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Abstract

Phosphoenolpyruvate carboxykinase (PEPCK) enzymes are central to glucose metabolism, with
their main role in catalyzing one of the first steps of gluconeogenesis. In addition to its primary
role, PEPCK is also involved, whether directly or indirectly, in glyceroneogenesis, amino acid
metabolism, and lipogenesis. The PEPCK enzyme is responsible for the conversion of oxaloacetic
acid to phosphoenolpyruvate using a triphosphate nucleotide as a phosphoryl donor. This
dissertation focuses on human cytosolic PEPCK and Escherichia coli PEPCK as representative

enzymes of the PEPCK family.

The hcPEPCK enzyme is well characterized and extensively studied. Recent research suggests a
new role for this enzyme, and potentially other GTP-dependent PEPCKS, as a protein kinase.
hcPEPCK is thought to phosphorylate the ER protein INSIG, resulting in a cascade effect leading
to increased lipogenesis. Expanding upon the information in the literature, phosphomimetic
mutants were used to study the effects of phosphorylation on hcPEPCK, and its subsequent

interactions with the INSIG protein.

The ATP-dependent PEPCKSs are less studied than their GTP counterparts, and some of the
research in the literature is not up to date. Historically, the bulk of the research has involved GTP-
dependent PEPCK. Using E. coli PEPCK as a proxy for the ATP-PEPCK class, a full kinetic and
structural characterization was performed to further our understanding on these enzymes and
compare differences and similarities between the classes. In addition, a new *'P-NMR assay was
designed to address the hypothesis that ATP-dependent PEPCK can catalyze two additional
reactions: the conversion of phosphoenolpyruvate to pyruvate (pyruvate kinase-like activity), and

the nucleotide-dependent catalysis of phosphoglycolate.
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Chapter 1: Introduction to phosphoenolpyruvate carboxykinases and a
brief review of the literature

1.1 Historical characterization of PEPCK in the literature

PEPCK enzymes, as we know them today, were first reported on in the early 1950°s and were
initially named oxalacetic carboxylases. The earliest known report by Utter and Kurahashi
describes the enzyme isolated from chicken liver, and references the fixation of CO> generating
OAA, requiring a nucleotide diphosphate as a cofactor.}? Subsequent studies showed that the
enzyme preferentially catalyzed the reaction in the direction of net OAA decarboxylation.® Up to
this point in time, it was assumed all PEPCK enzymes belonged to the same class and used ATP
as their phosphoryl donor nucleotide, until nucleotide specificity was determined in 1957, and
that chicken liver PEPCK preferentially used GTP nucleotide instead.* By the 1960’s these
enzymes were renamed phosphoenolpyruvate carboxykinases due to their mechanism of action
and their role in gluconeogenesis, and further characterization of PEPCK enzymes continued
since then.

PEPCK enzymes have primarily been characterized to both understand their metabolic role in
vivo, as well as being used as model enzymes to study more general structure-function
relationships and the role of dynamic processes in catalytic function. As the field of enzymology
grows, our understanding of PEPCK function and the enzyme family as whole increases steadily.
Our collective knowledge of PEPCK has expanded to include three different families, ATP- (EC
4.1.1.49), GTP- (EC 4.1.1.32) and the recently re-classified PP;-dependent PEPCKs (EC
4.1.1.38). Structural insight into the family was first achieved when the first PEPCK crystal
structure, derived from E. coli, was reported by Matte et al., in 1996.>° The first GTP-dependent

structure of the human cytosolic form was later solved in 2002. Lastly, only two crystal



structures of the PPi-dependent PEPCK enzyme have been submitted as of date, the first of
which was PP;-PEPCK from Actinomyces israelii in 2019, with the latter from

Propionibacterium freudenreichii being determined only recently in 2023.8

1.2 PEPCK’s role in gluconeogenesis and central metabolism
Phosphoenolpyruvate carboxykinase, or PEPCK for short, is a key metabolic enzyme known

primarily for its role near the beginning of the gluconeogenic pathway. Through this pathway,
PEPCK is involved in regulating glucose levels by catalyzing the rate-limiting conversion of
oxaloacetic acid (OAA) to phosphoenolpyruvate (PEP), ultimately regenerating the supply of
glucose in the cell.? PEP has the greatest high-energy phosphate bond available to a biological
system, and the conversion to pyruvate (via pyruvate kinase — Figure 1A) at the end of glycolysis
is generally unidirectional in vivo.>*! The PEPCK-catalyzed reaction is therefore one of two
reactions needed to regenerate the supply of PEP in the cell, the other being the pyruvate
carboxylase catalyzed conversion of pyruvate to OAA (Figure 1B).X° These three enzymes,
pyruvate kKinase, pyruvate carboxylase and PEPCK lie at the center of the pyruvate — PEP — OAA

node that is central to primary metabolism and carbon flux.*213
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Figure 1: Carbon flux: the PEP-pyruvate-OAA node

A) The irreversible formation of pyruvate from PEP catalyzed by pyruvate kinase, as the last step of
glycolysis. B) Regeneration of PEP in the gluconeogenic pathway, catalyzed by pyruvate carboxylase and
PEPCK.



In eukaryotes, the majority of the gluconeogenic pathway occurs in the cytoplasm, with the
exception of the initial conversion of pyruvate to OAA by pyruvate carboxylase, which occurs in
the mitochondria.®* Since the rest of the gluconeogenic enzymes that convert PEP to glucose-6-
phosphate reside in the cytosol, the missing link is PEPCK. GTP-dependent PEPCK enzymes
exist in two forms, cytosolic (C-PEPCK) and mitochondrial (M-PEPCK), although cytosolic
PEPCK is thought to be the primary contributor to gluconeogenesis.*>® Some species have only
one form, while in others PEPCK is split between the two isozymes.”*® There is high sequence
conservation between the two isozymes (68% identity, 86% similarity between the human
isoforms), and their structures are nearly identical.*>?° Henceforth, all discussion of GTP-

dependent PEPCK will refer to that of its cytosolic form.
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Figure 2: Simplified reaction map of glucose metabolism in the cell.

Glycolytic and gluconeogenic reactions, colour-coded in orange and blue, respectively, occur partially in
the mitochondrial matrix (left) and partially in the cytosol (right). Pyruvate, malate and PEP can cross the
inner mitochondrial membrane via specialized transport proteins, while OAA cannot traverse the
membrane.



The PEPCK-catalyzed conversion of OAA to PEP involves the transfer of a ‘high energy’
phosphoryl group (Figure 3). PEPCK uses a donor nucleoside triphosphate (NTP) to provide the
phosphate group, and transfers it onto the enolate form of pyruvate (formed as an intermediate),
generating the PEP product.?! Although this reaction is largely unidirectional as seen in the

gluconeogenic pathway in vivo, the reaction is thermodynamically reversible in vitro.'*
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Figure 3: PEPCK-catalyzed reaction in higher eukaryotes.

The PEPCK-catalyzed reaction written left to right in the physiological direction of gluconeogenesis.
Decarboxylation occurs first in the stepwise reaction, followed by the phosphorylation of the intermediate
by GTP.2!

1.3 Structural classification of different PEPCK enzymes

Phosphoenolpyruvate carboxykinases belong to the lyase family of enzymes (EC 4), specifically
the carboxy-lyases (EC 4.1.1). As mentioned earlier, the PEPCK-catalyzed reaction requires a
phosphoryl donor to phosphorylate the enolate intermediate and produce PEP. In higher
eukaryotes, including humans, guanosine triphosphate (GTP) is used as the phosphate donor.
However, prokaryotic organisms and some lower eukaryotes use adenosine triphosphate (ATP)
instead. This has resulted in further classification of PEPCK enzymes into two distinct families:

ATP-dependent PEPCK (EC 4.1.1.49) and GTP-dependent PEPCK (EC 4.1.1.32). As a general



rule, an organism will have either of the two types of PEPCK, but not both, though there are
exceptions.?? Both ATP-dependent and GTP-dependent PEPCKSs are found across all three
branches of life, including archaea.?! While it has been observed generally that higher eukaryotes
(human, rat, chicken) have GTP-dependent PEPCK and lower eukaryotes/prokaryotes (plants,
yeast, E. coli, etc.) have ATP-dependent PEPCK, it is not always the case, as several bacterial
species have been discovered to possess the GTP-dependent isozyme. Current research is not yet
decided upon whether these two classes arose from convergent or divergent evolution, though
current evidence suggests it is likely the latter.®

ATP-dependent PEPCK and GTP-dependent PEPCK are not very similar from a sequence
conservation perspective, as the amino acid percent identity is only ~20%. However, these two
isozymes share global structural homology (Figure 4), with a globular, bi-lobal structure
consisting of N- and C- terminal domains of roughly equivalent size, with the active site situated

in the junction of where these two domains meet.

ATP-PEPCK GTP-PEPCK

PDB ID: 1051

PDB ID: 2QEW
Model: Escherichia coli Rattus norvegicus
# residues: 540 622
Approx. kDa: 60 kDa 70 kDa
Nucleotide: ATP, ADP GTP, GDP

Figure 4: Structural comparison of ATP and GTP-dependent PEPCKs
Two representative structures were chosen from the PDB to represent the ATP- and GTP-dependent
classes of PEPCK. The N- and C-terminal domains are coloured blue and red, respectively.



Both isozymes undergo dynamic changes from open to closed states upon substrate binding,
analogous to a clam closing its shell to protect a pearl within. Much of the analysis that follows
has been determined via the rat cytosolic enzyme. The PEPCK active site contains three
catalytically active mobile loops: the P loop that is involved in nucleotide binding, the R loop
that coordinates the OAA/PEP substrate, and the Q loop that protects the active site from
unwanted chemistry after substrate binding (Figure 5).2*?° The Q-loop, aptly named for its
resemblance to the Greek letter omega, exists in a dynamic equilibrium between open and closed
states.?* Consistent with the dynamic requirements of the lid, the Q-loop is a flexible element of

the structure, and thus in some crystal structures the loop is so disordered that it can not be
modelled unless the crystal lattice has “captured” it in a stable conformation, usually via the

binding of substrates or other substrate analogs.

Figure 5: Catalytically active mobile loops in the PEPCK active site

Ribbon structure of rat cytosolic PEPCK is coloured ice blue. The R-loop is coloured blue, the P-loop is
coloured yellow, and the omega loop is coloured red. Both the oxalate ligand and the GTP nucleotide are
coloured by atom-type and rendered as ball-and-stick models. Manganese ions are coloured light pink and
represent the M1 and M2 metals. This diagram was generated using CCP4MG.2¢
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The active site also contains two different divalent metal cations, referred to as the M1 and M2
metals, respectively.* Binding of the M1 metal, typically manganese, generates the functional
holoenzyme. The M2 metal, usually magnesium, binds as a metal-nucleotide complex, serving to
stabilize the negative charge on the phosphates of the di/trinucleotide.

Superposition of ATP-PEPCK and GTP-PEPCK protein structures (Figure 6) reveals that the
three catalytically active mobile loops are nearly identical in structure. The R and P loops,
involved in the binding of the OAA/PEP and nucleotide substrates, respectively, and the omega
loop lid are superposed nearly perfectly. Of the low percentage of amino acids that are identical,
it stands to reason that they include the residues that are directly involved in substrate and

product binding. A pairwise sequence alignment compares the mobile loop sequences between

ATP and GTP-dependent PEPCK (Figure 7).

Figure 6: Superimposition of the active sites of £. coli and rat cytosolic PEPCK

R loop is coloured blue, P loop is coloured yellow, and omega loop is coloured red. GTP-PEPCK
structure is represented by the darker coloured loops, while the ATP-PEPCK structure is represented by
the brighter version (light blue, pale yellow and pink). This diagram was generated using CCP4MG.2¢
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Figure 7: Pairwise sequence alignment of ECPEPCK and hcPEPCK

The three catalytically active mobile loops characteristic of PEPCK enzymes are highlighted in a pairwise
sequence alignment. The R-loop sequence is highlighted in blue, the P-loop in yellow, and the Q-loop in
red. The alignment for ECPEPCK and hcPEPCK was generated using the EMBOSS needle global
sequence alignment web tool from EMBL-EBI. 272

Although both the ATP and GTP enzymes share the same global PEPCK core structure (RMSD
of 3.31A for human cytosolic and E.coli PEPCK, TM-score of 0.85), their quaternary state can
differ wildly by organism. Generally, GTP-dependent PEPCKs are monomeric, while the ATP-
dependent enzymes have a greater variability in their oligomeric state.?! E. coli PEPCK, one of
the more characterized ATP-dependent PEPCKs, is monomeric, while PEPCKs isolated from
plants are typically tetrameric. The highest level of oligomerization seen in PEPCK enzymes is

in Urochloa panicoides (fodder grass), in which PEPCK exists as a hexamer.>



Another lesser known class of enzymes, first characterized as PEP-carboxytrans-phosphorylases
in the 1970’s, has recently been reclassified as inorganic pyrophosphate (PPi)-dependent PEPCK
(EC 4.1.1.38), resulting in a third family of PEPCK enzymes. PP;-PEPCK enzymes are more
narrowly distributed than their nucleotide-dependent counterparts, and are absent in archaea.®?
As their name suggests, these related enzymes use pyrophosphate as their phosphoryl donor
rather than a nucleoside triphosphate. PP;-PEPCK enzymes are twice as large as their nucleotide-
dependent cousins, with roughly 1400 amino acid residues. At first glance they do not appear
structurally homologous to other PEPCK enzymes, but upon closer observation they share the
same core N- and C-terminal domains that make up the typical PEPCK protein structure (Figure
8). In contrast to the majority of nucleotide-dependent PEPCKs, kinetic analysis of the PP;-
PEPCK enzyme from P. freudenreichii reveals a preference for the direction of carbon fixation
(OAA synthesis).*! From an evolutionary standpoint, these enzymes are very intruiging, since
they share the same core PEPCK structure, yet are very distant from both ATP- and GTP-
dependent PEPCKs. Previous studies have looked into the evolutionary relationship between the
three classes of PEPCK enzymes, suggesting that the two nucleotide-dependent enzymes share a
common ancestor, while the pyrophosphate-dependent enzyme’s origins are questionable, due to
the sequence identity between PP;-PEPCK and NTP-PEPCKs being lower than 10%.23-! The
most recent research suggests that the PPi-PEPCK enzymes also share a common ancestor, due to
the structural similarity of the active site, including key amino acid residues involved in substrate

and metal binding.%3!



