTD]; residues 70–75 and 106–108) and the tetramerization core of the
adjacent GYS1 subunit (Figure 2D). Across the same subunit
pair, a loop from the C-terminal Rossmann-like fold (CTD-loop;
residues 484–488) forms another cross-protomer interaction
on the other side of the active site. The NTD/core and CTDloop contacts across protomers C and D block both catalytic
clefts, limiting substrate accessibility to both active sites.
Conversely, the outward rotation of protomer B breaks one
NTD/core interaction and its CTD-loop interaction with protomer
A. The consequences of this conformational change are 2-fold:
(1) a groove along the GYG1 protomer A/B interface is widened,
allowing a GYG1 dimer to closely associate; (2) the active site of
protomer B is exposed, similar to the open conformation
observed in active-state structure of the S. cerevisiae GYS1 homolog (Baskaran et al., 2010).
Interestingly, the GYS1:GYG1 mobile complex density appears to capture the motion of protomer B from an inactive-like
closed tetramer to the partially open conformation observed in
the ordered complex (Figures 1C and 1D). Like the ordered complex, most of the mobile complex also resembled the C. elegans
inactive state structure (Figures S1B and S2E). Notably, density
around protomer B exhibited much higher flexibility than the rest
of the protein (Figure S4D). A 3D variability analysis (Punjani and
Fleet, 2021) revealed that the particles constituting this average
map comprise an approximate 20 motion on protomer B (Figure S4E and Video S1) that hinged around the tetramerization
core. As a result, only the C-terminal domain of protomer B pos-
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sesses density suitable for atomic model building. The motion of
protomer B ranged from an inactive closed conformation to an
open state with the active site exposed. This flexibility suggests
that the ordered complex conformation occurs in transition from
an inactive-like state.
The GYS1:GYG1 ordered complex brings the catalytic
domains of both enzymes together
The ordered GYS1:GYG1 globular interface is extensive and
comprises 1964 Å2 of buried surface in addition to the 1,195 Å2
of contact for each GYG1-tail interaction (Figure 3A). GYG1 binding along the GYS1 groove appears to be driven by high shape
complementarity that shields otherwise exposed hydrophobic
residues on GYS1 and GYG1. Most globular domain contacts
are made by a GYG1 subunit along GYS1 protomer A, while
the other GYG1 subunit extends along the open GYS1 protomer
B. The GYG1 dimer observed in this study is nearly identical to
the previously solved GYG1 dimer structure (Chaikuad et al.,
2011) (RMSD: 0.6 Å) indicating GYS1 association with GYG1
is possible without inducing conformational changes to the
GYG1 dimer (Figure S2G).
Notably, the active sites of the GYG1 dimer are positioned
perpendicular to the open catalytic cleft of GYS1 protomer B.
As a result, the active site of protomer B is 49 Å from the nearest
autoglycosylation position (residue 195) on GYG1 and 57 Å from
the further GYG1 subunit (Figure 3B). Given this proximity, we
were curious whether the ordered conformation could facilitate
the transition from GYG1 glycogen synthesis to GYS1 extension.
GYG1-catalyzed synthesis ceases at a length of 12 glucose subunits (Bilyard et al., 2018), thus a primer of this length must reach
a GYS1 active site for further elongation.
Short glycogen chains were modeled from GYG1 residue
195 to the nearest active sites of the GYS1 ordered complex
to determine whether the distance approximations were
reasonable. A 12-unit glycogen chain modeled from the nearer
GYG1 protomer extends into the active-site groove of GYS1
protomer B in an orientation consistent with the glucosyltransferase reaction with a UDP-Glc substrate (Chikwana et al.,
2013) (PDB: 5UW0) (Figure S5A). A similarly modeled glycogen
chain on the further GYG1 protomer could not reach the same
GYS1 active site (Figure S5B). Although GYS1 protomer A is
apparently closed, it is the next nearest protomer to the
GYG1-195 positions. Accordingly, 12-unit glycogen chains
were modeled from GYG1-195 to the A subunit, but both fell
short of the active-site groove (Figures S5C and S5D). Given
these models, GYG1 protomer B could potentially accept
the nearer GYG1-catalyzed glycogen chain primer for further
extension. The other GYG-195 position would require a longer
glycogen chain to reach the open GYS1 protomer.
