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Abstract

Glycogen is the major glucose reserve in eukaryotes, acting as an energy source and
maintaining glucose homeostasis. Dysregulation of glycogen metabolism leads to
diseases, such as glycogen storage diseases, including neurodegeneration and lysosomal
dysfunction. Glycogen synthesis is carried out by glycogenin (GN), glycogen synthase
(GS) and glycogen branching enzyme (GBE). GN initiates glycogen synthesis through
autoglucosylation to produce a primer glucose chain of 8-12 units. GS interacts with GN
to elongate the primer chain and GBE introduces branches, producing globular glycogen
particles. GS is activated by glucose-6-phosphate (G6P) binding and inhibited by
phosphorylation.

The work described in this thesis aims to understand how GS and GN coordinate to
synthesise glycogen and further investigate the complex regulation of GS. Currently, there
is no structural information of this complex and no structure of human GS. In addition, the

mechanism of inactivation by phosphorylation remains elusive.

Structural and biochemical techniques were used to investigate the GS-GN complex.
Optimisation of the expression and purification of the full-length human GS-GN complex
allowed the first structural analysis of this complex by electron microscopy. Both low- and
high-resolution 3D reconstructions attained reveals the stoichiometry of the complex and
elucidates the mechanism of GS inactivation by phosphorylation. Overall, the work in this
thesis provides new insights into glycogen synthesis regulation and facilitates studies of

glycogen-related diseases.
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1 Chapter 1: Introduction

1.1 Glycogen metabolism

1.1.1 Overview
Glycogen is a branched polymer of glucose which functions as a primary energy store in
eukaryotes'. Glycogen was discovered in 1857 by Claude Bernard, through the isolation
of the molecule from liver?. A year later, Kekulé established glycogen as a polymer of
glucose (CeH100s)n 2. In humans, glycogen is primarily stored in the muscle and liver
tissues, although it is also found in the brain, kidney, adipose tissue and heart'. This
accessible energy reserve is formed when glucose levels are high, and can be released
for utilisation within cells when required, or can be released systemically when glucose
levels are low. Glycogen is created through the action of three enzymes: glycogenin (GN),
glycogen synthase (GS) and glycogen branching enzyme (GBE)' (Figure 1-1). Glycogen
is degraded by glycogen phosphorylase (GP) and glycogen debranching enzyme (AGL).
Dysregulation of glycogen metabolism can lead to various diseases, including glycogen

storage diseases, cancer and neurodegeneration*.
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Figure 1-1: Basic schematic of glycogen synthesis

Glycogenin (GN) initiates glycogen synthesis through self glucosylation, using UDP-glucose as a
glucose donor to produce a primer glucose chain. Glycogen synthase (GS) can elongate this chain,
and glycogen branching enzyme (GBE) introduces branch points to create the final globular

glycogen particle. Not to scale. For simplicity, a single glucose chain is shown from one GN dimer.

1.1.2 Glycogen structure
The glucose residues which form glycogen are linked by both a-1,4 and a-1,6-glycosidic
linkages. The primary polymerisation is a-1,4-linkages to create linear chains, and branch
points are introduced by a-1,6-linkages® (Figure 1-2a). A well accepted model for glycogen
is a tiered model, containing GN in the centre. GN is surrounded by inner B-chains which
are branched, and outer A-chains which are unbranched (Figure 1-2b). The model was
based on the calculated spacing of the branch points, the average length of the unit chains
and the ‘Whelan model®. The theoretical maximum number of tiers is 12, as the addition
of a 13" tier would add an impossible density of glucose residues, as well as preventing
the addition of more glucose residues due to steric hindrance”®. Using this model, a full
size glycogen particle can contain up to ~55,000 glucose molecules, organised in 12 tiers,
with a diameter of ~44 nm and a theoretical molecular weight of ~10” kDa®. Transmission
electron microscopy (EM) visualising glycogen in skeletal muscle revealed that the
average size of a glycogen particle is 25 nm, which is 7 tiers®. This study also found that
the largest size of glycogen had a diameter of 44 nm, which agrees with the maximum
predicted size based on mathematical modelling”®. Each glycogen granule containing
polymerised glucose and various associated regulatory proteins are thought to form an

organelle-like structure, termed the “glycosome”°.



a-1,4-linkage

B-chains
Figure 1-2: The structure of glycogen
a Glycogen is a glucose polymer, where the glucose residues are connected by a-1,4-linkages, to
create linear chains, and also a-1,6-linkages to introduce branch points. The carbon numbering is
shown in red. b The current accepted ‘Whelan model’ of glycogen is organised in tiers. Glycogenin
(GN) is in the centre, surrounded by inner B-chains which are branched (blue, purple and grey),
and outer A-chains which are unbranched (green). Only 5 out of the possible 12 tiers are shown for

simplicity. Not to scale.

Glycogen granules are composed of protein and glycogen, and three types of granules
have been identified by EM: a-, - and y- particles' (Figure 1-3). y-particles are the
smallest, and several y-particles can bind to form pB-particles. The B-particles are found in
the muscle and the liver'>', In the liver, these p-particles aggregate together to form larger
a-particles, which can be up to 200 nm in diameter' (Figure 1-3). The mechanism of a-
particle formation from B-particles is not well understood®. It has been postulated that
proteins are responsible for the linking of pB-particles, as glycogen particles are coupled
with several proteins'>"". This was suggested by a study that showed changes in glycogen
particle size and shape in the presence of proteases that remove proteins from glycogen®.
In addition, another study observed changes in glycogen size via acid hydrolysis'®. The
protein responsible for joining B-particles was suggested to be GN, as proteome analysis
found GN on the surface of glycogen particles’?°. However, this idea is contested as a
gene-knockout experiment revealed that GN was not essential for glycogen accumulation
in eukaryotes®', as well as the detection of a-particles in a rodent model with GN
deficiency?. In summary, the formation of a-particles is still uncertain and requires further

investigation?*.
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Figure 1-3: The three types of glycogen particles

The smallest structure of glycogen is the y-particle. Several y-particles bind to form a B-particle.
Many B-particles bind to form larger a-particles. Adapted from Prats, Gémez-Cabello & Hansen,
201124,

1.1.3 Glycogen function and localisation
Carbohydrates are one of the main sources of energy for many forms of life. The
polymerisation of glucose is a universal mechanism of energy storage, creating starch in
plants and glycogen in eukaryotes'?®. The structure of glycogen (discussed in section
1.1.2) allows this macromolecule to function efficiently as an energy source. The tiered,
branched structure (Figure 1-2) reveals many non-reducing ends on the surface of the
molecule, leaving them accessible to glycogen degrading enzymes, and thus allowing
rapid mobilisation of glucose. This also allows the quick incorporation of glucose into
glycogen when required. In addition, the polymerisation of glucose and the branching
structure allows the formation of compact, soluble granules, thus minimising the elevation
of osmotic pressure in cells. Overall, the organised structure gives glycogen a great

metabolic advantage for its function as an energy store.

In humans, the main stores of glycogen are located in the skeletal muscle and the liver.
The physiological role of glycogen differs in these various locations. In the muscle,
glycogen is fuel that is required during exercise and muscle contraction. Whereas in the
liver, glycogen aids in whole-body glucose homeostasis. However, inside these cells,
glycogen particles are not homogenously distributed. In muscle fibres, glycogen is found
in three main pools and preferential use of specific pools for different cellular functions has

d9,24,26-29

been observe . It is not clear what determines this compartmentalisation of

glycogen and the local regulatory mechanisms associated with this.



1.1.4 Glycogen synthesis
Glycogen is created through the actions of three enzymes: GN, GS and GBE'. GN initiates
the process through autoglucosylation to produce a primer glucose chain. This glucose

chain is extended by GS and branch points are introduced by GBE® (Figure 1-1).

Glycogen synthesis can occur in either a ‘direct’ or ‘indirect’ pathway. The ‘direct’ pathway
requires the transport of glucose into cells, by a large family of transport proteins named
glucose transporters®®®'. Whereas the ‘indirect pathway, also known as the

glycolytic/gluconeogenic pathway, utilises gluconeogenic precursors®.

Two main categories of glucose transporters have been identified: sodium-glucose linked
transporters (SGLTs) and facilitated diffusion glucose transporters (GLUTs)®'. There are
several different GLUT isoforms, and each may play a specific role in glucose metabolism
in different cell types®. GLUT1 is a ubiquitously expressed glucose transporter and is
regulated by cellular stress®. GLUT2 is expressed in liver, intestine, pancreatic p-cells and
kidney*. GLUT3 is present in both dendrites and axons and is the main neuronal glucose
transporter®. GLUT4 is the insulin regulated glucose transporter, where in muscle and fat
cells insulin causes GLUT4 to move to the cell surface in order to stimulate uptake of

glucose®.

The fate of intracellular glucose depends on nutrient availability. When nutrients are low,
glucose can be used for glycolysis or oxidative phosphorylation. However, at times of
nutritional abundance, intracellular glucose is converted into glucose-6-phosphate (G6P)
by either hexokinase (HK) in the muscle, or glucokinase in the liver (Figure 1-4). G6P can
be converted to glucose-1-phopshate (G1P) by phosphoglucomutase (PGM).
Subsequently, UDP-glucose pyrophosphorylase (UGP) can catalyse the formation of
UDP-glucose (UDP-G) from G1P and uridine triphosphate (UTP) (Figure 1-4). UDP-G is
the substrate of GS, thus leading to glycogen synthesis through the concerted action of
GS and GBE (Figure 1-4).
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Figure 1-4: Schematic overview of glycogen synthesis and breakdown

Glycogen is broken down by glycogen phosphorylase (GP) and glycogen debranching enzyme
(AGL), producing glucose-1-phosphate (G1P). G1P can then be converted into glucose-6-
phosphate (G6P) by phosphoglucomutase (PGM). G6P can then be converted into glucose by
glucose-6-phoshatase to be used for glycolysis and oxidative phosphorylation. Alternatively,
glucose can be converted into G6P by hexokinase (HK) and then G1P can be created which can
then be converted into UDP-G by UDP-glucose pyrophosphorylase (UGP). This UDP-G is used as
a sugar donor by glycogen synthase (GS) to produce glycogen with the aid of glycogen branching
enzyme (GBE).

1.1.5 Glycogen breakdown
Glycogen is broken down into glucose to provide energy and also to maintain blood
glucose levels. Glycogen breakdown, or glycogenolysis, is carried out by GP and AGL
(Figure 1-5).

GP breaks a-1,4-glycosidic bonds and phosphorylates glucose, releasing G1P in the first
step of glycogenolysis® (Figure 1-4 and Figure 1-5). GP exists as three isoforms: glycogen
phosphorylase liver (PYGL), glycogen phosphorylase brain (PYGB) and glycogen
phosphorylase muscle (PYGM). These isoforms differ in their regulatory properties and
physiological role depending on their location®”. The G1P that is released by this process

can be converted into G6P by PGM. In this way, G6P can then be utilised for glycolysis



and oxidative phosphorylation (Figure 1-4). G1P can also be converted into UDP-G by

UGP, as described previously, to feed forward into glycogen synthesis (Figure 1-4).

The breakdown of a-1,4-linked glucose residues by GP halts four residues before a branch
point (an a-1,6-linked residue). Therefore, AGL is needed to continue glucose release.
AGL has 0-1,4 glucanotransferase and a-1,6 glucosidase activities and continues

3839 (Figure 1-5). Its glucanotransferase activity transfers

glycogen breakdown in two steps
three glucose residues from the branch to a neighbouring non-reducing end, forming a-
1,4-linkages. The remaining a-1,6-linked glucose residue on the original branch can be

removed by its glucosidase activity (Figure 1-5).

Glycogen can also be broken down by acid a-glucosidase (GAA) in the lysosome. GAA
can break both a-1,4 and a-1,6 linkages in glycogen, and deficiency of this enzyme leads
to accumulation of lysosomal glycogen®. This disease is Glycogen storage disease type

I, also named Pompe disease, and is discussed further in section 1.5.1.1.
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Figure 1-5: Schematic of glycogen breakdown

Glycogen breakdown begins with glycogen phosphorylase (GP) which breaks a-1,4-linked glucose

residues and results in the creation of phosphorylated glucose, G1P. GP halts 4 glucose residues

before a branch point (an a-1,6-glycosidic bond). Glycogen debranching enzyme (AGL) has o-1,4

glucanotransferase activity, which transfers three a-1,4-linked glucose residues from the branch

onto a non-reducing end. The a-1,6 glucosidase activity then cleaves the a-1,6-glycosidic bond,

resulting in G1P and full removal of the branch. Not to scale.



1.2 Glycosyltransferases

1.21 Families
Glycosyltransferases (GTs) are responsible for the transfer of a sugar moiety from sugar
donors to specific acceptor molecules, and thus they catalyse glycosidic bond formation.
GTs are classified into families based on their amino acid sequence*'*?. The families of
GTs are continually updated. The Carbohydrate-Active enZymes (CAZy)* database
reports novel families when they are identified. Currently, there are 114 GT families
(database last updated 2022-03-14, accessed 2022-03-29). The two main enzymes
discussed and investigated in this thesis are GN and GS. GN belongs to the GT8 family
whereas eukaryotic GS belongs to the GT3 family. At the time of writing this thesis, GS is
the only member of the GT3 family, however GN is one of eight members of the GT8

family**.

1.2.2 General structure
The two predominant folds that GTs contain are the GT-A or the GT-B fold, both of which
consist primarily of a/p/a sandwiches**. These ao/p/a sandwiches, also known as
Rossmann fold domains, are associated with binding nucleotides*. There is also a third,

less common fold, the GT-C fold“®.

The GT-A fold comprises of a single Rossmann fold domain (Figure 1-6a). Another feature
of a GT-A fold is the presence of a Asp-x-Asp (DxD) motif and the requirement for a
divalent cation for activity***’. The main function of the DxD motif is to interact with the
phosphate groups of the sugar donor, through coordination of a divalent cation, which is
typically Mn?*. The GT-B fold comprises of two separate Rossmann fold domains, with an
interdomain cleft containing the active site (Figure 1-6b). Unlike the GT-A fold, they do not

contain a DxD motif and they do not require divalent cations for activity.

More recently, a deep-learning framework has been developed to identify, classify and
predict GT folds based solely on secondary structure annotations*, in contrast to the
traditional identification based on primary sequence*. This allows a greater understanding
of the evolutionary relationships of GTs, which has thus far been hindered due to wide
sequence variation between GTs*. In addition, it allowed the identification of clusters of
families within the same fold type, which could not be previously identified through primary
sequence analysis*®. Moreover, this deep-learning framework provides new insights into

GT structure and function.
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GT-A GT-B

nucleotide Mn2 nucleotide

Rossmann fold 1 Rossmann fold 2

Rossmann fold 1

Figure 1-6: The two main folds of glycosyltransferases are the GT-A and GT-B fold

a A ribbon diagram of human glycogenin-1 (PDB ID 3T70) that contains a GT-A fold. The nucleotide
is shown in magenta, the Mn?* is shown in cyan and the approximate location of the Rossmann fold
domain is shown. b A ribbon diagram of yeast glycogen synthase (PDB ID 303C) that contains a
GT-B fold. The nucleotide is shown in magenta and the approximate location of the two Rossmann

fold domains are shown.

1.2.3 Mechanism
There are two main stereochemical results for the action of GTs, either inversion or
retention of the anomeric configuration with respect to the donor sugar*® (Figure 1-7).
However, the catalytic mechanism of a particular GT is not dictated by its fold, as both

inverting and retaining GTs have been identified within both GT-A and GT-B fold classes®.

Although the molecular mechanisms of GN and GS catalysis has been under investigation
for the past two decades, a consensus in labelling such reactions as Sni- or Sn2-based

has not been reached.

Briefly, the Sni mechanism for GTs is partly based on the interaction between the hydroxyl
group of the acceptor and the departing phosphate group of the sugar donor®®%', The
leaving group undergoes decomposition, which subsequently becomes a nucleophile
(Figure 1-8a). This results in retention of the stereochemistry (Figure 1-7), which is thought
to be because of the high rate of decomposition of the leaving group and the subsequent

nucleophilic attack (Figure 1-8a).
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Figure 1-7: Mechanism of glycosyltransferases

Glycosyltransferases (GTs) catalyse group transfer with either inversion or retention of the donor
group stereochemistry. GTs use an activated donor that contains a leaving group (LG), as shown
by the orange circle named LG. The inverting mechanism (top) inverts the stereochemistry of the

donor group. The retaining mechanism (bottom) keeps the stereochemistry of the donor group.

The Sn2 mechanism involves two nucleophilic displacement reactions and is a retaining
mechanism (Figure 1-7). The mechanism needs a catalytic nucleophile in the enzyme that
initiates the reaction, and an appropriately positioned general acid/base to assist the
second nucleophilic attack (Figure 1-8b). An E-X;-E motif that is conserved across
eukaryotic GS enzymes was identified and mutagenesis studies led to the proposal that
the conserved glutamate residues function as the nucleophile and general acid/base
catalyst in GS®2. Mutagenesis revealed the first Glu residue in this motif to be a
fundamental nucleophile, whereas the second Glu residue provides important but not
essential catalytic assistance. However, further investigation is required to identify such
reactions as Sni or Sy2 mechanisms, as well as identifying the exact role of each Glu

residue in the catalytic reaction.

GS is a processive glycosyltransferase, meaning it remains associated with its polymeric
product during multiple rounds of catalysis. This processive mechanism is shared with
other glycosyltransferases, including cellulose synthase, the enzyme that generates

cellulose, which is a linear p-1,4-linked glucose polymer®.
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Figure 1-8: The Sni and Sn2 mechanisms of glycosyltransferases
a The Sni mechanism involves one catalytic nucleophile from the donor molecule. b The Sn2
mechanism involves double nucleophilic enzyme substitution and the formation of a glycosyl

enzyme intermediate.

1.3 Enzymes involved in glycogen synthesis
1.3.1

The concept that a primer is required for the synthesis of glycogen arose in the 1930s

Glycogenin

following the discovery of glycogen phosphorylase®. The search continued, and in 1957
GS was discovered®. Later in the 1970s, several observations led to the proposal that
glycogen synthesis started on a protein backbone, and that the first step of this process
was the transfer of glucose from UDP-G onto multiple sites of the protein acceptor®. The

second step proposed was that the protein acceptor could add additional glucose residues
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until the chain was long enough for extension to continue by GS*® (Figure 1-9 and Figure
1-1). Following this proposed mechanism, it was shown that this protein primer remains
attached to the glycogen particle®”*®. Further investigation revealed that this protein,

5960 \which was later identified as

named GN, was linked to glucose via a tyrosine residue
Tyr194 in rabbit GN®' (Tyr195 in humans) (Figure 1-9). It was found that GN could be
isolated either bound to glycogen, or co-purified with GS®¢283, GN was found to be an
auto-glucosylating transferase which is Mn-dependent, and the product of
autoglucosylation is the substrate for further glucosylation by GS®. There are two isoforms
of GN, GN1 and GN2, encoded by the GYG1 and GYG2 genes respectively®®. While GYG1
is widely expressed, GYG2 is restricted to the liver, heart and pancreas®®. However, non-

primates only have a single GN gene which is expressed ubiquitously®’.

UDP-glucose UDP UDP-glucose UDP UDP-glucose UDP
— Y (== R— A V== )
uop)  (upP) ubP ubP (uop)  (uop)

O
QIY(CS?\Je)nin L-@—/ | ‘

Figure 1-9: Auto-glucosylation of glycogenin

Catalytic mechanism of GN auto-glucosylation. UDP-G is used as a glucose donor to glucosylate
GN on a conserved Tyr (residue 195 in humans). Additional glucose residues can be added via a-
1,4-glycosidic linkages, to create a primer glucose chain of 8-12 residues.

As mentioned previously (see section 1.2), GN belongs to the GT8 family of GTs. GN has
a retaining mechanism and contains a GT-A fold which is characterised by a Rossmann
fold domain at the N-terminus. Structural studies revealed that GN forms a dimer®®, where
each monomer comprises a globular domain, containing the Rossmann fold, a variable
length linker and a conserved C-terminus (Figure 1-10a and b). The C-terminus comprises
a highly conserved region that is the minimal targeting region for binding GS®°. The
variable length linker region is not conserved in amino acid composition or length across

various species and isoforms (Figure 1-10).

It has been shown that rabbit GN can bind to actin, through a common actin binding motif
‘DNIKKKL'™". This is consistent with the observation that glycogen granules and cytosolic
filaments are associated'. This actin binding motif is highly homologous in human GN1

(‘DNIKRKL’), indicating an importance of this fragment’’. Moreover, it is believed that the
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a Schematic of the domain architecture of glycogenin (GN), containing an N-terminal Rossmann
fold domain, a variable length linker region and a conserved C-terminus. The autoglucosylating Tyr
residue (195 in humans) is shown. b Cartoon representation of a GN dimer, showing the globular

Figure 1-10
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domains, linker region and primer glucose chains as a result of autoglucosylation. ¢ Multiple
sequence alignment of GN from the indicated species (black = conserved, white = not conserved).
Sequence alignment was performed with MUSCLE and edited and displayed using ALINE. The
predicted secondary structure for HsGN is shown at the top of the alignment and coloured in green
(analysed by PSIPRED). The human and C. elegans GN sequences are numbered at the top and
bottom of the alignment respectively. The variable length linker is coloured in blue, the C-terminal
GS interaction region is coloured in dark green and the tyrosine that is auto-glucosylated (Y195 in
human) is boxed in orange and labelled with an asterix. Hs, H. sapiens; Mm, M. musculus; Oc, O.

cuniculus; Dr, D. rerio. Xt, X. tropicalis; Sc, S. cerevisiae; Ce C. elegans.

Variable lengths of the linker region in GN can be created through alternative splicing
during gene expression’®. It was shown in vitro that the length of the linker region correlates
with the size of the glycogen particle produced™. Shorter linkers generated smaller
glycogen particles, whereas longer linkers resulted in larger particles with wider size
distributions”. However, whether this is true in a biological system is unknown and thus

the role of the linker region requires further investigation.

It could be hypothesised that GN governs the maximal amount of glucose present, seen
as though it is the initiating particle. However, this is not the case as there was found to be
no correlation between increased glycogen levels and GN protein in rat skeletal muscle’.
This is consistent with the observation that overexpression of GN in COS-1 cells and rats

had no effect on total glycogen levels’ .

The widely accepted concept is that GN is essential for de novo glycogen synthesis.
However, in glycogenin-1 deficient patients, glycogen is present in skeletal muscle’’, thus
challenging the widely accepted theory. Controversially, one study found GN1 to be
dispensable for glycogen synthesis in humans, as GN1 deficiency was not compensated
for by the upregulation of GN2, yet glycogen could still be synthesised’®. However, the
glycogen formed in the absence of GN1 was abnormal in structure, and this is the cause
of a glycogen storage disease. This is supported by the finding that GN knockout mice are
still able to synthesise glycogen??, suggesting that GS can synthesise glycogen from free
glucose, although this glycogen is abnormal. This suggests a role of GN in regulating

glycogen synthesis in muscle, but this still is unclear and requires further investigation.

The catalytic mechanism of GN, which unusually catalyses its own glucosylation, has been

studied in various different ways. It was initially shown that both intra-subunit (same GN
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monomer) and inter-subunit (different GN monomer) mechanisms were required for full
catalysis, but initial glucosylation could not be completed through intra-mechanisms™
(Figure 1-11). Crystal structures of catalytic snapshots of human GN revealed that the first
four glucose residues are added in an intra-subunit reaction, whereas elongation of longer
chains requires catalytic action in an inter-subunit reaction® (Figure 1-11). However, the
precise mechanics of GN autoglucosylation have been hindered by the inability to study
homogenous glycoforms of GN®'. Recently, a new chemical tool was developed to mimic
the intermediate forms of the autoglucosylation mechanism of GN, to provide greater
understanding of the initiation of glycogen synthesis®'. This study added a reactive ‘tag’
onto to GN, by replacing the hydroxyl group of Tyr195 with an iodide moiety, which is a
substrate for palladium mediated cross-coupling reactions to add sugar-mimic templates
to generate various GN glycoforms®'. The findings of this study are consistent with
previous reports®, and suggested a potential multiphase initiation, with a step-by-step
‘inter, intra, inter’ mechanism of action for GN self glucosylation. Where the initial auto-
glucosylation occurs via inter-subunit action, then up to five sugar residues can be added
via intra-monomer reactions and the final (up to 11) glucose residues are added in an inter-

subunit manner®’.

step 1: step 2: step 3:
inter-subunit? intra-subunit inter-subunit
different monomer same monomer different monomer

Figure 1-11: Intra- and inter- subunit autoglucosylation of glycogenin

Glycogenin (GN) autoglucosylation has been proposed to either be intra-subunit (same monomer)
or inter-subunit (different monomer). Each GN monomer is coloured different shades of green.
Glucose is represented as hexagons, with different shades corresponding to glucose chains from

different GN monomers. The autoglucosylating tyrosine (Tyr195 in humans) is shown. Step 1 is
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predicted to occur in an inter-subunit reaction. Step 2 has been shown to occur in an intra-subunit

reaction and step 3 occurs in an inter-subunit reaction. Not to scale.

1.3.2 Glycogen synthase
GS was discovered in 1957 by Leloir and Cardini®®. As mentioned previously, eukaryotic
GS is a member of the GT3 family of GTs and contains a GT-B fold (see section 1.2). This
fold is characterised by two Rossman fold domains, one at the N- and one at the C-
terminus, with an interdomain cleft that contains the active site*®®. Human GS is found as
two isoforms, GS1 and GS2, encoded by the GYS7 and GYS2 genes respectively. These
are differentially expressed, with GYS17 being expressed predominantly in the skeletal
muscle and most other cell types where glycogen is present, while GYS2 is expressed
exclusively in the liver®®®. Similar to GN, GS uses UDP-G to extend glucose chains
through the addition of a-1,4-linked glucose residues’, and in concert with GBE this
produces glycogen (Figure 1-12). GS is tightly regulated and is the rate limiting enzyme in
glycogen biosynthesis. It is activated by G6P binding and inhibited by phosphorylation,

which are discussed in more detail in sections 1.4.1.1 and 1.4.1.2 respectively.

UDP-glucose UDP

-~
<

(uoP) [uorﬂ

D
glycogen Ho on oH glycogen branching Q
synthase (GS) o ° enzyme (GBE)
HO />
OH
]

glycogen ( n+1 residues) glycogen (n+2 residues)

glycogen

Figure 1-12: The catalytic mechanism of glycogen synthase (GS) and glycogen branching
enzyme (GBE)

GS uses UDP-G as a glucose donor to elongate the primer glucose chain attached to GN, through
the addition of a-1,4-linked glucose residues. GBE introduces branch points to form the “tiered”

glycogen particle.

The first structure of GS, solved in 2004, was a crystal structure from the bacterium
Agrobacterium tumefaciens (A. tumefaciens) (AtGS), in the presence and absence of
adenosine diphosphate (ADP)®? (Figure 1-13). This confirmed that GS contains two

Rossmann fold domains with an interdomain cleft, and it was found that GS had
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crystallised in an ‘open’ state revealing a deep and wide cleft containing the active site®.
GS was found to be dimeric and ADP binds to a pocket adjacent to the interdomain cleft,
which induced small changes in the overall structure®. This structure also revealed that
the overall fold and active site of GS is very similar to GP, highlighting that the opposite

reactions of glycogen synthesis and breakdown are catalysed by homologous enzymes®?.