PDB ID: 2QEW PDB ID: 1051
GTP-PEPCK . ATP-PEPCK

PDB ID: 6K31
PPi-PEPCK

Figure 8: Structural comparison of the three classes of PEPCK enzymes

Three ribbon structures are depicted to demonstrate the structural similarities between ATP, GTP and PP;-
dependent PEPCK enzymes. The proteins are colour-coded blue and red to represent the N-terminal and
C-terminal domains, respectively. This diagram was generated using CCP4MG.?*

Aside from the core PEPCK domain structure, the PP;-dependent enzymes contain four external
‘lobe’ domains, of which their function is still not fully understood. Two of the lobes, lobe 2 and
lobe 3 (the largest and smallest lobes, respectively) are thought to make up the dimer interface,
upon binding small metabolites including OAA, malate and fumarate.?! Inhibition of PP;-PEPCK
activity upon dimerization is thought to be a form of enzyme regulation, as unlike either ATP or

GTP-PEPCKs, PP;-PEPCK appears to migrate between the two quaternary states, going from the

active monomer to an inactive dimer. Although the nucleotide-dependent enzymes can have
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higher quaternary states, the use of dimerization specifically as a potential mechanism of

regulation is thought to be unique to the PPi-dependent class of PEPCK enzymes.

1.4 Auxiliary roles for PEPCK in metabolism

PEPCK, as a metabolic enzyme is largely known for its role in glucose metabolism, converting
OAA into PEP and ultimately upregulating the level of glucose in the cell. Since PEPCK
controls this rate-limiting step of gluconeogenesis, gene expression of this enzyme is tightly
regulated by various hormones to ensure homeostasis of these interconnected metabolic
pathways. PEPCK is regulated at the gene level by stimulation via cAMP and glucagon, while
being inhibited by glucose and insulin (Figure 9).3234

s

[ cAMP, glucagon J

PEPCK

OAA PEP

[ glucose, insulin J

(|
Figure 9: Regulation of PEPCK gene expression by hormones.
Through regulation of PEPCK gene expression, gluconeogenic activity is stimulated by cAMP and
glucagon (as shown in green), and inhibited by glucose and insulin (as shown in red).
The PEPCK-catalyzed reaction of OAA - PEP sits at the junction of the citric acid cycle and
gluconeogenesis, and is considered a rate-limiting step of the latter pathway.® The citric acid
cycle is the central process of energy metabolism; however, intermediates of the cycle also
function as substrates in other interconnected biosynthetic pathways, including amino acid

synthesis, glyceroneogenesis and fatty acid synthesis.*® These cataplerotic processes are carefully

balanced with anaplerotic processes that replenish these intermediates. An example of such
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anaplerosis is the recycling of amino acid skeletons into the citric acid cycle.*® Catabolism of
amino acids produces various gluconeogenic precursors that can be disposed of via the citric acid
cycle. To prevent accumulation of these anions in the mitochondria, cataplerotic enzymes are
required to remove these excess intermediates from the cycle. PEPCK, for example, can remove
these anions in the form of OAA. Lastly, cataplerotic enzymes can ensure the citric acid cycle
does not run unchecked, needlessly wasting energy in the overproduction of ATP and the
reducing agent NADH. As PEPCK catalyzes the production of PEP, it also acts as a feeder
reaction for downstream metabolic processes. In addition to gluconeogenesis, PEPCK plays a
role in glyceroneogenesis, amino acid synthesis, and the aforementioned recycling of recycling

of carbon skeletons.®®

In contrast to PEPCK catalyzing the conversion of OAA to PEP as the first step of
gluconeogenesis, pyruvate kinase catalyzes the last step of glycolysis, converting PEP to
pyruvate.® During gluconeogenesis, pyruvate kinase is not stimulated by the various sugar
metabolites found in the glycolytic pathway, and is instead inhibited by MgATP to prevent PEP
from being converted back into pyruvate.®” Interestingly, a study by Zamboni et al. showed that
when pyruvate Kinase is knocked out in B. subtilis bacteria, ATP-dependent PEPCK is able to
work in the reverse of its normal gluconeogenic function, converting PEP to OAA.% This is not
completely surprising, as some microorganisms are known to use their PEPCK enzymes to
convert PEP to OAA for carbon fixation, which is especially useful in an anaerobic
environment.3*#! Beyond their canonical activity, there is even evidence that suggests some
ATP-dependent PEPCK enzymes, such as those from Saccharomyces cerevisiae, have the ability
to mimic pyruvate kinase activity and catalyze the conversion of PEP to pyruvate while

generating ATP from ADP.#?
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As mentioned earlier, PEPCK expression is inhibited by the hormone insulin. Normally secreted
in response to high blood glucose levels, insulin represses further gluconeogenic activity by
PEPCK. In patients who are insulin-deficient, PEPCK is overexpressed. In fact, overexpression
of the PEPCK enzyme in mutant mice has been proven to result in symptoms of type Il diabetes,

including the characteristic hyperglycemia.*

Overexpression of PEPCK is also seen in cancer patients. Cancer cells are able to hijack
metabolic processes in order to obtain the nutrients needed to support tumour cell proliferation. It
can also be noted that cancer cells favour anaerobic glucose metabolism over oxidative
metabolism.** Therefore, it is not surprising that gluconeogenic enzymes like PEPCK are
overexpressed or upregulated to increase citric acid cycle flux. By increasing the rate of both
gluconeogenesis and the citric acid cycle, cancer cells are able to utilize alternative metabolic
routes to fuel cell growth, even when glucose is unavailable.*® As is characteristic of cancerous
tumours, metabolic pathways are upregulated to provide nutrients for cell proliferation and
metastasis. It has been established that PEPCK has a role in gluconeogenesis and
glyceroneogenesis via its canonical carboxy-lyase activity (belonging to EC 4.1.1), however
recent studies have suggested that human cytosolic PEPCK moonlights as a protein kinase in the
SREBP pathway leading to increased lipogenesis in human hepatocellular carcinoma (HCC)
cells.*®47 It has been hypothesized that PEPCK phosphorylates the insulin-induced 1 protein
(INSIG) as part of a kinase cascade.*® This moonlighting activity has not been fully characterized
in PEPCK as of yet, and it remains to be seen if this putative role for the human enzyme is

unique or is conserved in other GTP-dependent PEPCKSs.
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1.5 Inhibition of PEPCK enzymes

Insight has been given into PEPCK regulation on several levels, from regulation of PEPCK gene
expression by various hormones, to phosphorylation and other post-translational modifications
and even regulation at the protein level, via small molecules, anions and other inhibitors. The
active site of PEPCK enzymes includes two binding pockets, one for OAA/PEP binding, and the
other for the nucleotide.?*® Therefore, it is not surprising that analogs of either the substrate or
the nucleotide have been characterized to bind with relatively high affinity. Substrate analogs,
including dicarboxylates modified from those found in the TCA cycle, phosphoryl
monocarboxylates and sulfonyl monocarboxylates were analyzed for inhibitory action.*® Some of
the analogs that yielded the greatest inhibition include oxalate, phosphonoformate,
phosphoglycolate, sulfopyruvate and sulfoacetate.*® From a structural standpoint, all of these
inhibitors are analogs of either the OAA substrate, the PEP product, or in the case of oxalate, an
analog of the enolate intermediate. The OAA/PEP binding pocket contains two distinct subsites
adjacent to each other, the OAA subsite and the PEP subsite, with the OAA subsite located in
closer proximity to the M1 metal. Structural analogs of OAA and PEP bind to one of these

subsites depending on their chemical structure.
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Figure 10: Substrates of the PEPCK-catalyzed reaction and some of their analogous inhibitors.%
Inhibitors are highlighted in blue and listed under their respective analogs. Compounds were generated
using ChemDraw from the ChemOffice+ suite.’'>
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A recent study characterized a novel molecule to bridge these two subsites together, resulting in
an inhibitor with increased potency against PEPCK. This inhibitor, 3-
[(carboxymethyDthio]picolinic acid, or CMP for short, uses 3-mercaptopicolinic acid (MPA —
historically known as an inhibitor of PEPCK®3%) as a chemical scaffold, together with an
extended carboxy tail to demonstrate occupation of both subsites simultaneously.*® By occupying
both of these subsites, CMP shows the possibility of creating novel inhibitors with increased

selectivity for PEPCK.

1.6 Summary and Objectives

In summary, aside from the structural information in the PDB databank, the majority of
information we have on PEPCK has been done on the GTP-dependent enzymes, with emphasis
on the rat and human cytosolic enzymes. The two nucleotide-dependent enzymes have been
studied independently of each other, and no comparative studies have been done between the two
classes using the same experimental techniques. The following chapters of the thesis address the
similarities and differences between ATP and GTP-dependent PEPCK enzymes, using E. coli
and human cytosolic enzymes respectively. A combined kinetic and structural approach was
used to elucidate key information on these enzymes, and prospective new roles for both the

human and E. coli enzymes are addressed.
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Chapter 2: hcPEPCK moonlights as a protein kinase potentially leading to
increased lipogenesis via the SREBP pathway

2.1 Introduction — INSIG, lipogenesis and PEPCK

PEPCK enzymes are well known for their role in gluconeogenesis and glyceroneogenesis as
metabolic kinases, or carboxy-lyases/decarboxylases. These enzymes have been thoroughly
studied for their role in the conversion of OAA to PEP. However, GTP-PEPCKSs may exhibit
protein moonlighting, as described in a recent study.*® It has been suggested that human cytosolic
PEPCK (hcPEPCK) has an alternative role as a protein kinase in a signal cascade that results in
increased lipogenesis.*® Upon phosphorylation by an AKT1 kinase, PEPCK activity is thought to
switch from its typical gluconeogenic pathway and instead phosphorylate the INSIG protein.*8
The INSIG protein, or insulin-induced gene 1 protein, while expressed in all tissues, is
overexpressed in the liver and is involved in the regulation of cholesterol homeostasis.*® Aptly
named, the INSIG protein is regulated by insulin. INSIG is a transmembrane protein that is
localized to the endoplasmic reticulum, that regulates sterol biosynthesis via a negative feedback

loop.*®

Sterol biosynthesis is regulated by the SREBP pathway, wherein the genes that encode for
biosynthetic enzymes are upregulated via transcription factors known as sterol regulatory
element-binding proteins (SREBPs).%’ This pathway has a unique feature — termed regulatory
intramembrane proteolysis (RIP) — that allows for the SREBPs to become activated in times
where cholesterol concentrations are low.*® Inactivated SREBP proteins are found in the ER,
where they exist as a complex with another transmembrane protein, SCAP (SREBP cleavage-
activating protein). SCAP proteins are able to escort SREBPs to the Golgi apparatus via COPII

vesicles, where proteases S1P and S2P cleave the functional N-terminal domain off the SREBP
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transmembrane protein.>*®° Then the activated SREBP can be translocated into the nucleus
where it can act as a transcription factor, upregulating biosynthetic genes and leading to

lipogenesis.®1:62

Cholesterol homeostasis is a delicate balance, since cholesterol (and other sterols) are needed for
everything from structural components of a cell to several different hormones. However, when
cholesterol is too abundant, it can aggregate and clog arteries, causing atherosclerosis and
increased risk of myocardial infarction. Therefore, when cholesterol biosynthesis is regulated via
a negative feedback loop — the presence of cholesterol itself represses biosynthetic gene
expression.®® Both SCAP and INSIG proteins are capable of binding sterols like cholesterol, and
upon binding cholesterol, they undergo a conformational change resulting in the formation of the
SCAP-INSIG complex (Figure 11).596384 Complexed with INSIG, SCAP proteins can no longer
escort SREBPs to the Golgi for activation, therefore repressing further biosynthetic gene

expression and in turn generating unneeded cholesterol when sterol levels are already plentiful.
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Figure 11: Negative feedback loop of SREBP pathway

A) In the absence of cholesterol, SCAP proteins escort SREBPs to the Golgi to be activated by S1P and
S2P proteases. The active SREBPs translocate to the nucleus, where they upregulate cholesterol
biosynthesis. B) In the presence of cholesterol, cholesterol binds to INSIG and SCAP proteins, forming a
complex and halting the SREBP pathway via a negative feedback loop.

However, in certain conditions where PEPCK is overexpressed, it has been suggested that

PEPCK acts to phosphorylate the INSIG protein, causing INSIG to be unable to bind to SCAP
efficiently, allowing for the negative feedback loop of the SREBP pathway to be abolished and
leading to uncontrolled lipogenesis (Figure 12).4® Conditions like these lend itself to cancerous

cell proliferation, and in fact PEPCK levels are often elevated in tumour cells, as expected.*>?
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Figure 12: A simplified diagram of the proposed kinase cascade leading to increased lipogenesis
In HCC cells even where lipid levels are high, PEPCK is thought to phosphorylate INSIG1/2, resulting in
the INSIG protein being unable to bind to the SCAP protein. The SREBP pathway is free to proceed as
though in the absence of cholesterol, bypassing the negative feedback loop and leading to abnormally
high levels of lipids in the cell.