Structure determination and analysis of G6P-bound
active GYS1:GYG1 complex
Full activation of the GYS1-Cryo:GYG1-Y195F construct
required G6P, which completely activated the enzyme at low
millimolar concentrations (Figure 1B). To better understand
the structural mechanism of GYS1 activation and the effect
it has on the GYG1 dimer, we prepared GYS1-Cryo:GYG1Y195F in the presence of G6P and determined the structure
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Figure 2. Asymmetric oligomeric interfaces across the GYS1:GYG1 ordered complex result in one open catalytic cleft
(A) Cartoon representation of the GYS1:GYG1 ordered complex colored as in Figure 1. Boxes and lines indicate key regions expanded in (B)–(D).
(B) Expanded view of the tetramerization core interface (core) with residues 377–440 shown in outlined non-transparent cylinders.
(C) Cross-protomer regulatory helix (residues 579–595) interface shown by outlined non-transparent cylinders. Black dotted arrow indicates the motion that
disrupts this contact in protomers B and D compared with protomers A and C.
(D) Active-site clefts are shown in a view perpendicular to the dotted lines indicated in (A). An N-terminal domain (NTD) region (residues 70–75 and 106–108)
contacts the tetramerization core domain of the next protomer with the interaction shown as non-transparent cartoons and indicated by a black dotted circle. A
cross-protomer loop region (CTD loop; residues 484–488) is also shown as non-transparent cartoon and indicated by a red dotted circle. Dotted arrows in black
and red indicate where the NTD-core and loop interactions are broken respectively in protomers A and B. The apparent open active site of protomer B is denoted
by a dashed green semicircle, while the closed active sites on the other protomers are denoted by dashed gold semicircles.

of the complex at 3.4 Å resolution by cryo-EM (Figures 1E,
S3F, and S3G). The G6P bound complex is arranged in a
pseudo-symmetrical tetramer of GYS1 subunits each bound
by a GYG1-tail (Figures 4A and S4G). Notably, this structure
differs significantly from the apo complexes, with all four catalytic clefts arranged in open conformations, but the individual
protomers are similar to the apo GYS structures (Figures S1C,
S2B, and S2C). We additionally observed non-protein density
on each protomer in a pocket analogous to the position of the
G6P-binding pocket in the S. cerevisiae homolog and built

G6P into the structure accordingly (Baskaran et al., 2010)
(Figure S4H).
The G6P-bound GYS1 conformation is consistent with the
G6P-bound structure of the S. cerevisiae homolog (Figure S2F). The G6P molecules are in four pockets along the
oligomeric interface with adjacent G6P molecules in close
proximity (Figure 4A). The G6P-binding pocket is lined with
positively charged residues, including several previously identified regulatory arginine residues known to modulate G6P
binding and activation (Bouskila et al., 2010; Hanashiro and
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Figure 3. The GYS1 conformation in the ordered complex exposes an extensive GYG1-binding groove that brings the active sites of both
enzymes into proximity
(A) Top: surface representation of the GYS1:GYG1 ordered complex atomic model with GYS1 protomers A and B and GYG1 globular domains colored as in Figure 2. The resolved GYG1-tail fragments associated with each GYS1 protomer are displayed as yellow ribbons. Bottom: rotated view of GYS1 from above with
GYG1 removed for clarity. Interfacial residues are colored by the portion of GYG1 they contact, with yellow indicating a GYG1-tail interaction and light/dark gray
indicating the GYG1 globular dimer interface. The overall GYG1-binding groove is indicated by a dashed gray semicircle. Interfacial residues were calculated
using the interfaceResidues.py script to find residue with a dASA cutoff >1 Å2 (see STAR Methods).
(B) GYG1 globular domains are represented by ribbons with the autoglucosylated residue mutant F195 displayed in spheres. GYS1 protomers are colored as in
(A) with the active site of protomer B colored in green. Dotted arrows show measurement vectors from each F195 residue to the active site of GYS1 protomer B.