Following this, two more GS crystal structures were solved, from Escherichia coli (E. coli)
8 and Pyrococcus abyssi®’, revealing GS as monomeric and trimeric respectively. All these
GS structures are from bacteria, which belong to the GT5 family of GTs. The GT5 family
is not regulated by phosphorylation and allosteric activation, unlike eukaryotic GS which
belongs to the GT3 family. It was not until 2010 when a eukaryotic GS structure was
solved, a crystal structure of Gsy2 from Saccharomyces cerevisiae (S. cerevisiae)
(referred to as yeast GS in this thesis) in the presence and absence of the allosteric
activator G6P® (Figure 1-13). Unlike previous structures, this revealed that GS forms a
tetramer through two helices from each protomer mediating the tetramerisation interface.
G6P binding induces large conformational changes, which are discussed in more detail in
section 1.4.1.1. Other crystal structures of yeast GS in complex with various ligands
including UDP-G* and maltooctaose®™, as well as an enzyme that mimics the
phosphorylated state® have been solved. In addition, another eukaryotic GS structure,
GS1 from Canorhabditis elegans® (C. elegans), in complex with the C-terminus of GN was

solved and is further discussed in section 1.3.3.

A. tumefaciens GS S. cerevisiae GS
dimer tetramer

) A5t
(e
o

Figure 1-13: Oligomeric states of different glycogen synthase (GS) crystal structures
The first GS structure to be solved from A. tumefaciens is dimeric (PDB ID 1RZV) (left), whereas

GS from S. cerevisiae is tetrameric (PDB ID 3NAZ) (right). Each protomer is coloured differently.
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Substrate binding was elucidated by a crystal structure of yeast GS in complex with G6P
and UDP-G, which showed UDP-G binding in the interdomain cleft containing the active
site which is different to the allosteric site where G6P binds® (Figure 1-14). Although this
was a catalytically inactive enzyme (E169Q mutant) UDP-G was hydrolysed, suggesting
non-productive hydrolysis occurred during crystallisation® (Figure 1-14).

S. cerevisiae GS

Rossmann fold 1 Rossmann fold 1

G6P
allosteric site

Figure 1-14: The active site and allosteric site of yeast GS

For simplicity, one monomer of the tetrameric yeast GS is shown (PDB ID 4KQM). UDP and glucose
bind in the active site, which is located in a cleft between the two Rossmann fold domains. The
glucose-6-phoshate (G6P) allosteric site is in a different location. The two helices which are involved

in oligomerisation are labelled as ‘tetramerisation domain’.

While the structures thus far are very informative in understanding GS oligomerisation and
allosteric activation by G6P, the mechanism of inactivation by phosphorylation is still
unknown. Thus, due to the lack of sequence conservation at the N- and C- terminal tails
which contain the phosphorylation sites (Figure 1-15), how human GS is regulated still
remains elusive. At the start of this project (October 2018), the structure of the human

enzyme was not solved.
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Sequence conservation of glycogen synthase

Figure 1-15

Multiple sequence alignment of glycogen synthase (GS) from the indicated species (black =

Sequence alignment was performed with MUSCLE and edited

not conserved)

te =

conserved, wh

and displayed using ALINE. The secondary structure for human GS (HsGS) is shown at the top of
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the alignment and coloured in blue. The human and yeast GS sequences are numbered at the top
and bottom of the alignment respectively. Known in vivo phosphorylation sites are shown in
magenta. Residues that form the arginine cluster and arginine cradle are coloured in orange and
labelled. Hs, H. sapiens; Sc, S. cerevisiae; Ce, C. elegans; Dm, D. melanogaster; Mm, M. musculus;
Xl, X. laevis; Gg, G. gallus; Dr, D. rerio.

Thus far, it is not known exactly how GS elongates glucose chains and also how GS
remains tightly associated to glycogen. Previous studies using rabbit muscle GS proposed
a two site model, composed of a catalytic site and a polysaccharide-binding site, and high
catalytic activity is only achieved upon occupancy of both sites®®. Following this,
oligosaccharide-binding sites were identified in the N-terminal domain of E. col® and
Pyrococcus abyssi®® GS. Structural analysis of GS from yeast identified multiple glycogen
binding sites on the surface of GS (Figure 1-16). Two were located at the C-terminus, one
at the N-terminus and one adjacent to the active site® (Figure 1-16). Each of these sites
are predicted to contribute different functions to GS activity. With some sites allowing tight
association between GS and glycogen, and one site involved in positioning of the non-
reducing end of the glucose chain during catalysis®. These studies shed some light on
how GS elongates the glucose chain, however, exactly how GS elongates the primer

glucose chain from GN is still unclear.
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yeast GS monomer

sugar
binding sites

site 2
C-terminal __,
domain
site3 — :
. ) site 4
C-terminal ¥ e
\ interdomain

domain

Figure 1-16: Sugar binding sites in yeast GS

A yeast GS monomer in the activated state, with glucose-6-phosphate (G6P) coloured in purple and
shown in space-filling atoms. Four sugar binding sites have been identified, and these are coloured
in yellow and shown in space-filling atoms (PDB ID 3RSZ and 3RT1).

1.3.3 Glycogen synthase — glycogenin interaction
When GS from rabbit skeletal muscle was first purified in 1976, it co-purified with an
additional protein®, which was later identified as GN®3. It was not until 2006 when the
interaction interface between these two enzymes was further investigated. Biochemical
characterisation using deletion constructs and affinity chromatography (a.k.a. pulldown
analyses) revealed that the extreme C-terminus of GN is sufficient for strong binding to
GS, although other interaction interfaces may exist®. It also showed that the glucose
polymer attached to GN is not responsible for the interaction with GS®. This interaction
interface was structurally characterised by a crystal structure of GS from C. elegans in
complex with a GN C-terminal peptide (GN**), revealing the minimal binding region to GS
of GN™ (Figure 1-17). This interaction occurs in a location different to the pockets
described for UDP-G or G6P. Four GN** peptides bind to the GS tetramer, one for each
protomer, and they each form a helix-turn-helix consisting of binding helix 1 (BH1) and
BH2% (Figure 1-17). However, it was also shown that full-length GN had a higher affinity
to GS than just the C-terminal peptide, perhaps due to an avidity effect, but additional

interaction interfaces could not be ruled out’. In addition, mutation of GN** in mouse GN
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reduced its interaction with GS and glycogen content in cells, showing that the interaction
is essential for glycogen synthesis™. The observation that four GN C-terminal peptides can
bind to a GS tetramer suggests that when GN is in its dimeric form, two GN dimers can
bind to one GS tetramer®. However, unlike its yeast and C. elegans counterparts, human
GS cannot be expressed in bacteria and also requires co-expression of GN*%, which
potentially suggests a different interaction for the human proteins. At the start of this project

(October 2018), the interaction between human GS and GN was not established.
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Figure 1-17: C. elegans GS in complex with the C-terminus of GN

The crystal structure of C. elegans GS tetramer, with each protomer coloured differently (CeGS),
bound to four C-terminal GN peptides (CeGN34) (left). The interaction interface between CeGS and
CeGN?** (right). CeGN** forms a helix-turn-helix, consisting of binding helix 1 (BH1) and BH2. Atoms

involved in the interaction are shown as sticks and labelled.

1.3.4 Glycogen branching enzyme
GBE introduces branch points in the growing glucose chain in order to create the desired
tiered, branched and soluble structure of glycogen. GBE does this by cleaving an a-1,4-
glycosidic residue, approximately every 8-14 glucose residues, on chains more than six
glucose residues from the non-reducing end. GBE can then transfer this cleaved
oligosaccharide, onto the same or a neighbouring chain, via an a-1,6-linkage (Figure
1-18)'%°,
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a-1,4-linkages

l Glycogen branching enzyme

a-1,6-linkage
A&

Figure 1-18: Schematic representation of the mechanism of glycogen branching enzyme
Glycogen branching enzyme (GBE) cleaves an a-1,4-glycosidic residue and transfers this onto
another glucose polymer chain, but via an a-1,6-linkage, thus creating branch points. Hexagons
represent glucose molecules, and orange shows the original chain whereas purple shows the
residues which are relocated. Not to scale.

The degree of branching in a polysaccharide dictates its solubility, for example the highly
branched glycogen is soluble in aqueous solution, whereas starch, which has less frequent
branch points, is less soluble in aqueous solution. Thus, the branching of glycogen is an
essential feature in the formation of functional glycogen. And indeed, glycogen storage
disease type IV is caused by defects in GBE which leads to poorly branched, insoluble

glycogen™".

1.4 Regulation of glycogen metabolism

1.4.1 Glycogen synthase regulation
GS is the rate limiting enzyme in glycogen synthesis. GS can undergo allosteric activation
by G6P binding and also covalent inhibition by phosphorylation, which are discussed in

more detail in sections 1.4.1.1 and 1.4.1.2 respectively.

1.4.1.1 Allosteric activation
The binding of G6P has been structurally characterised by crystal structures of GS from
yeast, revealing one G6P molecule can bind to one GS protomer®. The pocket is formed
of six residues, including His286, Lys290, His500, Arg580, Arg583 and Arg587, which are
conserved in eukaryotes and interact with the phosphate group of G6P through hydrogen
bonding interactions® (Figure 1-19a). GIn283, Asn284 and His280 form hydrogen bonds
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to the glucose moiety, and unlike the phosphate binding site, this site is disordered prior
to G6P binding®*°' (Figure 1-19a). G6P binding causes large conformational changes in
comparison to the basal state, to result in a high activity state including opening between
the two Rossmann fold domains, which leads to a more accessible active site® (Figure
1-19). G6P pushes the regulatory helices apart, measuring 16 A apart in comparison to

the 12 A distance in the basal state structure® (Figure 1-20).

yeast GS yeast GS
activated state basal state

'h\

»(\‘wrih% ¢
o
k'r%g- P

of 3%

ye

Figure 1-19: Crystal structures of yeast GS in the basal and activated state

a Crystal structure of yeast GS in the activated state (PDB 5SUK). The glucose-6-phoshate (G6P)
binding site is shown by the dashed box and the interaction interface is shown with residues
involved shown as sticks (right). * denotes a residue from the neighbouring subunit. The arrows
represent the conformational change caused by G6P binding in comparison to the basal state
shown in b. b Crystal structure of yeast GS in the basal state (PDB ID 3NAZ). Arrows show direction

of conformational changes in comparison to the activated state shown in a.

A proposed arginine cluster, containing 6 conserved arginines (Arg579 - Arg591 in
humans), on the helix a22 (Figure 1-15) is widely known as the regulatory helix, and it has
an important role in the regulation of GS. Mutagenesis and structural studies of yeast GS
have shown that G6P binds beneath the regulatory helices (a22), and specifically interacts

with the middle two arginines (Arg582 and 586) in the arginine cluster®®'%? (Figure 1-19a).

The role of the regulatory helices has been of interest in order to understand GS regulation.
Mutagenesis proposed a role for the first two arginine residues (Arg579 and R580) in the
response to inhibitory phosphorylation at the yeast residue T668'%. In addition, this study
also suggested that the final two arginine residues (Arg588 and Arg591) play a role in
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stabilising the basal/dephosphorylated state of the enzyme'®. The movement of these
helices in the G6P activated state in comparison to the basal state, further highlights a role
for 022 in regulation of G6P, potentially through altering accessibility to the active site.

Interestingly, G6P can activate GS regardless of phosphorylation state'*1%,

yGS yGS yGS
Mimic of inhibited state Basal state Activated state
\ . { Aa22
4 4 y Aa22 Aa22
8 A I 1A 16 A
. B a22
A B a22 ) B a22

Figure 1-20: The regulatory helices of yeast GS

Comparison of distances between regulatory helices of adjacent monomers of the low activity
inhibited mimic (PDB ID 5SUL), basal state (PDB ID 3NAZ) and glucose-6-phosphate (G6P)
activated (PDB ID 5SUK) yeast GS (yGS) crystal structures. Quoted distances were measured from
Ca of Arg592 (chain A) and -Ca of Arg581 (chain B) yeast residues.

1.4.1.2 Inhibitory phosphorylation
GS is a model example of ‘multisite phosphorylation’, which was first described in 1971'%,
and since then many efforts have been made to determine the extent of this
phosphorylation, the kinases involved and how multiple phosphorylation occurs. Nine
phosphorylation sites have been identified on human muscle GS, which lie on the N- and
C- terminal tails (Figure 1-21). However, human liver GS only has seven phosphorylation

sites as it does not contain the two final C-terminal sites, 1a and 1b (Figure 1-21).

Kinases that can phosphorylate these sites in vitro have also been identified (Figure 1-21
and Table 1-1). These kinases include: AMP activated protein kinase (AMPK)'%; PhK,
phosphorylase kinase'”; CAMKII, Ca*/calmodulin-dependent protein kinase [1'%; PKA,
protein kinase A'%; PKC, protein kinase C''%; CK1, casein kinase 1'"""1'?; GSK3, glycogen

113,114.
3 ;

synthase kinase PASK, Per-Amt-Sim domain containing serine/threonine

kinase''®; DYRK, dual specificity tyrosine-regulated kinase''® and CK2, casein kinase 2
117
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It is now known that phosphorylation of GS occurs in a hierarchical manner, whereby the
phosphorylation of one site becomes the recognition motif for subsequent
phosphorylation'®. The discovery of this phenomenon arose when it was found that sites
3a, 3b and 3c could not be phosphorylated in vitro by GSK3 unless site 5 was
phosphorylated'® (Figure 1-21). Later studies also showed this''®, as well as the finding
that CK1 preferred phosphorylated sites, although phosphorylated substrate is not an
absolute requirement'"'°. Mutagenesis experiments identified sites 2, 2a, 3a and 3b to

S75,120

be most important in the inhibition of rabbit muscle G , in addition to further emphasis

for a dominant role of site 3a'?".

PKA PKA
GSK3
AMPK PASK CK2 PKC CAMKII
PhK CK1 DYRK GSK3
CAMKII N\ ~ 2044
PKA
PKC 3a 3b 3c 1a
38 S11 S641S645 S649 8653 8657 S698 S710
Human Muscle GS N Rossmann fold 1 g Rossmann fold 2 @ @ @ @ @ @ @
GSK3 CK2
AMPK PASK
PhK CK1 DYRK GSK3
CANKI N ~ 2492
Eﬁé 3a 3b 3c
38 S11 S641S645 S649 8653 8657

Human Liver GS NGP @ @ @ @ c

Figure 1-21: Human GS phosphorylation sites

Domain architecture of human muscle GS (top) and human liver GS (bottom). Known in vivo
phosphorylation sites of GS are shown in red and are labelled with residue number and classical
nomenclature (in bold). Known in vitro kinases are shown and the hierarchical fashion is indicated
by the arrows. Not to scale. AMPK, AMP activated protein kinase; PhK, phosphorylase kinase;
CAMKII, Ca2+/calmodulin-dependent protein kinase Il; PKA, protein kinase A; PKC, protein kinase
C; CK1, casein kinase 1; GSK3, glycogen synthase kinase 3; PASK, Per-Arnt-Sim domain
containing serine/threonine kinase; DYRK, dual specificity tyrosine-regulated kinase; CK2, casein
kinase 2.
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Table 1-1: Human GS phosphorylation sites and corresponding in vitro kinase(s)
*Sites 1a and 1b are only found in muscle glycogen synthase

Phosphorylation site  Residue (human) In vitro kinase(s)
2 Ser8 AMPK, CAMKII, PhK, PKA, PKC
2a Ser11 CK1
3a Ser641 GSK3, PASK, DYRK
3b Ser645 GSK3
3c Ser649 GSK3
4 Ser653 GSK3
5 Ser657 CK2
1a* Ser698 PKA, PKC
1b* Ser710 PKA, CAMKII

At the start of this project (October 2018), no structure of the phosphorylated, inhibited
form of GS had been solved. However, in an attempt to understand the inhibited state, a
crystal structure of yeast GS enzyme that mimicked the phosphorylated state was solved®'.
This double mutant (R589A + R592A) had an activity level similar to that of phosphorylated
yeast GS yet could still be activated by G6P®'. The structure was found to be in a tighter
conformation in comparison to the basal state enzyme, with an N-terminal domain closure

restricting access to the catalytic cleft®".

However, due to the lack of similarity in the GS phosphoregulatory region across species,
it is difficult to translate postulations from yeast and C. elegans to human. In fact, yeast
Gsy2 only contains three of the seven human C-terminal phosphorylation sites and
completely lacks N-terminal phosphorylation (Figure 1-15). The more closely related C.
elegans GS contains four of the seven human C-terminal phosphorylation sites as well as
both of the N-terminal sites (Figure 1-15). Insights into the GS N-terminus from C. elegans
GS revealed close proximity to the regulatory helix, and a mechanism of reorganisation of
the N-terminal tail induced by phosphorylation was predicted to occur to allow interaction

between the phosphoregulatory region and the Arg cluster’® (Figure 1-22).
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CeGS
N-terminal tail
chain A

regulatory helix
(a22) chain B

Figure 1-22: N-terminal tail of C. elegans GS

The C. elegans GS tetramer (blue) in complex with then C-terminus of GN (turquoise) (PDB ID
4QLB). The N-terminus is coloured in pink (chains A/C) or purple (chains B/D) and the regulatory
helices are shown in green or dark green (left). The area boxed is shown on the right. The N-terminal

tail is situated towards the regulatory helices from the same and the adjacent GS protomer.

A three-state model has been proposed for the regulation of GS, in light of enzyme kinetic
and structural data®°'%? The three states being an inhibited phosphorylated state, a
basal, dephosphorylated state and a G6P activated state, potentially with substrate
accessibility being responsible for activity. In a mimic of the phosphorylated state, the
regulatory helices (a22) are closest together at 8 A and the active site is closed®. In the
basal state, the regulatory helices are further apart at 12 A ®. When G6P is bound and GS
88,91

is in a high activity state, the regulatory helices are 16 A apart and the active site is open
(Figure 1-20).

1.4.1.3 Phosphatase regulation
GS is also regulated by dephosphorylation by protein phosphatase 1 (PP1) and lambda
protein phosphatase (lambda PP). It has previously been shown that lambda PP, which
releases phosphates from phosphorylated serine, threonine and tyrosine residues, can

99,122

dephosphorylate GS in vitro, leading to increased GS activity

PP1 consists of a catalytic subunit (PP1c) and a regulatory subunit, with the latter subunit
having a role in recruiting the phosphatase to its targets. Common motifs of the seven
regulatory subunits identified are the ‘RVSF’ motif for PP1c binding, a glycogen-binding

motif and a GS binding motif'?>"2°,
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PP1 can interact with major enzymes involved in glycogen metabolism, including GS, PhK
and GP, through its protein targeting to glycogen (PTG) subunit'®. Specifically, PTG can
bind to glycogen thus bringing the catalytic subunit of PP1 (PP1c) into close proximity to

GS to cause its dephosphorylation'?®

. Overexpressing the PTG gene increases glycogen
accumulation by recruiting PP1 to glycogen where it can increase GS activity through

dephosphorylation®’.

Another glycogen targeting subunit of PP1, Rs/Gw, the first of which to be identified'?, is
exclusively expressed in striated muscle and can recruit the substrate, GS'?. It has

involvement in the activation of GS in response to exercise'®

. A prevalent variant in the
gene that encodes RgL impairs glycogen synthesis and decreases human skeletal muscle
glycogen levels, and thus there is evidence to support a critical role for these regulatory

subunits in governing glycogen accumulation in humans'™%'3",

1.4.2 Regulation by insulin

GS was the first example of an intracellular target for insulin'2. In the fed state, insulin
binding to the insulin receptor stimulates GLUT4 translocation to the membrane, leading
to glucose uptake. HK converts this glucose into G6P, which can either allosterically
activate GS or be converted into UDP-G to be used by GS as a substrate, thus GS is able
to synthesise glycogen (Figure 1-23). Insulin binding also leads to the phosphorylation of
GSKa3, through pathways involving PI3K and Akt, which causes GSK3 inactivation and
thus prevents GS inactivation, allowing glycogen synthesis to occur (Figure 1-23). Insulin
can also reduce the activity of other kinases, including AMPK and PKA'?, again leading
to increased GS activity (Figure 1-23). The mechanism of insulin mediated PP1 regulation
is unknown. It has been suggested that insulin causes PP1 activation by recruiting PP1 to
its substrates'*. Through PTG recruitment of not only GS, but also GP and PK, PP1 can
stimulate glycogen synthesis by GS activation and also dephosphorylates and thus inhibits
GP and PK"™® (Figure 1-23).

The multiple pathways of insulin mediated regulation of glycogen metabolism indicates a
level of redundancy, for example it has been shown that glycogen content is not disrupted
in GSK3 knockout mice'®. In diabetes, abnormal insulin function is associated with

defective glycogen metabolism’.
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Figure 1-23: Insulin mediated regulation of glycogen metabolism

Schematic representation of the proposed regulation of glycogen synthesis by insulin. Insulin
binding to the insulin receptor inhibits glycogen synthase kinase 3 (GSK3), AMP-kinase (AMPK)
and protein kinase a (PKA), which in turn prevents in the inhibition of glycogen synthase (GS) and
thus stimulates glycogen synthesis. Insulin stimulates glucose uptake through GLUT4, which is then
converted to glucose-6-phoshate (G6P) by hexokinase (HK). G6P can allosterically activate GS,
and can also be converted to G1P by phosphoglucomutase (PGM). G1P can be converted to UDP-
glucose (UDP-G) which is the substrate for GS. PP1 is recruited to various substrates via protein
targeting glycogen subunit (PTG), including to GS which in turn is activated, and also glycogen
phosphorylase (GP) and phosphorylase kinase (PhK), which in turn are inhibited. Inhibition of GP
and PhK prevent glycogen breakdown, leading to the accumulation of glycogen. Adapted from
Saltiel, 202137,
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1.4.3 Regulation by glucagon and adrenaline
Other hormones that are involved in the regulation of glycogen metabolism are glucagon
and adrenaline/epinephrine, which in contrast to insulin, promote glycogenolysis.
Glucagon functions in the liver, whereas adrenaline mainly acts in the muscle. During
fasting, blood glucose and insulin levels fall which results in secretion of glucagon from
pancreatic a-cells and binding of glucagon to the glucagon receptor, which is a member of
the G-protein-coupled-receptor (GPCR) family. This activates liver adenylate cyclase,
which converts ATP to cAMP, thus increasing cAMP levels and stimulating PKA. PKA in
turn phosphorylates and inactivates GS, thus halting glycogen synthesis (Figure 1-24).
PKA can also activate PhK, leading to GP activation and thus an increase in glycogen

degradation'® (Figure 1-24).

Adrenaline also leads to the increase in cAMP levels and subsequent activation of PKA,
through binding to the p-adrenergic receptor, another class of GPCRs'™. It has been
proposed that PKA phosphorylates Rei, decreasing the activity of PP1'%. In addition, PKA
can phosphorylate and activate the PP1 inhibitory protein in response to adrenaline
stimulation™’, leading to the inactivation of PP1. Moreover, GS remains phosphorylated

and inactive and glycogen synthesis cannot occur.
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Figure 1-24: Glucagon and adrenaline regulation of glycogen metabolism

Schematic representation of the proposed regulation of glycogen synthesis by glucagon and
adrenaline. Binding of glucagon and adrenaline to the glucagon or B-adrenergic receptor leads to
adenylate cyclase converting ATP to cAMP. cAMP causes the activation of protein kinase A (PKA)
which inactivates both glycogen synthase (GS) and protein phosphatase 1 (PP1), which are brought
into close proximity via protein targeting glycogen (PTG), thus halting the synthesis of glycogen.
PKA also activates phosphorylase kinase (PhK), which activates glycogen phosphorylase (GP),

thus promoting the degradation of glycogen to glucose-1-phosphate (G1P) and glucose.

1.4.4 Regulation by exercise
One of the major roles of glycogen is to provide energy during exercise, and thus following
glycogen depletion during exercise these glycogen stores need to be replenished.
However, both activation and inactivation of GS has been observed in response to

exercise?® 142,
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Similar to insulin, exercise stimulates the uptake of glucose via GLUT4, leading to
activation of GS via the pathway shown in Figure 1-23. How exercise mediates GS
phosphorylation and inhibition is not well understood. One proposed action is the
dephosphorylation and thus activation of GS via Re. recruitment of PP1c. However, an
opposing regulatory pathway which leads to GS inactivation by kinases including AMPK,
PKA and PhK has also been suggested'®. AMPK activation occurs when muscular
contraction causes breakdown of ATP which increases cAMP levels, which as well as
activating AMPK also activates GP. Thus, this mechanism causes inactivation of GS and
stimulates breakdown of glycogen. However, more investigation is required to understand

this complex mechanism.

It is thought that the biggest contributing factor of glycogen metabolism during exercise is
the activation of GP to stimulate glycogen breakdown, and during exercise recovery it is a

combination of both GS activation and GP inhibition to stimulate glycogen synthesis'“.

In addition, it has been shown that exercise causes increased GN gene expression in
human skeletal muscle, suggesting a potential role for GN in the regulation of glycogen
metabolism in response to exercise'*. However more investigation is required to ascertain

the exact role of GN in this process.

1.5 Dysregulation of glycogen metabolism

1.5.1 Glycogen storage diseases
To date, there are 16 described glycogen storage diseases (GSDs), characterised by the
enzyme deficiency that causes the diseases, where abnormal glycogen is a main
characteristic. Usually defects in enzymes directly involved in glycogen synthesis or
breakdown are the major causes of the disease. But they can also be caused by
mutations/defects in enzymes that affect glycogen degradation or glucose utilisation. In
addition, defects/mutations in regulatory proteins of glycogen metabolism can also lead to
some types of GSDs, for example Lafora disease, which is discussed in more detail in
section 1.5.1.2. Although skeletal muscle and liver are the two main locations for glycogen
storage, disease manifestation is present widely. Symptoms of GSDs can include muscle
weakness, fatigue, cardiomyopathy and heart failure, and unfortunately the fatal outcome
of death at early ages is not uncommon in GSD patients. The different GSDs are

summarised in Table 1-2, and some are discussed further in sections 1.5.1.1 and 1.5.1.2.
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* Fanconi-Bickel syndrome is no longer classed as a GSD

Lafora disease

Laforin (EPM2A) or malin

(EMP2B)

Glycogen metabolism regulatory
proteins

Disease name  GSD type Enzyme (gene) deficiency Enzyme function Symptoms
Glycogen synthesis, catalyses G .
rowth failure,
- type O Glycogen synthase 2 (GYS2) transfer of glucose from UDP- muscle cramping
glucose
Von Gierke's Glucose-6-phosphatase Catalyses the hydrolysis of glucose- .
disease type | (G6PC) 6-phosphate to glucose Growh failure
Breakdown of glycogen in the Muscle weakness,
Pompe disease type Il Acid alpha glucosidase (GAA) | glycog heart failure, early
ysosome
death
Cori's disease type lll Glycogen debranching Breakdown of glycogen Myopathy
enzyme (AGL)
Andersen Glycogen branching enzyme Glyc.:ogen synthe5|§, adds branch Muscle weakness,
. type IV points to the growing glycogen myopathy, early
disease (GBET1) .
chain death
Muscle glycogen breakdown, .
. Muscle glycogen ) Exercise induced
McArdle disease type V phosphorylase (PYGM) release of G1P frgm cleaving -1-4- cramps
glycosidic bonds
Liver glycogen Liver glycogen breakdown, release
Hers' disease type VI phosphorylase (PYGL) of G1P from cIfae}Vlng alpha-1,4- Growth retardation
glycosidic bonds
- Muscle phosphofructokinase Glycolysis, converts fructose-6- Muscle weakness,
Tarui's disease type VII phosphate to fructose 1,6- .
(PFKM) . exercise intolerance
bisphosphate
Phosphorylates and activates liver
Hepatic glycogen glycogen phosphorylase, which .
. type VIl phosphorylase kinase (PYKL) subsequently breaks down Growth retardation
glycogen
Phosphorylates and activates
. Delayed motor
) e IX Phosphorylase kinase muscle glycogen phosphorylase, development
yp (PHKA2) which subsequently breaks down : 'p ’
exercise intolerance
glycogen
Glycolysis, converts 3-
- type X Phosphoglycerate mutase phosphoglycerate to 2- Muscle weakness
(PGAM2)
phosphoglycerate
“ Muscle lactate - Glycoly§|s, c?talysestthe il Fatlgue, muscclje paln
- type dehydrogenase (LDHA) interconversion of pyruvate and L-  and cramps during
lactate exercise
Fanconi-Bickel N Glucose transporter in B-cells of Fragile bones,
XI | t LUT2
syndrome* type Glucose transporter (GLUT2) pancreaticislets and hepatocytes growth retardation
Catalyses the conversion of
Red cell fructose 1,6-bisphosphate to
aldolase type Xl Aldolase A (ALDOA) glyceraldehyde 3-phosphate (G3P) Exercise intolerance
deficiency and dihydroxyacetone phosphate
(DHAP)
Catalyses the conversion of 2- .
- type XIlI B-enolase (ENO3) phosphoglycerate to Myscl'e pain,
exercise intolerance
phosphoenolpyruvate
} type XV Glycogenin-1 (GYG1) Glycogen synthesis, |n|t|ate§ the Progressive muscle
process by autoglucosylation weakness
Neurodegeneration,

seizures, adolescent
death
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1.5.1.1 Pompe disease (GSD type Il)
Pompe disease is an autosomal recessive disease caused by mutations in the GAA gene,
causing a deficiency in acid-a-glucosidase protein, which is the enzyme responsible for
breaking down glycogen in the Ilysosomes'® (Table 1-2). Moreover, glycogen
accumulation occurs in the lysosomes leading to lysosomal dysfunction and thus patients
suffer from muscle weakness, heart failure, and in the infantile disorder, an early death by
~2 vyears of age'. GAA mutations that cause Pompe disease are compound
heterozygous, and the majority are missense mutations, although a small number of

deletion mutations have also been identified*.