Using co-immunoprecipitation analyses and mass spectrometry, it has been suggested that
PEPCK is phosphorylated at Ser90 by AKT1, allowing it to be translocated to the ER.*® Once
there, it phosphorylates the INSIG protein (Ser207 and Ser151 in INSIG1 and INSIG2,
respectively). There are two forms of the INSIG protein, INSIG1 and INSIG2, and these
isozymes are nearly structurally identical.>*% The mobile loop peptide sequence is conserved in
both isozymes: FDRSRSGF.* This sequence containing the phosphorylated serine (S151) is

located on one of the few cytosolic loops of the INSIG protein (Figure 13).
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Cytosol

Figure 13: Ribbon diagram of the human INSIG2-SCAP complex with 25-hydroxyl cholesterol
The INSIG protein is coloured blue, with the mobile loop depicted in green. The SCAP protein is
coloured red, and the sterol ligand, 25-hydroxyl cholesterol is coloured yellow. The ribbon
structure was generated using CCP4MG, using the PDB file (PDB ID: 6M49) obtained from the
PDR 26:64

Xu et al. states that phosphorylation of hcPEPCK at Ser90 results in decreased affinity for its
oxaloacetate substrate, reducing its ability to catalyze the canonical PEPCK-catalyzed reaction in
gluconeogenesis.*® Ser90 is located on the catalytically active R-loop in the PEPCK active site,
the mobile loop that coordinates OAA/PEP binding (Figure 14). It is also noted that
phosphomimetic mutants of PEPCK — S90D or S90E mutants that resemble phosphorylated
serine (Figure 15) — also show decreased affinity for the OAA substrate, “turning off”
gluconeogenic activity and therefore the production of PEP.* Therefore, in this chapter,
gluconeogenic activity of the wildtype and phosphomimetic SOOE mutant of human cytosolic
PEPCK will be analyzed to further our understanding of PEPCK’s potential role as a protein

kinase in SREBP-dependent lipogenesis.

20



Figure 14: Location of Ser90 in the active site of hcPEPCK

Ser90 is located on the R-loop in the hcPEPCK active site. The R-loop is coloured blue, the P-loop is
coloured yellow and the omega loop is coloured red. The catalytically active M1 metal, a manganese
cation, is depicted as a pink sphere. This ribbon structure was generated using CCP4MG.?°
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Figure 15: A structural comparison of serine, phosphoserine and their phosphomimetic
substitutions at neutral pH

Glutamate and aspartate are structural analogs of phosphorylated serine due to their long negatively
charged sidechains that mimic the negatively charged phosphate group.
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2.2 Materials & Methods

2.2.1 Materials

Nickel-NTA resin was from UBP-Bio and P-6DG resin was from Bio-Rad. PEP potassium salt,
NADH disodium salt (>96% purity), TCEP and DTT were from ChemImpex, GTP disodium salt
(>90% purity) was from BioShop, GDP disodium salt (95% purity) was from CombiBlocks,
oxalic acid (98% purity) was from Sigma Aldrich, and OAA (>97% purity) was from Millipore
Sigma. INSIG-2 peptide [amino acid sequence FDRSRSGF] was chemically synthesized (95%
purity) and obtained from BioBasics or Genscript. SYPRO Orange 5000X fluorescent dye was

from Invitrogen (Thermo Fisher).

2.2.2 Enzymes

The coupling enzymes pyruvate kinase (PK), lactate dehydrogenase (LDH) and malate
dehydrogenase (MDH) were purchased from Calzyme Laboratories. The plasmid expressing
His6-SUMO protease was a gift from C. Lima (Sloan-Kettering Institute, New York, NY) and

SUMO protease was expressed and purified as previously described.?*

2.2.3 Cloning & transformation of WT and S90E hcPEPCK

The gene sequence of both wildtype and phosphomimetic (S90E) human cytosolic PEPCK was
synthesized and cloned into a pE-SUMO-star (Kan) vector (LifeSensors PE-1101-0020) by
GenScript. The resulting plasmid allows for the expression of human PEPCK with a N-terminal

HISs-SUMO fusion with the tag cleavable by a SUMO protease, yielding authentic PEPCK
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protein with no additional amino acids. The plasmid was transformed into BL21(DE3)
Escherichia coli cells via the heat shock method. In brief, ~50 ng of plasmid DNA was added to
a tube of 100 pl of chemically competent BL21(DE3) cells and placed on ice for 30 minutes. The
mixture of DNA and cells was immersed in a 42°C water bath for 45 seconds before immediately
being placed back on ice for 5 minutes. 1 mL of LB media was added to the transformed cells,
and they were allowed to grow at 37°C for 1 hour before being plated onto LB-Kan media for
growth overnight at 37°C. Individual colonies were chosen to create glycerol cell stocks of
human cytosolic PEPCK (hcPEPCK). Pilot expression of these cell stocks was performed to

validate protein over-expression and solubility.

2.2.4 hcPEPCK protein expression and purification

Expression of the protein was initiated by inoculating 200mL of LB media supplemented with 50
pg/mL kanamycin with BL21(DE3) cell stocks containing the HISs-SUMO-PEPCK construct.
The flasks were incubated with shaking (170rpm) at 37°C overnight. The overnight culture was
divided into four aliquots and subsequently used to inoculate four flasks of 950 mL ZYP-5052
autoinduction media (AI)® again supplemented with 50 pg/mL of kanamycin. These Al cultures
were then incubated while shaking at 170rpm for 20-24 hours, at 20°C to induce expression of
the recombinant HISs-SUMO-PEPCK proteins. After protein expression, the culture media was
centrifuged at 5000 rcf for ten minutes to harvest the cells and the resulting cell pellets were

stored at -80°C.

The purification protocol for both WT and S90E hcPEPCK constructs was identical to that of the

rcPEPCK protein, and has been published previously.®” Briefly, the cell pellets were resuspended
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in 25 mM HEPES pH 7.5, 10% glycerol, 300 mM NacCl, 10 mM imidazole and 2 mM TCEP
(Buffer 1) and lysed via two passes through a French Press cylinder at 1000 psi. The cell lysate
was centrifuged at 15000 rcf for 45 minutes and the cell pellet was discarded. The soluble lysate
was added to Ni-NTA resin that had been equilibrated with Buffer 1, and left to incubate at 4°C
while stirring for one hour. After incubation, the resin lysate slurry was poured into a clean
column. The recombinantly His-tagged hcPEPCK protein bound to the Ni-NTA resin, and the
rest of the cellular proteins in the lysate were washed off the column using Buffer 1 until the
absorbance (Azg0) of the eluent reached zero. The PEPCK protein was then eluted in 10 mL
fractions from the Ni-NTA column using 25 mM HEPES pH 7.5, 300 mM imidazole and 2 mM
TCEP (Buffer 2). Each of the fractions had their absorbance measured, and were pooled together
if the measured Axgo was > 0.2. The pooled fractions were concentrated to under 10 mL via a
stirred cell concentrator pressurized with N> gas, using a filter with a pore size cut-off of 30 kDa.
A P-6DG size exclusion column was setup with 1 cm Chelex 100 resin at the top to remove
metals present in the sample. The concentrated protein was added to the equilibrated P-6DG
column for buffer exchange into 25 mM HEPES pH 7.5, 2 mM TCEP (Bufter 3). Fractions were
collected and monitored for protein presence via Axgo > 0.2. The HISs-SUMO tag was then
cleaved using SUMO protease. Incubation with the SUMO protease took place overnight at 4°C
with gentle magnetic stirring. SUMO protease and cleaved HISs-SUMO tag were removed from

the sample via another pass through the Ni-NTA column.

The purified hcPEPCK was concentrated to ~20 mg/mL via filter centrifugation, and the final
protein concentration was determined using a NanoDrop spectrophotometer (A2go of 0.1%: 1.5

mg/mL"). The concentrated protein was then flash-frozen into 30 pl aliquots and stored at -80°C.
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2.2.5 hcPEPCK crystallization

Wildtype and S90E hcPEPCK GTP + oxalate and GTP-only crystals were grown using the
hanging drop vapour diffusion method at ambient temperature, using a ratio of 4 pl protein
solution to 2 pl mother liquor. The reservoir solution consisted of 18-28% PEG 3350, 100 mM
HEPES (pH 7.5), and 10-40 mM MnCl: as an additive. Water was added to each of the wells for
a final volume of 700 pl. 2 pul of the reservoir solution was pipetted onto 4 pl of protein solution
(2-8 mg/mL hcPEPCK, 25 mM HEPES pH 7.5, 10 mM DTT, 1 mM GTP and 1 mM oxalate) on
a siliconized cover slide. Crystals with an imperfect cubic morphology grew after 24 hrs, and
continued to grow in size for up to one week. The best crystals grew in conditions consisting of
26% PEG 3350 and 20 mM MnCl,. Crystals were harvested and soaked for 10 minutes in
cryoprotectant consisting of 30% PEG 3350, 10% PEG 400, 100 mM HEPES pH 7.5, 20 mM
MnClz, 10 mM DTT, I mM GTP and 1 mM oxalate, before being cryo-cooled by immersion in

liquid nitrogen.

The INSIG 8-mer peptide used in both crystallization and kinetics was prepared as a 100 mM
solution dissolved in 1M HEPES buffer at pH 7.5, using its molecular weight of 970.5 g/mol.
The phosphomimetic SOOE hcPEPCK + INSIG crystal tray was initially prepared using the same
reservoir solutions as the GTP + oxalate co-crystal structures, with the protein solution
containing 0.5-2 mM INSIG peptide instead of GTP and oxalate. Crystals were harvested and
soaked in cryoprotectant as mentioned above (containing 1 mM INSIG) before being cryo-

cooled in liquid nitrogen.

Additional crystallographic conditions were robotically screened using two protein solutions
(either 5 or 10 mg/mL S90E hcPEPCK with 25 mM HEPES pH 7.5, 10 mM DTT, 20 mM MnCl,

and 1 mM INSIG peptide) against the PACT, BCS, JCSQ+, MCSG-1 and MCSG-4 crystal

25



screens from Molecular Dimensions on a 96 well tray (0.3 pl protein solution to 0.3 pl reservoir
solution). Four of the best results from the screens were scaled up to the standard 24 well tray
using a protein solution of 5 mg/mL S90E hcPEPCK, 25 mM HEPES pH 7.5, 10 mM DTT, 20
mM MnCl; and 1 mM INSIG peptide. The reservoirs contained 700 pl of the screened crystal
conditions, and 2 pl of the reservoir solution was added to 4 pl of the protein solution on a

siliconized cover slide for a total drop volume of 6 pl.

The initial PEG 3350 and 100 mM HEPES pH 7.5 crystal condition was revisited using 2.8
mg/mL S90E hcPEPCK and 500 uM INSIG peptide based on the stoichiometric ratio determined

from the DSF assay (see section 2.2.7).

Data for the WT and S90E hcPEPCK GTP + oxalate complexes, maintained at cryogenic
temperatures, were collected at our home source (Rigaku/Cuxka rotating copper anode)
diffractometer at the University of Waterloo (Waterloo, ON), and indexed and scaled using HKL-
2000.%¢ Data for the WT GTP-only complex was collected on the CMCF-ID beamline at the
Canadian Light Source (Saskatoon, SK), and indexed and scaled using the DIALS software®-"
followed by the Aimless program as part of the CCP4 package. All phases were determined by
the molecular replacement method using MOLREP in the CCP4 package and a wildtype
hcPEPCK structure from the PDB databank (PDB ID: 1KHG).”"7? Structures were refined with
multiple iterations of RefMac5 followed by manual model adjustment and addition of the GTP
and oxalate ligands using Coot.”” Model validation was performed using the Molprobity web
server (http://molprobity.biochem.duke.edu). A summary of the crystallographic data statistics is

presented in Table E1 (see Appendix E).
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2.2.6 hcPEPCK kinetic activity and inhibition assays (kinetic replots)

The 1 mL assay mix in the OAA — PEP direction contained 100mM HEPES bufter, pH 7.5,
350uM OAA, 500uM GTP, ImM ADP, 4mM MgClz, 100uM MnCl, 300uM NADH, and
10mM DTT. Coupling enzymes were added, including 10U of PK and 30U of LDH, followed by
2.5ug of PEPCK, then OAA to start the reaction. For the PEP — OAA direction, HEPES, MgCl,,
MnCl,, DTT, and NADH concentrations remained the same, omitting the ADP nucleotide while
containing 4mM PEP, ImM GDP, and 10U of MDH, as well as CO> in the form of 50mM
KHCO; bubbled with dry ice. The assay in this direction was initiated by adding 2.5ug of
PEPCK enzyme. The oxalate inhibition assays for WT and S90E hcPEPCK were performed in
the PEP — OAA direction, using the standard assay conditions and increasing concentrations of
oxalate from 0 to 400 uM. All assays were performed at 25°C, and PEPCK activity was

monitored indirectly via the depletion of NADH at 340 nm for 10 minutes.

The kinetic data from the activity assays were fit non-linearly to the standard Michaelis-Menten
equation using SigmaPlot11 to determine kinetic parameters in both directions of catalysis.
(Equation 1). Apparent Vimax and Ky parameters were generated for each inhibitor concentration
and were re-plotted in a linear relationship against inhibitor concentration to calculate inhibition
constants. A competitive K; for oxalate was determined in both directions of catalysis by plotting
KM/ Vmax vs [oxalate] (Equation 2). Similarly, any uncompetitive effects were determined by

plotting 1/Vmax vs [oxalate] (Equation 3).
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Inhibition of the S90E hcPEPCK enzyme by the INSIG peptide was also initially attempted
using the standard spectrophotometric PEPCK assay mentioned above. The INSIG 8-mer peptide
(FDRSRSGF, molecular weight of 971.03 g/mol) was solubilized to create a 100 mM stock
INSIG solution stored in 1M HEPES pH 7.5. S90E hcPEPCK activity in the reverse direction
(against PEP substrate) was monitored at 340 nm under increasing concentrations of INSIG
peptide up to 300 uM. Inhibition of SO9OE hcPEPCK by the INSIG peptide was analyzed by
generating an [incomplete] IC50. An estimated competitive inhibition constant was calculated

using the following equation:’+7>

Equation 4:

I1C50

2
Ky

1+

i

The full set of Michaelis-Menten curves needed for the kinetic replots to calculate a more
accurate inhibition constant could not be obtained due to limited resources and solubility of the

INSIG peptide in millimolar concentrations.
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2.2.7 Differential scanning fluorimetry assay for INSIG binding

Differential scanning fluorimetry (DSF) was used as a thermal shift assay for INSIG peptide

binding to the phosphomimetic S90E hcPEPCK mutant.