Roach, 2002; Pederson et al., 2000). The most extensive interactions are made with the phosphate moiety coordinated by
H297, K301, H501, R579, R582, and R586 (Figure 4B). An
H-bond is formed between the 2-hydroxyl position of glucose
and the backbone carbonyl of Q294 on the same protomer. In
addition, E292 of the adjacent protomer forms an H-bond with
the glucose 3-hydroxyl group.
Structural analysis of our apo and G6P-bound states demonstrate how G6P drives the conformational change from inactive
to active states. In the apo ordered complex, a G6P-sensing
loop (residues 290–295) at the interface between two GYS1 protomers is partially disordered near the G6P pocket (Figure 4C).
G6P binding locks the G6P-sensing loop of the adjacent protomer into place via the E292-glucose interaction, causing that
GYS1 subunit to rotate. Full occupancy for all four G6P-binding
sites drives all GYS1 protomers to similarly rotate outward,
which alters the aforementioned oligomerization interfaces.
The regulatory helices (residues 581–595) separate concomitantly with the rotation and ordering of the G6P-sensing loop.
The CTD-loop region (residues 484–488), which forms inter-subunit interaction with the same loop on the adjacent monomer in
the apo ordered complex (protomers C and D), interacts with
the tetramerization core on the adjacent GYS1 monomer (protomers C and D, and A and B) in the G6P-bound state (Figure 4A,
right). These rearrangements collectively result in four open catalytic clefts.
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GYG1 rigidity and proximity to GYS1 changes across
GYS1 conformational states
The GYG1-tail fragment is known to drive complex formation
with GYS1 (Hunter et al., 2015; Khanna et al., 2013), and this
interaction is observed for all four protomers across all apo
and G6P-bound conformations (Figures S4A, S4C, and S4G).
However, the three complexes differ in the degree of association
between GYG1 and GYS1 catalytic domains. The GYS1:GYG1
mobile complex, which lacks a fully open protomer B, contains
only sparse GYG1 density at a low contour level, suggesting
GYG1 catalytic domains do not rigidly engage the GYS1
tetramer until a subunit fully opens (Figure S4F). Conversely,
the strong density for GYG1 and GYS1 protomer B in the ordered
complex indicates cooperative stabilization (Figures 5A and
S4B). Strikingly, the opposing protomers C/D in the same complex lack GYG1 globular density altogether. In the G6P-bound
conformation, a weak globular GYG1 density is visible near the
NTD of GYS1 protomer A (Figure S4I). This GYG1 density is in
an outward-facing trajectory compared with the GYG1:GYS1 ordered interface and suggests that the globular catalytic domains
of GYG1 move further away from GYS1 in the active state.
Changes to the GYG1-binding groove across the major conformations of GYS1 appear to dictate whether the GYG1 catalytic domains can associate with GYS1. Protomers A/B of the
ordered complex form a groove with high shape complementarity to the GYG1 catalytic domain dimer to facilitate binding
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Figure 4. G6P binding induces a conformational change across the GYS1 tetramer leading to an open conformation for all four active sites
(A) Cartoon representation of the +G6P GYS1:GYG1 complex (left) with GYS1 and GYG1 chains colored as in Figure 2. G6P is shown as white spheres colored by
heteroatom. Blue and yellow lines and boxes (right) indicate relative positions for perpendicular views as in Figure 2. Black dotted circle indicates oligomeric
interface between CTD-loop region and tetramerization core domains. Green dashed semicircles indicate open active sites.
(B) G6P-binding site interactions. G6P (white) and proximal interacting residues shown as sticks and colored by heteroatom. Polar interactions are indicated by
yellow dotted lines.
(C) Changes at the G6P-binding site across conformations. A G6P-bound protomer is highlighted in orange with G6P shown as spheres. The adjacent activestate protomer (chain C) is shown as green cartoon. A basal state protomer (chain C) is modeled relative to the orange G6P-bound protomer and shown in yellow.
Key changes to the G6P-sensing loop and the regulatory helix are highlighted by outline and non-transparent representation with arrows indicating the relevant
motions. The rest of each chain is shown in a transparent cartoon representation.