Pompe disease is currently treated by enzyme replacement therapy (ERT), with human
recombinant GAA™®, This has so far been successful by significantly slowing the rate of
disease progression and life-saving in the infant-onset patients. However, it seems that
the beneficial effects of ERT plateau within a few years of treatment, thus there remains a

need for more effective treatments for Pompe disease patients''%".

Moreover, some pharmaceutical companies are targeting GS as potential substrate
reduction therapy (SRT) to treat Pompe disease, in the aim of reducing glycogen synthesis,

thus alleviating the accumulation of glycogen in the lysosomes (Figure 1-25).

A GAA/GYS1 double knockout mouse demonstrated a significant reduction in glycogen
levels in the skeletal muscle and liver, as well as complete correction of cardiomegaly, thus
suggesting that abolition of muscle glycogen synthesis may lead to improvement of the
defects seen in Pompe disease'. This was further investigated through suppression of
muscle GS1 in Pompe mice, which showed significant decrease of aberrant glycogen
accumulation in the heart, diaphragm and quadriceps, without effecting liver glycogen'®.
It has also been shown that reduction in muscle glycogen is well tolerated, and moreover

supports the safety of using SRT as a treatment for Pompe disease™.

However, it is important to note that glycogen distribution widely differs across animals. In
humans, ~85% of glycogen is stored in the muscle, with only ~15% located in the liver'.

In dogs, the distribution between muscle and liver glycogen is more similar, with ~48% and

155

~51% respectively . Whereas in rodents, glycogen is predominantly stored in the liver,

156 157

with rats storing ~88% "> and mice storing ~71% ">’ of glycogen in the liver. Moreover, it is
important to take these findings into consideration when testing and analysing potential

therapeutics regarding glycogen metabolism.
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Figure 1-25: Schematic representation of Pompe disease and substrate reduction therapy
(SRT)

Glucose (displayed as an orange hexagon) is converted into glycogen (displayed as chains of
orange hexagons) through the action of glycogenin (GN), glycogen synthase (GS) and glycogen
branching enzyme (GBE). Some glycogen is stored in lysosomes. In a healthy cell, acid alpha
glucosidase (GAA) breaks down glycogen in the lysosomes (left). In Pompe disease, GAA is
deficient which leads to lysosomal glycogen accumulation (middle). Substrate reduction therapy
(SRT) by targeting GS to reduce its activity is a potential therapeutic by reducing glycogen

accumulation in the lysosomes (right).

1.5.1.2 Lafora disease
Lafora disease is a neurodegenerative disorder, typically with onset in adolescent years

198 A characteristic of Lafora disease is the presence of

followed by death within ten years
inclusion bodies that comprise of poorly branched, insoluble glycogen particles named
Lafora bodies®. These glycogen accumulations are found in organs with high glucose
metabolism, including the heart, liver and brain. In the brain, Lafora bodies are present in
the majority of neurons, specifically in their dendrites and cell bodies'®'%°. 90% of Lafora
disease cases are accounted for by mutations in either Epilepsy progressive myoclonus
type 2A (EPM2A) and Epilepsy progressive myoclonus type 2B (EPM2B)'5'1%2. EPM2A

encodes a dual specificity protein phosphatase named laforin, that contains a
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carbohydrate binding domain that allows tight binding to glycogen '°*'%°. EPM2B encodes
an E3 ubiquitin ligase named malin, which can interact with laforin and catalyses its
polyubiquitination'®®'®”_ These two proteins function as a complex to regulate GS activity'®®

as well as translocation of GLUTs'® to indirectly affect glycogen accumulation.

It is still not clear exactly how mutations in EMP2A and EMP2B cause Lafora disease. One
suggested role for laforin is that of a repair protein to remove the phosphate that is

mistakenly incorporated into glycogen by GS, and thus deficiency of laforin leads to

170-172 (

hyperphosphorylated Lafora bodies Figure 1-26). A potential role for malin in Lafora

disease is the ubiquitination of enzymes involved in glycogen metabolism'3"7

, including
PTG'® (Figure 1-26). Despite an increased understanding in the molecular basis of Lafora

disease in recent years, many questions remain unresolved.

Recently it has been found that targeting GYS7 mRNA with antisense therapy could

77 Additional studies also showed that

prevent and halt the progression of Lafora disease
knocking out GS1 later in disease progression halted LB formation and decreased
neuroinflammation, suggesting this as a potential therapeutic but also highlights a

requirement for early disease diagnosis as late suppression of GS did not halt the

178,179

accumulation of LBs

b Laforadisease

Glycogen Proteasomal
metabolism degradation

Figure 1-26: A potential role for laforin and malin in glycogen metabolism
a A schematic representation of the proposed role of laforin and malin. Laforin can be recruited to
glycogen, where it removes phosphates. Malin binds to laforin and can subsequently ubiquitinate

laforin, glycogen synthase (GS) and the PTG subunit of PP1, causing their proteasomal degradation
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thus allowing glycogen metabolism to proceed normally. Adapted from Roma-Mateo, Sanz &
Gentry, 201273, b In Lafora disease, defects in laforin and malin cause hyper phosphorylated,

poorly branched glycogen particles named Lafora bodies.

1.5.2 Ageing and senescence
Ageing is associated with glycogen accumulation in various locations, including the brain
neurons, liver and muscle'%'®*. In addition, glycogen biogenesis is often implicated in age-
related diseases and cancer. However, the dysregulation of glycogen metabolism in age-

related diseases is unclear, as decrease of glycogen synthesis activity has been

d185,186 180,187

observe , as well as the conflicting observation of accumulation of glycogen
GSK3, which is a multifunctional kinase, of which GS is a substrate (see section 1.4.1.2),
has been identified as defective in multiple age-related diseases'® 888 |n senescent
cells (cells which do not divide but do not die) GSK3 becomes inactivated, which leads to

GS activation and thus resulting in glycogen accumulation®

. In addition, in ageing
macrophages and microglia, glycogen synthesis is promoted through the activation of

GS190.

Until recently, it was unclear how abnormal, unbranched glycogen was distinguished from
normal glycogen. However, it was revealed that the E3 ubiquitin ligase HOIL-1 can
recognise the unbranched glycogen and cause its monoubiquitylation in vitro'™".
Polyubiquitylation may then occur by other E3 ubiquitin ligases, and targeting the abnormal

glycogen for degradation™’.

1.6 Chapter summary

Glycogen is a polymer of glucose, forming a macromolecular particle with multiple
associated proteins bound covalently and non-covalently. This energy store can be
created when glucose levels are high, ready for glucose to be released and used for
glucose homeostasis and also during exercise. GN initiates glycogen synthesis and this
primer glucose chain can be extended by GS and GBE creates branch points. GN and GS
form a complex and GS activity is tightly regulated, and the molecular basis for GS-GN
association and GS activity regulation are the main investigation in this thesis. Glycogen

metabolism is implicated in many diseases, including 16 rare diseases named GSDs.
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1.7 Project aims

At the start of this project (October 2018), litle was known about how GS and GN
coordinate to synthesise glycogen. The mechanism of GS inactivation, and how the
opposing pressures of allosteric activation and covalent inhibition are coupled, were also
unknown. In addition, the interest of targeting GS as a therapeutic for GSDs is severely
hindered by the lack of structural insights into human GS. Thus, the main objective of this
work was to structurally and biochemically investigate the full-length human GS-GN
complex. My results shown in chapters 3, 4 and 5 collectively aim to answer the following

key questions:

- How do GS and GN coordinate during glycogen synthesis?
- What is the structure of human GS?
- What is the mechanism of human GS inhibition?

- How are the contrasting pressures of GS activation and inhibition coupled?
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2 Chapter 2: Materials and methods

2.1 Preparation of plasmids

2.1.1 Vectors

The GS-GN complex was produced in both pFL'2

and pFastBac vectors. Co-expression
or a bicistronic vector is required to successfully express both GS and GN, as GS alone
does not have a high level of expression. In the pFL vector, GS was cloned into multi
cloning site 1 (MSC1) and GN was cloned into MCS2, which was performed by Dr Elton
Zeqiraj. GN was expressed with an N-terminal 6 x His tag. The GN(Y195F) mutation was
generated to produce a non-glucosylated species, as Y195 is the site of human GN
autoglucosylation. The mutation was engineered by site directed mutagenesis by Dr Elton

Zeqiraj.

For co-expression of GS and mutants the genes encoding human GS1 and human GN1
were cloned in pFastBac HTB vectors, both with a 6 x His purification tag followed by a

His-tagged tobacco etch virus (TEV) site at the N-terminus.

Lambda PP and protein phosphatase 1 alpha (PPP1CA) were both purchased from MRC
PPU Reagents and Services in the pGEX6P1 plasmid. Lambda PP contains an N-terminal
Glutathione-S-transferase (GST) tag and a C-terminal 6 x His tag. PPP1CA has an N-
terminal GST tag.

2.1.2 Preparation of competent E. coli cells
This protocol was used to prepare E. coli strains DH5a and BL21(DE3). Glycerol stock of
the cell were streaked onto a Luria Broth (LB)-Agar plate and incubated at 37 °C overnight.
One colony from this plate was then used to grow a 5 mL culture in LB at 37 °C overnight.
1 mL of this overnight culture was then used to inoculate 100 mL of LB, which was
subsequently grown at 37 °C until it reached an optical density measured at a wavelength
of 600 nm (ODeno) of 0.2-0.6 arbitrary units (AU). The culture was incubated on ice for 10
min, and then pelleted by centrifugation at 2700g for 10 min at 4 °C. The cells were then
resuspended in 33 mL of buffer containing 100 mM rubidium chloride, 50 mM manganese
(I chloride tetrahydrate, 30 mM potassium acetate, 10 mM calcium chloride dihydrate and
15% (w/v) glycerol. The cells were incubated on ice for 15 min, followed by centrifugation
at 5809 for 15 min at 4 °C. Cells were then resuspended in 4 mL buffer containing 10 mM

4-Morpholinepropanesulfonic acid, 3-(N-Morpholino)propanesulfonic acid (MOPS), 10 mM
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rubidium chloride, 75 mM calcium chloride dihydrate and 15% (w/v) glycerol. Cells were

incubated on ice for 15 min before creating 50 uL aliquots and storing at -80 °C.

2.1.3 DNA transformation into E. coli cells
This protocol was used for plasmid DNA transformation into competent E. coli strains
DH5a, BL21(DE3) and One Shot™ StbI3™ cells. Competent cells were thawed on ice and
~50-100 ng of plasmid DNA was added and incubated on ice for 30 min. Cells were then
heat-shocked in a water bath at 42 °C for 90 s, then incubated on ice for 15 min. 1 mL of
sterile LB media was added and the transformation mixture was left shaking at 37 °C for 1
hour. The transformation mixture was then spun at 17,000g for 2 min, 700 yL of the
supernatant was removed. The remaining mixture was resuspended and plated onto LB

agar plates containing the appropriate antibiotic and incubated at 37 °C overnight.

The following protocol was used for plasmid DNA transformation into competent
DH10MultiBac Turbo cells. Competent cells were thawed on ice and 500-1000 ng of
plasmid DNA was added and incubated on ice for 30 min. Cells were then transferred to a
BioRad GenePulser cuvette and electroporated (1.8 kV, 1 pulse). The cells were then
transferred to a sterile 1.5 mL tube and incubated on ice for 10 min. 450 uL of LB was
added to the mixture and incubated at 37°C for 4-6 hours. Neat and serial dilutions of the
transformation mixture (1:10, 1:100, 1:1000) were plated onto LB-agar plates containing
10 pg/mL gentamycin, 50 pg/mL kanamycin, 10 ug/mL tetracycline, 4 ug/mL Isopropyl -
d-1-thiogalactopyranoside (IPTG), 83 ug/mL X-gal and the appropriate plasmid antibiotic.

Plates were protected from light and incubated at 37 °C for 48 hours.

2.1.4 Agarose gel electrophoresis
Tris-boric acid-ethylenediaminetetraacetic acid (EDTA) (TBE) was made as a 10X stock
solution, which was diluted to 1X solution which contains 0.089 M Tris, 0.089 M Borate
and 0.002 M EDTA. 1% (w/v) agarose gels were prepared by dissolving agarose in TBE
with SYBR™ safe DNA gel stain (Invitrogen). Loading dye (Invitrogen) was added to DNA
samples before loading into the gel which was subsequently ran at 100 V. Gels were

visualised by UV light.

2.1.5 Purification of plasmid DNA
Plasmids were purified from 5 mL overnight growth of E. coli strains DH5a using QIAGEN
Mini-Prep Plasmid kit according to the manufacturers protocol. Concentration was

determined using a Nanodrop 8000 Spectrophotometer (ThermoScientific).
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2.1.6 Purification of bacmid DNA
Following the DH10Bac™ transformation described in section 2.1.3, 5 white colonies per
construct were streaked onto a LB-Agar plate (containing 10 pg/mL gentamycin, 50 pg/mL
kanamycin, 10 ug/mL tetracycline, 4 ug/mL IPTG, 83 ug/mL X-gal and the appropriate
plasmid antibiotic) and also used to grow a 5 mL overnight culture at 37 °C. A blue colony
was also streaked onto the LB-Agar plate as a negative control, and the plate was
subsequently incubated at 37 °C protected from light. After confirmation of a white
phenotype on the re-streaked plate, the corresponding overnight growth was pelleted by
centrifugation at 2,900g for 10 min. Buffers from the QIAGEN miniprep kit were used to
purify the bacmid DNA. The supernatant was discarded and the pellet resuspended in 300
uL P1 buffer, followed by addition of 300 uL lysis (P2) buffer and incubation for no longer
than 5 min. Followed by addition of 300 uL neutralisation (N3) buffer and inversion until a
homogenous mix is achieved. The mixture was spun at 17,000g for 12 min at room
temperature, and the supernatant was transferred to a fresh 1.5 mL tube, which was spun
at 17,000g for 8 min at room temperature. The supernatant was transferred to a fresh 1.5
mL tube and 700 uL isopropanol was added and the tube was inverted slowly, followed by
centrifugation at 17,0009 for 12 min at room temperature. The isopropanol was removed
without disrupting the pellet and 200 uL 70% ethanol was added to the pellet followed by
centrifugation at 17,0009 for 8 min at room temperature. The 70% ethanol was removed
and 50 pL 70% ethanol was added. In a tissue culture hood, the 70% ethanol was removed
and the pellet left to dry for 10 min. 35 uL filtered H.O was added and the pellet was left to
dissolve for 10 min. After mixing, the concentration was measured and the presence of the
DNA insert was confirmed by performing a PCR reaction with insert primers and run the
PCR product on an agarose gel. Successful bacmids were subsequently used for

transfection into Spodoptera frugiperda (SP) cells.

2.1.7 Cloning of GN(Y195F)
170 ng of GS-GN(Y195F) in pFL vector and an empty pFastBac HTB vector were digested
with Sfol and Notl (New England Biolabs) at 37 °C for 2 hours. The digested DNA was run
on a 1% agarose gel (as described in 2.1.4). The appropriate bands were excised from the
gel and purified using the QIAGEN gel extraction kit according to the manufacturers
protocol. To calculate how much insert to use in the ligation reaction, this equation was
used: ng insert = 3(ng of vector)(kb insert)/kb vector, where ng of vector = 30. Using a 3:1
ratio of insert to vector, 20 ng of insert and 6 ng of vector was used in a ligation reaction

with T4 DNA ligase (Roche) for 1 hour at room temperature. The reaction mix was then
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transformed into One Shot™ Stbl3™ competent cells, using the protocol described in
21.3.

2.1.8 Site directed mutagenesis
A PCR based site directed mutagenesis approach was used to create point mutations. For
site directed mutagenesis experiments, the WT plasmid (10 ng) was used as a template
and kod hot start polymerase (Novagen) was used. The PCR reaction mix was initially
denatured at 95 °C for 2 min, followed by 20 cycles of denaturation (95 °C for 20 s),
annealing (highest primer melting temperature, 10 s) and elongation (70 °C, 3 min). And
subsequently a final elongation step at 70 °C for 4 min. To remove the parent plasmid,
Dpn1 (New England Biolabs) was added to the PCR reaction mix and the digestion was
carried out at 37 °C for 4 hours. The Dpn1 digested mixture was PCR cleaned up with the
QIAGEN kit (as per manufacturers protocol), and then the subsequent DNA was
transformed into E. coli DH5a cells (See section 2.1.3). Typically, 5 mL cultures from
colonies were grown overnight at 37 °C with shaking at 200 rpm. Plasmids were purified
using the miniprep QIAGEN kit (as per manufacturers protocol). All of the alterations were

confirmed by DNA sequencing.

All primers used for site-directed mutagenesis are listed in Appendix 1.

2.2 Protein expression and purification
2.21 E. coli

E. coli cells were cultured in either LB (Fisher Scientific) or Terrific broth (TB) (Fisher
Scientific) for large scale growths. LB contains 10 g tryptone, 5 g yeast extract and 10 g
sodium chloride per 1 L of media. TB contains 12 g tryptone, 24 g yeast extract, 9.4 g di-
potassium phosphate, 2.2 g mono-potassium phosphate and 4 mL glycerol per 1 L of
media. Media was sterilised by autoclaving at 121°C and 15 psi for 20 min. Appropriate
antibiotic was added when necessary to sterile media. Cultures were grown at 37 °C with
shaking at 200 rpm. Generally, cultures were grown by inoculating media with an overnight
growth to ODego of 0.6-0.8 AU. Cultures were then induced by addition of 0.5 mM IPTG
and incubated overnight at 18°C at 180 rpm. Cultures were then harvested by

centrifugation at 6,000g for 20 min and stored at -80 °C.

For solid media, 1.5% (w/v) agar was added to LB prior to sterilisation. The appropriate
antibiotic was added to liquid LB-Agar media, which was subsequently mixed before plates

were poured.



45

2.2.2 Insect cell culture
SR cells were cultured in Sf-900™ [l SFM media (Gibco), supplemented with 2 mM L-
glutamine (Gibco) and 1X antibiotic-antimycotic (Gibco). Trichoplusia ni (Tni) cells were
cultured in ESF-921 media (Expression Systems), supplemented with 1X antibiotic-
antimycotic (Gibco). Maintenance cultures were grown in suspension in 125 mL flasks at
27 °C and their growth was checked every 48-72 hours. When confluent, cells were diluted
to ~1.0 x 10° cells/mL. shaking at 120 rpm.

Recombinant progeny (P1) was created by transfecting recombinant bacmid into Sf9 cells.
5 mL of cells at a density of 1.0 x 10° cells/mL (in Sf-900™ 1l SFM media without antibiotic-
antimycotic) were seeded into T25 flasks and incubated for 30 min at 27 °C in a static
incubator. 30 uL of DNA at 250 ng/uL was added to 300 uL Sf-900™ Il SFM media
containing no antibiotic-antimycotic and separately 10 uL of transfection reagent (Roche)
was added to 100 uL of the same media. The DNA mix was then added to the transfection
reagent mix and left to incubate at room temperature for 30 min. After the subsequent
incubation times, the 440 uL DNA/transfection reagent mix was added to the attached
cells, and incubated for 24 hours in a static incubator at 27 °C. After 24 hours, the media
was removed and replace with 6 mL Sf-900™ Il SFM media supplemented with antibiotic-
antimycotic. 7 days after the initial transfection, cells were visualised. If DH10MulitBac
Turbo-YFP cells were used, YFP levels can be visualised (in this case using a GFP filter).
High levels of YFP indicated a successful transfection (Figure 2-1). The P1 virus was then
harvested by centrifugation at 1000g for 5 min at 4 °C. The supernatant was stored at 4 °C
protected from light.
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Figure 2-1: Sf9 cells after transfecting bacmid DNA containing YFP to create P1 virus

YFP levels can be visualised, in this case using a GFP filter, indicating success of transfection.
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P2 virus was produced by adding P1 virus (165 puL per 50 mL cells) to Sf9 cells at a density
of 1.5 x 10° cells/mL. The supernatant was harvested 72 hours post infection by
centrifugation at 1000g for 5 min. P2 virus was used to inoculate either Sf9 or Thi cells at
a density of 2.0 x 10° cells/mL (1:10 ratio). For example, if using the bicistronic single vector
pFL, add 60 mL P2 virus to 540 mL cells (Figure 3-1a). For co-infection, a dilution of nine-
part GS virus to one-part GN virus was employed, for example 108 mL GS P2 virus and
12 mL GN P2 virus (total of 120 mL virus) to 480 mL cells (Figure 3-1b). Cells were
harvested 48 hours post infection by centrifugation at 500g for 15 min at 4 °C with slow
acceleration and deacceleration and Sf9 cell pellets were subsequently washed in 1X PBS.

A schematic of the process of insect cells expression is shown in Figure 3-1.

2.2.3 SDS-PAGE analysis
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels for
electrophoresis were made in-house. Either 10% or 12% gels were made, using the recipe

shown in Table 2-1. NuPAGE 3-8% Tris acetate gels (Invitrogen) were also used.

Table 2-1: SDS-PAGE gel recipe.
SDS, sodium  dodecyl sulfate; APS, ammonium  persulfate and TEMED,

Tetramethylethylenediamine.

Resolving Stacking
10% 12%
dH20 (mL) 11.75 9.77 5.4
1.5 M Tris-HCI pH 8.8 (mL) | 7.34 7.34 /
1.5 M Tris-HCI pH 6.8 (mL) | / / 2.25
Acrylamide (30%) (mL) 9.77 11.7 1.35
SDS (10%) (uL) 292.5 292.5 90
APS (10%) (uL) 146.25 146.25 45
TEMED (uL) 14.62 14.62 4.5
Total (mL) 30.76 30.70 9.14

2.2.4 Purification of GS-GN, GS-GN(Y195F) and GS mutants
Cell pellets containing GS-GN were resuspended in lysis buffer (50 mM Tris-HCI pH 7.6,
300 mM NaCl, 20 mM imidazole, 10% glycerol, 0.075% p-mercaptoethanol, 1 mM
benzamidine, 0.8 mM phenylmethyl sulfonyl fluoride (PMSF), 0.3 mg/mL lysozyme). Cells

were lysed by sonication (1 s on, 3 s off for a total of 5 min) on ice and the lysate was
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cleared by centrifugation at 35,000g for 30 min at 4 °C. The clarified lysate was sonicated
again (1 s on, 3 s off for a total of 1 min), followed by filtering with a 0.45 uM filter
(MerckMillipore). Filtered lysate was loaded onto a pre-equilibrated 1 mL or 5 mL HisTrap
HP column (GE Healthcare) charged with Ni?*. The loaded column was washed with four
column volumes (CV) of low salt buffer (50 mM Tris-HCI pH 7.6, 300 mM NacCl, 20 mM
imidazole, 10% glycerol, 0.075% pB-mercaptoethanol, 1 mM benzamidine), followed by four
CV washes of high salt buffer (50 mM Tris-HCI pH 7.6, 500 mM NaCl, 20 mM imidazole,
10% glycerol, 0.075% B-mercaptoethanol, 1 mM benzamidine) and finally 4 CV washes in
low salt buffer. The column was then attached to the AKTA system (GE Healthcare) and
washed with low salt buffer. The protein was then eluted by applying an imidazole gradient
with elution buffer (50 mM Tris-HCI pH 7.6, 300 mM NaCl, 300 mM imidazole, 10%
glycerol, 0.075% B-mercaptoethanol, 1 mM benzamidine). The fractions containing protein
were analysed by SDS-PAGE and then pooled and dialysed overnight (10,000 MWCO
SnakeSkin dialysis tubing (Thermo Scientific)) at 4 °C in dialysis buffer with TEV protease
added (50 mM Tris-HCI pH 7.6, 150 mM NaCl, 20 mM imidazole, 10% glycerol, 0.075% j-
mercaptoethanol, 1 mM benzamidine). The dialysed protein was re-loaded onto the
HisTrap column equilibrated with low salt buffer, for a Ni subtraction step. TEV cleaved
protein was eluted in the flow through and low salt washes. The flow through and first low
salt wash were pooled and concentrated using a VIVASPIN20 30,000 MWCO (Sartorius,
Generon), followed by centrifugation at 17,000g for 15 min at 4 °C. Protein was then
injected onto a 16/600 or 10/300 Superdex200 column (GE Healthcare) equilibrated with
gel filtration buffer (25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
pH 7.5, 150 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine (TCEP), 10% glycerol).
Fractions containing protein were analysed by SDS-PAGE, and fractions containing GN
were pooled, concentrated and stored at -80 °C. Some fractions containing GS-GN
complex were stored separately at -80 °C and the remaining protein was pooled and

concentrated before being stored at -80 °C.

2.2.5 Purification of lambda protein phosphatase
Cell pellets containing lambda PP were purified by nickel affinity chromatography as
previously described (see section 2.2.4). No TEV was added during dialysis to keep the
His-tag attached to the protein, and protein was injected onto a S200 16/600 column (GE
Healthcare) equilibrated with gel filtration buffer (25 mM HEPES pH 7.5, 150 mM NaCl, 1
mM TCEP). Fractions containing protein were analysed by SDS-PAGE, and separate

peaks were pooled, concentrated and stored at -80 °C.
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2.2.6 Periodic-acid Schiff staining
Pierce™ Glycoprotein staining kit (ThermoScientific) was used to detect glucosylated
species using the periodic-acid Schiff (PAS) staining method. SDS-PAGE gels were made
and run as stated in 2.2.3. Staining was carried out according to the manufacturer’s
protocol. Specifically, the SDS-PAGE gel was soaked in 50% methanol for 30 min.
Followed by two washes in 3% acetic acid for 10 min each with gentle agitation. The gel
was then gently agitated in oxidising solution for 15 min, followed by three washes in 3%
acetic acid for 5 min each with gentle agitation. The gel was then washed in Glycoprotein
stain for 15 min, followed by a wash in reducing solution for 5 min. The gel was then
washed extensively with 3% acetic acid and ultrapure water, and subsequently stored in

3% acetic acid. The gel was imaged using a scanner.