The DSF assay was performed using a QuantStudioPro 6 thermocycler (Figure 16). The
thermocycler program was set up for data collection starting at 20°C followed by a 0.05°C
increase per second, reaching a top temperature of 90°C for 5 seconds. Afterwards, the

thermocycler was left to cool back down to 20°C at increments of 3°C per second.

: 3°C
1 !,- s

20°C 20°C

I Lﬂ
&

Figure 16: Thermocycler temperature gradient setup for the QuantStudioPro 6.

The thermocycler was allowed to equilibrate at 20°C (A), followed by data collection every 3s for 24
minutes (B) as the temperature incrementally heats up to 90°C. Data collection is finished, and the
thermocycler was allowed to cool back down to 20°C (C). Run duration was approximately 36 minutes.

An optimal ratio of 40 uM protein to 20X SYPRO Orange dye was determined previously in our
lab. The thermal shift assay was done under the following conditions: 25 mM HEPES pH 7.5, 5
mM MnClz, 2 mM TCEP and 20X SYPRO Orange in a total reaction volume of 20 ul. Ligand
binding was studied by adding INSIG peptide to the assay (0 to 15 mM INSIG), using the
preliminary data from the spectrophotometric assays as a starting point. The DSF assay was

completed in duplicate for each concentration of INSIG peptide including controls.
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Quant Studio Design & Analysis Software 2.6.0 was used to collect raw data and determine the
derivative of fluorescence intensity with respect to temperature. The derivatized data was fit to
the Boltzmann model using this software and Microsoft Excel and subsequently used to
determine the melting point (Tm) of S90E hcPEPCK at each concentration of peptide. Thermal
shifts were calculated by subtracting the Tr of the unbound PEPCK protein from the Tm of the
INSIG-bound protein. The obtained thermal shift data was then fit to a ligand binding isotherm

using SigmaPlot11 to determine a binding constant.

2.3 Results & Discussion

2.3.1 WT and S90E hcPEPCK crystallization

WT and S90E hcPEPCK crystals grew in the presence of the INSIG peptide (Figure 17) using
the same crystal conditions, as seen in the 500 uM to 2 mM INSIG crystal screens, however
these crystals diffracted poorly (~3A) and the solved structures were revealed to be in their
holoenzyme state, with only an Mn?" cation in the active site and no other ligand bound.
Attempting to co-crystallize with a higher concentration of INSIG resulted in heavy precipitate

instead of a crystalline product.
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Figure 17: Structure of the INSIG 8-mer peptide (FDRSRSGF) at neutral pH
Sequence of the INSIG-2 mobile loop thought to be phosphorylated (at Ser151 — outlined above) by
PEPCK. This diagram was created using ChemDraw.

The wildtype hcPEPCK GTP structure (Figure 18) crystallized over a few days in a cubic
morphology. The crystal structure was obtained and refined to 1.7A. The Q-loop could not be
fully modelled due to intrinsic disorder associated with the WT hcPEPCK GTP structure

adopting an open conformation.

Figure 18: Ribbon structure of the WT hcPEPCK active site with GTP nucleotide

R-loop and P-loops are coloured blue and yellow, respectively, with a portion of the disordered Q-loop
coloured red. Ser90 is shown on the R-loop. Manganese cations are modelled in as pink spheres,
representing the M1 and M2 metals. 2Fo-Fc electron density maps are contoured to 1.0 sigma for the GTP
nucleotide and 2.5 sigma for the metal ions. The structure was generated using CCP4MG.%¢
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The S90E phosphomimetic mutant crystallized in the presence of GTP and MnCly, but solving
the structure yielded the holoenzyme with only Mn?* bound to the active site. It is likely that the
S90E mutation has altered the dynamics of the active site, making it significantly more difficult
to crystallize the closed enzyme conformation. Superposition of the wildtype and S9OE
hcPEPCK GTP and oxalate structures (0.24 RMSD) reveals no significant conformational
changes in the global fold nor the R-loop where the mutation resides (Figure 19). Focusing on
the active sites reveals the only significant difference for the phosphomimetic mutant in that the

omega loop lid could not be fully modelled due to the increased intrinsic disorder.

Figure 19: Superposition of the wildtype and S90E structures

The WT hcPEPCK ribbon structure is coloured light blue, and the SOOE mutant structure is coloured lilac.
The R-loop is coloured dark blue, the P-loop yellow, and the N- and C- terminal ends of the Q-loop are
coloured red. A close-up view of the wildtype (top left) and S90E (bottom left) active sites are provided.
This figure was generated using CCP4MG.?*
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Adding oxalate in addition to GTP nucleotide greatly enhanced crystallization of both the
wildtype and S90E enzymes. The presence of the oxalate inhibitor stabilized the closed
conformation of the enzyme, allowing for both the WT and S9OE co-crystal structures with GTP
nucleotide and oxalate inhibitor bound to be obtained. Due to oxalate being an analog of the
enolate intermediate, the oxalate GTP complex provides an accurate stereo-electronic mimic of
the intermediate state of the PEPCK enzyme associated with the catalyzed reaction in either

direction.

Structurally, there is no significant difference between the wildtype and S90E hcPEPCK co-
crystal structures with oxalate and GTP nucleotide, aside from the difficulty in crystallizing
them. Their common global protein structure is unsurprisingly identical, and the active site
remains largely similar between them. Minor differences can be found in the integrity of the
enzyme’s closed conformation, with the wildtype found in the closed conformation with oxalate
and GTP bound (Figure 20), and the phosphomimetic occupying a partially closed conformation
with the same ligands (Figure 21). Both structures include two protein chains, but while the
chains are nearly identical in the wildtype structure, the phosphomimetic has one chain with a
fully modelled omega loop lid, and the other with a partially modelled lid as shown in Figure 21.
The two structures differ slightly in crystallographic quality, however. The wildtype co-crystal
structure (Figure 20) has a slightly better resolution at 2.1A, while the phosphomimetic mutant
(Figure 21) dataset was refined to 2.45A. The wildtype dataset has near perfect completeness,
while the mutant is slightly lower. Accordingly, the R-values for the wildtype dataset are lower

than that of the mutant (Table 1).
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Figure 20: Ribbon structure of WT hcPEPCK with oxalate and GTP

Ribbon structure of wildtype hcPEPCK is coloured ice blue. The R-loop is coloured blue, the P-loop is
coloured yellow, and the omega loop is coloured red. Serine at position 90 is highlighted in green, and its
corresponding electron density is contoured to 26. Both the oxalate ligand and the GTP nucleotide are
coloured by atom and rendered as ball-and-stick models. Neighbouring amino acids within 3A are
coloured grey. The 2Fo-Fc¢ electron density map surrounding oxalate and GTP is contoured to 26. The
2Fo-Fc map for the metals is contoured to 36. Manganese ions are coloured light pink and represent the
M1 and M2 metals. This diagram was generated using CCP4MG.*
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Figure 21: Ribbon structure of S90E hcPEPCK with oxalate and GTP

Ribbon structure of SOOE hcPEPCK is coloured ice blue. The R-loop is coloured blue, the P-loop is
coloured yellow, and the partial omega loop is coloured red. While the glutamate at position 90 is
highlighted in green, the electron density for the sidechain could not be shown. Both the oxalate ligand
and the GTP nucleotide are coloured by atom and rendered as ball-and-stick models. Neighbouring amino
acids within 3A are coloured grey. The 2Fo-Fc electron density map surrounding oxalate and GTP is
contoured to 2. The 2Fo-Fc map for the metals is contoured to 36. Manganese ions are coloured light
pink and represent the M1 and M2 metals. This diagram was generated using CCP4MG.%
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Table 1: Simplified WT and S90E hcPEPCK crystallographic data statistics*

WT hcPEPCK GTP Oxalate S90E hcPEPCK GTP Oxalate WT hcPEPCK GTP
Space group P1211 P1211 P1211
Unit Cell Dimensions a=45.125 a=44.803 a=45.120
b =114.507 b =114.001 b=112.766
c=114.526 c=114.271 ¢ =60.336
a=v=290.00° a =7y =290.00° a=7v=290.00
B =9161° B =9176° B =107.74°
Resolution Limits 35.43-2.10 34.14-2.45 57.47-1.70
Completeness (%) 98.81 (96.65) 92.38 (91.69) 99.55 (96.41)
I/sigma 9.3 (1.6) 7.77 (1.45) 16.1 (0.8)
CC1/2 0.987 (0.638) 0.984 (0.537) 0.998 (0.659)
Rpim 0.071 (0.498) 0.087 (0.500) 0.030 (0.448)
Rmerge 0.125 (0.657) 0.153 (0.865) 0.072 (0.956)
Rfree 0.267 (0.332) 0.266 (0.411) 0.229 (0.291)
Rwork 0.212 (0.307) 0.219 (0.340) 0.188 (0.249)

*Values in parentheses represent the highest resolution shell

2.3.2 WT and S90E hcPEPCK kinetics & inhibition

When comparing wildtype and S90E hcPEPCK, it became clear that just like the structural
approach, there is not a very significant difference between the wildtype and S90E mutant kinetic
activities. Both enzymes appear to be equally active in the gluconeogenic direction when at
saturating substrates concentrations (Table 2). The only apparent difference in this direction of
catalysis is the respective Km values for OAA and GTP. The phosphomimetic mutant has higher
Kwm value for its substrates in the gluconeogenic direction by a factor of 2 than that of the
wildtype enzyme. A more significant observation can be made in the opposite direction, that of
carbon fixation. The specific activity of the mutant is half that of the wildtype. The respective Km

values for PEP and GDP are not significantly different.
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Table 2: Kinetic characterization of WT and S90E hcPEPCK using the standard PEPCK assay

a) OAA + GTP — PEP + GDP + CO2

KM (uM) Kcat (S'l) Keat/Km (M- 57)
OAA GTP OAA GTP OAA GTP
WT 33.8+46 69.8+109 33.4+10 29.1+09  9.9x10° 4.2 x 10°
S90E 74.0+115 177.4+202 289+13 281+079 3.9x10° 1.6 x 10°
b) PEP + GDP + CO2 — OAA + GTP
Km (uM) Kcat (5-1) Kkeat/Km (M-+s)
PEP GDP PEP GDP PEP GDP
WT 298.0+395 29.3+89 16.1+060 14.1+061 5.4x10* 4.8x 10°
S90E  252.1+516 19.6+45 59+031 8.8+029 2.3 x 10* 4.5x 10°

Another kinetic analysis that was done included the determination of PEPCK inhibition using

oxalate inhibitor. Oxalate is a well characterized competitive inhibitor of GTP-dependent PEPCK

with its Kj in the micromolar range.’® Oxalate is a useful analog of the reaction intermediate

(enolate of pyruvate), allowing for the analysis to be done in either direction of catalysis. The

resulting information gained from the kinetic replots (the ratio of Kwm/specific activity) shows that

as a competitive inhibitor of PEP, oxalate binds with a slightly lower affinity to the SOOE PEPCK

mutant than that of the wildtype (Table 3). There is no significant difference between the S90

wildtype and S90E phosphomimetic mutant enzyme. This correlates to the earlier information

gleaned from the co-crystal structures and kinetic characterization.

Table 3: Inhibition of WT and S90E hcPEPCK by oxalate (intermediate analog) against PEP

a) WT hcPEPCK

KM/Vmax 1/Vmax
Ki (uMm) Ki (uMm)
Oxalate 83.62 +25.1 1257 +536.4
b) S90E hcPEPCK
KM/Vmax 1/Vmax
Ki (M) Ki (uM)
Oxalate 121.008 +18.7 956.0 +212.0
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Lastly, an ICso analysis of INSIG binding to the S90E enzyme was attempted. Due to weak
binding, a full ICs¢ dose-response curve could not be generated, however data was obtained to
demonstrate a loss of 30% activity when the SOOE mutant was exposed to 300 uM of the INSIG
8-mer peptide. This was not enough data to generate a sigmoidal dose-response curve
characteristic of a complete ICso analysis. The incomplete data was plotted as a dose-response
curve (Figure 22) using GraphPad Prism to obtain an estimated ICso of 675 + 280.4 uM. This

estimate was used as a starting point for subsequent analysis.
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Figure 22: INSIG IC50 of S90E hcPEPCK
S90E hcPEPCK activity data at increasing concentrations of INSIG peptide was plotted on GraphPad and
fit to a dose-response curve to determine 1C50.

2.3.3 SO90E hcPEPCK differential scanning fluorimetry & INSIG binding

Faced with inconclusive binding of INSIG, another type of binding assay was needed.
Differential Scanning Fluorimetry (DSF) was used to examine PEPCK protein stability when
increasing amounts of INSIG peptide were added. DSF involves gradually heating up a protein

in a solution with a hydrophobic fluorescent dye (SYPRO orange), and monitoring fluorescence
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of that dye binding when the protein unfolds and exposes hydrophobic residues. The
thermocycler used for the DSF assays cycled through temperatures ranging from 20 to 90°C,
then a cooling period gradually back down to 20°C again, allowing for the unfolding and
refolding of the S90E hcPEPCK protein. Adding a ligand to the DSF assay can increase a
protein’s stability; in this case the ligand is the INSIG peptide. A protein with a more stable
conformation has a higher melting temperature because it takes more energy to unfold.
Therefore, when comparing the melting point of the S90E enzyme with and without INSIG

present, an obvious Twm shift can be observed (Figure 23).