(Figure 5B). Conversely, the analogous groove along the inactive-like protomers C/D is narrower and precludes GYG1 association by steric clashes. This attenuated groove is also observed
along protomers A/B and C/D in the mobile complex. The G6Pbound conformation exhibits a wider and shallower groove due
to the rotation of GYS1 subunits and presence of a clashing
loop in the pocket. This wider groove cannot make the same
extensive interface observed in the ordered complex. As a result,
the transition to a fully active GYS1 state appears to promote
release of the GYG1 catalytic domains.
DISCUSSION
We observed GYS1:GYG1 complexes with cryo-EM in three
major states. The GYS1:GYG1 mobile complex is likely inactive

based on low activity in the absence of G6P and structural similarity to the inactive state C. elegans structure. The G6P-bound
conformation most likely represents a fully active conformation
given high biochemical activity with G6P, accessibility of all
four active sites, and similarity to active-state yeast homolog
structures. The apo ordered complex is unlike previous GYS1
homolog structures with three closed inactive-like catalytic clefts
and one open active-like cleft, and represents an intermediate
conformation. Furthermore, this state includes a globular dimer
of GYG1 closely associated with GYS1, positioning a glucosylated residue near the open GYS1 protomer.
The three conformational states determined in this study suggest a structural mechanism for human glycogen synthesis and
regulation (Figure 5C): (1) under conditions of low glucose, GYS1
remains in an inactive state, while GYG1 is free to form an initial
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Figure 5. The binding groove for GYG1 globular domain forms on one side of the apo GYS1:GYG1 ordered complex
All subunits colored as in previous figures.
(A) Comparison of the cryo-EM maps for all three structures at the GYG1-binding groove. Full density for the GYG1 globular domains is present in the apo
GYS1:GYG1 ordered complex between protomers A and B (gray shades; center). Apo GYS1:GYG1 ordered complex protomers C and D (left) with dotted gray
circle indicates position with no observed GYG1 density. G6P-bound GYS1:GYG1 complex (right) has diffuse density corresponding to GYG1 globular domains
(gray shades; indicated by dotted gray arrow).
(B) Interface of the GYS1-GYG1-binding groove. GYG1 atomic model shown as a surface in the apo GYS1:GYG1 ordered complex (gray shades; center). GYG1
protomers are modeled based on main contacts to the left GYS1 protomer for the inactive and active +G6P states (left and right respectively). Loops that clash
with modeled GYG1 are highlighted in red, while regions of GYS1 that lose key contacts to GYG1 in the active +G6P state are highlighted in pink with an arrow
indicating where contacts to GYG1 are lost.
(C) Cartoon schematic showing the proposed mechanism of the GYS1:GYG1 enzyme holocomplex focusing on GYS1 protomer B (turquoise). GYS1
protomers are shown as squares and colored as in previous figures, with flat squares representing inactive protomers and diagonal diamond squares
representing active protomers. GYG1 globular domains are shown as gray triangles with the GYS1-tail shown as small flags. The unresolved linker

(legend continued on next page)
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glycogen primer; (2) GYS1 transitions to the ordered complex
conformation, whereby GYG1 docks to the GYS1 tetramer,
facilitating a handoff of the glycogen primer to an active GYS1
subunit to commence glycogen chain extension; (3) under fully
activating conditions, all four catalytic clefts open for synthesis
of the chain to extend distal from GYG1, which dissociates to
promote further elongation of the polymer. This structural mechanism implicates transient interactions between the catalytic domains of GYS1 and GYG1 as checkpoints facilitating different
catalytic stages of glycogen synthesis.
An intermediate state that bridges the inactive and active conformations is potentially advantageous due to the finite synthesis
activity of GYG1. GYG1 synthesis is limited to only a short primer
chain of glycogen (Bilyard et al., 2018; Issoglio et al., 2012;
Smythe and Cohen, 1991), which may necessitate a GYG-GYS
interaction for the primer to reach a GYS1 active site. GYS1 is
also generally less active on shorter glycogen chain lengths
(Larner et al., 1976). Initial stages of chain extension would therefore be potentiated by an increased effective concentration of
glycogen at the GYS1 active site. The GYS1:GYG1 ordered complex might therefore exist to promote extension of a nascent
glycogen chain.