2.2.7 Determination of protein concentration
Absorbance at 280 nm was measured using a Nanodrop 8000 Spectrophotometer
(ThermoScientific). Concentration was determined on the basis of the Beer-Lambert Law,
(A=¢cl), where A is the absorbance of the protein sample, € is the extinction coefficient (M
'em™) as predicted by the ExPASy-ProtParam'®® server based on the amino acid
sequence, and | is the path length (cm). This gives the protein concentration in M, which

can be converted into a mg/mL concentration by multiplying by the molecular weight.

2.3 Electron microscopy

The general pipeline for cryo-electron microscopy (cryo-EM) analysis begins with the
sample and then subsequent negative stain EM (nsEM). Followed by cryo-EM grid
preparation, data collection and image processing. A general schematic of these steps is
shown in Figure 2-2. Each step will be discussed in more detail in the following sections:
2.4,25and 2.6.
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Figure 2-2: General electron microscopy pipeline, from sample to structure

The sample is first analysed by negative stain EM. Followed by preparation and optimisation of
cryo-EM grids. Data can then be collected in an electron microscope. Data processing can then be
performed to generate 2D projections. These 2D projections are used to generate a 3D map. A 3D

model can then be built into the electron density in the 3D map. Adapted from Doerr, 2016 94,

2.4 Negative stain electron microscopy

When embarking on an electron microscopy project, it is often useful to perform nseM
analyses first. NsEM allows visualisation of your protein of interest under the electron
microscope by embedding the protein molecules in a coating of heavy metal solution
(Figure 2-3). These heavy metals are electron dense, and thus can absorb electrons more
readily than the biological specimen, which provides high contrast in micrographs'®.
Moreover, when visualising negative stain grids in an electron microscope, the protein
appears lighter in comparison to the dark background (Figure 2-3). This technique is limited
in resolution, obtaining maps in the range of ~20-40 A'°. Nonetheless, it is useful for
assessing samples for cryo-EM analysis, giving an indication of sample purity and
heterogeneity. It can also be useful in gaining insight into biological specimens through

low-resolution 3D reconstructions®.
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Figure 2-3: Overview of negative stain EM sample application and resulting micrograph.
To a glow discharged grid, sample, water and heavy metal stain is applied. This coats the protein
molecules in the stain, meaning when the grid is visualised under the electron microscope the

protein molecules appear lighter against a dark background.

2.41 Sample preparation
In order to visualise your protein of interest in an electron microscope, it needs to be
applied to a support structure, which is a grid'®. Standard grids are 3 mm in size, and
contain a metal mesh (copper or gold) with a support substrate, which is most commonly
a thin layer of amorphous carbon'®®'%". These properties cause the surface of the grid to
be hydrophobic. Before sample application, the grid needs to be glow discharged to render
the surface hydrophilic. This glow discharge process removes any remaining

hydrocarbons, resulting in a hydrophilic surface'®®

. Thus, preventing the sample from being
repelled from the surface of the grid. To the glow discharged grid, sample can be applied
and incubated for 1 min. The grid can then be washed with H.O before being stained with

the heavy metal solution'®®

. A schematic of this process is shown in Figure 2-3.
Specifically, the procedure used in this thesis is that the protein sample was diluted in
buffer (25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP, 10% glycerol) to concentrations
between 0.01 and 0.02 mg/mL immediately before grid preparation. Carbon-coated copper
grids (Formvar/Carbon 300 mesh Cu, Agar Scientific) were glow-discharged for 30 s with
10 mA and 0.39 mBar pressure (PELCO easiGlow, Ted Pella). Grids were incubated for 1
min with 6 yL sample, washed with H2O three times and stained twice with 2% (w/v) uranyl
acetate for 20 s. Excess liquid was removed by blotting with filter paper.
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2.4.2 Data collection
Negative stain data was collected on a FEI Technai F20 electron microscope operated at
120 keV, equipped with a FEI Ceta (CMOS CCD) camera. Data was collected at a nominal
magnification of 29,000 x and a pixel size of 3.51 A.

2.4.3 Image processing
RELION 3.0 was used for processing of negative stain-EM data. Contrast transfer function
(CTF) parameters were determined using gCTF. Approximately 2,000 particles were
manually picked, extracted with a box size of 104 A?, then subjected to reference-free 2D
classification to produce initial references to be used for auto-picking. The parameters for
auto-picking were optimised and particles were extracted. The extracted particles were
used for iterative rounds of reference-free 2D classification. Based on visual inspection,
the best quality 2D class averages were selected to generate a de novo 3D initial model,
which was used as a reference in unsupervised 3D classification. These classes were then

subjected to 3D refinement to generate a final EM density map.

2.5 Cryo-electron microscopy

2.5.1 Sample preparation
For cryo-EM analysis, the sample must first be prepared for imaging, and grid preparation
is @ major focus in the cryo-EM field. To preserve the sample in a near-native state, the
sample must be suspended in a layer of vitreous ice'®. Grids are commonly prepared
using the basic method developed by Jacques Dubochet in the 1980s, but using devices

such as the Vitrobot?90.201

. However, more recently other approaches have been
developed, such as spraying. This aims to solve problems often seen with traditional
blotting methods, such as protein denaturation and dissociation at the air-water interface.
In this thesis, both standard and spraying approaches are used, and these methods are

described in sections 2.5.1.1 and 2.5.1.2 respectively.

2.5.1.1 Vitrobot
Quantifoil R2/1 Cu300 or Quantifoil R1.2/1.3 Cu300 (Quantifoil Micro Tools) grids were
glow-discharged using the GloQube (Quorum) at 40 mA for 30 s. A FEI Vitrobot IV was
equilibrated at 4 °C at 100% relative humidity. GS-GN complex was diluted in buffer (25
mM HEPES pH7.5, 150 mM NaCl and 1 mM TCEP) containing 1.5-8% glycerol
immediately before 3 uL was applied to the grid. This was followed by blotting and plunge-
freezing into liquid ethane cooled by liquid nitrogen. The blotting force and blotting time
can be controlled, which modifies the ice thickness. A schematic of this process is shown

in Figure 2-4.
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Figure 2-4: Schematic of cryo-EM grid preparation using the vitrobot

A glow-discharged grid is held in a humidity-controlled compartment by a pair of tweezers. Sample
is then applied to the grid, followed by blotting using filter paper to create a thin layer of the sample.
The sample is then vitrified by plunge freezing into liquid ethane and subsequently stored in liquid

nitrogen.

2.51.2 Chameleon
The Chameleon (SPT Labtech) was used to produce grids in an alternative approach to
the standard method. The Chameleon uses a dispensing tip to apply a stream of droplets
onto a ‘self-wicking’ nanowire grid. This system aims to decrease protein denaturation at
the air-water interface and improve overall grid quality and reproducibility through

automated grid preparation®®?. See Chapter 4.5.1 for further details.

The nanowire grids were glow discharged with 12 mA for a total of 80 s. 3 yL of sample at
0.68 mg/mL in buffer containing 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP and
10% glycerol was aspirated onto the grid. Wicking speed was 260 ms before the grid was

plunged into liquid ethane.

2.5.2 Electron microscope
Following cryo-EM grid preparation, the grids are inserted into the electron microscope for
visualisation of the protein of interest. For nsEM analyses a FEI Tecnai F20 was used for
imaging, and for cryo-EM analyses a Titan Krios was used. The microscope contains an
electron source, which emits electrons which are subsequently directed through a series

of electromagnetic lenses and apertures. This allows for magnification of the sample
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before imaging at the detector. The electron path is kept under high vacuum to prevent
unwanted interactions with air and the electrons. A basic schematic of an electron
microscope is shown in Figure 2-5. More recently, the detector in question is often a direct
electron detector, and the development of such detectors was one of the major reasons
behind the ‘resolution revolution’. This is due to the ability to record individual electron
events which improves the signal-to-noise ratio. In addition, the high frame rate of these
detectors allows for the collection of images as a series of frames or a ‘movie’. In this
thesis, various detectors were used to collect cryo-EM data. This includes FEI Falcon Il
and 4 direct electron detectors and K2 (Gatan) direct electron detector. Electron dose and
length of collection various across datasets. The data collection parameters used in this

study are shown in Table 2-2.

Electron source

Condenser lenses

Condenser aperture

Sample

Objective lens

Objective aperture

:" Intermediate lenses

Projective lens

I Detector

Figure 2-5: Schematic representation of an electron microscope
The electron beam (green) is directed through a series of lenses and apertures to create a magnified

image of the sample. Adapted from Orlova & Saibil, 201123,



Table 2-2: Cryo-EM data collection parameters
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GS- GS- GS-
GS- GS- GS- GS- GS(R588A+R591A)
GS-GN GN(Y195F) GN(Y195F) + GN(Y195F) +
GN(Y195F) GN(Y195F) GN(Y195F) GN(Y195F) - GN(Y195F)
crosslinked 25-fold G6P 100-fold G6P
Chapter 4.2 4.4 4.5 4.5 4.6 4.7 4.7 5.2 5.4
Grid
) Vitrobot Vitrobot Chameleon Vitrobot Vitrobot Vitrobot Vitrobot Vitrobot Vitrobot
preparation
Detector Falcon Ill Falcon Ill K2 Falcon 4 K2 K2 Falcon Ill Falcon 4 Falcon Ill
Energy Filter
o / / / 10 / / / 10 /
(eV)
Voltage (kV) 300 300 300 300 300 300 300 300 300
Magnification
x) 75,000 75,000 130,000 165,000 165,000 130,000 75,000 165,000 75,000
X
Pixel size (A) 1.065 1.065 1.07 0.71 0.85 1.07 1.065 0.71 1.065
Dose per
physical pixel 53.9 60 7.3 4.7 5 7.5 49.2 4.7 56
per second
Total dose
85 85 63.7 35 72 66 87 34.8 35.9
(e/A?)
Initial particle
780,290 250,250 82,357 186,533 157,656 57,708 231,003 1,883,188 158,126
images (no.)
Final particle
160,687 36,972 11,351 / 61,998 21,497 36,570 739,232 /
images (no.)
Resolution (A) 4.0 6.0 10.2 / 4.2 4.1 71 2.6 /
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2.5.3 Image processing overview
Following the recording of images by the electron microscope, the dataset must be
processed in order to obtain a structure. In the work described in this thesis, this was
performed by a process termed single particle analysis. The principle behind this process
is that the protein is frozen in its native state in multiple orientations. Movies collected must
be motion corrected and the Contrast Transfer Function (CTF) estimated. Particles in the
micrographs are then picked and a particle stack is generated. These particles are
classified, based on their several orientations, to create 2D class averages. These 2D
projections are combined to create several 3D reconstructions of the protein, in a process
named 3D classification. These reconstructions are refined and sharpened, as well as the
use of other tools to increase the resolution such as Bayesian polishing. The final high-
resolution map can then be used to build an atomic model of the protein. An overview of
this process is shown in Figure 2-6. Each of these steps is discussed in more detail in the
following sections. The first steps of this process were carried out ‘on the fly’, which allows
data processing to begin in parallel with data collection®®. This allowed the monitoring of
the quality of data being collected, as well as improving the speed at which data can be

processed.
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Figure 2-6: Overview of the cryo-EM image processing pipeline

Data is collected in the form of movies which are motion corrected to micrographs. CTF estimation
is performed and then particles can be picked. Particles are classified based on their orientation,
and a range of good quality classes are taken forward for 3D classification. 3D refinement and
sharpening, along with other tools such as particle polishing, can be performed to generate a final

map that allows model building.

2.5.3.1 Motion correction
As mentioned previously, electron detectors collect a series of frames, also called movies.
The first step of data processing is to align these individual movie frames and correct for
the beam-induced movement in the sample by a process termed motion correction, which
can be completed by software such as MotionCor2?°42%, The alignment of the frames
creates an image, or a micrograph, that is the overall sum of all the frames?®. This corrects
for large motions across the image, but does not consider the movement of individual
particles. For datasets collected on the Falcon 4 detector, RELION’s own implementation
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of motion correction was used, due to the different file format of electron-event

representation (EER) in comparison to MRC files?”.

2.5.3.2 Contrast Transfer Function estimation

The vitrified biological specimen imaged produces minimal amplitude contrast and weak
phase shift, thus resulting in little phase contrast®®. Applying defocus during data collection
can increase the contrast in the images, however, this affects the CTF of the images. In
order to generate a reliable 3D map, the original information of the images must be
corrected using accurate CTF parameters. Moreover, the CTF must be estimated, and the
more accurate this is the higher the potential resolution of the reconstruction. CTF
estimation is performed after motion correction, and there are several programs available
to perform CTF estimation, including Getf?® and CTFFIND*.

The CTF is a frequency-dependent oscillating function which measures the amplitude of
an electron wave at a certain resolution (spatial frequency). The power spectrum of an
image shows a pattern named Thon rings, which can be explained as the effect of the
CTF. The CTF is represented as a sine wave which can be plotted through the Thon rings,
which oscillates between positive and negative maxima, crossing zero (which indicates
frequencies that contain zero information) (Figure 2-7a, b and c). At higher defocus, the
oscillation of the CTF is more severe which results in more information being lost due to
the wave passing through zero more often (Figure 2-7b and d). To mitigate the loss of
information, data is collected at a range of defocus values, meaning the zeros of each
particular CTF will be filled by data from a different defocus (Figure 2-7e). Phases of the
sine waves can be flipped to ensure all amplitudes are positive, meaning a sum of the

waves can be calculated (Figure 2-7f).
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a Thon rings can be observed on the 2D power spectrum at 0.5 ym, and the sine wave can be fitted

through this pattern. b At a higher defocus of 1 ym, oscillation of the CTF is more severe. ¢ A CTF

curve showing spatial frequency against amplitude, an oscillating curve can be observed. d Two

CTF curves shown at two different defocus values, where the pink curve is at a higher defocus. e

CTF curves at a range of defocus values, as would occur in a data collection to ensure no resolution

have zero information when the data is averaged. f The sum of all the curves shown in e after

phases have been flipped. Adapted from Orlova & Saibil, 20112%3,

2.5.3.3 Particle picking

The position of each particle within each micrograph has to be defined. The coordinates

for each particle can be defined manually, however this is a slow and arduous process,
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therefore automatic particle picking tools are available, including RELION auto-picking?'®,
cryoSPARC template picking®'" and crYOLO?"2.

crYOLO is an automated particle picking software, that can be trained for a specific
dataset, or a general model can be used?'?. This allows for fast and efficient particle
picking. In this thesis, the general model was used as it effectively and successful picked
particles on all micrographs. The template picker in cryoSPARC can auto-pick particles
using a template?'". In this thesis, this tool was utilised to pick particles that resembled the
full GS-GN complex after crosslinking (see section 4.5.2.1). 2D projections of the final
nsEM map of full complex were created, which were used as templates to perform
automated picking. This successfully picked particles on all micrographs. After particle
picking, the particles are extracted with a specified box size, and subsequently used for

2D classification.

2.5.3.4 2D classification
2D classification aligns and averages particles with similar orientations, improving the low
signal-to-noise ratio that individual particles have. In addition, 2D classification can
separate the protein of interest from unwanted ‘junk particles’, including ice contamination
and protein aggregates that may be selected during automated picking. The approach to
2D classification varies between programs. The main program used in this thesis, RELION,
uses a reference-free maximum likelihood approach?'®. Initially, the references used are
random and all particles are aligned to these references. Each particle is assigned a
probability weighting, based on the likelihood they belong to each class based on the
degree of matching to a particular reference. This allows separation of ‘junk particles’, as
these unwanted particles often align poorly with several classes, resulting in ‘fuzzy’ 2D

class averages.

2.5.3.5 3D classification
The maximum likelihood classification described above can also be performed in three
dimensions, also known as 3D classification in RELION. The user provides an initial model
of the protein of interest and specifies the number of classes to be generated. This process
is useful in separating different conformational states of the protein within the dataset.
Similar to 2D classification, the probabilities of the particle contributing to the different 3D
classes is calculated. The classification ends when the number of particles which change

class stabilises, resulting in a number of classes with varying numbers of particles?'*. 3D
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classification can also be performed on a particular area or domain by focused 3D

classification using a mask encompassing the area of interest.

2.5.3.6 3D refinement
Following generation of a homogenous subset of particles, a final 3D reconstruction step
is performed. The “projection-slice theorem” can explain how 2D projections can be
combined into a 3D reconstruction. This theorem states that the Fourier transform of a 2D
projection corresponds to a central slice of an object in 3D space?'® (Figure 2-8). Thus, the
multiple orientations of the 2D projections can be used to generate a 3D structure by
performing a reverse Fourier transform (Figure 2-8). A typical approach to this is the
“projection-matching” approach, where the individual particle images are compared to an
initial model that is used to generate reprojections at multiple orientations. The angular
assignment for the back projections can then be used to calculate the 3D map, by placing
the 2D Fourier transforms into the 3D transform and subsequently calculating the inverse

transform?®,

In RELION, data are split into two independent subsets, and each subset is refined
separately. The Fourier Shell Correlation (FSC) measures the correlation between the two
half maps in Fourier space, and gives information on the quality of the 3D map. Therefore,
the resolution of a map can be determined by how well the two half maps correlate to one
another at a given resolution, as displayed by the FSC curve. FSC values of 0.143, also
known as the FSC gold-standard®'®?'", as well as 0.5?'® are commonly used as cut-off
levels. Similar to 3D classification, focused 3D refinement can be performed using a mask

containing an area of interest.
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Figure 2-8: The projection-slice theorem

An overview of the principle of 3D reconstruction from 2D projections. 2D projections of various
orientations are shown. The calculated Fourier transforms of these projections correspond to central
slices through the 3D Fourier transform. A 3D reconstruction can be generated by performing an
inverse Fourier transformation. Figure adapted from Saibil, 20002'°.

2.5.3.7 PostProcessing
The map obtained from 3D refinement often does not resemble the reported resolution.
This is due to the loss of high-resolution features caused by radiation damage or
imperfections in the imaging system??. These high-resolution features can be recovered
by B-factor sharpening, in which the high-resolution signal is enhanced?'®. This was
performed in a PostProcessing step in RELION. A mask is created which compasses the
electron density of the 3D refinement map based on visual inspection, and is subsequently

used in PostProcessing.
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2.5.3.8 CTF Refinement and Bayesian polishing
Other methods to improve the quality of the 3D reconstruction is CTF refinement and
Bayesian polishing. CTF refinement can correct anisotropic magnification, higher-order
aberrations and per-particle defocus. Similar to motion correction Bayesian polishing
corrects for movement, but for individual particles?'®. This can estimate and correct the
motion tracks for each particle and subsequently create adequately weighted averages of
the movie frames, which can improve the signal to noise ratio and thus improve the

resolution of the 3D map.

2.5.3.9 cryoSPARC 3D variability analysis
To analyse and visualise any flexibility in the cryo-EM maps, the cryoSPARC?" tool
cryoSPARC 3D variability analysis®*' was used (see section 4.3.2). This tool can identify
discrete or continuous flexibility within datasets which enables visualisation of flexibility?*".
This analysis aims to compute the eigenvectors of the 3D covariance of a set of particles.
Eigenvectors of the 3D covariance are trajectories in 3D space in which there is significant

variability within the dataset®'

. Moving along these trajectories gives all the different
conformations present in a particular eigenvector. Solving multiple eigenvectors revealed

3D reconstructions that define a family of conformations in the dataset.

2.6 Model building

An atomic model was built after a high-quality final 3D map was obtained. There are
various starting points for model building depending on the resolution of 3D reconstruction.
At very high resolution, a model can be built de novo. With lower resolution maps, existing
structures can be rigid body fitted to allow their approximate location to do determined.
Typical pathways involve iterative rounds of manual modelling building in Coot?*? and
automated refinement in programs such as Phenix??® or REFMAC?*. In this thesis, Coot
v0.9.2-pre??2 and real space refinement in Phenix v1.19%?® were used to build the human
GS structure (Table 2-3).

A preliminary human GS model was generated by AlphaFold??® (accessed October 2021).
This preliminary model was rigid body fitted into the cryo-EM density in UCSF Chimera®?®

and subsequently used for model building into the human GS electron density.

A model of the last 34 residues of human GN was created by Phyre2?%’. This was placed

in the approximate location using the C. elegans GS-GN>* crystal structure (PDB ID 4QLB)

6

in Chimera®® and then fitted into the map by rigid body fitting. This model was
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subsequently used for manual model building and real space refinement into the electron

density.

Table 2-3: Model refinement statistics

GS-GN(Y195F)

PDB 7ZBN
EMDB-14587
Refinement
Model resolution (A) 2.7
FSC threshold 0.5
Model composition
Non-hydrogen atoms 41588
Protein residues 2608
Ligands 0
B factors (A2?)
Protein (min/max/mean) 5.81/46.06/19.42
Map-model CC
CC (mask) 0.81
CC (volume) 0.76
CC (peaks) 0.69
CC (box) 0.71
R.m.s deviations
Bond lengths (A) 0.006
Bond angle (°) 0.551
Validation
Molprobity score 1.71
Clashscore 10.45
Rotamers outliers (%) 0
Ramachandran plot
Favored (%) 97.01
Allowed (%) 2.99
Outliers (%) 0

2.7 Structural visualisation and figure construction
UCSF Chimera??® v1.12 and ChimeraX??® v1.3 were used for structural visualisation and

figure construction. Sequence alignments were performed used MUSCLE??® and edited
and displayed using ALINE v1.0.025%°.
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2.8 Differential Scanning Fluorimetry

Differential scanning fluorimetry (DSF), also known as thermal stability assays, measures
protein unfolding by determining changes in fluorescence at increasing temperatures.
Using a fluorescent dye that binds to hydrophobic residues, a folded protein shows no
fluorescence. Upon increasing the temperature, the protein begins to unfold which
exposes hydrophobic residues, thus, an increase in fluorescence is observed. The melting
temperature (Tm) of the protein can be calculated using the derivative or Boltzmann

methods.

DSF assays were performed using an Applied Biosystems QuantStudio 3 Real-Time PCR
system. SYPRO™ Orange (Invitrogen) was used as a fluorescence probe. Proteins were
diluted in 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP to a final concentration of 1
WM. Varied concentrations of G6P were added and the reaction was incubated at room
temperature for 30 min. SYPRO™ Orange was diluted in 25 mM HEPES pH 7.5, 150 mM
NaCl, 1 mM TCEP to a final concentration of 2.5 X in a total reaction volume of 20 pyL. The
temperature was raised in 0.018 °C intervals from 20 °C to 95 °C. Data were analysed

using Protein Thermal Shift v1.4.
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Figure 2-9: Schematic representation of differential scanning fluorimetry analysis
At low temperature (x-axis), the protein is folded and so the fluorescent dye (SYPRO™ orange)

cannot access hydrophobic residues within the interior of a folded protein and thus the fluorescence
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reading (y-axis) is low. Upon increasing the temperature, the protein begins to unfold, exposing
hydrophobic residues which SYPRO™ orange can bind, leading to a gradual increase in
fluorescence. At high temperatures, once all the protein has unfolded aggregates form, which

causes a reduction in fluorescence.

2.9 Tandem MS/MS, phosphorylation mapping (completed by Dr
Leonard Daly)

Tandem mass spectrometry/mass spectrometry (MS/MS) was used to identify
phosphorylated residues in the GS-GN complex. A schematic overview of this process is
shown in Figure 2-10. Concentrated purified protein complexes (6.75 ug) were diluted 30-
fold in 25 mM ammonium bicarbonate pH 8.0 before being subject to reduction with
dithiothreitol and alkylation with iodoacetamide, as previously described®'. The eluent was
equally divided into three for digestion with either: 33:1 (w/w) trypsin gold (Promega), 25:1
(w/w) chymotrypsin (Promega), or 10:1 (w/w) elastase (Promega), using the
manufacturer's recommended temperatures for 18 hours with 600 rpm shaking. Digests
were then subject to in-house packed, strong cation exchange stage tip clean-up, as
previously described by?*2. Dried peptides were solubilised in 20 pl of 3% (v/v) acetonitrile
and 0.1% (v/v) TFA in water, sonicated for 10 min, and centrifuged at 13,000g for 15 min
at 4 °C being separated using an Ultimate 3000 nano system (Dionex) by reversed-phase
HPLC, over a 60-minute gradient, as described in**'. All data acquisition was performed
using a Thermo Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Scientific),
with higher-energy C-trap dissociation fragmentation set at 32% normalised collision
energy for 2+ to 5+ charge states. MS1 spectra were acquired in the Orbitrap (60K
resolution at 200 m/z) over a range of 350 to 1400 m/z, AGC target = standard, maximum
injection time = auto, with an intensity threshold for fragmentation of 2e*. MS2 spectra were
acquired in the Orbitrap (30K resolution at 200 m/z), AGC target = standard, maximum
injection time = dynamic. A dynamic exclusion window of 20 s was applied at a 10 ppm
mass tolerance. Data was analysed by Proteome Discoverer 1.4 using the UniProt Human
reviewed database (updated April 2020) with fixed modification = carbamidomethylation
(C), variable modifications = oxidation (M) and phospho (S/T/Y), instrument type =
electrospray ionization—Fourier-transform ion cyclotron resonance (ESI-FTICR), MS1
mass tolerance = 10 ppm, MS2 mass tolerance = 0.01 Da, and the ptmRS node on; set to

a score > 99.0.
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Figure 2-10: Tandem mass spectrometry analysis of phosphorylation

The sample is digested by proteolytic enzyme, and the subsequent peptides are separated by
reverse-phase High Performance Liquid Chromatography (HPLC). The peptides enter a mass
spectrometer as they elute from HPLC. Mass spectra is generated and peptide matching is
completed using databases. From the intact peptide ion spectrum generated peptides can be
isolated and fragmented. The fragment ions are detected in a MS/MS scan, in which the position of

the phosphorylated residue (circled in red) can be identified. Adapted from Dephoure et al, 2013
233

2.10 Protein identification Mass Spectrometry (completed by Dr

Leonard Daly)
10 pg of purified protein was separated by SDS-PAGE (10% resolving, 4% stacking)
before colloidal Coomassie staining overnight and thorough washing in milliQ water®*. A
scalpel was used to excise the major band at ~85 kDa, and incremental bands spanning
43-55, 55-72, 95-130 and 130+ kDa. Bands were washed in 500 yL HPLC H-O for 10 min
shaking at 1500 rpm, room temperature. Bands were then washed in 500 yL of 100 mM
ammonium bicarbonate with water bath sonication, as before, for 10 min, before an equal
volume of HPLC acetonitrile was added and sonication repeated. Previous two wash steps
were repeated until the gel pieces were clear. 100 pyL of reduction solution (4 mM
dithiothreitol in 50 mM ammonium bicarbonate) was added to each gel slice and heated to
60 °C for 10 min with 600 rpm shaking. A final concentration of 16.4 mM iodoacetamide
was added and incubated in darkness at room temperature for 30 min, before quenching
by addition of 100 mM dithiothreitol to make a final concentration of 7 mM. All liquid was

removed before dehydrating the gel slice by addition of 100 uyL HPLC acetonitrile and
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shaking 1500 rpm at room temperature for 15 min. Dehydration was repeated until gel
slices were opaque white and left open lid to dry completely (~15 min). 0.5 ug of trypsin in
40 mM ammonium bicarbonate was added to the dehydrated gel slices and incubated
room temperature for 15 min. Residual liquid was removed and 100 uL of incubation
solution (40 mM ammonium bicarbonate, 5% acetonitrile) added and incubated overnight
at 37 °C with 600 rpm shaking. An equal volume of acetonitrile was added and left to shake
for an additional 30 min. Gel slices were briefly centrifuged and supernatant collected.
Supernatant was dried to completion, resuspended and analysed by LC-MS/MS as

described before (see section 2.9).