Melt Curve Plot of SO90E hcPEPCK
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Figure 23: Derivative plot showing Tw shift of SOOE hcPEPCK upon adding INSIG

Two superposed fluorescence derivative melt curves visualizing a shift in melting point upon adding a
high concentration (6mM) of INSIG peptide. Resulting TM shifts were calculated for each concentration
of INSIG peptide added, and used to generate a binding isotherm.

Plotting the fluorescence derivative data versus temperature allows for the generation of melting
curves for each of the samples (see Appendix C). The melting point (Twm) can be determined from
the melting curve plots where the fluorescence derivative is lowest. Subtracting the Tm of S90E

hcPEPCK without INSIG from the TM of S90E hcPEPCK with INSIG yields a Twm shift. The

average of these Tw shifts at each duplicate INSIG concentration is listed in Table 4, and used to
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generate an INSIG binding isotherm (Figure 24). The data was fit to a ligand-binding dose-
response non-linear regression model in SigmaPlot11, with a calculated binding constant (Kp) of
294.8 + 0.09 uM INSIG, suggesting tighter binding than the Kp determined from the previous

spectrophotometric assay listed earlier.

Table 4: List of melting temperatures under increasing INSIG peptide concentration and their
resulting thermal shifts

[INSIG] (MM)  Tm Tm Tmshift  Tm shift

0 45738 45015 0.0000 0.0000

0.5 49.065 47.763 3.6882  2.3865

1 49387 49.242 4.0108 3.8661

2 50.834 50.400 5.4580  5.0239

4 50.072 49.059 4.6957 3.6835

6 50.361 - 4.9849 -

10 50.369 50.514 4.9924  5.1371

15 50.658 49.935 52818  4.5584

S90E hcPEPCK INSIG Binding Isotherm
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Figure 24: SO0E hcPEPCK INSIG Binding Isotherm

The binding isotherm was generated by plotting Tm shift in duplicate vs INSIG concentration and fitting
the data to the ligand bonding one-site saturation nonlinear regression model in the Enzyme Kinetics
extension in SigmaPlot11.
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2.4 Conclusions

The crystallographic data was inconclusive for the binding of INSIG to the phosphomimetic
mutant. Further analysis of INSIG binding might only be possible with the full INSIG protein, as
the small INSIG-2 peptide does not bind very tightly, which could be in part due to truncating
the sequence to only the loop 8-mer for easier crystallization. It should also be noted that the
original study by Xu et al. used a larger INSIG-1 peptide 15 amino acids long
(LWWTFDRSRSGLGLG), and that the extra amino acids might be required for binding. Trying
to crystallize the entire INSIG protein might prove difficult, however, due to the large majority
of it being encompassed in the ER membrane. Special considerations for transmembrane proteins
need to be made, but crystallizing these hydrophobic proteins is not impossible. In addition, if
the protein kinase activity is GTP-dependent, then INSIG binding may also require the presence

of GTP or GDP nucleotides.

From the structural data gathered, using the assumption that the SO0E mutation is an adequate
mimic for the phosphorylation of Ser90, it appears that hcPEPCK does not undergo any
significant conformational change upon phosphorylation. Ser90 is located on the R-loop, one of
three catalytically active mobile loops of the enzyme’s active site that coordinate substrate
binding. The R-loop in particular coordinates the binding of the OAA/PEP substrate. Although
the phosphomimetic mutation does not distinctly affect the structural conformation of said R-
loop, it likely affects the structural stability and increases disorder of the loop, as can be seen by
the partially closed conformation of the S90E structure. This can also be seen from the Kinetic
assays by observing and comparing enzyme turnover for both the wildtype and mutant in both
directions of catalysis — turnover is significantly decreased in the reverse direction, and the

catalytic efficiency is thus an order of magnitude less. The increased disorder of the R-loop in
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the phosphomimetic mutant likely also contributed to difficulties in crystallization. The only
S90E hcPEPCK structure able to be obtained was the GTP + oxalate co-crystal structure, where
the presence of the bound ligand and nucleotide was sufficient enough to stabilize the enzyme
enough to crystallize. Conversely, the SO0E mutant crystal with only GTP nucleotide bound was
unable to be obtained, unlike the wildtype enzyme, which corresponds to the lower Ky for GTP
as determined via the kinetic assays. Also, it is important to point out that although both wildtype
and mutant PEPCK were attempted to be co-crystallized with INSIG, the majority of INSIG
binding including the DSF assays were performed using the SO90E mutant only, and INSIG

binding with the wildtype enzyme was never reinvestigated.

Previous research has suggested that phosphorylation of Ser90 signals for PEPCK to be
translocated to the ER.*® This change in cellular location allows for hcPEPCK to moonlight as a
protein kinase without a significant conformational change. Since the majority of
gluconeogenesis occurs in the cytoplasm and the INSIG protein is located in the membrane of
the ER, this separation allows for the two separate and distinct enzymatic functions of hcPEPCK
(gluconeogenic carboxy-lyase vs lipogenic protein kinase). Therefore, instead of considering
phosphorylation of Ser90 to be an ON/OFF switch of canonical PEPCK activity, a more
appropriate analogy would be a dimmer switch, and even then, the effect on enzyme activity is
unidirectional, only observed in the reverse direction. This appears to be in direct contrast to the
research performed by Xu et al., where they state that AKT-mediated phosphorylation of the
wildtype or introduction of the S90E mutation reduces the binding affinity of OAA and its
corresponding PEPCK enzyme activity.*® However, a closer look into the supplementary
material and a comparison of kinetic assays reveals that the relative decrease in enzyme activity

of the S90E mutant as reported by Xu et al. was assayed in the reverse direction (OAA synthesis)
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using a commercially available PEPCK activity kit (BioVision, K359).%6 Their results (Xu et al.,
Extended Data Fig.2u & Fig.2v) also show not a complete abolishment of SO90E hcPEPCK
activity, but rather a significant decrease (~75%) compared to the wildtype, which corresponds to
our own research on the S90E phosphomimetic mutant (~63% decrease in Keat). To my
knowledge, all in vitro PEPCK activity in their study was performed in the reverse direction of
catalysis using the PEPCK activity kit. Conversely, they assayed wildtype and S90E binding
affinity for OAA by incubation of 200 uM OAA with the wildtype and S9OE constructs bound to
Ni-NTA resin for 30 minutes. Binding affinity for OAA was determined as a percentage of OAA
found in the supernatant fraction after centrifugation. As per our own research where a small
observed increase in the Ky for OAA was observed for the phosphomimetic mutant, they
determined a lower relative binding affinity for OAA for S90E hcPEPCK. This can be explained
due to the location of the phosphomimetic serine 90 on the R-loop, the catalytically active
mobile loop that coordinates binding of the OAA substrate. The unidirectional decrease in
PEPCK activity of the phosphomimetic mutant again can be attributed to the difference in Gibbs
free energy needed to overcome the activation barrier of the reverse direction (OAA synthesis)

compared to the forward direction of gluconeogenesis (PEP synthesis).

In summary, the research performed here provides additional evidence to the study postulating a
secondary role for hcPEPCK as a protein kinase. Most importantly, expanding upon previous
research we suggest that the phosphorylation of serine 90 does not structurally change the
conformation of hcPEPCK, and that the lipogenic activity is a result of compartmentalization to
the ER. There is no apparent evolutionary drive to completely abolish PEPCK activity when P-

Ser90 results in translocation to the ER and gluconeogenesis occurs primarily in the cytosol. In
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addition to gluconeogenesis, this moonlighting role for PEPCK as a lipogenic enzyme adds to

the reasoning as to why cytosolic PEPCK is upregulated in cancer cells.*""?
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Chapter 3: A complete characterization of ATP-dependent E. coli PEPCK
and its differences compared with GTP-dependent PEPCK enzymes

3.1 Introduction

Although the first PEPCK crystal structure to be determined was that of an ATP-dependent
PEPCK, much of today’s research in the PEPCK enzyme family is done on the GTP-dependent
PEPCKSs found in humans and other higher eukaryotic species. Logically, this makes sense as
biological research tends to focus on human metabolism, and PEPCK is one of the key
gluconeogenic enzymes central to regulating glucose homeostasis in the human body. It is
largely established that for higher eukaryotes, GTP-dependent PEPCK enzymes catalyze the

reaction in the gluconeogenic direction, that is in the direction of PEP production (Figure 25).

Gluconeogenesis (forward)
OAA + GTP - PEP + GDP + CO>
Carbon Fixation (reverse)

PEP + GDP + CO2 - OAA + GTP

Figure 25: PEPCK-catalyzed reactions and their role in vivo

Directional schematic of the forward and reverse reactions catalyzed by GTP-dependent PEPCK
enzymes.

However, this reaction, while for the most part is kinetically unidirectional in vivo, is actually
thermodynamically reversible, as can be seen in several different enzyme assays in vitro. There
is only a slight preference in the kinetic parameters for the forward direction of PEP synthesis,
and in fact it has been demonstrated that the free energy difference for the PEPCK-catalyzed
reaction is close to zero.5” Previous research on both the rat and human cytosolic enzymes, both
GTP-dependent members of the PEPCK family, shows that in vitro enzyme catalysis is higher in

the forward direction of gluconeogenesis (PEP synthesis) than the reverse direction, though this
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is while being subjected to the saturating substrate concentrations of the in vitro assay, and is
likely not how the enzyme operates in a biological system where the directional activity is

largely determined by substrate availability and compartmentalization.®’

ATP-dependent PEPCK enzymes likewise are thought to preferentially catalyze the reaction in
the direction of gluconeogenesis. ATP-PEPCK has been studied extensively in Bakers’ yeast,
Saccharomyces cerevisiae, all the way back in the 1970°s.3%"8 This study on Bakers’ yeast was
the first to acknowledge that ATP-PEPCK had an absolute requirement for a divalent cation for
its enzyme activity, and that there are two distinct binding sites for the metal: one for the cation
itself, and one for a metal-ATP complex. Six different divalent metals were assayed for enzyme
activity: Mn?*, Mg?*, Cd?*, Co?*, Zn?*, Ca?*. Manganese was found to have the highest activity,
with magnesium having only about 20% as much activity. The other metals tested have
negligible activity. They noted that although manganese (Mn?*) could fulfill both roles, there
was a synergistic effect when magnesium (Mg?*) or cadmium (Cd?*) was added (although Cd?*’s
effect appears to be pH dependent).®® This synergistic effect between Mn?* and Mg?* has also
been seen in GTP-PEPCK isolated from chicken liver mitochondria’2® and cytosol of rat liver®?,
suggesting that this two metal requirement is a common characteristic of PEPCKSs from several

different species, as well as across the entire superfamily of PEPCK enzymes.

The study on Bakers’ yeast was concluded by stating that yeast PEPCK catalysis is influenced by
the ATP:ADP ratio in the cell. It was suggested that yeast PEPCK was activated by free ATP and
inhibited by high ADP concentrations. When the ATP:ADP ratio is high, gluconeogenesis can

occur, while in reverse where there’s a high-energy demand, inhibition sets in. There is evidence

that PEPCK and pyruvate carboxylase, the two enzymes located at the integral pyruvate-OAA-
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PEP node that together convert pyruvate to PEP, are both inhibited by ADP.82#3 This is also
supported by the fact that during high-energy demand when ATP concentrations are low and
glucose concentrations are high, PEPCK gene expression is repressed, suggesting several levels

of PEPCK regulation.

Interestingly, there are a few species of ATP-PEPCK that are capable of catalyzing the reverse
reaction in vivo for carbon fixation. It was initially believed that microorganisms use PEPCK
only for gluconeogenesis, and phosphoenolpyruvate carboxylase (PEPC) for carbon fixation. The
PEPC-catalyzed reaction is irreversible, and doesn’t use a phosphate acceptor as a cofactor, but

rather produces inorganic phosphate instead.

1) Phosphoenolpyruvate carboxylase (PEPC)
PEP + HCO3” ——— > OAA +Pi

2) Phosphoenolpyruvate carboxykinase (PEPCK)

PEP + ADP + CO2 OAA + ATP

3) Pyruvate carboxylase (PC)

Pyruvate + HCO3z + ATP ——— > OAA + ADP + Pi
4) Pyruvate kinase (PK)

PEP + ADP —— > pyruvate + ATP

Figure 26: Important enzymes in central carbon metabolism
A list of four metabolic enzymes and their respective catalyzed reactions integral to the PEP-pyruvate-
OAA node and central carbon metabolism.