The GYS1:GYG1 complex conformations also implicate GYG1
flexibility as an additional regulator of GYS1 function that is
controlled by activity state of GYS1. The association and subsequent release of GYG1 from GYS1 is consistent with the observation that glycogen extension appears to be limited by geometric and steric constraints on the glycogen chain itself (Bilyard
et al., 2018; Deng et al., 2015; Madsen and Cori, 1958; Meléndez
et al., 1998). While the ordered complex conformation may favor
GYS1 activity by presenting a glycogen chain directly to an
active site, this state also constrains chain flexibility and potentially prohibits maximal chain extension. In the fully active state,
GYG1 is released from the GYS1 binding groove. This additional
distance and flexibility can thus enable further unhindered extension of the glycogen chain.
A model whereby GYG1 rigidity impedes full GYG1 activity is
consistent with the paradoxical observation that GYG1 knockout
mice exhibit large surpluses of glycogen in striated muscle (Testoni et al., 2017). Based on our model, if glycogen substrate is
unhindered by covalent attachment to GYG, then GYS-catalyzed
extension remains unchecked. GYG freedom of motion may also
explain the larger glycogen particles observed in the liver versus
the muscle, where an altered paralog of GYG1, GYG2, contains
an additional 100+ residues linking the GYG-tail to the globular
domains, presumably reducing hindrance by increasing flexibility and distance from GYS2 (Drochmans, 1962; Meyer et al.,
1970; Prats et al., 2018). Drugs aiming to modify GSDs by inactivating GYS1 could potentially target the ordered complex
conformation or the inactive state to drive the equilibria away
from the fully active state. Our near-atomic resolution models
can thus serve as high-confidence starting points for structurebased drug discovery efforts targeting this complex.
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We should also note alternative explanations for the
GYS1:GYG1 ordered conformation. Our interpretation that this
complex is an intermediate between inactive and active conformations fits with existing models and data, but it is possible
that the GYS1:GYG1 ordered complex represents an alternative
inactive state. Furthermore, it may constitute an off-path intermediate that is not necessary to commence glycogen extension. In
this case, GYG1 globular association with GYS1 may serve to
stabilize the enzymes, consistent with the observation that
GYG1 acts as a GYS1 expression chaperone. If the ordered complex does facilitate extension initiation, its asymmetry is unusual
and suggests GYS1-catalyzed extension of a nascent glycogen
chain may be initiated one-by-one for each GYS1:GYG1 pair.
The ensemble of complex structures observed here, demonstrating an extensive but clearly fluctuating interface between
GYG1 and GYS1 catalytic domains, should therefore serve as
the basis for future studies of the GYS1:GYG1 complex and the
role of their dynamic interaction in catalysis.
Limitations of the study
It is important to note some potential limitations of this structural
study. Notably, high-resolution EM data of this complex necessitated construct engineering, including alteration or removal of
all post-translational modification sites on either protein, which
caused a significant change in the complex response to the activator G6P. This difference is likely due to the loss of the GYS1
phosphorylated C-terminal tail, which is thought to exert an
inhibitory effect by associating with the regulatory helix region
(Palm et al., 2013; Roach et al., 2012). Previous work on a similarly truncated GYS1 homolog demonstrated that the shortened
construct had similar activity with or without a dephosphorylated
peptide ligated to the C terminus (Baskaran et al., 2010). In
contrast, ligating the phosphorylated peptide to the truncated
construct inhibited GYS activity. This suggests that our GYS1Cryo construct, containing a truncated C terminus and S to E
mutations at the N-terminal phosphorylation sites, mimics a
phosphorylated N terminus and dephosphorylated C terminus.
This combination of post-translational modifications could
represent a possible activity state for full-length native GYS1;
however, the prevalence of this state in vivo is not determined.
Given this disparity, the high relative abundance of the ordered
complex in the apo EM sample, or, conversely, its absence in
the G6P sample, could differ from their proportions under native
conditions.