2.11 Mass photometry

Mass photometry is an in-solution mass measurement method. The light scattered by a
molecule in contact with the interface (a cover slide) interferes with the light reflected at
that interface. This interference contrast can be recorded, and the contrast scales linearly
with mass, i.e. a darker contrast is indicative of a larger molecular weight. Thus, with the
use of molecular weight standards, the molecular weight of your protein of interest can be

estimated. A schematic of the principle of mass photometry is shown in Figure 2-11.

Mass photometry experiments were performed using a Refyn One™” mass photometer.
Immediately prior to mass photometry measurements, proteins were diluted in 25 mM
HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP for a final concentration of 50 nM. For each
measurement, (16 pL) buffer was added to a well and the focus point was found and
adjusted when necessary. Protein (4 uL) was then added to the buffer droplet, the sample
was mixed and movies of 60 s were recorded using AcquireMP. Data were analysed using
DiscoverMP.
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Figure 2-11: Schematic representation of the principle of mass photometry

Molecules in solution scatter light at the measurement interface by interfering with the light reflected
at the interface. This produces mass photometry contrast, which scales linearly with mass. Adapted
from Young, G. et al., 2018 25,

2.12 In vitro dephosphorylation

GS-GN complex was dephosphorylated in reactions containing equal amounts of PP1 and
lambda PP in 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP, 1 mM MnCl, and 10%
glycerol for 30 min at 30 °C. For subsequent DSF experiments, the phosphatases were
removed by incubating the reactions with GST beads for 1 hour at 4 °C. Reactions were
then passed through an equilibrated 0.45 pm Spin-X column (Costar, 0.45 um cellulose

acetate) and eluted by centrifugation at 16,000g for 2 min.

2.13 GS activity assay (completed by Dr Dipsikha Biswas)

1 ug of purified protein was diluted in ice cold lysis buffer (270 mM sucrose, 50 mM Tris
HCI (pH 7.5), 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid (EGTA), 1% (v/v) Triton
X-100, 20 mM glycerol-2-phosphate, 50 mM NaF, 5 mM NasP.07, 1 mM DTT, 0.1 mM
PMSF, 1 mM benzamidine, 1 mg/mL microcystin-LR, 2 mg/mL leupeptin, and 2 mg/mL
pepstatin A) to a total volume of 100 pL. 20 uL of the protein was added to 80 uL of the
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assay buffer (25 mM Tris-HCI (pH 7.8), 50 mM NaF, 5 mM EDTA, 10 mg/mL glycogen, 1.5
mM UDP-glucose, 0.125% (v/v) 2-mercaptoethanol and 0.15 mCi/mmol D-['*C]-UDP-
glucose (American Radiolabelled Chemicals, Inc., ARC 0154) with 0 or 12.5 mM GG6P.
Reactions were incubated for 20 min at 30 °C with mild agitation at 300 rpm. The reactions
were stopped by spotting 90 uL of the reaction mix onto 2.5 cm x 2.5 cm squares of filter
paper (Whatman 3MM) which were immediately immersed in ice cold 66% ethanol and left
to incubate with mild agitation for 20 min. The filter papers were washed thrice more in
66% ethanol for 20 min each and rinsed in acetone. The dried filters were subjected to

scintillation counting.

For the GS activity assays, data are reported as mean + standard error of the mean (SEM)
and statistical analysis was performed using GraphPad Prism software v9.3.1. As
indicated in the respective figure legends, one-way or two-way analysis of variance was

performed with Tukey’s post hoc test. Statistical significance was set at p<0.05.

2.14 Immunoblotting (completed by Dr Dipsikha Biswas)

Total GN antibody (S197C, third bleed) was obtained from MRC-PPU Reagents and
Services. Total GS (#3893) and pGS S641 (#47043) antibodies were from Cell Signaling
Technologies. pGS S641/S645 (#07-817) is from MerckMillipore. Affinity-purified pGS S8
antibody (YZ5716) was custom-generated by (YenZym Antibodies Brisbane, CA, USA) by
immunisation with a combination of phosphorylated peptides of the mouse GS1 (residues
2—-14: PLSRSL-*S-VSSLPG-Ahx-C-amide, in which the prefix * denotes the
phosphorylated residue) and human GS1 (residues 2—-14: PLNRTL-*S-MSSLPG-Ahx-C-
amide). Ahx and Cysteine (C) were added at the C terminal of the antigen peptides as
linker/spacer and for conjugation to carrier protein, respectively. Secondary antibodies
(#711-035-152 and #713-035-147) were obtained from BioRad. Glucose-6-phosphate
(G6P) (#10127647001) is from Roche. All other chemicals if not noted otherwise are from
Sigma Aldrich.

Purified proteins were denatured in Laemmli buffer at 100 °C for 5 min. 100 ng of the
protein was separated by SDS-PAGE on 4-10% gel and transferred onto nitrocellulose
membranes (#926-31090, LICOR). Membranes were blocked for 45 min at room
temperature in 5% skim milk (Sigma, 1153630500) followed by incubation in TBST (10 mM
Tris (pH 7.6), 137 mM NacCl, and 0.1% (v/v) Tween-20) containing 5% (w/v) BSA and the
primary antibody overnight at 4 °C. The membranes were incubated for 45 min in HRP

conjugated secondary antibodies diluted 1:10,000 in 3% skim milk, after extensive washing
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in TBST. The membranes were imaged using enhanced chemiluminescence (ECL)
reagent (GE Healthcare). For total protein staining of blots, Revert™ 700 Total Protein
Stain (LICOR) was used.

2.15 Glutaraldehyde Crosslinking

The GS-GN(Y195F) complex was crosslinked by adding 1 uL protein to 8 uL buffer
containing 25 mM HEPES (pH 7.5), 150 mM NacCl, 1 mM TCEP, 10% glycerol and various
concentrations of glutaraldehyde. This reaction was incubated either at 25 °C or on ice for
varying times, before quenching with 500 mM Tris-HCI pH 7.5. The reaction was buffer
exchanged into 25 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM TCEP using an equilibrated
0.5 mL Zeba desalting spin column (GE Heathcare). Samples were visualised on NUPAGE

3-8% Tris-Acetate gels (Invitrogen) and Hi Mark protein standard (Invitrogen) was used.

2.16 Microscale Thermophoresis

The Monolith NT.115 instrument was used to analyse G6P binding to the GS-GN complex.
GS-GN containing a His-tag on GN was labelled with Monolith His-tag Labeling Kit RED-
tris-NTA 2" generation (NanoTemper Technologies). Proteins were assayed at 50 nM,
with the addition of various concentrations G6P, reaching up to 500 mM, in buffer
containing 25 mM HEPES pH 7.5, 150 mM NaCl and 0.01% Tween-20. GraphPad Prism

v7 was used for data analysis to calculate a Kq value.

2.17 In vitro deglycosylation

GS-GN was incubated with a-amylase from human saliva (Sigma) to deglycosylate the
complex. Reactions contained 4 uM GS-GN with either 500 mU or 1 U a-amylase in buffer
containing 50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP and 5 mM CaCl,. Reactions
were incubated for 30 min, 1 hour or 2 hours at 37 °C and were terminated by the addition
of SDS-PAGE loading dye.
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3 Chapter 3: Protein purification and structural analysis
of the full-length GS-GN complex

3.1 Introduction

The molecular details of how GS interacts with GN through the C-terminus of GN were
described in 2014 using the C. elegans enzymes as a model®®’°. However, at the start of
this project (October 2018), it was not known how the full-length human proteins interact
and thus the mechanism in which they coordinate to produce glycogen remained elusive.
In order to biochemically and structurally investigate the human GS-GN complex, sufficient
amounts of active protein need to be produced. However, unlike its yeast and C. elegans
counterparts, human GS cannot be expressed in E. coli. In addition, GS appears to require
stabilising interactions with GN for large scale recombinant protein production, and it is
possible to produce human GS by co-expression with full length GN or the minimal GS-
interacting region (GN3*)709899.23¢ |n this chapter, the expression and purification of the
full-length GS-GN complex and the non-glucosylated GS-GN(Y195F) complex is
described. Along with bioanalytical and structural analyses to determine the stoichiometry
of the complex, which gained insight into how these two proteins interact and cooperate to

produce glycogen.

3.2 Expression and purification of the GS-GN complex

3.21 Expression of the GS-GN complex
To successfully express both GS and GN, a bicistronic vector or co-expression is required,
as GS alone does not have a high level of expression. In addition, the human complex
cannot be expressed in E. coli, and thus an insect cell expression system was used. In this
thesis, both pFL and pFastBac vectors were used (Figure 3-1). Although the pFL vector
produces a stoichiometric complex, as GN is more easily expressed than GS, the size-
exclusion chromatography step of the purification shows excess GN as well as the GS-GN
complex (Figure 3-2). Moreover, a co-expression method using GS and GN in separate
pFastBac vectors was optimised, which allows for balancing differences in expression
(Figure 3-1). Utilisation of a 9-part GN to 1-part GS virus during infection for protein
production results in reduced excess of GN during the purification (Figure 3-1 and Figure

3-2). This also allows for easier manipulation by site directed mutagenesis.
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Figure 3-1: Overview of expressing GS and GN in insect cells
a pFL plasmid can be used to co-express GS and GN, by the GYS7 and GYG1 genes respectively,
in a single vector. b pFastBac vectors can be used to generate separate viruses for GS and GN,

and co-express these viruses to produce the complex.
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Figure 3-2: Optimisation efforts for the expression of the GS-GN complex

Size exclusion chromatogram traces from purifications using either a bicistronic vector or co-
expression. Corresponding SDS-PAGE gels showing the fractions around the named peaks. Using
a co-expression method reduces the amount of excess GN that is produced using a bicistronic

vector.

3.2.2 Purification of the GS-GN(WT) complex
The full-length human GS-GN complex was expressed and purified from insect cells.
Following cell lysis, sonication and centrifugation, the lysate was loaded onto an HisTrap
HP Ni column and subsequently eluted by imidazole. The resulting protein was dialysed
overnight with TEV protease to cleave the His-tag, and TEV protease was removed by
running the dialysed protein through the same HisTrap HP column. These steps were
performed by Vertex Pharmaceuticals Ltd. At this stage, the protein was snap frozen and
stored at -80°C. The sample was then further purified by size-exclusion chromatography.
The protein eluted in two peaks on a Superdex 200 10/300 column, peak 1 (fraction 18)
and peak 2 (fraction 20) (Figure 3-3). Curiously, a sharp band migrating at the expected
molecular weight for GS was observed, however, GN appeared to migrate as a smear and

| hypothesised that this was glucosylated GN.
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Figure 3-3: Size exclusion chromatography of GS-GN(WT) complex
a Size exclusion chromatogram from a Superdex 200 10/300 column. The GS-GN protein complex
elutes in two peaks, as indicated. b SDS-PAGE analysis of the indicated fractions. A band ~100

kDa is labelled as GS and the background ‘smear’ is labelled as GN.

3.2.3 Purification of the GS-GN(Y195F) complex
In order to remove the glucosylation associated with the WT complex, in the aim of
producing a more homogenous complex, the GN auto-glucosylating tyrosine 195%°2% was
mutated to a phenylalanine (Y195F), which resulted in a non-glucosylated GN species, as
shown by a single band for GN migrating at the expected size (~37.5 kDa) on an SDS-
PAGE gel (Figure 3-4b). Similar to the WT complex, the Y195F was purified by nickel
affinity chromatography, the His tag was cleaved by TEV protease and both TEV and un-
cleaved proteins were subsequently removed by nickel subtraction (Figure 3-4). A final

size exclusion chromatography step was introduced for further purification and as a buffer
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exchange step (Figure 3-5a and b). Similar to GS-GN(WT), the GS-GN(Y195F) complex
also elutes in two peaks in size exclusion chromatography. However, unlike the WT
complex, peak 1 is in the void volume. This protein is mainly aggregated which can be
seen by nsEM analysis, although a few single particles were visible (Figure 3-5c). Peak 2
was the expected GS-GN(Y195F) complex, and nsEM revealed the vast majority of these

particles are monodisperse particles (Figure 3-5c).
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Figure 3-4: Nickel affinity and subtraction steps in the purification of GS-GN(Y195F)

a Chromatogram of the Nickel affinity purification. The pink dotted line shows which area was
subsequently ran on an SDS-PAGE gel. b SDS-PAGE gel of the steps from the Nickel affinity
purification. Samples from the total lysate (TL), insoluble fraction, filtered lysate, flow through (FT)
and subsequent washes (W1, W2, and W3) are shown. The pink dotted line indicates the fractions
from the chromatogram. ¢ SDS-PAGE gel showing cleavage of the His-tag on GS-GN(Y195F) by
His tagged-Tobacco Etch Virus (TEV) protease, and subsequent removal of the His-tagged TEV

protease.
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Figure 3-5: Size exclusion chromatography of the GS-GN(Y195F) complex

a Size exclusion chromatogram from running a Superdex S200 16/600 column. b SDS-PAGE
analysis of the size exclusion chromatography step. The dotted line shows which area of the
chromatogram was run on the gel. ¢ Negative stain EM of the void volume and complex peak, to

show mainly aggregated particles in the void in comparison to single particles in the complex peak.

3.2.4 GNis glucosylated
There is a stark difference in the preparations of GS-GN and GS-GN(Y195F) as seen by
SDS-PAGE. With the WT complex, Coomassie staining shows a background ‘smearing
effect’ as opposed to a sharp GN band at ~37.5 kDa in the Y195F complex (Figure 3-6a).
Moreover, it is essential to analyse this smearing effect to investigate the purity of this
sample. Periodic acid-Schiff (PAS) staining and immunoblotting was used to analyse the
GS-GN WT and Y195F complexes, and reveals that the smear corresponds to
glucosylated GN (GN®°). This reveals that the use of an insect cell expression system

resulted in purification of a highly glucosylated complex (Figure 3-6).
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Figure 3-6:The GS-GN complex expressed in insect cells is glucosylated
a SDS-PAGE analysis of GS-GN and GS-GN(Y195F) complexes, where 1.2 ug is loaded (left) and
periodic acid-Schiff (PAS) staining of both complexes (right). b SDS-PAGE analysis (left) and PAS
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staining (right) of the GS-GN complex at higher concentrations. ¢ Total protein stain (left) and

immunoblot (right) for GS-GN and GN-GN(Y195F) complexes at a range of concentrations.

In-gel protease digestion of the GS-GN complex at different MW ranges (encompassing
mass ranges 43-55 kDa, 55-72 kDa, 95-130 kDa and greater than 130 kDa) in combination

with tandem mass spectrometry confirmed that the background ‘smearing’ effect is due to

GN, as GN was identified as one of the major components at each interval (Figure 3-7).

Consistent with this, treatment of GS-GN preparations with a-amylase (endo-a-1,4-d-

glucan hydrolase, which can cleave a-1,4-glycosidic bonds) results in the disappearance

of the smeared bands and the appearance of a single, sharp band migrating at the

expected molecular weight for GN1 (~37.5 kDa), as well as the absence of glucosylated

species after PAS staining (Figure 3-8).
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Figure 3-7: Protein Identification by Mass Spectrometry of GS-GN

Glycogenin-1

Glycogen Synthase-1

Keratin, type |, cytoskeletal 10
Keratin, type II, cytoskeletal 1
Tubulin beta-4B chain
Keratin, type |, cytoskeletal 9
Tubulin beta-28 chain

Keratin, type II, cytoskeletal 2
Tubulin beta-4A chain
Tubulin alpha-3C chain

Glycogenin-1
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» Keratin, type I, cytoskeletal 4
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Peptide mass fingerprinting analysis by mass spectrometry of trypsin-digested gel pieces of the

indicated molecular weight regions. The following ranges were analysed: 43-55 kDa (top left), 55-
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72 kDa (top right), 95-130 kDa (middle left), greater than 130 kDa (middle right) and the glycogen
synthase (GS) band (bottom). For simplicity, only the top 10 proteins with the highest number of
peptides, is shown. Glycogenin-1 (GN1) and glycogen synthase 1 (GS1) are labelled on each graph.
The other proteins identified are shown in the key.
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Figure 3-8: a-amylase treatment of the GS-GN complex

Disappearance of the smeared band and the appearance of a single band for GN upon a-amylase
treatment can be seen by Coomassie staining (left). In addition, periodic acid-Schiff (PAS) staining
shows disappearance of glucosylated species, detected by pink staining, upon a-amylase

treatment.

3.3 Stoichiometry of the GS-GN complex

3.3.1 Mass photometry measurements
In order to determine the stoichiometry of the GS-GN complex, we first performed mass
photometry analysis, which enables in solution mass measurements of single molecules
(see section 2.11). Analysis of the GS-GN(WT) sample identified a species with an
average molecular weight of 534 kDa, which is suggestive of a 4:4 stoichiometry
(calculated mass of 485 kDa) (Figure 3-9a). Mass photometry analysis of the GS-
GN(Y195F) complex showed a predominant molecular weight of 473 kDa, which is again
indicative of a 4:4 stoichiometry (Figure 3-9b). Analysis of the non-glucosylated complex
revealed a smaller distribution of the main complex peak, in comparison to the WT
complex. This observed decrease in molecular mass and distribution of the Y195F mutant
in comparison to the WT complex is consistent with the detected higher molecular weight

of WT GN1 glucosylated species (Figure 3-6). While mass photometry lacks the resolution
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to ascertain precise molecular mass of heterogenous glucosylated species, it can be
speculated that the difference between the calculated and measured mass can be

accounted for by phosphorylation and glucosylation associated with the GS-GN(WT)

complex.
GS GS Gs GS
GS GS
543 kDa 473 kDa
140/ (80%) 804 (59%)
701 65 kDa
= eof (11%)
1001
L3804 2%
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© ©31 | 233KDa
401 201 (8%)
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Figure 3-9: Mass photometry analysis GS-GN and GS-GN(Y195F)
a Mass photometry analysis of the GS-GN complex. Estimated molecular weight is shown and
percentage of the population. Expected stoichiometry is indicated by a cartoon representation of
the complex, where each GS protomer is coloured in blue, purple, pink and turquoise, the GN dimer
is shown in green and glucose residues are displayed as orange hexagons. b Mass photometry
analysis of the GS-GN(Y195F) complex.

3.3.2 Negative stain electron microscopy
In order to confirm the stoichiometry of the GS-GN complex and reveal the overall shape,
we performed nseEM. For the WT complex, grids were set up with the two different peaks
from the size exclusion trace, fraction 18 from peak 1 and fraction 20 from peak 2 (Figure
3-3 and Figure 3-10). The peak 1 micrographs contain more aggregated particles in
comparison to the peak 2 dataset, suggesting this peak is eluting earlier than the other
due to the presence of aggregated protein (Figure 3-10). Using RELION autopicking, which
was optimised to avoid these aggregates, generated 2D class averages for both datasets
showing the same 4:4 stoichiometry for the complex, consisting of two GN dimers, one on
either side of a GS tetramer. Final 3D maps are consistent with the 2D classes, as the
density can accommodate a GS tetramer and two GN dimers (Figure 3-10). The lack of
GS density for the peak 2 dataset may be due to a particle number limitation. Surprisingly,

the two GN dimers do not engage GS in an identical fashion, with each GN located slightly
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differently on each side of the GS tetramer. In addition, the positions of each GN dimer is
different between datasets. This suggests flexibility of GN and potentially each dataset has
captured slightly different states of the mobile complex.

Peak 1 Peak 2
(Fraction 20)

(Fraction 18)

257 micrographs, 77,928 particles 222 micrographs, 74,546 particles
75 275 A
olofole  EEIE
16,896 particles 1,256 particles
C1 symmetry C1 symmetry
| e
GS GS chain A Gs

chain B

chain A chain B

GN GN
\ 2
2= W Yicg
L3N ol ¥
¢ = L e
',‘ﬁ,,f‘ i ‘i-’l
)
GN
GN

chain D chain C

Figure 3-10: Negative stain EM analysis of the GS-GN(WT) complex

a Negative stain EM (nsEM) analysis of peak 1 (fraction 18). Aggregation visible in the micrograph
is circled. 2D class averages are shown and the final 3D map. The human GS structure (reported
here) and human GN (PDB ID 3T70) are fitted. Each chain is coloured differently. b nsEM analysis
of peak 2 (fraction 20). 2D class averages and final 3D map is displayed. The human GS structure
(reported here) and human GN (PDB ID 3T70) are fitted.

With knowledge that peak 1 in the GS-GN(Y195F) complex purification is aggregated
(Figure 3-5), we only collected nseM data for peak 2 (Figure 3-11a). Similar to the WT
complex, the 2D class averages show two GN dimers, one on either side of a GS tetramer
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(Figure 3-11b), and the final 3D map is consistent with this observation (Figure 3-11c). The
determination of a 4:4 stoichiometry for both the WT and Y195F complexes is in agreement
with previous findings that glucose chains are not essential for the GS-GN interaction, and
thus a non-glucosylated GN can still form a complex with GS%2, Again, GN dimers do not
engage GS symmetrically, with one GN tilted slightly towards one of the GS protomers
(Figure 3-11c). Collectively, these results confirm that the GS-GN complex has a 4:4

stoichiometry and these analyses offer the first glimpse of the full-length complex.

177 micrographs, 2,580 particles

b : 275 A

Figure 3-11: Negative stain EM analysis of the GS-GN(Y195F) complex

a Representative negative stain micrograph. b 2D class averages showing a 4:4 stoichiometry of
the full-length GS-GN(Y195F) complex. ¢ Final 3D map with human GS structure (reported here)
and human GN (PDB ID 3T70) are fitted. Density for a GS tetramer with two GN dimers, one on

either side, is present.

3.4 Human GS is heavily phosphorylated when produced in insect
cells

3.4.1 Dephosphorylation increases GS activity
GS structures to date were from bacterial expression systems and thus were not
phosphorylated and could not provide insights into the inhibited state of GS. Our GS-GN

preparations are from eukaryotic expression systems, and thus provide an opportunity to
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study the phosphorylated form of GS. PP1 and lambda PP treatment resulted in faster
migration of GS by SDS-PAGE and also a reduction in signal detected by specific
phosphorylation site antibodies (Figure 3-12a and b). Immunoblotting confirmed that
human GS is phosphorylated at S8 (site 2) and S641 (site 3a) and activity assays show
that the enzyme is inactive unless stimulated by G6P or dephosphorylation (Figure 3-12b
and c). A commonly used value to describe the activity state of GS is the activity ratio. The
activity ratio compares the activity of GS in the absence and presence of G6P (-/+ G6P),
which offers an indication of the phosphorylation level of the enzyme?®®. The value can
vary between 0 (fully phosphorylated and inactive form) and 1 (fully activated state)?®®.
Notably, we only see minor dephosphorylation of the GS-GN(Y195F) complex with PP1
alone, and this resulted in a 5-fold increase in basal (—G6P) activity (Figure 3-12c).
Treatment with both PP1 and lambda PP results in a 15-fold increase in basal activity. All
proteins were similarly active upon G6P saturation regardless of phosphorylation state

(Figure 3-12c¢), which is consistent with studies using GS from endogenous sources?%4,
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Figure 3-12: Dephosphorylation increases GS activity

GS-GN(Y195F)

a Shift in GS band by SDS-PAGE to a lower molecular weight upon dephosphorylation by PP1 and

lambda PP. b Immunoblot for the indicated human GS phosphorylation sites, total GS and GN with
and without the addition of PP1 and lambda PP. ¢ Activity of GS-GN(Y195F) with and without the
addition of lambda protein phosphatase (lambda PP) and protein phosphatase 1 (PP1) (left) and

-/+ glucose-6-phosphate (G6P) activity ratio (right). Upon G6P saturation, GS reaches similar

activity levels regardless of phosphorylation state. Data are mean +/- S.E.M. from two independent

experiments performed with technical duplicates. One-way analysis of variance (Tukey’s post hoc

test); exact p values are shown.
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3.4.2 Tandem MS/MS phosphorylation mapping (completed by Dr Leonard
Daly)

To better understand the extent of GS phosphorylation, we mapped phosphorylation sites
by tandem mass spectrometry (MS/MS) following proteolysis with either trypsin,
chymotrypsin or elastase. This resulted in a sequence coverage of 97%, which is higher
than the 73%% and 65%% sequence coverage achieved in earlier studies (Figure 3-13).
This analysis identified canonical sites 2, 3a, 3b, 4 and 5 (S8, S641, S645, S653, S657),
and also non-conventional sites (S412, S652, S727, S731) (Figure 3-13 and Table 3-1).
Although these non-conventional sites have been identified before, no physiological role
has been determined for these sites. In addition, HsGS site 2 (S8) phosphorylation could
be detected for the first time in a recombinant enzyme preparation. All canonical
phosphorylation sites identified have been previously identified in GS from endogenous
sources"#°2%0 demonstrating physiological relevance of these sites. The stoichiometry of
the canonical sites identified is not well understood, and will likely differ across species
and cellular location. Together, these results show that expression in insect cells is
sufficient to achieve a high level of phosphorylation and thus producing suitable protein

preparations for understanding inactive GS.
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Figure 3-13: Human GS expressed in insect cells is phosphorylated
Sequence of human GS. Sequence coverage (96.7%) during phosphorylation mapping is
highlighted in black. Identified phosphorylated residues are highlighted in grey and annotated with

an asterix.
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Table 3-1: Summary of phosphorylation site analysis.