47



Initial research focusing on other CO,-fixing enzymes in Pseudomonas fluorescens accidentally
discovered PEPCK activity when trying to monitor COz fixation into OAA using cell extracts.*!
They had identified PEPC enzyme in the cell extract, but upon addition of ADP to the reaction
mixture, OAA production had significantly increased. Since PEPC does not use a nucleotide
cofactor, they attributed this increase in CO; fixation into OAA to the presence of PEPCK in the
cell extracts.*! Later in 1977, and then in 1986, CO,-fixing activity of GTP-PEPCKs was

discovered in various eukaryotic parasites.3* 56

In 1993, researchers characterized a CO»-fixing PEPCK from the obligate anaerobe
Anaerobiospirillum succiniproducens, a rare cause of human bacteremia.*’ This anaerobic
microorganism produces high amounts of succinate as a by-product of glucose fermentation. It
was suggested that PEPCK catalyzes the conversion of PEP to OAA as the first step of the
fermentation pathway leading to succinate production. Lastly, more recent research provides
evidence that PEPCK isolated from the aerobic bacterium, B. subtilus, is capable of catalyzing
the reaction in the direction of carbon fixation when other, more appropriate CO2-fixing enzymes
have their gene expression knocked out.>® It was demonstrated that when pyruvate kinase (PK) is
knocked out, instead of PEP/ADP being converted to pyruvate/ATP, PEPCK is able to convert
PEP into OAA instead, producing the ATP required by the cell. Understandably, due to the more
unfavourable thermodynamics of the PEPCK-catalyzed reaction, the PK-knockout mutants grew

more slowly.*®

Historically, the ATP-PEPCK that is the most well characterized from a kinetic standpoint is the
enzyme isolated from Bakers’ yeast, or Saccharomyces cerevisiae.** Yeast PEPCK is a bit of an
exception, since yeast is a eukaryotic organism and its PEPCK is ATP-dependent, unlike other

eukaryotes higher up in the phylogenetic tree. Unlike the yeast’s tetrameric enzyme, ATP-
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PEPCK from E. coli is monomeric (EcPEPCK).?! Despite being the first PEPCK to have its
structure determined and being the best structurally characterized ATP-PEPCK enzyme, the E.
coli enzyme remains poorly characterized from a kinetic standpoint. Many of the conclusions
reached in the structure-function relationship for the ATP-dependent enzymes are drawn from
structural data obtained using GTP-PEPCKSs as a surrogate. It was assumed that ECPEPCK
behaved in a similar fashion to the monomeric GTP-PEPCKSs found in higher eukaryotes that our
laboratory is well versed in. A comprehensive analysis of the rat cytosolic PEPCK, and to some
extent the human cytosolic enzyme, has elucidated the structure-function relationship of the
GTP-dependent class of PEPCKs, but this is lacking in the ATP-dependent class. Using
EcPEPCK as a proxy for ATP-PEPCK, and the standard kinetic and structural approaches used
previously in our laboratory to study PEPCK, I have completed a full kinetic characterization
and obtained various structural data to further our understanding of the ATP-dependent class of

PEPCK enzymes that is currently lacking.
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3.2 Materials & Methods

3.2.1 Materials

Nickel-NTA resin was from UBP-Bio and P-6DG resin was from Bio-Rad. PEP potassium salt,
NADH disodium salt (>96% purity), TCEP and DTT were from ChemImpex, ADP disodium
dihydrate was from BioShop, ultrapure ATP disodium trihydrate was from GoldBio, PGA lithium
salt (>95% purity) and oxalic acid (98% purity) were from Sigma Aldrich, and OAA (>97%
purity) was from Millipore Sigma (CalBioChem). The reagents for the sulfopyruvate synthesis,
sodium sulfite (>98% purity) and bromopyruvic acid (97% purity), were purchased from

ChemImpex and Fisher Scientific respectively.

3.2.2 Enzymes

The coupling enzymes pyruvate kinase (PK), lactate dehydrogenase (LDH) and malate
dehydrogenase (MDH) were purchased from Calzyme Laboratories. The plasmid expressing
His6-SUMO protease was a gift from C. Lima (Sloan-Kettering Institute, New York, NY) and

was expressed and purified as previously described.?*

3.2.3 B-sulfopyruvate (BSP) chemical synthesis

Following the protocol by Weinstein and Griffith®’, BSP was chemically synthesized via direct
reaction of sulfite with bromopyruvic acid in aqueous solution. 2.84g of sodium sulfite (22.5
mmol) was dissolved in 12.5mL of water, and 1.72g of bromopyruvic acid (10 mmol, 10 mL)

was added dropwise to the mixture over a 30-minute period with vigorous stirring. The chemical
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reaction took place in a small round-bottom flask kept at 80°C using a hot oil bath heated on top

of a hot plate.

The crude mixture was dissolved in water and applied to a Dowex I column. The sample was
then eluted using a linear gradient (formed between 750 mL water and 750 mL 2M HCI)
followed by an additional 200 mL of 2M HCI. Eluted fractions were collected and monitored for
BSP at 280 nm (Appendix F). Fractions with Azgo values greater than 0.3 were assayed for BSP
using malate dehydrogenase (MDH) enzyme (Figure 27). Fractions found to contain BSP were
pooled, concentrated by rotary evaporation, and washed free of HCI. The resulting solution was
neutralized to pH 7 using dilute lithium hydroxide, yielding the BSP product as a dilithium salt.

Total yield of the BSP salt was ~80%.

A
o 0
MDH
o] - . o
o] o o
NADH+H™ NAD'
© © OH o
oxaloacetate malate
B
o) o]
o] o
Vi MDH Vi
O S [ —— o] S\
V4 o VR o// 0
o o NADH +H® NAD' OH

beta-sulfopyruvate beta-sulfolactate

Figure 27: Reactions catalyzed by malate dehydrogenase (MDH) using NADH as a cofactor.
Reaction A is the typical reaction catalyzed by MDH used in the PEPCK assay. Reaction B
shows the ability of MDH to use BSP as an alternative substrate.®’
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The concentration of the purified BSP product was determined enzymatically using MDH. The
Li2BSP product was dissolved to create a 100 mM stock solution (molecular weight of 182.012
g/mol) in IM HEPES pH 7.5. The MDH assay conditions included 100 mM HEPES pH 7.5, 300
uM NADH, 10 U of MDH and 100 uM of Li,BSP. The spectrophotometric assay was performed
in a similar manner to the PEPCK assay, using a 1 mL reaction volume, and a 340 nm
wavelength at 25°C. Kinetic replicates were averaged and the absorbance was converted to
determine a precise concentration of BSP using the Beer-Lambert Law, assuming a 1:1

stoichiometric ratio of BSP to NADH (g of NADH at 340 nm is 6.22 mM'cm™).

3.2.4 Cloning & transformation of ECPEPCK

The gene sequence of E. coli PEPCK in a pE-SUMO-star (Kan) vector (LifeSensors PE-1101-
0020) was synthesized by GenScript. The resulting plasmid allows for the recombinant
expression of ECPEPCK as a N-terminal HIS¢-SUMO fusion protein. The plasmid was
transformed into BL21(DE3) Escherichia coli cells as previously described (see section 2.2.3),

and glycerol cell stocks of ECPEPCK were stored at -80°C.

3.2.5 EcPEPCK protein expression and purification

EcPEPCK was expressed and purified as previously described for human PEPCK (see section
2.2.4). In brief, ECPEPCK was expressed at 20°C for 20-24 hours in 6L of ZYP-5052
autoinduction media supplemented with 50 pg/mL of kanamycin.®® After expression, cells were
lysed via two passes through a French press cylinder at 1000 psi and the soluble lysate fraction

was passed through a Ni-NTA column to bind the Hise-SUMO tagged ECPEPCK. The column
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was washed, the tagged ECPEPCK was eluted off the column and the tag was cleaved via an
overnight digest with SUMO protease. The protein was passed through the Ni-NTA column once
more to remove the cleaved tag from the sample. The purified ECPEPCK was concentrated to
~30 mg/mL via 30 kDa filter centrifugation, and the final protein concentration was determined
using a NanoDrop spectrophotometer (Azso of 0.1%: 1.3 mg/mL™Y). The concentrated protein was

then flash-frozen into 30 pl aliquots and stored at -80°C.

3.2.6 EcPEPCK crystallization

Wildtype EcPEPCK crystals were grown using the hanging drop vapour diffusion method at
ambient temperature. Initial attempts to grow ECPEPCK crystals were done using a reservoir
solution of 0.1M sodium acetate pH 4.5 and 16 —30% PEG 3350, adding water to adjust the final
volume of the wells to 700 pl. The protein solution contained 10 mg/mL EcPEPCK, 25 mM
HEPES pH 7.5, 10 mM DTT and 25 mM MnCl,. Drops were set up on a siliconized cover slide
using 3 pl protein and 3 pl of the reservoir solution. All of the ECPEPCK constructs crystallized
using this condition, however the crystals were of poor quality, requiring seeding. 10% acetone
was later included in the wells as an additive to improve crystal morphology and diffraction

quality, but only to a minimal extent.

The PGA co-crystals were grown using the above acetate condition (0.1M sodium acetate pH 4.5
and 26 —30% PEG 3350). The protein solution contained 15 mg/mL EcPEPCK, 25 mM HEPES
pH 7.5, 10 mM DTT, 2 mM ADP and 25 mM MnCl.. Crystals were setup using 3 pl protein
solution, 3 pl mother liquor and 0.5 pl 100 mM PGA added directly to the drops on a siliconized
cover slide. The crystal tray was seeded the next day with concentrated seed stock made using

seed beads (Hampton Research, HR2-320). Amorphous crystals grew two days after seeding, and
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were harvested by soaking for 5 minutes in a cryoprotectant containing 30% PEG 3350, 10%
PEG 400, 0.1M sodium acetate pH 4.5, 25 mM MnCl,, 10 mM DTT and 2 mM ADP, before

being cryo-cooled by immersion in liquid nitrogen.

Another crystal condition was used to produce larger, higher quality crystals. The new reservoir
solution contained 0.1M BisTris pH 6.5, 24-28% PEG 3350 and 10 mM MnCl,, with water
added to make up a final volume of 700 pl. The protein solution for the ATP oxalate structure
contained 10 mg/mL EcPEPCK, 25 mM HEPES pH 7.5, 10 mM DTT, 1 mM oxalate and 1 mM
ATP, while the protein solution for the ATP BSP structure contained 15 mg/mL EcPEPCK, 25
mM HEPES pH 7.5, 10 mM DTT, 100 mM BSP and 1 mM ATP. Drops were set up using 3 ul of
protein solution and 3 pl of the reservoir solution on a siliconized cover slide. Both crystals grew
within one to two days at ambient temperature. The ATP oxalate crystals were harvested and
soaked for 5 minutes in a cryoprotectant containing 30% PEG 3350, 10% PEG 400, 0.1M
BisTris pH 6.5, 10 mM DTT, 10 mM MnCl,, 1 mM oxalate and 1 mM ATP. The ATP BSP
crystals were soaked for 1 hour in a similar cryoprotectant containing 1 mM ATP and 100 mM
BSP to form the ECPEPCK ATP BSP complex. The crystals were then cryo-cooled by immersion

into liquid nitrogen.

Diffraction data on the ECPEPCK oxalate complex was collected at our home source (CuKa =
1.54A) Xray diffractometer at the University of Waterloo. The BSP and PGA crystals were
diffracted at the CHESS synchrotron (beamline 7B2) at Cornell University. The resulting
datasets were indexed and scaled using HKL2000 and converted into mtz files using CCP4."!
The phases were determined through molecular replacement (MOLREP) using a wildtype
EcPEPCK structure found on the PDB database (PDB ID: 10S1). Refinement was also done

through CCP4, through several rounds of RefMac5.”!

54



3.2.7 ECPEPCK kinetic assays

Kinetic assays in both directions of catalysis were performed as previously described for the
GTP-dependent enzyme with minor changes (see section 2.2.6). For the OAA — PEP direction
assay, 500 uM ATP was substituted instead of the GTP nucleotide used in the human cytosolic
assay. ADP was not added directly to the assay in this direction as a cofactor for the PK coupling
enzyme, due to ECPEPCK producing ADP via the catalyzed reaction. Additional PK enzyme was
added for a total of 100U of PK, 30U of LDH and 2.5 ug of ECPEPCK, followed by OAA to
start the reaction. For the PEP — OAA direction, all components remained the same as that of
the GTP-PEPCK assay, with the exception of using 1 mM ADP instead of GDP. The assay in
this direction was initiated by adding 2.5 pg of ECPEPCK enzyme. All assays were performed at

25°C, and PEPCK activity was monitored at 340 nm for 10 minutes.

Divalent cation assays were performed in the PEP — OAA direction using the standard assay
mix above, analyzing Mn?*, Fe?*, Ca?*, Co?*, Zn?** and Ni?* in the presence of 4 mM excess
MgCl> (M2 metal). ECPEPCK activity was assayed using increasing concentrations of divalent
cation (0, 1, 2, 5, 10, 15, 20, 40, 60 uM) to determine which cation activated ECPEPCK the most
as the M1 metal. Activity was measured using 4 mM saturating MgCl. for reference. All cations

were also assayed in the absence of MgCl..

The oxalate inhibition assays were performed using the standard assay mix above, and in both
directions of catalysis ECPEPCK activity was assayed using increasing concentrations of oxalate
from 0 to 80 uM. The BSP inhibition assays were performed in the OAA — PEP direction using

the standard assay conditions. The PGA IC50 curve was performed in the PEP — OAA direction
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using the standard assay conditions, with the exception of using a lower concentration of PEP,

closer to its Km (1 mM).

The kinetic data from the activity assays were fit non-linearly to the standard Michaelis-Menten
equation using SigmaPlotl1to determine kinetic parameters in both directions of catalysis.
(Equation 1). Apparent Vmax and Ky parameters were generated for each oxalate and BSP
concentration and were re-plotted in a linear relationship against inhibitor concentration to
calculate inhibition constants. A competitive Kj for BSP was determined in the forward direction,
and a competitive K; for oxalate was determined in both directions of catalysis by plotting
KM/Vmax vs [inhibitor] (Equation 2). Similarly, any uncompetitive effects were determined by

plotting 1/Vmax vs [inhibitor] (Equation 3).

. . L Vinax*[S]
Equation 1: V= Kng +I5]
. K K K
Equation 2: Mapp . oM [+ 2
Vmax app Vinax*Kr Vmax
. 1 1 1
Equation 3: = X 1]+
Vmax app Vimax*Kp Vinax

Due to limited resources and poor inhibition, an incomplete 1C50 curve was generated for the
PGA inhibitor. The full set of Michaelis-Menten curves needed for the Kinetic replots to
calculate a more accurate inhibition constant could not be obtained due to limited resources and
solubility of the inhibitor in millimolar concentrations. An estimated competitive inhibition

constant was calculated using the following equation: "

Equation 4:




3.3 Results & Discussion

One of the first things considered for the E. coli PEPCK enzyme (EcPEPCK) was the
determination of its basic kinetic parameters in both directions of catalysis. Upon using the
standard kinetic assay optimized for the rat enzyme, with the exception of using ATP or ADP
nucleotide, there is an immediate preference for the reverse direction that can be observed,
instead of the gluconeogenic direction (Table 5). These results are observed under saturating
substrate conditions in vitro, and likely do not represent how the enzyme operates in a
physiological system, where intracellular concentrations of OAA versus PEP result in
gluconeogenic activity in the form of PEP synthesis. Understandably, the apparent Ky for OAA
is significantly lower than that of PEP, demonstrating a preference for the forward direction
substrate, which likely translates well in vivo. It should be noted that the Ky for ATP could not be
accurately determined because pyruvate kinase, the subsequent enzyme in the coupled-enzyme
assay, uses the ADP nucleotide product as its substrate. This is not the case in the reverse
direction assays where ADP itself is being monitored, as only MDH is required for the coupled-

enzyme assay in this direction, and MDH is not nucleotide-dependent like pyruvate kinase.