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between the GYG1-tail and GYG globular domains is shown as a dashed gray line, and the glycogen chain is represented by a dotted black line. In the
inactive state, all active sites are closed and GYG1 remains distant from the GYG1 tetramer (left). After transition to the ordered state, a GYG1 dimer
associates with two protomers of GYG1 enabling handoff of the glycogen chain (center). Transition to the fully active state allows for elongation as
GYG1 again moves distant from the GYS1 tetramer (right).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Spodoptera frugiperda (Sf9) cells used for baculovirus production and protein expression were cultured at 27 C. For viral stock generation Sf9 cells were cultured in either 75 cm2 dishes (15 mL cells, 2 x 106 cells/mL, P2 virus) or in disposable 1 L flasks (300 mL cells,
2 x 106 cells/mL, high titer virus) for 6 days in Grace’s medium supplemented with 10% FCS and 0.1% pluronic acid.
For protein expression Sf9 cells were cultured in Grace’s medium supplemented with 10% FCS and 0.1% pluronic acid for 64 h on
a New Brunswick Innova 44R shaking incubator (100 rpm).
METHOD DETAILS
Cloning, expression and purification of GYS1:GYG1 protein complexes
DNA encoding the genes of human GYS1 (Uniprot ID P13807) (aa 1–737), (aa 1–634) including mutations S8E and S11E (GYS1-EE
and GYS1-Cryo) and GYG1 (Uniprot ID P46976-2) Y195F mutant were synthesized, and codon optimized. For expression of GYS1Cryo (aa 1–634) genes were cloned into a pFastBac_Dual plasmid with an N-terminal GST tag and a 3C protease cleavage site on
GYG1 (Y195F). For expression of GYS1-P (aa 1–737), and GYS1-EE genes were cloned in pFastBac plasmid. GYG1 (Y195F) gene
was cloned in a pFastBac plasmid with an N-terminal GST tag and a 3C protease cleavage site. GYS1-P and GYS1-EE GYG1 (Y195F)
complexes were expressed in Sf9 cells by co-infecting GYS1 and GYG1 (Y195F) viruses (ratio 10:1). GYS1-Cryo:GYG1(Y195F) complexes were expressed in Sf9 cells grown in Grace’s medium supplemented with 10% FCS and 0.1% Pluronic acid.
Cell pellets were resuspended in lysis buffer (100 mM Tris pH 7.5, 500 mM NaCl, 5% Glycerol, 2 mM DTT, 2 mM EDTA, 1 mM PMSF
and Complete protease inhibitors (Roche)) and homogenized using an ULTRA-TURRAX (IKA) device or a high pressure homogenizer.
Insoluble material was pelleted by centrifugation at 75,000 xg for 35 min. The clarified lysate was incubated for 2 h at 4 C under agitation with 30 mL GST-Sepharose resin (Cytiva) pre-equilibrated in buffer A (50 mM Tris pH 7.5, 500 mM NaCl, 5% Glycerol, 2 mM DTT,
2 mM EDTA). The resin was poured into a column and was washed with buffer A. The protein complex was eluted with buffer A supplemented with 15 mM reduced Glutathione (GSH). Fractions containing the protein complex were pooled and Precision Protease

Cell Reports 40, 111041, July 5, 2022 e2

ll
OPEN ACCESS

Article

was added (ratio 1:10 w/w) and incubated overnight at 4 C. After cleavage, the protein complex was concentrated and loaded into a
HiLoad 26/60 Superdex 200 pre grade column (Cytiva) pre-coupled in line with a 5 mL GSTrap column (Cytiva), pre-equilibrated with
buffer B (25 mM Tris pH 8, 150 mM NaCl, 1 mM TCEP).
GYS1:GYG1 Dephosphorylation
GYS1:GYG1 protein complex (GYS1-DP) was dephosphorylated with the addition of Lambda Phosphatase (New England Biolabs)
overnight at 4 C. After dephosphorylation protein complex was purified further with SEC (see above).
In vitro GYS1:GYG1 activity assay
Glycogen synthase activity was measured with a modified version of an enzyme-coupled continuous spectrophotometric assay first
described in Wayllace et al. (Wayllace et al., 2012). Briefly, 100 nM of purified protein was added to an assay buffer (50 mM Tris pH
7.5, 2 mM MgCl2, 2 mM TCEP 100 mM KCl) containing 0.2% v/v Bovine Serum Albumin, 0.2% glycogen (rabbit liver) and various
concentrations of G6P (see Figure 1). Reaction was initiated by addition of equal amount of assay buffer supplemented with substrate
mix (2 mM phosphor(enol)pyruvic acid PEP, 0.6 mM NADH, 20units/mL of enzyme mix PK/LDH and various concentrations of UDPGlucose (Calbiochem)). All reagents are purchased from Millipore/Sigma unless otherwise stated.