The site of phosphorylation, peptide sequence and peptide modifications, either phosphorylation
(P) or oxidation (O) are displayed. The ptmRS score indicates the confidence of where the
phosphorylation is localised within the peptide. The MASCOT score is the confidence of
identification. PhosphoSite Plus (web-based bioinformatics resource) was used for comparison of
our results with previous literature. LTP and HTP refer to low throughput site determination

(methods other than mass spectrometry) and high throughput analysis (mass spectrometry only),

respectively?*!.
Site Sequence P_ePtld_e ptmRS MASCOT Enzyme PhosphoSite:
modifications Score score LTP HTP
S8 PLNRTLSMS S7(P) S7:100 40 Elastase 15 ’
S8 PLNRTLsMS S7(P)M8(0) __ S7:100 31 Elastase 15 1
S8 SMSSLPGLEDW S1(P) $1:99.71 13 Chymotrypsin_ 15 1
5412 ESLLVGSLPDMNKMLDKEDF S7(P) S7:100 31 Chymotrypsin - 17
S412 ESLLVGsLPDMNKML 87('3‘12’;8)(0); S7:100 23 Chymotrypsin - 17
S641 QGYRYPRPAsVPPSPS S10(P) $10:99.99 20 Elastase 32 30
S641 & _ $10: 100;
o645 QGYRYPRPASVPPSPS S10(P) S14P)  314:100 24 Elastase  (645)21 (645)39
5652 RHsSPHQSEDEEDPRNGPL S3(P) $3:99.78 34 Elastase - 15
$652 & 3Py sapy 53 100;
S653 & RHssPHQsEDEEDPRNGPL (s)é > P sa:100; 19 Elastase  (653)13 (653)27
S657 (P) $8: 100
32227& RHsSPHQSEDEEDPRNGPL S3(P): S8(P) Sgé??gg © 83 Elastase  (657)14 (657)50
5727 RNSVDTATSSSLSTPSEPLSPTSSLGEER ___ S20(P) 520: 100 66 Trypsin 1 22
S727 STPSEPLSPTSSL 38(P) S8:99.63 20 Chymotrypsin_1 22
5731 STPSEPLSPTSSLGEERN S12(P) $12:99.79 73 Chymotrypsin - 6
S731 TPSEPLSPTSsL S11(P) S11:100 22 Elastase - 6
ST27& |\ SVDTATSSSLSTPSEPLSPTSSLGEER S19(P); S23(P) oo 100; 60 Trypsi see above
S731 SP1Ss (P):S23(P)  5p3. 9952 rypsin
S727 & , S8:100; .
3731 STPSEPLsPTSsLGEERN S8(P); S12(P) S12: 100 42 Chymotrypsin see above

3.5 Structure determination of the full-length GS-GN(Y195F) complex

3.5.1 Low resolution structure of the GS-GN(Y195F) complex
Previous attempts to crystallise full-length GS in complex with full-length GN were

I°2 and led us to pursue structural analysis using cryo-EM. NSEM analyses

unsuccessfu
indicated flexibility of GN in the GS-GN complex (Figure 3-10 and Figure 3-11). Cryo-EM
analysis of the GS-GN(Y195F) complex confirmed this GN flexibility, evident from the lack
of GN signal in 2D class averages (Figure 3-14a) and subsequent 3D maps. Nonetheless,
in one dataset collected on the Gatan K2 detector, some GN density can be seen during
the 3D classification (Figure 3-14b). This class was taken forward for 3D refinement,
applying D2 symmetry with the aim of reaching high-resolution, which generated a 11 A
structure of the GS-GN complex (Figure 3-14b). When fitting the human GN crystal

structure (PDB ID 3T70) into the density for GN, the density is smaller than the crystal
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structure. This could be due to the lower resolution of the map, or perhaps due to the
mobility of GN. Unfortunately, potentially due to particle number limitation and flexibility,
the resolution was not high enough to be able to trace connecting residues between GS
and GN**, which are known to interact in C. elegans®, or other unknown interactions
between GS and the globular domain of GN. Nonetheless, this map is the first higher
resolution representation of the full-length GS-GN complex, and consistent with the nsEM
analysis, shows one GS tetramer coordinated by two GN dimers.

a b
GS-GN(Y195F)

2,180 movies
i crYOLO particle picking
94,270 particles
i 2D classification
57,708 particles

l 3D classification
(D2 symmetry)

14.3% 12.8%

8-

°
-

35.8% 11.5%

3D refinement

7,127 particles (D2 symmetry)

1A

chain C

Figure 3-14: Low resolution structure of the full-length GS-GN(Y195F) complex
a Representative micrograph and 2D class averages. b Flow chart of data processing. The 3D class

boxed was taken forward for 3D refinement to obtain a 11 A structure of the full-length GS-
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GN(Y195F) complex. The human GS structure (reported in this thesis, see chapter 5) and human
GN (PDB ID 3T70) are fitted.

3.6 Chapter summary

Although a binary complex of GS-GN was co-purified over 30 years ago®®, we have yet to
confirm the stoichiometry of this complex and explain how these two enzymes assist one
another in glycogen synthesis. The GS-GN complex was produced in an insect cell
expression system, resulting in a glucosylated and phosphorylated form of the complex.
Mutation of the auto-glucosylating Tyr to Phe produced a non-glucosylated complex that
retained its phosphorylation. The extent of the phosphorylation was identified using mass
spectrometry and phosphatase treatment, which showed GS is heavily phosphorylated.
As expected, this complex was inactive unless stimulated by dephosphorylation or
allosterically activated by adding G6P. Both glucosylated and non-glucosylated complexes
form a 4:4 stoichiometry, revealing two flexible GN dimers coordinating a GS tetramer. It
is exciting to speculate a model where GS could extend glucose chains from two GN
dimers simultaneously, however this requires further investigation. Overall, the production
of GS-GN preparations that are active and stoichiometric lay crucial foundations for
studying the GS-GN complex in more detail, and specifically investigating the elusive

phosphorylated and inactive state of GS.
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4 Chapter 4: Structural studies of the GS-GN complex

4.1 Introduction

At the start of this project, the structure of human GS was unknown. Moreover, the aim of
this work was to determine a structure of human GS to understand the complex regulation
of this enzyme, particularly how phosphorylation causes inactivation and how this is
coupled with allosteric activation by G6P. To achieve this, cryo-EM was used, alongside
optimising various methods of sample and grid preparation, to investigate the GS-GN

complex.

4.2 Overall cryo-EM structure of human GS

Due to the GN flexibility and the issues this caused in cryo-EM data processing (see
section 3.5.1), we subsequently focused the data processing strategy with the goal of
obtaining a high-resolution structure for human GS. Taking advantage of the prior
knowledge that GS forms a tetramer, we applied D2 symmetry and achieved a global
resolution of 4 A (Figure 4-1 and Figure 4-2). The reconstruction revealed a tetrameric
arrangement of HsGS and interpretable density for the C-terminal GS interacting region of
GN. While the cryo-EM density was insufficient to build a de novo model of the human GN
C-terminus, it was sufficient for a model (generated by Phyre2??") to be placed, and this
was similar to the CeGS-GN** crystal structure’ (Figure 4-1). When lowering the threshold

of this map, significant density can be seen for GN on either side of the GS tetramer,

however the resolution of this area is very low and noisy due to GN flexibility (Figure 4-2d).

- HsGN?34
CeGS - CeGN**

GS

Figure 4-1: Tetrameric human GS in complex with human GN3*
a Human GS cartoon model shown in ribbons and a 4 A reconstructed cryo-EM map shown in

transparent surface and coloured by corresponding chain. A model of the last 34 residues of the C-
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terminus of human GN (GN**) is displayed in green (left). The position of GN3 is consistent with
the CeGS-GN** (PDB ID 4QLB) structure.
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Figure 4-2: Cryo-EM analysis of GS-GN(Y195F)

a Representative micrograph and 2D class averages. b Flow chart of data processing. 3D classes
coloured in yellow were taken forward for subsequent processing. ¢ FSC curve for the final map. d
a 3D refinement map shown at a lower threshold to visualise the weak density for the flexible GN
dimers, one of either side of the GS tetramer. e Euler angle distribution of particles used for the 3D

reconstruction. Height of rods represents number of particles, and red indicates a high number of
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particles and blue indicates a low number of particles. f Input map and mask used in the focused

3D classification shown in Figure 4-3b.

4.3 Analysis of the human GS structure

4.3.1 Dynamic phosphoregulatory region
Notably, the EM density maps show density for an inter-subunit domain. This occupies the
space where the N- and C- terminal regions, which contain the GS phosphoregulatory
regions, of two adjacent GS protomers meet and then traverse away from the core (Figure
4-3a). Local resolution analysis shows that this area is lower resolution than the core of
the GS tetramer (Figure 4-2b). Analysis of this ~25 kDa region by focussed 3D
classification (without applying symmetry) reveals that the region is highly flexible, as seen
by the various different conformations, thus explaining the lower resolution (Figure 4-3b
and Figure 4-2f). Interestingly, these “spike” regions were present in all the classes
generated from the focussed 3D classification. This suggests that GS exists as a
continuum of structures with a core inactive tetramer and “dynamic spikes” buttressed on
either side, constraining the opening of GS to an active tetramer and thus stabilising the

inactive state.
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Figure 4-3: Human GS contains an inter-subunit “spike” region

ad4A cryo-EM density map shown at a lower threshold (left). The N- and C-terminal tails of two
protomers converge and form the “spike” region, which is located above the regulatory helices
(right). b Focussed 3D classification of the phosphoregulatory “spike” region reveals flexibility of
this inter subunit domain. 3D classes, shown in different colours, and percentage population are

indicated and the 3D refined map of the core region is coloured blue.
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4.3.2 Treating heterogeneity in cryo-EM datasets
Both GN and the “spike” region are sources of flexibility in cryo-EM analyses of the GS-
GN complex, and thus result in a heterogenous sample (as seen by multiple GS classes
in 3D classification, Figure 4-2b). Recently, a number of processing tools and techniques
were described which allow treatment of heterogeneity in cryo-EM datasets, facilitating the
identification of multiple conformations present and to allowing generation of high-
resolution structures®™*. One of these tools is particle subtraction which, briefly, can
perform partial subtraction of undesired signal in particle images in order to improve the
reconstruction of a further defined body?'. This was performed to remove the signal for
GN, which was potentially hindering the resolution of GS (Figure 4-4a). Focused 3D
classification encompassing the GS tetramer and the spike region was then performed in
order to investigate potential different conformations of GS (Figure 4-4b and c). This
resulted in several different classes, and specifically when looking at the 3D slices, some
classes appear more rectangular than square (Figure 4-4c). Whether this is due to various
levels of phosphorylation is not known and hard to ascertain at this resolution. In addition,
there is a wide variation in the conformation of the “spike” region in these classes, again
highlighting the mobility in this region. Taking every 3D class forward separately for 3D
refinement and postprocessing resulted in maps ranging in resolution from ~5 A to ~11 A
(Figure 4-4c). Even the class with the most particles (class003 - 20,985 particles) resulted
in a much lower resolution of 5.21 A in comparison to the 4 A consensus reconstruction
showed earlier (Figure 4-1 and Figure 4-2). Interestingly, a class with fewer particles
(class010 — 13,726 particles) reached a slightly higher resolution of 5.09 A, showing a
balance between homogeneity and particle number. Overall, removing density for GN did

not result in a higher resolution map.
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Figure 4-4: Treating heterogeneity by removing flexible glycogenin

a 3D reconstruction of GS to be used for particle subtraction (grey), using the mask shown in yellow,
to remove the flexible GN region. b The signal subtracted map (grey) with the mask to be used in
focussed 3D classification shown in purple. ¢ 3D map and central slice of the twelve classes
generated in the focused 3D classification (D2 symmetry) are shown. Each class was taken forward

for focussed 3D refinement, and the resolution obtained is shown in bold.
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Another source of heterogeneity in the dataset is the dynamic “spike” region (Figure 4-3b).
Moreover, in the aim of reaching high-resolution of the core of GS, we used particle
subtraction to remove both flexible regions, the “spike” region as well as GN (Figure 4-5).
A mask encompassing both the “spike” and GN density was created (Figure 4-5a) and
used during particle subtraction to remove these areas. A mask around the GS core was
created and subsequently used in focussed 3D classification (Figure 4-5b). Twenty 3D
classes were generated, an increase in the twelve that were generated previously (Figure
4-4), in order to investigate the extent of the various conformations. The resulting classes
range in resolution as well as revealing slight changes in conformation. To further explore
the flexibility and mobility of GS, we performed 3D variability analysis®?!, without the
application of symmetry, using cryoSPARC?" (see section 2.5.3.9). This revealed dynamic
movements of the “spike” region and concurrent flexing of the GS tetramer (Figure 4-6).
This shows slight conformational changes in the GS core, similar to the classes seen in
the focussed 3D classification (Figure 4-4 and Figure 4-5). Unfortunately, the lower
resolution of these classes prevents identification of the precise differences between these
conformations. However, the movements of the GS core can be roughly mapped, revealing
slight flexing and twisting movements (Figure 4-5 and Figure 4-6). The functional
significance of these conformational changes is unknown; however, it could be due to
heterogenous phosphorylation levels, or perhaps differences in the GS-GN interaction. It
may also be that the GS tetramer is slightly flexible in the absence of the allosteric ligand
G6P or the substrate, UDP-G, although these hypotheses require further investigation.
Nonetheless, these analyses reveal a role for the “spike” region in potentially constraining

the opening of the GS tetramer and stabilising an inactive state.
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Figure 4-5: Treating heterogeneity by removing flexible domains

a 3D reconstruction of GS to be used for particle subtraction (grey), using the mask shown in pink,
to remove the flexible “spike” and GN region. b The signal subtracted map (grey) with the mask to
be used in focussed 3D classification shown in blue. ¢ 3D map and central slice of the twenty

classes generated in the focused 3D classification (D2 symmetry).

Figure 4-6: 3D variability analysis showing conformational changes of GS
Three selected frames from 3D variability analysis, shown in blue, purple and turquoise. Flexing of

the GS tetramer and dynamic movement of the “spike” region can be seen.

4.4 Structural analysis of the GS-GN(WT) complex

441 Cryo-EM analysis

In order to structurally investigate the GS-GN(WT) complex, and investigate any potential
differences between this glucosylated complex and the GS-GN(Y195F) complex, cryo-EM
analysis was performed. Similar to GS-GN(Y 195F), cryo-EM analysis of the WT complex
confirmed the flexibility of GN evident from the lack of GN signal in 2D class averages
(Figure 4-7a). Again, | applied D2 symmetry at the 3D classification and 3D refinement
stages in the aim of achieving a high-resolution structure of GS (Figure 4-7b). From 36,972
particles, we generated a 6 A structure of human GS (Figure 4-7). When comparing this 6
A structure of HsGS from GS-GN dataset to the HsGS model built from the GS-GN(Y 195F)
dataset, no differences are observed at this resolution (Figure 4-7b), suggesting that the
GN mutation does not affect the conformation of the GS tetramer. This is consistent with
the fact that GN(Y195F) and GN WT interact with similar affinity to GS%.
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Figure 4-7: Cryo-EM analysis of GS-GN(WT)
a Representative micrograph and a selection of 2D class averages of the GS-GN(WT) dataset. b

Flow chart of data processing. Classes coloured in yellow were taken forward for further processing.
The GS-GN WT 6 A map fits the human GS (HsGS) structure (reported here) with little differences,

at this resolution.

4.5 Troubleshooting GN flexibility

From analyses thus far, it is clear that both GN dimers in the GS-GN complex are flexible.
In the aim of identifying exactly how GS and GN interact, this section explores sample and
grid preparation methods utilised in attempts to achieve a high-resolution GS-GN structure.

4.51 Chameleon
4511 Overview
One new piece of equipment that has the aim of addressing issues caused by standard
grid preparation methods is the Chameleon (SPT Labtech), which is a commercial version
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of the Spotiton system?*??*3, The Spotiton system allows fast deposition of sample onto a
nanowire grid'*'°. This aims to decrease protein denaturation at the air-water interface
and improve overall grid quality and reproducibility through automated grid preparation®.
This system uses a dispensing tip to apply a stream of droplets onto a ‘self-wicking’
nanowire grid. The nanowires on the grid can be seen when screening the grids (Figure
4-8a). The fast speed of 10 ms that it takes for the sample to be deposited onto a grid and
subsequently vitrified can reduce the effects on the sample that occur at the air-water

interface?*

. Moreover, this spraying system is a potential method of increasing GN signal
in cryo-EM if the issues arise from denaturation at the air-water-interface during ‘standard’

grid making procedures (see chapter 2.5.1).

4.5.1.2 Data processing
82,357 particles were picked using crYOLO?"?, from the 1,395 movies that were acquired
on a grid prepared by the Chameleon. 2D classification produced classes similar to
previous datasets, showing a GS tetramer, however no obvious density can be seen for
GN (Figure 4-8c). However, at this stage the 2D classes do not look as high quality as
previous datasets, as the GS tetramer appears slightly blurry and no secondary structure
can be seen. Following another round of 2D classification, 52,741 particles were subjected
to 3D classification applying D2 symmetry. This resulted in one higher resolution class that
was subsequently used for 3D refinement (Figure 4-8c). This generated a 10.2 A map,
showing a GS tetramer, which can fit the human GS cryo-EM structure. However, very
little density can be seen for GN (Figure 4-8d), and the resolution at this stage is much
lower than previous datasets. The high concentration of glycerol (10%) in this sample may
be hindering the resolution as the undiluted sample was applied to the grid, as opposed to
reducing this glycerol concentration when preparing grids using the Vitrobot. The undiluted
sample was used due to the high concentration required when preparing grids using the
Chameleon. Overall, using the spraying technique as opposed to traditional grid
preparation methods did not solve the issue of GN flexibility in the GS-GN complex, and

did not reach a higher resolution.
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Figure 4-8: Treating GN flexibility using the Chameleon

a Image of a grid square where the “self-wicking” nanowires can be seen. b Representative
micrograph. ¢ Data processing flow chart. Final map at 10.2 A with the human GS (HsGS) structure
(reported here) rigid body fitted. The class highlighted in yellow was taken forward for 3D refinement
to generate a 10.2 A map. d The same 10.2 A map show in ¢ at a lower threshold. Very little density

can be seen for GN in the 10.2 A map even at a low threshold.

4.5.2 Glutaraldehyde crosslinking
Another method to reduce GN flexibility within the GS-GN complex is crosslinking the
complex. There are various methods of crosslinking, one of which is using glutaraldehyde.
Glutaraldehyde reacts with functional groups of proteins, including amine, thiol, imidazole

and phenol®**

. Moreover, glutaraldehyde can react and crosslink proteins within a protein
complex®®, and a number of successful examples using this technique for cryo-EM
analysis have been published?*®2*8, Albeit, this may lead to potential artefacts and may not
represent the biologically relevant complex. Nonetheless, crosslinking is a potential way
to reduce mobility in protein complexes, as well as preventing denaturation at the air water

interface, and thus obtain structural information of problematic protein complexes.
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4.5.21 Optimisation and cryo-EM analysis
Glutaraldehyde concentrations of 0.05% and 0.1% were used with 1.1 yM GS-GN(Y195F),
and reactions were incubated for 10 or 30 min on ice or room temperature at first, based

on literature at the time?* (

Figure 4-9a). Crosslinking was carried out in 9 pL reactions,
and quenched by adding 4X SDS-PAGE loading dye for the purpose of optimisation, or by
500 mM Tris-HCI pH 7.5 if subsequently used and buffer exchanged into gel filtration buffer
using a 0.5 mL Zeba desalting spin column. Running the samples on a Tris-Acetate 3-8%
SDS-PAGE gel, two single bands can be seen in the absence of glutaraldehyde, which
correspond to GS and GN(Y195F). When crosslinking reactions were performed at room
temperature, the single bands for GS and GN(Y 195F) disappear and a band larger than
460 kDa appears (calculated mass of 485 kDa for the GS-GN complex). However, this
band cannot be seen when the crosslinking reaction is performed on ice (Figure 4-9a). In
both the room temperature and ice reactions, smearing can be seen, showing that there
are multiple different species in the samples. There is a slight disappearance of the single
GS and GN(Y195F) bands in the ice reactions and a weak band ~117 kDa, however this
is not the full GS-GN complex forming. Further optimisation, including increasing the
glutaraldehyde concentration was carried out (Figure 4-9b). Again, smearing can be seen
for the reactions carried out on ice. The room temperature reactions at 0.15% and 0.2%
glutaraldehyde look very similar on a gel to the room temperature reactions at 0.1% (Figure
4-9b), however a higher glutaraldehyde concentration may result in non-specific
crosslinking. Further optimisation involving altering the time the reaction was incubated for
was performed (Figure 4-9c). This showed that using 0.1% glutaraldehyde for 20 or 30 min
at 25 °C gave very similar results on a gel. Therefore, the most optimal crosslinking
reaction was determined to be 0.1% glutaraldehyde for 20 min at 25 °C (Figure 4-9a), as
this is when no un-crosslinked complex can be seen and the smearing of the crosslinking
complex band is at a minimum, even though some protein that has not entered the gel

suggests aggregation of the complex. These conditions were used to make cryo-EM grids.
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Figure 4-9: Glutaraldehyde crosslinking optimisation

a Crosslinking reactions of GS-GN(Y195F) were performed at 0.05% and 0.1% glutaraldehyde, for
10 or 30 minutes at room temperature or on ice. b The glutaraldehyde concentrations were
increased in order to try remove the smearing seen in a. ¢ Crosslinking reactions were performed
at 0.05% and 0.1% glutaraldehyde, for 10, 20 or 30 minutes at room 25 °C.

After the crosslinking reaction was completed with 0.1% glutaraldehyde for 20 minutes at
25 °C, the sample was buffer exchanged as previously described (see section 2.15), and
subsequently ran on a gel (Figure 4-10a). This resulted in a crosslinked sample at 0.3
mg/mL (2.5 yM), which resulted in visible particles on a grid (Figure 4-10b). Some
aggregation can be seen; however, some single particles are also visible. Although there
is some ice contamination, a cryo-EM dataset was collected.
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Figure 4-10: Crosslinking cryo-EM grid preparation and screening
a Crosslinking reaction using 0.1% glutaraldehyde for 20 minutes at 25 °C were used to prepare
cryo-EM grids. b Micrograph of the crosslinked GS-GN(Y195F) sample.

The nsEM final map for GS-GN(Y195F) (Figure 3-11c) was used to pick particles in the
cryo-EM crosslinked dataset using the template picker tool in cryoSPARC?"" (see chapter
2.5.3.3). Unfortunately, 2D classification revealed poor quality classes that only showed
the GS tetramer, similar to un-crosslinked 2D classes (Figure 4-11). Nonetheless, 88,011
particles were taken forward to generate ab intio models. However, representative of the
2D classes, some classes resembled the GS tetramer but no obvious density for GN can
be seen (Figure 4-11). Due to the lack of GN density and the main aim of crosslinking
being to obtain a GS-GN complex, data processing was terminated.
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Figure 4-11: Cryo-EM analysis of crosslinked GS-GN(Y195F) complex

a 2D classification of crosslinked complex, however the classes resemble the un-crosslinked
complex and only the GS tetramer can be seen. b Ab initio models from the classes shown in a. No
density for GN can be seen, only weak density for the GS tetramer is present (human GS-GN**

structure reported here is rigid body fitted into the maps).

4.6 Cryo-electron microscopy optimisation

4.6.1 Buffer optimisation
In order to reduce aggregation on cryo-EM grids, the GS-GN complex was purified in buffer
containing 10% glycerol as this was shown to reduce aggregation during cryo-EM grid
optimisation. Traditionally, it was advised that glycerol should be avoided in cryo-EM
experiments as it greatly reduces contrast**®. However, this has been debated more

recently?*°

, and multiple examples have demonstrated that data collection in the presence
of 20% (v/v) glycerol is suitable for cryo-EM analyses. To investigate whether the glycerol
present in my previous datasets was hindering reaching higher than 4 A resolution, we
removed the glycerol in the GS-GN(Y195F) protein sample. To prevent aggregation of the
complex we added 0.01% Tween-20, which was completed by buffer exchange using a

0.5 mL Zeba desalting spin column. Screening these cryo-EM grids showed a much better
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contrast in comparison to grids with as little as 3% glycerol (Figure 4-12a and b). However,
some protein aggregation can be seen when glycerol is removed even when Tween-20 is
supplemented (Figure 4-12a). Nonetheless, we subsequently collected data on this grid in
order to determine if glycerol is a limiting factor.

a b
0.01% Tween-20 3% glycerol

Figure 4-12: Cryo-EM buffer optimisation
a Grids prepared using buffer without glycerol and 0.01% Tween-20, much better contrast is
observed in comparison to b containing 3% glycerol. However, some aggregation can be seen

when glycerol is removed and 0.01% Tween-20 is supplemented.

4.6.2 Data collection optimisation

In addition to the buffer optimisation (discussed in 4.6.1), we also adjusted some data
collection parameters in the aim of obtaining a higher resolution structure by increasing
the pixel size and also reducing the electron dose. In previous data collections, a nominal
magnification of 75,000 x was used, resulting in a pixel size of 1.065 A or 1.07 A. Also,
previous data collections used an electron dose per physical pixel per second of 7.5 (see
Table 2-2). However, in this new optimisation data collection we adjusted the nominal
magnification to 165,000 x which resulted in an increased pixel size of 0.85 A, and also
reduced the dose per physical pixel per second to 5 (see Table 2-2).

6,071 movies were collected using a Titan Krios microscope equipped with a Gatan K2
detector, from which 157,676 particles were picked using crYOLO?'2. After 2D
classification in cryoSPARC?'"", 108,621 particles were subjected to 3D classification in
RELION?' (Figure 4-13b). From this 3D classification, three classes (coloured in yellow)
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were taken forward for 3D refinement, PostProcessing and particle polishing, which
resulted in a 4.2 A reconstruction of GS (Figure 4-13c). This map is very similar to the
previous 4 A map obtained (Figure 4-1). To assess particle number vs particle quality, the
highest resolution 3D class (boxed in pink) was taken forward for 3D refinement. However,
this resulted in a 6.7 A map which is lower resolution than the map generated when three
classes were taken forward to increase particle number (Figure 4-13d). Another 3D class
was taken forward alone for 3D refinement (boxed in green), which generated a low-
resolution map of full-length GS-GN(Y195F) complex (Figure 4-13e).

Overall, both buffer optimisation by removing glycerol and replacing it with 0.01% Tween-
20, as well as increasing the pixel size and reducing the electron damage during data
collection, did not result in a better resolution than the previously obtained 4 A map (Figure
4-1).
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Figure 4-13: Cryo-EM optimisation by removing glycerol, increasing the pixel size and
reducing electron damage

a 2D class averages. b Cryo-EM data processing. After the 3D classification, three classes (yellow)
were taken forward to obtain a 4.2 A structure of GS (c¢). To assess particle number vs particle
quality, the highest resolution 3D class was taken forward for 3D refinement (pink), but the
resolution was lower than the three yellow classes combined (d). e 3D refinement of the class boxed
in green gave a low-resolution map of full-length GS-GN(Y195F). Human GS (reported here) and
human GN (PDB ID 3T70) structures are fitted.

4.7 Reducing sample heterogeneity

4.7.1 Allosteric activation
GS is regulated by both inhibition by phosphorylation and activation by G6P’. Structural
and mechanistic studies of yeast GS have sophisticatedly dissected its allosteric activation
by G6P, whereby G6P binding induces large translational and rotational movements®°'.
However, it is not known if this mechanism of activation is shared with human GS.
Moreover, in the aim of elucidating the mechanism of activation, nsEM and cryo-EM data
was collected with the addition of G6P. Another expected benefit of adding G6P in the
cryo-EM grids was to reduce heterogeneity. As purified, GS is phosphorylated at multiple
sites, resulting in a heterogenous sample. However, the binding of G6P is known to
override this phosphorylation®, also potentially inducing a conformational change as seen

in crystal structures of GS from yeast®®*', thus resulting in a more homogenous sample.

NsEM analysis of GS-GN(Y195F) in the presence of 25-fold molar excess of G6P (0.14
uM GS-GN(Y195F) and 3.5 uM G6P) revealed 2D classes that resemble the classes seen
for inhibited GS-GN(Y195F) (Figure 4-14). However, 3D reconstruction reveals a map that,
at this resolution, seems to be in the active state, as the yGS+G6P crystal structure fits
slightly better than the HsGS inhibited structure, although it is difficult to make conclusions
at this resolution (Figure 4-14c and d). Moreover, cryo-EM data was collected with GS-
GN(Y195F) plus 25-fold excess G6P (1.8 uM GS-GN(Y195F) and 46 uM G6P) (Figure
4-15).
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Figure 4-14: Negative stain EM analysis of GS-GN(Y195F) + G6P

a Representative negative stain micrograph. b 2D class averages showing a 4:4 stoichiometry of
the full-length GS-GN(Y195F) complex. ¢ Final 3D map with the yeast GS + glucose-6-phosphate
(G6P) crystal structure (PDB ID 5SUK) and human GN (PDB ID 3T70O) fitted. Density for a GS
tetramer with two GN dimers one on either side is present, and the activated yeast GS (yGS)
structure fits the density slightly better than the inhibited human GS (HsGS) rigid body fitted into the

same map (shown in d).