Table 5: Comparison of kinetic parameters between WT EcPEPCK, hcPEPCK and rcPEPCK
a) OAA + GTP — PEP + GDP + CO2

Km (uM) Keat (S_l) Kcat/ Km (|\/|'1 S'l)
OAA NTP OAA NTP OAA NTP
E. coli 2045 £ 275 * 36.4+19 * 1.8 x10° *
Human 33.8+46 69.8+109 334+10 29.1+096 9.9x10° 4.2x10°
Rat? 39.6 +4.58 54.6 +6.0 22.3+07 n/a 5.6 x 10° 4.1x10°
b) PEP + GDP + CO2 — OAA + GTP
KM (M) Keat (s%) Keat/ Km (M 52)
PEP NDP PEP NDP PEP NDP
E. coli 789.7 +89.3 93.3+113 94.7+26 92723 1.2 x10° 9.9x10°
Human 298.0 +39.5 29.3+89 16.1+060 14.1=+061 5.4 x 10* 4.8 x10°
Rat? 206.3 £17.2 85.9+93 15.0+03 n/a 7.3x10* 1.8 x 10°

*Kinetic parameters for ATP were unable to be determined because the coupled-enzyme assay was incompatible.
@Rat cytosolic data is from ref 14
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When compared to GTP-PEPCKS like rat or human cytosolic PEPCK, the ECPEPCK enzyme is
significantly more dynamic. Enzyme turnover is higher than that of the studied GTP-PEPCKSs,
even in the direction of carbon fixation, in which lower enzyme activity is usually observed for
GTP-PEPCKSs. The apparent Kwm for the different substrates of ECPEPCK is higher than their
GTP-PEPCK counterparts, despite demonstrating greater enzyme turnover. However, due to the
E. coli enzyme having the higher turnover (Kcat), ECPEPCK has a catalytic efficiency (Kcat/Km) on
par to that of the GTP-dependent PEPCK enzymes. The mechanism that allows for greater
enzyme turnover must involve the transition between open and closed conformations in some

way. Analysis of the Q-loop lid latching mechanism reveals fewer inter-residue contacts than

when compared to the GTP-dependent rat enzyme (Figure 28).

Gluzos |

Figure 28: Comparisons of the Q-loop lid mechanism in human and E. col/i PEPCK

A) Structure of hcPEPCK and B) structure of ECPEPCK. The R-loop is coloured blue, the P-loop is
coloured yellow, and the omega loop is coloured red. Amino acid side chains that make up the latch
mechanism are shown in green. This diagram was generated using CCP4MG.2¢
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This could suggest that ECPEPCK is less stable in the closed conformation when compared to
GTP-PEPCKs such as hcPEPCK. To test this hypothesis, non-productive production of pyruvate
was assayed, that is the non-enzymatic conversion of the reaction intermediate (enolate of
pyruvate) to pyruvate caused by premature omega loop lid opening (Table 6). Interestingly,
EcPEPCK demonstrates non-productive pyruvate production to a similar extent as the rat
cytosolic enzyme, but in the opposite direction of catalysis.>*>* This follows the same trend seen

for ECPEPCK product turnover, in that the PEP - OAA direction is preferred, but does not

explain why product turnover is higher than GTP-PEPCK.

Table 6: Non-productive production of pyruvate by PEPCK enzymes

a) Pyruvate production in the direction of OAA - PEP

Km (uM) kcat (s?)
ECPEPCK n.d. n.d.
*rcPEPCK 53 +13 0.40 £ 0.02
b) Pyruvate production in the direction of PEP - OAA
Km (uM) kcat (s7)
EcPEPCK 356 + 113 1.0+0.1
*rcPEPCK n.d. n.d.

n.d. — no pyruvate production detected. *rcPEPCK data is from ref 25

EcPEPCK also uses a two-metal system similar to rat cytosolic PEPCK (rcPEPCK), in which
two different divalent cations show synergistic behaviour for optimal enzyme activity.®® The M1
metal binds first to the apoenzyme with a characteristic octahedral coordination geometry,
followed by the M2 metal in the form of a metal-nucleotide complex.?* Although initial research
on ATP-PEPCK in Bakers’ yeast states that Mn?" is the M1 metal, more recent structural studies
on the E. coli enzyme suggest Mn*>* and Ca?" are interchangeable, since they both occupy the

active site where the M1 metal binds.®® Prior research on GTP-dependent rcPEPCK shows Mn?*
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is the preferred M1 metal, whereas Ca®" shows no significant activation of enzyme activity.'* A
full characterization of ECPEPCK was performed using several physiologically relevant divalent
cations: manganese, iron, calcium, zinc, cobalt and nickel. These metals were present in
micromolar quantities in the form of chloride salts, either as the sole metal or in the presence of
saturating MgClo. Mg?* was chosen as the proxy for the M2 metal due to its physiological

relevance and high abundance inside the cell.”

EcPEPCK shows the same preference as hcPEPCK for Mn** as its M1 metal, followed by Fe?*
and Mg*" to a lesser extent (Table 7). This is evident when only Mn?" or Fe?" are used in the
kinetic assays, as the enzyme is still active even when these two cations serve as both the M1 and
M2 metals. The other divalent cations, including Ca**, show no significant activation as the sole
M1 metal, and appear to have an antagonistic effect when in the presence of saturating MgCl,.
They likely outcompete Mg?* for the M1 metal, lowering the enzyme activity below the rate
contributed by saturating MgCl, alone. This is problematic as previously published structural
data for the ECPEPCK enzyme use Ca*" as the ligand®® despite the kinetic data demonstrating
that Ca®" does not have an activating effect as the M1 metal (Table 7). Interestingly, Fe?*, the
divalent cation with the second highest affinity for the M1 site, also happens to be the preferred
M1 metal for the lesser-known family of PPi-PEPCKs.*! It should also be noted that in the
original study on Bakers’ yeast, Fe?" was never tested for its activation of the ATP-dependent

PEPCK enzyme.*’
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Table 7: Kinetic characterization of different divalent cations against PEP to determine the
highest activating M1 metal of ECPEPCK.

Two-metal divalent cation activation (100 pM M1 + 4 mM Mg)

KM (um) Specific Activity (umol/min/mg)
Mn?* 1.1+02 56.1+19
Fe?* 3.0+06 40.4 +17
Ca?* - 18.0+5.6
Co? - 13.0+21
Zn? - 9.6+19
Ni2* - 6.4+06
4 mM Mg* - 20.7 + 1.9
One-metal divalent cation activation (100 pM M1 metal only)
KM (uMm) Specific Activity (umol/min/mg)
Mn?* 2.3+0.9 36.0+£2.8
Fe?* 95+5.38 20.7+3.8
Mg?* 25+0.7 48+0.3

All cations were added to the assay in the form of chloride salts. 4 mM excess magnesium was added as a
proxy for the M2 metal in a two-metal system. Ky could not be determined for Ca, Co, Zn or Ni as they
did not activate EcPEPCK.

Divalent Cation Activation of EcCPEPCK

60
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Specific Activity (umol/min/ng)

4 mM MgcCl,
20
10 ]: I
T
0 I
Mn2+ Fez+ Ca2+ COZ+ Zn2+ N-|2+

Figure 29: Divalent cation activation of ECPEPCK via a two-metal system

Visual representation of divalent cation activation of ECPEPCK via a two-metal system. Six different
divalent metal cations were assayed for their role as the M1 activating metal in the presence of saturating
MgCl; as the M2 metal. The activity attributed to 4mM MgCl; is denoted as a line on the graph.
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This two-metal system is near-identical to that of rcPEPCK, with even the relative affinities for
Mn?* followed closely by Fe?" staying the same, whereas Ca®" does not appear to show any
significant activation for either ECPEPCK or rcPEPCK. Since both rcPEPCK and EcPEPCK
share the exact same active site residues (M1 binding residues: lysine, aspartic acid, histidine),

this was not unexpected, despite the low sequence identity between the two classes of PEPCKs.

Thus far the similarities between the ATP- and GTP-dependent enzymes were expected, and due
to the shared active site residues between them, inhibition by PEPCK reaction analogs was also
expected to show similar effects. Oxalate, and analog of the enolate intermediate, was co-
crystallized with ECPEPCK and the ATP nucleotide, and was demonstrated to bind to ECPEPCK.
Oxalate binds to the OAA/PEP subsite, and ATP is bound to the nucleotide subsite (Figure 30).
This co-crystal structure is an example of the closed conformation of PEPCK, wherein the

omega loop lid is closed over to protect the active site during catalysis.
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~<a.
Figure 30: EcCPEPCK co-crystal structure with ATP and oxalate

Ribbon structure of ECPEPCK is coloured ice blue. The R-loop is coloured blue, the P-loop is coloured
yellow, and the omega loop is coloured red. Both the oxalate ligand and the ATP nucleotide are coloured
by atom and rendered as ball-and-stick models. Neighbouring amino acids within 3.5A are coloured grey.
The 2Fo-Fc electron density map surrounding oxalate and ATP is contoured to 2¢. The 2Fo-Fc map for
the metals is contoured to 36. Manganese ions are coloured light pink and represent the M1 and M2
metals. This diagram was generated using CCP4MG.?*

However, interesting differences were observed when running the kinetic inhibition assays using
oxalate. Oxalate shows stronger inhibition in the reverse direction against PEP, in contrast to
rcPEPCK, where oxalate inhibition is more potent against OAA.”¢ In addition, oxalate shows
mixed inhibition with an equal contribution from both competitive and uncompetitive inhibition
in the reverse direction against PEP, as seen by the kinetic replots (Table 8). This would suggest
that oxalate binds to two separate sites, one competitively at the OAA/PEP subsite and another at

either the nucleotide subsite, or an allosteric site. However, this putative double oxalate-bound

crystal structure could not be obtained after several lengthy attempts at crystallization.
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Table 8: Inhibition of ECPEPCK by Oxalate (analog of reaction intermediate)

c) OAA + ATP ->PEP + ADP + CO;

KM/Vmax 1/Vmax

Ki (um) Ki (uMm)
ECPEPCK 71.7 £29.0 358 +91.2
rcPEPCK 9+1 n/d

d) PEP + ADP + CO; -> OAA + ATP

KM/Vmax 1/Vmax

Ki (M) Ki (uM)
ECPEPCK 124 +32 15.5+06
rcPEPCK 106 +6 n/d

n/d - uncompetitive inhibition constant for rcPEPCK was not determined.

The next inhibitor looked at was B-sulfopyruvate (BSP), an analog of OAA, the substrate in the
forward direction. BSP is well-known as an inhibitor of the rat enzyme (GTP-PEPCK).” A co-
crystal structure of BSP and ATP (Figure 31) was obtained after some difficulty. Initial attempts
at co-crystallization yielded a structure where BSP only had partial occupancy, however through
a combination of co-crystallization and soaking, full occupancy was observed. Harvesting a
crystal grown at 100 mM BSP and soaking in 150 mM BSP for 10 minutes yielded the final
EcPEPCK ATP BSP co-crystal structure. Difficulty in obtaining a co-crystal structure with BSP
fully occupying the active site suggested that it was not a potent inhibitor of ECPEPCK, in
contrast to the GTP-dependent rat cytosolic enzyme. This structure had a highly flexible omega
loop lid, making it difficult to model initially, but after several rounds of refinement the
conformation of the omega loop was able to be determined. The ATP + BSP co-crystal dataset
had the best resolution of the three ECPEPCK structures, refined to 1.45A, and also had a

different spacegroup (C2) from the others (P21) (Table 11).
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Figure 31: EcPEPCK co-crystal structure with ATP and B-sulfopyruvate

Ribbon structure of ECPEPCK is coloured ice blue. The R-loop is coloured blue, the P-loop is coloured
yellow and the omega loop is coloured red. Both the BSP ligand and the ATP nucleotide are coloured by
atom and rendered as ball-and-stick models. Neighbouring amino acids within 3.5A are coloured grey.
The 2Fo-Fc electron density map surrounding BSP and ATP is contoured to 1.5 and 2o, respectively. The
2Fo-Fc map for the metals is contoured to 3.5¢. Manganese ions are coloured light pink and represent the
M1 and M2 metals. This diagram was generated using CCP4MG.*

Inhibition assays revealed what was expected based on the structural data, that BSP does not
bind very tightly to ECPEPCK. BSP is known to be a tightly binding inhibitor of GTP-PEPCK”®
(K1 ~25 uM), however BSP does not appear to bind nearly as tightly to ECPEPCK, with a
competitive inhibition constant of about 8 mM (Table 9). This explains why it was difficult to
obtain a crystal structure with BSP bound at full occupancy. This inhibitor was assayed against
OAA only due to the limitations of the assay — malate dehydrogenase, the coupling enzyme used

in the opposite direction of catalysis, is capable of catabolizing BSP as a substrate.?’
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Table 9: Inhibition of ECPEPCK by B-sulfopyruvate (analog of the reaction substrate)
OAA + ATP - PEP + ADP + COz

KM/Vmax 1/Vma><

Ki (mM) Ki (mM)
EcPEPCK 7.91+19 61.5+79
*rcPEPCK 0.025 +0.006 n.d.