Cryo-EM data collection and processing
For the data set of GYS1-Cryo:GYG1 Y195F complex in the absence of G6P, 3 mL of protein solution at 0.9 mg/mL supplemented with
0.05% beta-octyl glucoside (w/v), was frozen on Quantifol R1.2/1.3 200 mesh copper grids using the Thermo Fisher Vitrobot Mark IV
with 7 sec blotting time, 15 blot force at 4 C and 100% humidity. Frozen grids were transferred to Glacios 200 kV cryo-TEM (Thermo
Fisher). A total of 8536 micrographs, each containing 40 dose-fractionated frames, were collected with a total dose of 45 e/Å2 in the
counting mode using EPU. The final pixel size is 0.9142 Å/pixel and the defocus range is 0.7 to 2.4 mm. The + G6P data set was
collected with similar strategy in the presence of 2 mM G6P, with the exception that Quantifol R1.2/1.3 300 mesh copper grids were
used, and 9 sec blotting time was necessary to obtain the optimal ice quality. A total of 6,797 micrographs were collected at defocus
values between 0.7 and 2.2 mm.
Gain corrected movie frames were imported into cryoSPARC (Punjani et al., 2017) and all following processing was performed inside the cryoSPARC workflow. After patch motion correction and patch CTF estimation, particles with diameter between 130 and
180 Å were picked using the blob picker. After two iterations of 2D classification, 914,196 particles from the apo data set and
1,383,196 particles from the G6P data set were selected for further 3D analysis. Ab initio reconstruction was used to select particles
that contribute to a high-quality average. These particles then were passed through non-uniform reconstruction and/or local refinement to obtain near-atomic resolution maps without enforcing symmetry. Local motion correction and CTF refinement were then performed with additional refinement runs iteratively to obtain the final map. The continuous conformational heterogeneity present within
each map was further analyzed by 3D variance analysis (Punjani and Fleet, 2021). See Figures S2B–S2G and Table S1 for details.
Atomic model building
To build the apo GYS1:GYG1 ordered complex, C. elegans GYS1:GYG peptide structure (PDB 4QLB) (Zeqiraj et al., 2014) and human
GYG1 crystal structure (3Q4S) (Chaikuad et al., 2011) were used as molecular replacement models to fit into the GYS1:GYG1 ordered
complex cryo-EM map. Residues were changed to match the human GYS1 and GYG1 sequence in COOT (Emsley et al., 2010) and
structures were refined in Refmac5 (Kovalevskiy et al., 2018) with strong geometry restraints. After each Refmac5 run, the output
structure was examined visually in COOT to improve local density fit and fix bad geometry violations. Iterative manual editing and
Refmac5 refinement focused on the regions with high local resolution. Chains (B, G and H) in low resolution regions were fitted
into density with rigid body refinement in Refmac5 followed by Morph Fit Chain in COOT. GYS1:GYG1 ordered complex model
was then used as the molecular replacement input to build the GYS1:GYG1 mobile complex and the +G6P complex following similar
strategies. Displays of the cryo-EM map and atomic models were rendered using ChimeraX (Pettersen et al., 2021) and PyMOL. Interface areas were calculated using the measure buried area function in ChimeraX. Structural alignments were performed using the
super function in PyMol. All-atom RMSD between two aligned structures is reported in this paper. Interface residues were determined
using the interfaceResidues script (Vertrees, 2009).
QUANTIFICATION AND STATISTICAL ANALYSIS
UDP-glucose and Glucose-6-phosphate activity assay titration experiments were repeated four times each and a representative
experiment is shown. Activity is calculated as the initial rate determined by linear fits of the first 10 min of the reaction, with background (buffer alone) subtracted. Each point shown represents the average activity of two replicate wells and bars represent the individual results of the replicates. KM values were calculated from the data by a non-linear regression (Michaelis-Menton) in GraphPad
Prism 9. Data were normalized to Vmax = 1 for plot visualization and construct comparison.
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