2,180 movies were collected using a Titan Krios microscope equipped with a Gatan K2
detector, from which 94,270 particles were picked and used for 2D classification. 57,708
particles were selected after 2D classification and subsequently used in a 3D classification.
During the 3D classification, two different conformations of GS can be seen (which are
highlighted in yellow) which resemble the inhibited human GS state previously seen
(Figure 4-1) and also the activated state of GS seen by the yeast crystal structure (Figure
4-15b). Taking the activated state forward for 3D refinement (applying D2 symmetry)
generated a map at 13 A (Figure 4-15b). Fitting the crystal structure of yGS + G6P (PDB
ID 5SUK) fits the map better than the inhibited cryo-EM structure. However, it was a small
percentage of the particles that are in this conformation (11%), owing the low resolution to
limited particle number (Figure 4-15b). The 3D class with the most particles was taken
forward for further processing, generating a 4.1 A map of inhibited human GS (Figure
4-15c). Moreover, this dataset with 25-fold excess G6P did not result in a high-resolution
structure of activated human GS. Albeit, this dataset generated a high resolution inhibited,

phosphorylated HsGS structure, which is very similar to the map previously described
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(Figure 4-1). Perhaps 25-fold molar excess of G6P is not sufficient to saturate GS, and

thus form a homogenous sample.
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Figure 4-15: Cryo-EM analysis of GS-GN(Y195F) + 25-fold molar excess G6P

a Representative micrograph and 2D class averages. b Flow chart of data processing. Each class
coloured in yellow was taken forward separately. ¢ 13 A map of human GS, with the activated yeast
GS (yGS) crystal structure (PDB ID 5SUK) fitted. This map is a different conformation to the human
GS (HsGS) inhibited structure. d 4.1 A map of human with the inhibited state structure fitted
(reported here).

In light of the results of the 25-fold G6P dataset, we set up cryo-EM grids with 100-fold
molar excess G6P (1.5 uM GS-GN(Y195F) and 150 uM G6P) (Figure 4-16). 100-fold molar
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excess was chosen with the aim of keeping the G6P concentration as low as possible in
order to prevent high concentrations of G6P effecting ice quality. 2,223 movies were
collected using a Titan Krios microscope equipped with a Falcon Il detector, from which
231,003 particles were picked and used for 2D classification. 85,102 particles were
selected after 2D classification and used for 3D classification. Similar to the +25-fold G6P
dataset (Figure 4-15), two conformations can be seen (coloured in yellow). The majority of
the particles are in the inhibited, phosphorylated conformation, as seen by the map
generated by 3D refinement (Figure 4-16d). 20.8% of the particles are in the G6P bound,
activated conformation, as seen by fitting the yGS + G6P crystal structure into the density
(Figure 4-16c¢). In comparison to the +25-fold dataset, this +100-fold dataset contains more
particles that are in the activated state. However, this number is still relatively low at 17,619
particles (20.8% of the total particles), and thus has not resulted in a high-resolution
structure. The addition of 100-fold excess G6P to the GS-GN(Y195F) has not resulted in
saturation of the enzyme, suggesting that G6P has a low affinity to phosphorylated GS.
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Figure 4-16: Cryo-EM analysis of GS-GN(Y195F) + 100-fold molar excess G6P

a Representative micrograph and 2D class averages. b Flow chart of data processing. Each class
coloured in yellow was taken forward separately. ¢ 3D class map with the activated yeast GS (yGS)
crystal structure (PDB ID 5SUK) fitted. This map is a different conformation to the human GS
(HsGS) inhibited structure. d 7.5 A map of HsGS with the inhibited state structure fitted (reported

here).

Perhaps the reason for the G6P activated state of GS containing a small percentage of the
particles is that the phosphorylation state of GS is having an impact on the affinity for G6P.
Microscale thermophoresis (MST) was performed to investigate the affinity of G6P to the
GS-GN complex, which determined a Kq of 12.3 £ 1.9 mM (Figure 4-17). This low affinity
indicates that the amount of G6P added during the cryo-EM analyses did not saturate GS,
and describes why only a small percentage of the particles were in the activated
conformation (Figure 4-16). Perhaps this heavily phosphorylated enzyme preparation is
the reason for the high Kq, and it is still unclear if the dephosphorylated state of the GS-

GN complex binds G6P more easily.

100 200 300 400 500
-10 G6P (mM)

Figure 4-17: G6P binding affinity to GS-GN(Y195F)
Microscale thermophoresis (MST) analysis of glucose-6-phoshate (G6P) binding to GS-
GN(Y195F). Data shows mean from two independent experiments carried out in technical

duplicates, where the Hill plot was used to generate a Kq value of 12.3 £ 1.9 mM.

4.7.2 Dephosphorylation by lambda protein phosphatase and protein
phosphatase 1

The phosphorylation of GS at multiple sites results in a heterogenous sample. One method

to reduce this heterogeneity is to dephosphorylate GS-GN(Y195F). Lambda PP and PP1
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can dephosphorylate the GS-GN complex, as observed by reduction in signal for
antibodies for specific phosphorylation sites and faster migration of the dephosphorylated
sample on an SDS-PAGE gel (Figure 3-12).

The creation of dephosphorylated GS-GN(Y195F) could potentially produce a more
homogenous sample, which is ideal for cryo-EM studies. Structural studies of the
dephosphorylated enzyme will also further our knowledge of glycogen synthase regulation,
as well as allowing investigation into how phosphorylation is affecting G6P binding. It may
also reduce the concentration of G6P required to saturate GS, which would be more
suitable for cryo-EM analyses. With these aims in mind, | set out to optimise the

preparation of dephosphorylated GS-GN(Y195F) complex.

4.7.2.1 Expression and purification of lambda protein phosphatase

The lambda PP construct, which has an N-terminal GST tag and a C-terminal His tag, was
purchased from MRC PPU reagents and services. The expression of lambda PP was
successful, and it was purified using nickel affinity chromatography and size exclusion
chromatography (see section 2.2.5 for purification details) (Figure 4-18a and b). This
lambda PP was active, as a faster migration can be seen for the GS band on an SDS-
PAGE gel, owing to a reduction in molecular weight through dephosphorylation (Figure
4-18c).
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Figure 4-18: Purification of lambda protein phosphatase
a Nickel affinity chromatography trace and SDS-PAGE gel of peak fractions. b Size exclusion
chromatography trace and SDS-PAGE gel of peak fractions. ¢ Purified lambda phosphatase is

active and can dephosphorylate GS.

4.7.3 Dephosphorylation optimisation
After obtaining active lambda PP and PP1 (purified PP1 protein was purchased from MRC
PPU Reagents and Services), the dephosphorylation reaction requires optimisation.
Initially there are two possibilities: dephosphorylation during protein purification or
dephosphorylation of purified protein. We explored dephosphorylation during protein
purification by adding both lambda PP and PP1 during the overnight dialysis stage after
nickel affinity chromatography. Lambda PP and PP1 were added to the protein with a final
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concentration of 1 mM MnCl; in the buffer, as well as TEV protease, in a 1:100 ratio (1 mg
protease/phosphatase:100 mg GS-GN(Y195F)). However, following overnight dialysis a
white precipitate was observed upon visual inspection, which is indicative of precipitated
protein. Following centrifugation to separate this precipitate and running samples of the
supernatant and precipitated protein on an SDS-PAGE gel, it seemed that it was the
dephosphorylated form of GS that has precipitated. As only the lower molecular weight
band for GS was present in the precipitate sample, as opposed to the doublet band
routinely seen for phosphorylated GS, which can be seen in the supernatant sample
(Figure 4-19b), this suggested that dephosphorylated GS was unstable, in the current
buffer, at 4 °C overnight. Nonetheless, the purification was continued with size exclusion
chromatography. SDS-PAGE analysis shows GS-GN(Y195F) complex in the void volume
and peak 2, and excess GN(Y195F) in peak 3 (Figure 4-19c).
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Figure 4-19: Dephosphorylation of the GS-GN complex

a Nickel affinity chromatography trace and SDS-PAGE gel of peak fractions. b Nickel subtraction
step to remove His-tagged TEV protease. After dephosphorylation during overnight dialysis, the
GS-GN(Y195F) precipitated, and the majority of the precipitate contained dephosphorylated GS. ¢

Size exclusion chromatography trace and SDS-PAGE gel of peak fractions.
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Protein from peak 2 was concentrated and used to make nsEM grids. A negative stain
dataset was collected, however the 2D class averages generated do not resemble the GS-
GN(Y195F) complex usually attained (Figure 4-20a, b and c). Initial models generated from
these 2D classes do not fit the structure of the GS-GN complex well, and thus data

processing was terminated (Figure 4-20d).

a b c
Dephosphorylated GS-GN(Y195F)

Ab intio models
class001 class002 class003 class004

Figure 4-20: Negative stain EM analysis of dephosphorylated GS-GN(Y195F)

a Representative micrograph. b 2D class averages, which do not resemble the 2D classes usually
seen for the phosphorylated GS-GN complex, shown in c¢. d Ab initio models of dephosphorylated
GS-GN(Y195F). The human GS structure (reported here) and human GN dimer (PDB ID 3T70) is
fitted.

Due to the little success of dephosphorylating the GS-GN complex during protein
purification, the method of dephosphorylation post purification was explored. Firstly,
different molar ratios of GS-GN(Y195F) to lambda PP and PP1 were tested, at room
temperature and 4 °C both for 2 hours (Figure 4-21a). This showed that the most migration
to a lower molecular weight species was achieved with 10-fold less phosphatases than
GS-GN(Y195F) complex at room temperature, therefore, these were the conditions
subsequently used. Firstly, this optimised dephosphorylation reaction was performed, and
the phosphatases were removed by incubating the reaction with glutathione Sepharose
resin and subsequently removing the resin using a spin-X column to elute the
dephosphorylated complex (E1) (Figure 4-21b). Dephosphorylated GS-GN(Y195F) was
applied to cryo-EM grids, however the protein was aggregated (Figure 4-21c). This
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assessment of dephosphorylation of purified protein agrees with the first method of
dephosphorylation during protein purification, as the aggregation observed on a cryo-EM

grid as well as the protein precipitation suggests that dephosphorylated GS is unstable.

To assess and confirm the destabilisation effect of GS dephosphorylation that is suggested
by aggregation on a cryo-EM grid and precipitation during protein purification,
thermostability analysis was performed. Differential scanning fluorimetry (DSF) was used
which revealed GS-GN(Y195F) as purified (i.e. phosphorylated) had a melting temperature
(Tm) of 52 °C. However, dephosphorylation reduces the T to 48 °C. This 4 °C change in
Tm confirms that the dephosphorylated state of GS is less stable than the phosphorylated
state (Figure 4-21d), thus suggesting a role for phosphorylation of the “spike” regions in
strengthening the inter-subunit interactions within the tetramer and holding the enzyme in

the “tense” conformation.

Upon addition of 12.5 mM G6P, the phosphorylated state of GS-GN(Y195F) is stabilised
to 55 °C, with a ATy, of 3 °C. G6P can also stabilise the dephosphorylated state of GS-
GN(Y195F) to 57 °C, with a ATn of 9 °C in comparison to the no G6P sample (Figure
4-21d). Furthermore, in an attempt to aid stabilisation of the dephosphorylated complex,
we performed the dephosphorylation reaction in the presence of G6P (Figure 4-21e).
However, this did not abolish aggregation of the dephosphorylated sample on a cryo-EM
grid (Figure 4-21f). This is surprising, as thermostability analysis shows that
dephosphorylated GS + G6P is slightly more stable than phosphorylated GS with and
without G6P, neither of which appear aggregated on a cryo-EM grid (Figure 4-2, Figure
4-15 and Figure 4-16). However, perhaps the dephosphorylation has resulted in the
complex being more sensitive to the air-water interface, thus causing aggregation. In
summary, optimisation of a dephosphorylated GS-GN(Y195F) sample that is suitable for

cryo-EM analysis needs further investigation.
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Figure 4-21: Dephosphorylation destabilises the GS-GN(Y195F) complex
a SDS-PAGE gel showing dephosphorylation via migration at different ratios of GS-GN(Y195F):
phosphatases (lambda PP and PP1). The most migration is seen with 10-fold less phosphatases

than GS-GN(Y195F). b Dephosphorylation and subsequent removal of phosphatases, resulting in
a pure dephosphorylated sample (E1). ¢ The dephosphorylated complex appears aggregated on a
cryo-EM grid. d Melting curves from thermostability analysis of phosphorylated and

dephosphorylated GS-GN(Y195F) (left) and corresponding melting temperatures (right). Data are

mean +/- S.E.M from three independent experiments carried out in technical duplicates
(dephosphorylated GS) and triplicates (GS). e Dephosphorylation of the GS-GN(Y195F) complex
in the presence of glucose-6-phoshate (G6P). f Even with the addition of G6P, dephosphorylated
GS-GN(Y195F) appears aggregated on a cryo-EM grid.
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4.8 Chapter summary

At the start of this project, the structure of human GS was unknown and the mechanism of
inactivation remained elusive. This chapter reveals the first high-resolution structure of
human GS, at a global resolution of 4 A. Two interdomain subunits, termed the “spike”
regions, which house the GS N- and C-termini that contains phosphorylation sites appear
to constrain GS in an inactive conformation. Cryo-EM data processing methods to treat
heterogeneity were performed in an attempt to increase the resolution, however, despite
these attempts the resolution was limited to 4 A. Following from this, sample preparation
techniques including an alternative cryo-EM grid making method, protein crosslinking and
buffer optimisation were used to overcome GN flexibility and the limiting resolution.
However, these were unsuccessful in obtaining higher resolution. Exploring GS regulation
through G6P activation and dephosphorylation did not lead to a high-resolution structure,
but revealed insights into the affinity of G6P to the phosphorylated state of GS and the
destabilising effect of dephosphorylation. Future work may establish the mechanism of

human GS activation and how phosphorylation seemingly stabilises GS.
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5 Chapter 5: High resolution structure of inhibited GS in

complex with GN

5.1 Introduction

The 4 A cryo-EM structure of human GS described in chapter 4 revealed some insights
into the inhibited state of GS, however the map lacked precise details of this mechanism
and cryo-EM density corresponding to residues of the phospho-regulated tails was limited
to mainchain atoms. Therefore, the aim of this work was to further investigate the detailed
mechanism in which phosphorylation at the N- and C-terminal tails causes inhibition,
through obtaining a higher resolution structure of the enzyme. Building an atomic model of
human GS using a higher resolution map would hopefully allow investigation into the

relationship between allosteric activation and covalent inhibition.

5.2 Overall cryo-EM structure of human GS

Following on from the 4 A cryo-EM structure human GS (see section 4.2), we set out to
reach higher resolution in the aim of gaining more insight into the mechanism of
inactivation. Upgrades in the EM facility provided an opportunity to push the current 4 A
resolution further using new detectors. The Falcon 4 detector with an energy filter, in
comparison to Falcon Il and K2, offers a performance boost in various ways. This new
detector increases the signal to noise ratio as well as allowing more images to be collected
per hour, both of which allow for higher resolution reconstructions®'. In addition, new data
format electron-event representation (EER) offers benefits. In comparison to the existing
MRC format in which camera frames are summed and represented as images, the EER
format saves the time and location of recording of each detected electron event, thus
preserving the full temporal and spatial resolution of data, allowing 3D reconstructions to

reach higher resolution®”’.

The collection of a new dataset, using a Titan Krios microscope equipped with a Falcon 4
detector with a 10 eV energy filter, generated a structure at a global resolution of 2.6 A
using D2 symmetry (Figure 5-1 and Figure 5-2). Consistent with the 4 A structure, we see
tetrameric arrangement of GS in complex with the C-terminal GS interacting region of GN.
The oligomeric state of human GS is in agreement with the crystal structures of the yeast
GS and C. elegans GS enzymes, with root mean square deviation (RMSD) values of 0.9

A (between 522 Co atom pairs) and 1.1 A (between 484 Co atom pairs) respectively
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(Figure 5-3a and b). Consistent with the previous 4 A cryo-EM structure human GS, we

also see the inter-subunit domain that houses the phosphorylation sites (Figure 5-2e).
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Figure 5-1: Tetrameric human GS in complex with human GN34

to the GN3* C-terminal region is shown in green. b Human GS-GN3* cartoon model shown in ribbons
coloured by corresponding chain (left). Interaction between GS and GN3* (right).

This higher resolution structure now allows for de novo model building of residues 300-
332 of the GN C-terminus (GN**). Four GN peptides bind to the GS tetramer, and these
residues form a helix-turn helix, where the first helix is denoted BH1 and the second as
BH2 (Figure 5-1b). This structural organisation is similar to the C. elegans GS-GN** crystal
structure®, with an RMSD value of 0.8 A (between 30 Ca atom pairs) (Figure 5-3c). The
binding of this helix-turn-helix is mediated by combination of hydrophobic and hydrogen
bonding interactions involving o4, a9 and a10 from human GS, and is consistent with the

interactions observed for GS-GN** from C. elegans® (Figure 5-3c).
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Figure 5-2: Cryo-EM analysis of GS-GN(Y195F)

a Representative micrograph and 2D class averages. b Flow chart of data processing. 3D classes
boxed were taken forward for subsequent processing. ¢ FSC curve for the final map. d Euler angle
distribution of particles used for the 3D reconstruction. Height of rods represents number of
particles, and red indicates a high number of particles and blue indicates a low number of particles.

e A 3D refinement map shown at a lower threshold to visualise the phosphoregulatory “spike”
region.
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Figure 5-3: Comparison of human GS to previous crystal structures

a Human GS (HsGS) has a tetrameric arrangement, agreeing with crystal structures of yeast GS
(yGS) (yellow, PDB ID 3NAZ). b HsGS tetrameric arrangement agrees with the crystal structure of
C. elegans GS (CeGS) (PDB ID 4QLB). The area boxed is shown in ¢. ¢ HsGN3 is consistent with
the CeGS-GN3* structure (PDB ID 4QLB).

5.3 Analysis of the human GS structure

5.3.1 Mechanism of GS inactivation
A unique feature of metazoan GS is that both N- and C-terminal tails are phosphorylated.
However, previous crystal structures of yeast and C. elegans GS have lacked an
understanding of the inhibited state of GS, due to a lack of sequence conservation in these
phosphoregulatory regions (Figure 1-15) and expression in bacteria, meaning GS was not
phosphorylated. Thus, the mechanism by which the N- and C-terminal tails participate in

enzyme inactivation has remained elusive.

We were able to build a model for the GS N-terminus starting from residue 13, and of the
C-terminus up to residue 625, and then from 630-639 (chain A/C) and 630-642 (chain B/D).
The N- and C-terminal tails of each GS protomer lie almost parallel to each other, and
travel side by side along the GS tetrameric core to reach the centre where they meet other
C-terminal and N-terminal tails from adjacent GS protomers (Figure 5-4). A 2.8 A cryo-EM
map of GS generated without the application of D2 symmetry averaging (Figure 5-5),
suggests that these two C-terminal tails do not engage GS in a symmetrical manner. One

chain (chain A) disengages with the GS core earlier than the other C-terminal tail from the
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adjacent protomer (chain B), and begins to traverse away from the core. However, the C-
terminal tail from chain B continues to travel further across the regulatory helices than
chain A. This allows chain B to interact with the regulatory helices 022, specifically S641
engaging with four arginine residues, R588 and R591 from both chain A and chain B, which
we have termed the “arginine cradle” (Figure 5-4). From our immunoblotting data and
phosphorylation mapping analysis (Figure 3-12, Figure 3-13 and Table 3-1), we know our
GS enzyme is phosphorylated at S641. Moreover, in the chain that interacts with the
arginine cradle we have modelled S641 as phosphorylated (pS641) (Figure 5-4).
Interestingly, there is only room for one pS641 residue, and the other chain is relocated
into the “spike” region. S641 (site 3a), the first C-terminal phosphorylation site, was shown
to have a dominant role in the regulation of GS'??°, and interaction of pS641 with the
arginine cradle in helix 022 shows the mechanism of inactivation which constrains the GS

tetramer in a “tense state”.

GS chain B

.. GS chain B
arginine

cradle

Figure 5-4: Autoinhibition of human GS

Human (Hs)GS-GN?34 structure shown in ribbons (top left). The N- and C- terminal tails of one GS
protomer (chain A) lie next to one another and move towards the adjacent protomer, meeting the
N- and C-terminal tails from chain B. Arrows indicate continuation of cryo-EM density (top right).
Electron density (C1 symmetry) for phosphorylated S641 (pS641) interacting with R588 and R591

on the regulatory helices 022 (bottom).
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Figure 5-5: Cryo-EM analysis of human GS-GN(Y195F) complex without the application of
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a Flow chart of data processing strategy used. 3D classes boxed were selected for subsequent

processing. Final map at a global resolution of 2.8 A is shown. b FSC curve for the final map. The

resolution was calculated using the gold-standard FSC cut-off at 0.143 frequency.

5.3.2 Relationship between allosteric activation and inhibition by
phosphorylation

The regulatory helices a22 which interact with pS641 are also known to interact with the
allosteric activator G6P (Figure 5-6a). The arginine residues R582 and R586% on 022,
along with other residues in the G6P binding pocket, stabilise G6P binding and induce
conformational changes in the GS tetramer leading to a more open active site and a higher
activity state®. This reveals that interactions involving the regulatory helices a.22 are vital
in responding to both activating and inhibitory stimuli. Previous studies hypothesised that
the phosphoregulatory regions may be able to engage with the allosteric binding site and
thus directly compete with G6P binding. However, this human GS structure in the inhibited

state does not support this hypothesis as we see no additional density for the
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phosphorylated tails in the G6P binding site (Figure 5-6a). Instead, we speculate that the
phosphoregulatory regions indirectly affect G6P binding by constraining the opening and
closing of the GS tetramer.

yGS activated state

tetramerisation

oy

Figure 5-6: The active and allosteric binding site in inhibited human GS

a Close up view of the allosteric binding site and pS641 binding. Helices a22 interacts with both
glucose-6-phoshate (G6P) and pS641. G6P is modelled using the yeast GS + G6P structure (using
PDB ID 5SUK). The residues involved in the G6P and phosphate interaction and are shown as
sticks. b Close up view of the closed active site. UDP is modelled in the active site (using PDB ID

303C) and the residues involved in the interaction are shown as sticks and labelled. ¢ GS
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monomers from the human (HsGS) inhibited state, the yeast (yGS) activated (PDB ID 5SUK) and
yGS basal in complex with UDP (PDB ID 303C). GS monomers were superimposed using the
tetramerisation domain, revealing a tightening of the monomer in order to close the active site, as

indicated by the arrow.

In comparison to the G6P bound state, the active site in inhibited human GS appears
closed (Figure 5-6b). This suggests that accessibility to the catalytic site may dictate the
activity state of the GS enzyme. In addition, when comparing the conformation of the GS
monomer across activity states, by superimposing on the tetramerisation domain, a much
tighter conformation is observed in the inhibited state (Figure 5-6¢). This closure involves
both the N-terminal and C-terminal domains, as highlighted by the movement of both a3
and a22 helices. We postulate that this tightening and closure of the GS protomer results
in a closure of the active site that results in a less active enzyme. Collectively, our structural
analyses support a model by which phosphorylated N- and C-terminal tails inhibit the GS
tetramer by constraining a tense conformation and blocking substrate access to the

catalytic site.

As discussed in the introduction (see section 1.4.1), the regulatory helices have been
widely investigated and they are thought to have a role in determining the activity state of
GS. Comparing the distance between the regulatory helices («22) in adjacent monomers,
the distance changes according to the activity state of GS (Figure 5-7). In the
phosphorylated human GS structure, helices a22 lie 7.9 A apart when measuring Ca-Ca.
distances from Arg591 on chain A and Arg580 on chain B (Figure 5-7). The similar
measurement of the corresponding residues in yeast proteins reveals that in a structure of
a mimic of the inhibited state, where residues R589 and R592 were mutated to Ala and
GS was produced in bacteria, the helices are close together at 8 A (Figure 5-7). This is
comparable to the phospho-human GS, where phosphorylation appears to contribute to
the closing of the regulatory helices constraining the GS tetramer and thus locking it in a
tense, inactive state. In the basal state of yeast GS, these helices are positioned further
apart at 11 A, and in the G6P activated state they are furthest apart, at 16 A (Figure 5-7).
This suggests a role of these helices in altering the conformation of GS, as well as altering
the accessibility for substrate binding, moving GS into an inhibited “tense” state or an
activated “relaxed” state. Moreover, a model where phospho-S641 leads to GS tetrameric
closure into a “tense” state, where substrate access to the active site is blocked is
proposed. And this autoinhibition can be overcome by G6P, which in turn drives the helices

away from each other, releasing this “tense” state and forming a “relaxed” activated state.
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Figure 5-7: Positioning of the regulatory helices across various activity states

Comparison of distances between regulatory helices of adjacent monomers of human GS (HsGS)
(reported here), low activity inhibited mimic (PDB ID 5SUL), basal state (PDB ID 3NAZ) and
glucose-6-phoshate (G6P) activated (PDB ID 5SUK) yeast GS (yGS) crystal structures. Quoted
distances were measured from Ca of Arg591 (chain A) and -Ca of Arg580 (chain B) of HsGS and

corresponding yeast residues.

5.3.3 Role of the N-terminal tail

The position of the extreme N-terminus is markedly different in human and C. elegans GS
structures compared to yeast. The majority of the first B-strand in all 3 species is in a similar
position. In human and C. elegans GS the residues preceding 31 move towards the
regulatory helices, however in yeast, the extreme N-terminus is in the opposing direction
(Figure 5-8a). The structural analysis of C. elegans GS proposed a hypothesis where
phosphorylation could enable the N-terminal tail to engage with the regulatory helices™.
Our structure of the human, phosphorylated enzyme supports this hypothesis, although
the current density does not allow model building before residue 13. To aid model building
and electron density interpretation, the program LAFTER*? was used. LAFTER uses a
local denoising filter to recover features across a wide range of signal to noise ratios and
produces a denoised map. This denoised map reveals additional density present next to
the regulatory helices (Figure 5-8b). This suggests that the N-terminal phosphorylation
sites, S8 and S11, are positioned near to the regulatory helices, specifically adjacent to
R579 and R580, thus also playing a role in the inhibition of GS (Figure 5-8b).
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Figure 5-8: N-terminal tail position in HsGS, CeGS and yGS

a Human (HsGS) and C. elegans (CeGS) GS N-terminal tails are positioned towards the regulatory
helices. However, the N-terminus of yeast GS (yGS) is facing away from the regulatory helices. b
LAFTER was used to produce a denoised map, which reveals additional density for the N-terminus

of HsGS near the regulatory helices, however, the resolution does not allow model building.

5.3.4 Comparison to the AlphaFold predicted model
The GS core containing the two Rossmann fold domains were predicted to a high level of
accuracy by AlphaFold??® in comparison to the human GS structure (RMSD 1.0 A between
575 Ca atoms) (Figure 5-9a). However, the position of the N- and C- terminal tails do not
agree entirely with our inhibited structure (Figure 5-9a). Nevertheless, the position of S641
in monomeric GS predicted by AlphaFold is consistent with our cryo-EM structure where
phospho-S641 is modelled (Figure 5-9b). This indicates that an interaction between S641
and the arginine cradle may also be possible in the non-phosphorylated state, although
the negative charge on the phosphate group would naturally strengthen the interaction

with the positively charged arginine cradle.
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Figure 5-9: Comparison between cryo-EM human GS and AlphaFold GS

a Comparison of human GS monomer model (reported here) with the AlphaFold model (accessed
on 1 October 2021) and position of the N- and C- terminal tails. b Comparison of human GS pS641
cryo-EM model with the AlphaFold model.

5.4 Dislodging the phosphoregulatory region

Due to the flexibility of the N- and C-terminal tails, we were unable to build phosphorylated
residues other than phospho-S641. However, we can see the beginning of the flexible
phosphoregulatory “spike” region and residues from the GS “core tetramer” which interact
with this regulatory region. To investigate the mechanism of GS inactivation, we mutated
residues in GS that contact the beginning of the phosphoregulatory region. We selected
residues which are not involved in G6P binding and mutated these in order to “dislodge”
the regulatory tails (Figure 5-10). If the “spike” region which houses the remaining
phosphorylation sites are indeed maintaining GS in an inactive state, then weakening the
interaction between the core tetramer and the N- and C-termini inhibitory regions should
create an enzyme with higher basal activity in comparison to the WT. Therefore, the
structure-guided mutagenesis resulted in the generation of the following GS mutants:
R588A+R591A, Y600A, R603A, H610E, S641R, W18A.
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Figure 5-10: GS mutations created in order to dislodge the phosphoregulatory regions

Model of human GS in complex with GN C-terminus and cryo-EM map shown in transparent surface
and coloured by chain. The phosphoregulatory region that houses the majority of the
phosphorylation sites is shown in grey and labelled (left). The N- and C-terminus of one GS
protomer (blue) and the C-terminal of the adjacent GS protomer (purple). The residues which are
mutated in this study are show as sticks. Glucose-6-phoshate (G6P) is modelled using the yeast
GS + G6P crystal structure (PDB ID 5SUK) (right).

5.4.1 Production of GS mutants
All mutants were generated via site directed mutagenesis and confirmed by DNA
sequencing. Similar to GS WT, mutants were co-expressed with GN(Y195F) in insect cells
and subsequently purified via nickel affinity chromatography and size exclusion (Figure
5-11).
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Figure 5-11: Purification of GS mutants in the GS-GN(Y195F) complex
Size-exclusion chromatography profile of GS WT and mutants in the GS-GN Y195F complex (left),
and SDS-PAGE analysis of the corresponding mutants (right).

5.4.2 Dislodging the phosphoregulatory region increases basal activity
Consistent with our hypothesis, we observed a marginal increase in basal (-G6P) GS
activity in R688A+R591A, Y600A, R603A, H610E and W18A mutants, that was reflective
of the phosphorylated state at residues S8, S641 and S645 (Figure 5-12a and b). No
increase in basal activity was observed for S641R, potentially as this mutation is furthest
away from the base of the “spike region” (Figure 5-10 and Figure 5-12a). All mutants were
unaffected in terms of co-purification with GN, and with the exception of R588A+R591A
mutant, they had similar melting (Tr) profiles and oligomeric state to the WT GS complexes
(Figure 5-11 and Figure 5-12b and ¢ and Figure 5-14). As expected, most mutants could
still be activated to similar levels to the WT upon addition of G6P (Figure 5-12a), which is
consistent with previous studies that demonstrate that G6P can override inhibition by
phosphorylation and restore full activity!. With the exception of Y600A which did not
recover to full activity following G6P activation, and although Y600 does not directly bind
to G6P, UDP or sugars®®®, it is possible that this hydrophobic residue is important for

interdomain movements which are required for full GS activation.
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Figure 5-12: GS mutants increase basal activity

a Activity of GS WT and indicated mutants in the GS-GN(Y195F) complex in the presence and
absence of glucose-6-phoshate (G6P) (left) and -/+ G6P activity ratio (right). Data are mean +/-
S.E.M representative of two independent experiments performed in technical triplicates. One-way
analysis of variance, (Tukey’s post hoc test); exact p values are shown. b Western blot for human
GS phosphorylation sites S641/645, S641, S8, and total GS and GN. ¢ Melting temperature (Tm) of
GS WT and mutants in the GS-GN(Y 195F) complex. Changes in melting temperature upon addition
of 125 mM G6P (ATm = Tm*C®"—T, 7). Data are mean +/- S.E.M from three independent
experiments carried out in technical duplicates (dephosphorylated GS) and triplicates (WT and
mutant GS).

5.4.3 Dislodging the phosphoregulatory region increases accessibility to
phosphatases
To further investigate the effect of dislodging the phosphoregulatory region we examined

selected mutants, R588A+R591A, R603A and W18A in their response to



134

dephosphorylation. The C-terminal mutants R588A+R591A and R603A were chosen as
the largest difference in basal activity was observed (Figure 5-12a), and W18A was
selected to investigate a potential role of the N-terminus. Upon addition of PP1 and lambda
PP, these GS mutants were more robustly dephosphorylated at S641 and S8 than WT GS
(Figure 5-13a). This suggests that the dislodging increases exposure of the “spike” region
to phosphatases. For the W18A mutant, this dephosphorylation by both lambda-PP and
PP1 resulted in over a 20-fold increase in basal activity, and also, an approximately 3-fold
increase in comparison to WT GS (Figure 5-13b). The GS R603A-GN(Y195F) mutant has
a basal activity similar to WT GS upon dephosphorylation. Surprisingly, the robust
dephosphorylation at S641 and S8 in GS R588A+R591A was not associated with an

increase in activity (Figure 5-13).
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Figure 5-13: GS mutants increase accessibility to phosphatases

a Immunoblots of GS WT and mutants in the GS-GN(Y195F) complex after dephosphorylation with
protein phosphatase 1 (PP1) and/or lambda protein phosphatase (lambda PP). b Activity of
phosphorylated and dephosphorylated GS WT and indicated mutants (left) and -/+ glucose-6-
phoshate (G6P) activity ratio (right). Data are mean +/- S.E.M representative of two independent
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experiments performed in technical duplicates. Two-way analysis

test); exact p values are shown.
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Figure 5-14: Stability of GS WT and mutants in the GS-GN(Y195F) complex
a Differential scanning fluorimetry (DSF) analysis of GS WT, various mutants and dephosphorylated
GS in the GS-GN(Y195F) complex. Addition of glucose-6-phosphate (G6P) leads to stabilisation of
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the complex, seen by an increase in melting temperature. b Changes in melting temperature (ATm)
was calculated by subtracting the Tm of 0 mM G6P of the corresponding protein. Data in b is shown
as mean +/- S.E.M. Data in a and b are the mean from three independent experiments carried out
in technical duplicates (dephosphorylated GS) and triplicates (WT and mutant GS). ¢ Mass
photometry analysis of GS mutants in the GS-GN(Y195F) complex. Expected stoichiometry is
indicated by a cartoon representation of the complex, where each GS protomer is coloured in blue,
purple, pink and turquoise and the GN dimer is shown in green.

As described previously, R588 and R591 lie on the regulatory helices and are also involved
in inter-subunit interactions and form the arginine cradle that interacts with phospho-S641
(Figure 5-4). We observed some dissociation of the GS R588A+R591A double mutant
complex in mass photometry (Figure 5-14c). This dissociation was also seen in cryo-EM
analysis of the GS(R588A+R591A) — GN(Y195F) complex. In 2D classification some GS
tetramer can be seen, however some classes do not resemble the tetramer (Figure 5-15).
Although it is difficult to distinguish between 2D projection views and dissociation, the ab
initio models generated have poor density that does not fit the GS tetramer well (Figure
5-15). Due to the poor ab initio classes obtained from this dataset, image processing was
terminated. These results are suggestive of dissociation of the complex, in agreement with
mass photometry analysis and multiple melting peaks in thermostability assays (Figure
5-14). Therefore, the role of R588 and R591 in stabilising the GS tetramer may be the

cause for the lack of rescue of activity upon dephosphorylation (Figure 5-13).
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Figure 5-15: Cryo-EM analysis of GS(R588A+R591A)-GN(Y195F)

a Representative micrograph. b Data processing pipeline. 2D classification revealed some classes
which resemble the GS tetramer, however some classes do not and these are potentially
dissociated complex. The ab initio models generated do not fit the GS tetramer (reported here) well.

5.5 Chapter summary

This chapter reveals a higher resolution structure of human GS at 2.6 A. A key discovery
is the interaction of phosphorylated S641 with the arginine cradle situated on the regulatory
helices a22. This autoinhibition mechanism indicates a vital role of helix a22 in both
allosteric activation and covalent inhibition. Structure guided mutagenesis revealed that
dislodging the phosphoregulatory region results in an increase in basal activity, as well as
leaving the phosphorylation sites more accessible to phosphatases. The structure reveals
inter- and intra-protomer interactions of the N- and C-terminal tails within the GS tetramer,
thus highlighting a crucial role of these regulatory regions in holding GS in a “tense” and

inactive state.
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6 Chapter 6: Discussion

6.1 Overview
GS is a metabolic enzyme involved in glycogen synthesis, and is the rate-limiting enzyme

in this process. Despite the extensive investigation into GS enzyme kinetics and structural

I86,87 t88,90,91

determination of bacteria , yeas and C. elegans™® GS, the regulation and

structure of human GS remained elusive. This has hindered the development of GS
inhibitors?*%2%% which is a potential therapeutic to treat GSDs.

The first results chapter in this thesis (see chapter 3) shows optimisation of the expression
and purification of the full-length GS-GN complex. In addition, the stoichiometry of the
complex was measured by mass photometry and nsEM, revealing two flexible GN dimers,

one on either side of a GS tetramer.

The second results chapter in this thesis (see chapter 4) aims to address the current lack
of structural information for human GS. A global resolution of 4 A was achieved through a
combination of sample and data processing optimisation steps. These efforts resulted in
the first insights of the inhibited state of GS. In addition, efforts towards producing and

analysing an activated and a basal state enzyme are shown.

Finally, the third results chapter in this thesis (see chapter 5), shows determination of a
high-resolution structure of human GS, at a global resolution of 2.6 A. This structure
revealed the mechanism of inactivation through phosphorylation at the N- and C-terminal
tails in unprecedented detail. This enabled the design of structure-guided mutants to
elucidate the role of the inter-subunit domain named the “spike” region and elucidate new

details of GS biological mechanism of action.

This discussion will reiterate some of the key findings of this thesis, as well as describing

and explaining results in the context of previous studies and suggesting future directions.

6.2 Cooperation of GS and GN during glycogen synthesis

The co-expression of full-length human GS and GN successfully produces a stoichiometric
complex, and nsEM analysis shows two GN dimers co-ordinating a GS tetramer (Figure
3-11). The different positions of the GN dimers, with one being more tilted towards GS,

show that these proteins are flexible. The 4:4 stoichiometry of this complex suggests that
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GS can potentially elongate four glucose chains simultaneously, one from each GN

protomer, however further work is required to confirm this.

The high-resolution structure of human GS has shown the mechanism of inactivation
through auto-inhibition; however, it is still not clear why human GS requires stabilising
interactions with GN to be expressed, unlike its yeast and C. elegans counterparts.
Especially considering the GS-GN** interaction is very similar in both humans and C.
elegans (Figure 5-3). Recently, another study has also solved the structure of human GS
in complex with the C-terminus of GN (GN>*)***. The authors identified three GS cysteine
residues (C137, C189 and C251) at the GS-GN** interface that they propose are
responsible for the need to co-express human GS with GN. The distances between these
residues are within disulphide bonding distance, and visualising the electron density map
at lower threshold suggests possible disulphide bonding between two of these cysteines.
However, in both the 4 A and 2.6 A described in this thesis, no evidence of disulphide
bonding was observed. The lack of conservation of this cysteine pocket in C. elegans
(substituted by C154, L207 and T269) and yeast GS (substituted by V126, P177 and S240)
(Figure 1-15) may explain this unique requirement of human GS, as in the absence of GN
this cysteine pocket would be solvent-exposed and may lead to aberrant disulphide

bonding®*.

It is evident from our negative stain and cryo-EM analyses that GN is flexible in the GS-
GN complex, and the two GN dimers neighbouring a GS tetramer do not interact in an
identical manner, with one GS dimer tilted closer towards GS in comparison to the other
(Figure 3-11). This observed mobility of GN may be aided by the variable length linker, that
joins the catalytic domain and the C-terminal region that anchors GS. The linker length
was shown to govern glycogen particle size and molecular weight distribution in vitro%,
however further investigation is required to understand the precise functional relevance of
this movement. It is exciting to speculate that the ability for GN to interact flexibly with GS
may facilitate the wide range of size and distribution of glycogen particles seen in multiple

species and tissues®’.

6.3 Mechanism of GS inactivation

Overall, our structure of human GS in the phosphorylated state reveals auto-inhibition of
the enzyme. Phosphorylated S641 (site 3a) from one protomer interacts with the arginine
cradle, R588 and R591 from two GS protomers, which lie on the regulatory helices 022

(Figure 5-4). Interestingly, only one C-terminal tail can interact with «22 and the other tail
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from the adjacent protomer is excluded to the flexible “spike” region (Figure 5-4). This
interaction closes the regulatory helices and constrains GS in a “tense” state where the
active site is occluded, preventing substrate access and thus explaining why the enzyme

is in a low activity state (Figure 6-1).

This structure highlights an important role of phosphorylated S641 (site 3a) in the inhibition
of GS, which is consistent with previous mutagenesis studies in rabbit GS. This study
showed that upon phosphorylation by GSK3, a Ser to Ala mutation at site 3a resulted in
an increase of the activity ratio by around 6-fold in comparison to WT, meaning this mutant
enzyme is more active than the WT phosphorylated form''. This suggests that
phosphorylation at site 3a is critical in GS inactivation''. In addition, phosphorylation at
the other C-terminal sites, sites 5, 4, 3c and 3b did not have effect on G6P sensitivity in
comparison to unphosphorylated WT. Whereas introduction of the fifth phosphate at site
3a resulted in a 10-fold increase in the G6P concentration required for half-maximal
activity'?'. However, this G6P sensitivity is not necessarily due to site 3a only, as the other
four C-terminal sites of rabbit GS were also phosphorylated, in the nature of the sequential
phosphorylation''. Nonetheless, this study highlighted a dominant role for site 3a in the
inactivation of rabbit GS by GSK3.

The structure of human GS reported in this thesis revealed extra density nearby the
regulatory helices, where S8 and S11 (sites 2 and 2a respectively) may be located. This
suggests a role for the N-terminus in the mechanism of GS inactivation, consistent with
previous studies that revealed that phosphorylation at both the N- and C-terminus is
required for inhibition of rabbit GS™. It would be interesting to further investigate the role
of the human GS N-terminal phosphorylation sites by measuring activity in a delta C-
terminal GS construct or with the C-terminal phosphorylation sites mutated from Ser to
Ala. Although preliminary analysis of the protein expression would be required as this

majorly dephosphorylated enzyme may be unstable or insoluble.
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Basal GS
Dephosphorylated, basal state

Constrained “tense” GS
Phosphorylated, auto-inhibited state

Open “relaxed” GS Open “relaxed” GS
Phosphorylated, G6P activated state Dephosphorylated, G6P activated state

Figure 6-1: Regulation of the GS-GN complex

Glucose is converted into glycogen through the action of glycogenin (GN), glycogen synthase (GS)
and glycogen branching enzyme (GBE). GN interacts with GS to feed the initial glucose chain into
the GS active site for elongation. GS is regulated by allosteric activation and inhibitory
phosphorylation. Phospho-S641 (pS641) from one C- terminal tail interacts with the regulatory
helices 022 to cause enzyme inhibition. This can be relieved by glucose-6-phoshate (G6P), with or

without phosphatases, to reach a high activity state. Kinases can phosphorylate GS to inhibit the

enzyme.

The multiple phosphorylation sites of GS indicate a high level of redundancy, perhaps to
ensure GS remains in the inhibited state where a phosphorylated residue is interacting
with the arginine cradle. In addition, each phosphorylation site is regulated by different
kinases, meaning GS sits at the nexus of multiple signalling pathways. It is not known
whether only S641 can interact with the regulatory helices, and in a state of GS where
S641 is not phosphorylated, an alternative phosphorylation site can interact with the
regulatory helices, ensuring GS remains in its auto-inhibited state.
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Interestingly, R588 and R591 which form the arginine cradle and S641 are not conserved
in C. elegans GS (Figure 1-15). This suggests an evolutionary divergence and speculates
additional mechanisms for CeGS inactivation. The difference in the position of the N-
terminus in CeGS and HsGS (Figure 5-8) as well as the absence of the arginine cradle
suggests an important role of the N-terminal phosphorylation sites in the inactivation of

CeGS, perhaps interacting with the other arginine residues in the regulatory helices.

In this thesis, structure guided mutagenesis to elucidate the role of the GS
phosphoregulatory region was performed, in context of the GS-GN(Y195F) complex.
Mutating GS residues at the interface between the core and the “spike” region mostly
resulted in enzymes that had higher basal activity (-G6P), confirming the hypothesis that
the phosphoregulatory region holds GS in a constrained, inhibited state (Figure 5-12).
Three mutants were further investigated, and two of these mutants (R603A and W18A)
were more easily dephosphorylated and had higher basal activity upon dephosphorylation
compared to WT. This suggests that dislodging the “spike” region lead to the
phosphorylation sites being more accessible to phosphatases (Figure 5-13). Surprisingly,
mutating the arginine cradle (R588A+R591A), which interacts with phosphorylated S641,
showed robust dephosphorylation by immunoblotting, but did not have increased basal
activity upon dephosphorylation in comparison to phosphorylated GS R588A+R591A and
WT (Figure 5-13). Further analysis by mass photometry and cryo-EM showed dissociation
of this mutant complex, and so this may be the reason for the lack of rescue in activity
upon dephosphorylation. Further work to investigate the effect of these GS mutations in
the complex with GN WT would be interesting to evaluate any impact of glucosylation on

the regulation of GS.

Interestingly, arginine cradle residues have been mutated previously in yeast GS, by
mutating the corresponding residues R589A+592A°". The authors refer to this double
mutant as a ‘mimic of the phosphorylated state’, as they found yeast GS(R589A+592A) to
have an activity ratio similar to the yeast GS enzyme when it has been phosphorylated in
vitro. However, our observation that GS(R588A+R591A)-GN(Y195F) has higher basal
activity and activity ratio than GS-GN(Y195F) is not consistent with these findings in the
yeast enzyme. However, the activity levels of phosphorylated human GS and
phosphorylated yeast GS are yet to be directly compared, and due to the increased
number of phosphorylation sites in human GS in comparison to yeast GS, they are unlikely
to be comparable/similar. The authors did not report any dissociation of this yeast mutant

enzyme, however, as this protein was produced in bacteria it was not phosphorylated.
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Thus, perhaps dissociation only occurs when these arginine residues are essential for
binding to a phosphorylated residue to hold GS in a tense, inactive state. Overall, the
comparison across species and different expression systems may account for the

discrepancies.

Structural analysis of yeast GS(R589A+R592A) is similar to phosphorylated human GS,
with an RMSD of 0.94 A between 537 Ca atoms. The authors revealed that the regulatory
helices (022) in the yeast GS(R589A+592A) are closer together than in the yeast basal
state, at 8 A apart in comparison to 11 A (Figure 5-7). This is consistent with the human
GS inactive state where the regulatory helices lie 7.9 A apart (Figure 5-7), overall
highlighting a role for helices 022 in regulating GS activity across orthologues, and with

the fact that this yeast mutant is indeed inactive.

6.4 Regulation of GS

The structure of human GS highlights an essential role for the regulatory helices (022) in
GS inhibition. These helices are also involved in GS activation, as R582 and R586, are
involved in G6P binding, moreover, a22 plays a vital role in both allosteric activation and
covalent inhibition of GS (Figure 6-1). Recently, a study solved the structure of human GS
in complex with G6P?**. This revealed a binding mode similar to the previous structure
determined of yeast GS in the activated state®®, whereby G6P induces conformational
changes where the regulatory helices are pushed apart. In the human enzyme, this
activation dislodges pS641 interacting with the regulatory helices, leaving the active site
open. Interestingly, upon UDP-G binding to the activated state, each GS subunit is rotated
in order to close the active site, leaving GS in a catalytically competent state®®*. In this
structure, UDP-G was hydrolysed, where UDP remains bound in the active site and the
glucose is found adjacent to this pocket. The location of this glucose (+0) is adjacent to
the glucose binding sites identified in E.coli GS (+1, +2, +3)® (Figure 6-2), which suggests
a mechanism in which the growing glucose chain is fed into and out of the active site
through a cleft®**. However, further investigation into exactly how the primer glucose chain

is fed from GN into GS is needed to confirm this mechanism.

In addition, the structure of the basal, dephosphorylated state of human GS has not been
solved, leaving parts of the regulatory mechanism of GS elusive. Due to the instability of
dephosphorylated GS in vitro (Figure 4-21), it will be difficult to solve this structure.
However, it would be interesting to structurally investigate the observation that

dephosphorylation increases the affinity for G6P?*. In addition, the GS affinity for UDP-G
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is complicated and still unclear®®. It has been shown that high glycogen content decreases
the affinity for UDP-G in vivo®®, and also that dephosphorylation increases affinity for UDP-
G*’. However, the underlying structural mechanism of this remains unclear. Moreover,
further efforts into solving structures for these various states, as well as biochemical
studies, may shed light into the allosteric and covalent regulation of the kinetic properties
of human GS.

GS active site

UDP

glucose

Figure 6-2: The UDP and glucose binding sites in GS

At the time of writing, co-ordinates of the human GS structure in complex with UDP-glucose were
not available, moreover the yeast GS + UDP structure (PDB 303C) was used to place UDP and
the glucose residue (shown as a purple hexagon) was approximately placed based on a figure
shown in the pre-print of McCorvie et al, 2022?%. The glucose binding sites of E. coli GS (PDB ID
3CX4) are named positions +1, +2 and +3, which are adjacent to the human +0 glucose binding

site.

The extensive investigation into yeast GS identified six arginine residues (human residues:
R579, R580, R582, R586, R588 and R591) which are known in the literature as the
arginine cluster (Figure 1-15). Mutagenesis, kinetic and structural work has shown roles
for R580, R582 and R586, in the activation of GS, by interacting with G6P, in both yeast®®
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and human?*. The first two residues, R579 and R580, were proposed to be responsible
for allowing yeast GS to respond to phosphorylation and potentially involved in binding to
a phosphorylation site. While the final two residues, R588 and R591, were also thought to
be involved in the response to phosphorylation as well as setting the basal activity level by
keeping the regulatory helices apart when GS is not phosphorylated. The new structure of
human GS reported here has now confirmed the roles of the final two arginines (R588 and
R591) in the cluster, now termed the arginine cradle, in directly binding to a phosphorylated
residue. While the work described in this thesis resolves decades of investigation and
speculation about the arginine cluster, further work into fully understanding the roles of
R579 and R580 is required, particularly for human GS.

6.5 Future perspectives

Although the high-resolution structure of human GS described in this thesis has greatly
improved our knowledge of GS regulation, the cooperation of GS and GN in the synthesis
of glycogen still remains elusive. A potential method to investigate how GN feeds the
glucose primer into GS for elongation is to perform cryo-EM analysis of a catalytically
inactive GS in complex with WT GN. This analysis could hopefully characterise the
cooperation of GS and GN, and examine whether or not GS can extend glucose primers

from two GN dimers simultaneously.

A potential therapeutic for GSDs is to target enzymes involved in glycogen synthesis. In
the drug discovery process, cryo-EM is a tool that can be utilised to perform structural
analysis of small molecule inhibitors. The achievement of solving human GS at 2.6 A
shows that cryo-EM is a viable technique that can be used, as the high resolution allows
for structure activity relationship studies that are essential in the drug discovery process.
The structure will also allow for in silico structure-based drug discovery attempts, to identify
binders of GS in various pockets, including the active site and allosteric G6P binding site.
However, the flexibility of GN caused issues in the data processing and potentially hinders
the achievable resolution. One method to streamline the structure-based drug design
approach to allow more reliable and faster structure solving is to remove the globular
domain of GN. This could be completed by inserting a protease site in GN after the minimal
binding region to GS, moreover expressing the full-length complex and using protease
digestion to form a final product of GS in complex with GN3*. Alternatively, instead of co-
expressing GS and full-length GN, a construct that only contains the C-terminus of GN

could be designed. With the use of fusion tags to aid solubility, GN* could be co-expressed
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with GS, resulting in a less flexible complex than the full-length proteins which may be

more suitable for drug discovery programs using cryo-EM.

To investigate the purpose of multiple GS phosphorylation sites, a series of point mutations
altering each phosphorylation site to an alanine one by one, could answer whether it is
possible for other phosphorylation sites apart from pS641 to interact with the arginine
cradle. For example, if S641 is mutated to alanine, does the next C-terminal
phosphorylation site, S645, interact with the arginine cradle instead, or perhaps one of the
nearby N-terminal phosphorylation sites. Knowing GS is destabilised upon
dephosphorylation (Figure 4-21), ensuring only one phosphorylation site is mutated to
alanine at any one time should ensure GS remains soluble, allowing successfully
expression, purification and structural analysis. Creation and successful expression of
delta N-terminal or delta C-terminal GS constructs may be able to investigate this further,
and identify roles for each phosphorylated tail by structural analysis and also activity

assays.

In addition, molecular dynamic simulations could be performed using the structure of
human GS, which may be able to generate models of how other phosphorylation sites may
interact with the arginine cradle and may give insight into the purpose of the “spike region”

being flexible.

6.6 Therapeutic potential of targeting GS

Mutations of GS1 and GS2 are common in GSDs, and are often found within pockets of
GS, affecting G6P, sugar and UDP-G binding (Appendix 2). Some mutations also affect
the GS-GN* interaction (Appendix 2), which is consistent with the observation that this
interaction is essential for glycogen synthesis in vitro’. More recently, GS1 has emerged
as a therapeutic target for several GSDs, including Lafora disease'*®, Pompe disease®*®
and Andersen disease®. In these examples, pathogenicity is driven by excess glycogen,
therefore, inhibiting GS and in turn reducing glycogen levels could be beneficial'’®2%%-21,
However, the process has thus far been hindered by the lack of structural information of
human GS. Moreover, the ability to gain high resolution information of human GS will
certainly be beneficial in efforts to design GS inhibitors to target specific pockets. GS is an
attractive enzyme to target as it has several druggable pockets, including the G6P
allosteric site, the active site and also potentially the GS-GN** interface. Although the
allosteric site may offer a potential pocket, it may be difficult to mimic G6P with a small

molecule that is suitable as a therapeutic treatment due to its negative charge. It is
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important to consider the differences in the sequences of GS1 (predominantly in the
muscle) and GS2 (exclusively in the liver) (Figure 1-15). Moreover, significant efforts must
be made to ensure a small molecule is selective for GS1, successfully lowering glycogen
levels in the abnormal areas yet not impacting overall blood glucose homeostasis. Further

work involving structural analysis of GS2 would aid this process.

Another potential therapeutic avenue for GSDs is to inhibit GS dephosphorylation, and
thus holding GS in an inactive state, by targeting PTG, the subunit of PP1 which targets
the phosphatase to GS. A mutation of PP1R3A (Raw), the regulatory subunit of PP1,
directly impairs glycogen synthesis and decreases glycogen levels in human skeletal

130 |t has been

muscle through decreasing GS activity and increasing GP activity
suggested that this mutation may be involved in the development of type 2 diabetes™”,
however it also shows that dysfunctional PP1 is not associated with detrimental health
consequences that cannot be treated. Moreover, reduction in muscle glycogen is tolerated

and thus this supports the safety and viability of this therapeutic approach.

6.7 Conclusions and final remarks

The structure of GS has been solved at 2.6 A resolution by cryo-EM. This represents the
first structural analysis of human GS and the first structure of the phosphorylated, inhibited
state. This revealed that the phosphorylated N- and C-terminal tails form “spike” regions,
and we propose that its dynamic nature provides a functional redundancy mechanism.
This region holds GS in a constrained “tense” state, allowing pS641 to engage with the
regulatory helices. As well as exposing phosphorylated residues to phosphatases, N- and
C-termini regulatory regions allow a “tuneable rheostat” rather than an on/off switch for
regulating GS activity. The structure of human GS described in this thesis represents an
invaluable resource for understanding GS disease mutations, as well as for discovery and

investigation of small molecule inhibitors of GS.
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