*rat cytosolic data is from ref 24

The last of the three analogs used to study enzyme inhibition was phosphoglycolate (PGA). PGA
is an analog of the PEPCK reaction product, phosphoenolpyruvate (PEP). Unlike the other two
aforementioned co-crystal structures, this PGA and ADP structure (Figure 32) was obtained
using a different crystal condition (0.1M sodium acetate pH 4.5), and also required seeding,
eventually yielding amorphous protein crystals significantly different in morphology from the
previous crystals. In attempting to co-crystallize ECPEPCK with PGA and ADP using the initial
crystal condition (0.1M BisTris pH 6.5) PGA did not bind, and instead ATP nucleotide was
bound to the active site. After ruling out potential ATP contamination in the crystallization
reagents, it was concluded that this is a case of product turn-over, such that ECPEPCK can
transfer a phosphate group from phosphoglycolate to ADP, creating ATP (see Chapter 4). This
explains why the PGA and ADP structure was only obtained using the sodium acetate conditions,
since ECPEPCK is likely unable to catalyze the phosphate transfer at a lower pH. Going from an
approximately neutral pH to an acidic pH of 4.5 could affect the amino acid residues in the active
site that coordinate M1 metal binding, or one of the other residues that are directly involved in
catalysis. Previous research on GTP-PEPCK demonstrates the importance of pH dependence for
PEPCK catalysis, namely for the deprotonated histidine and lysine sidechains that coordinate the
M1 metal.”! It was determined that the pKa’s were 6.5 and 7.0 for histidine and lysine,
respectively. Since the M1 coordinating residues are conserved in all PEPCKSs, it can be assumed
that the corresponding residues in ECPEPCK, His232 and Lys213, have similar pKa values.
Therefore, lowering the pH below 6.5 would render ECPEPCK unable to catalyze the reaction.
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Figure 32: EcCPEPCK co-crystal structure with ADP and phosphoglycolate

Ribbon structure of ECPEPCK is coloured ice blue. The R-loop is coloured blue, the P-loop is coloured
yellow, and the omega loop is coloured red. Both the PGA ligand and the ADP nucleotide are coloured by
atom and rendered as ball-and-stick models. Neighbouring amino acids within 3.5A are coloured grey.
The 2Fo-Fc electron density map surrounding PGA and ADP is contoured to 1.5 and 26, respectively. The
2Fo-Fc map for the metals is contoured to 3.5¢. Manganese ions are coloured light pink and represent the
M1 and M2 metals. This diagram was generated using CCP4MG.%¢

Determining phosphoglycolate inhibition of ECPEPCK was difficult to achieve with the prior
knowledge that PGA is known as a poor inhibitor of rat cytosolic PEPCK (a reported K of 2.53
mM)?*, and the potential that ECPEPCK can use it as a substrate. Neither a full set of inhibition
curves nor a complete IC50 could be obtained with the resources in our laboratory, however 25%
loss of enzyme activity was observed at 5 mM phosphoglycolate. Fitting the available data to a
dose-response curve using GraphPadPrism yields an estimated IC50 over 100 mM (Figure 33).

Extrapolating from the IC50 value, the Ki for PGA is about 74 mM (see section 3.2.7).
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Figure 33: Phosphoglycolate (PGA) IC50 EcPEPCK

EcPEPCK activity data at increasing concentrations of PGA was plotted on GraphPad and fit to a dose-
response curve to determine 1C50.

Table 10: PGA inhibition for ECPEPCK against PEP

PEP + ADP + CO; - OAA + ATP
Calculated 1C50 (mM) Estimated K; (mM)

ECPEPCK 167.7 + 136.4 ~74
*rcPEPCK - 2.5+0.01

*rat cytosolic data is from ref 24

Table 11: Simplified ECPEPCK crystallographic statistics data*

EcPEPCK ATP Oxalate

EcCPEPCK ATP BSP

EcPEPCK ADP PGA

Space group P1211 Ci121 P1211
Unit Cell Dimensions a=54.236 a=123.998 a=54527
b = 194.846 b=93.219 b =195.183
€ =54.162 c =46.054 c=54.572
o =v=90.00° o =v=90.00° o =v=90.00°
B =114.51° B =95.89° B =115.09°
Resolution Limits 39.29-2.00 74.37-1.45 49.47-1.73
Completeness (%) 99.36 (91.77) 98.11 (80.74) 98.22 (93.03)
I/sigma 11.88 (1.68) 8.73 (3.18) 13.84 (1.93)
CC1/2 0.988 (0.758) 0.998 (0.944) 0.991 (0.750)
Rpim 0.060 (0.354) 0.033 (0.154) 0.044 (0.381)
Rmerge 0.137 (0.486) 0.134 (0.243) 0.096 (0.777)
Rfree 0.204 (0.242) 0.188 (0.275) 0.225 (0.424)
Rwork 0.173 (0.190) 0.169 (0.259) 0.187 (0.358)

*Values in parentheses represent the highest resolution shell
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Lastly, with the new EcCPEPCK crystal structures obtained, a direct comparison of the nucleotide
binding sites of ATP and GTP PEPCKs was achieved (Figure 34). GTP is surrounded by several
aromatic residues and the amino group of the Asn533 sidechain is in direct contact (3A) with the
carbonyl of GTP. On the other hand, the ATP binding site is lacking aromatic residues, but has

several threonine residues contributing to the coordination of ATP via their hydroxyl side chains.

Thr252 7R /

Figure 34: Comparison of the nucleotide binding sites of hcPEPCK and EcPEPCK
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Ribbon structures of A) hcPEPCK is coloured ice blue and B) EcCPEPCK is coloured white. The P-loop is
coloured yellow and orange for hcPEPCK and EcPEPCK, respectively. The GTP and ATP nucleotides are
coloured by atom. Amino acids within 3.5A of the nitrogenous base are coloured dark purple.
Neighbouring amino acids of the metals and phosphate groups are conserved in both structures and are
coloured pink. Manganese ions are coloured light pink and represent the M1 and M2 metals. This diagram
was generated using CCP4MG.% See Figure 20 and Figure 30 for the complete active site structures.

3.4 Conclusions

Despite the fact that the first PEPCK crystal structure to be uploaded to the PDB databank was
that of E. coli enzyme, an ATP-dependent PEPCK, the majority of the kinetic data and
characterization of PEPCK enzymes have been done on GTP-dependent PEPCKSs. Information
gained over the years on the GTP-dependent class of enzymes, including the rat and the human
cytosolic enzymes, have been assumed to apply to the family as a whole. Here | present the
importance of directly comparing the two nucleotide-dependent classes of PEPCK using the
same experimental methods, using the human and E. coli enzymes as a proxy for GTP and ATP-

PEPCK, respectively.

One of the most apparent observations when comparing the ECPEPCK enzyme to previously
studied GTP-dependent PEPCKSs, based on the optimized Kinetic assay in vitro, is that ECPEPCK
has a faster rate of product turnover in both directions of catalysis. However, the GTP-PEPCKSs
have since evolved to have a lower Kw for their substrates in comparison, thus achieving a
catalytic efficiency more on par with the ATP-dependent class, despite having slower turnover. It
is likely that these enzymes have evolved to account for differences in substrate concentration in
their own unique cellular environments. Both classes of PEPCK enzymes share the same
absolute requirement for two different divalent cations in their active site. Based on metal
concentrations in a biological system, the identity of the M2 metal is Mg?*, in the form of the
Mg:ATP complex. The M1 metal can be assumed to be Mn?*, based on the apparent Ky when
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compared to that of the other divalent cations tested. Fe?* and Mg?* cations also activate the
ECPEPCK enzyme, though not to the same extent as Mn?*, and when present as the sole divalent
cations, Mn?*, Fe?* and Mg?* can act as both the M1 and M2 metals simultaneously, although
PEPCK activity is greatly diminished. Despite the low sequence identity (~20%), the fact that the
two classes of PEPCK enzymes share the same preference for the M1 metal is unsurprising due
to conserved metal binding residues in the active site (Lys213, His232, Asp269, and Lys244,

His264, Asp311 for ATP and GTP-PEPCKSs, respectively).

Well-known inhibitors of GTP-PEPCK include BSP, oxalate and PGA. Likely related to the
higher Kwm of their analogous substrates, BSP and PGA do not bind as tightly to ECPEPCK when
compared to GTP-PEPCKSs like the rat and human enzymes. BSP inhibits in the micromolar
range for GTP-PEPCK, and the millimolar range for ATP-PEPCK. PGA, as an analog of PEP, is
projected to have a K; of ~74 mM, with structural data suggesting that ECPEPCK is able to use
PGA as a substrate. Oxalate, the inhibitor analogous to the reaction intermediate, still proves to
be a strong micromolar inhibitor of ECPEPCK. Oxalate demonstrates inhibition in both
directions of catalysis, with increased inhibition in the PEP — OAA direction, in direct contrast
to rcPEPCK, where inhibition is stronger in the OAA — PEP direction. In addition, for
EcPEPCK in the PEP — OAA direction oxalate inhibition can be attributed to both competitive
and uncompetitive effects, suggesting a secondary binding site. These differences in inhibition
between ECPEPCK and hcPEPCK are despite the fact that all the residues that are directly in
contact with the inhibitors/substrates and the bond conformations they adopt are conserved
between ATP/GTP-PEPCKSs. This result was unanticipated based on the structural homology of
the active site shared between these two enzymes, suggesting that there is a difference in the

coupling of the amount of free energy required for the conformational changes necessary for

71



catalytic turnover, as the main active site sequence differences between the two enzymes are in

the omega loop lid and hinge regions.

Comparisons of the nucleotide binding sites between hcPEPCK and EcPEPCK, members of the
GTP-dependent and ATP-dependent classes of PEPCK, demonstrate a difference in structural
selectivity. The ATP binding site in ECPEPCK is composed of polar, electronegative amino acids
including threonine to stabilize the amine groups of the adenosine ring. Conversely, the GTP
binding site seems to have evolved to incorporate the rarer amino acids with large aromatic side
chains like phenylalanine and tryptophan. The presence of multiple aromatic groups likely
indicates pi-stacking as a form of coordinating the guanosine ring in the nucleotide binding site,
resulting in the Km of GTP/GDP being lower than that of ATP/ADP. In addition, the extra
carbonyl group on the GTP nucleotide is stabilized by the amino group on the asparagine

sidechain nearby, which is not present in the ECPEPCK structure.

With the assumption that the E. coli enzyme is an appropriate proxy for the class of ATP-
dependent PEPCKSs, the kinetic and structural data summarized here aims to fill in the gaps in the
characterization of ATP-PEPCK. This information provides insight into the differences in
behaviour between ATP and GTP-PEPCKSs that might not have been discovered otherwise, and

demonstrates subtle changes in catalytic activity as PEPCK enzymes evolved.
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Chapter 4: Using 3P NMR to assay for pyruvate kinase-like activity in
Escherichia coli PEPCK

4.1 Introduction

Yeast PEPCK, also belonging to the ATP-dependent class of enzymes, has been known to
generate pyruvate from PEP, catalyzing a “pyruvate kinase-like” (PK-like) reaction where the
phosphate group of PEP is transferred to ADP, resulting in the production of both pyruvate and
ATP (Figure 35). This phenomenon was first observed in 1962 in the ATP-PEPCK isolated from
Bakers’ yeast.*? Initially, they called the enzyme phosphopyruvate carboxylase, before labelling
it by its correct name, phosphoenolpyruvate carboxykinase, a few publications later, as per the
Enzyme Commission of the International Union of Biochemistry and Molecular Biology.*®
When characterizing the carbon fixation activity of the yeast PEPCK enzyme, they noted slight
ATP production in the absence of CO2, which was attributed to contaminating pyruvate kinase in

the enzyme preparation.*?
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Figure 35: PEPCK-catalyzed reactions using PEP and ADP to generate ATP
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Later in 1993, the enzyme from the obligate anaerobe, Anaerobiospirillum succiniproducens,
was reported to be the first CO2-fixing PEPCK enzyme derived from a bacterium.*® This PEPCK
enzyme was determined to catalyze the nucleotide-dependent conversion of PEP to OAA as the
first step in a fermentation pathway that generates high amounts of succinate, as is characteristic
of this microorganism.*® Shortly thereafter, the pyruvate kinase-like reaction catalyzed by ATP-
dependent PEPCKSs was characterized in both Saccharomyces cerevisiae and Anaerobiospirillum
succiniproducens, and it was noted that these two enzymes catalyzed the PEPCK reaction in
physiologically opposite directions (gluconeogenesis and CO; fixation in S. cerevisiae and A.
succiniproducens, respectively).®® Pyruvate kinase contamination was ruled out by expressing A.
succiniproducens PEPCK in a PB25 strain of E. coli, where the chromosomal pykA and pykF
genes were interrupted by antibiotic resistance markers. It was concluded that PK-like activity of
these enzymes was 1.2% and 0.13% of the CO>-fixation reaction for the yeast and bacterial
enzyme, respectively and that the Km for PEP was similar for both reactions.®® Since this PK-like
reaction has been observed in S. cerevisiae and A. succiniproducens, both of which have ATP-
dependent PEPCK, so it follows that the E. coli enzyme would have the potential to demonstrate

PK-like activity as well, although thus far it has not been characterized to my knowledge.

Beyond the putative PK-like activity of PEPCK, initial crystallographic data suggests that
EcPEPCK may also have the ability to catabolize phosphoglycolate (PGA), as hypothesized in
the previous chapter. Early attempts to crystallize the ECPEPCK ADP + PGA structure showed
neither of these ligands bound, but rather ATP, suggesting product turnover. The synthesis of the
high energy phosphoanhydride bond in ATP from ADP and P;i requires a high amount of energy
(AG® =30 kJ/mol), and the hydrolysis of a phosphate group from PEP, the enzyme’s typical

substrate, is enough to provide this energy (AG® = -55 k/mol).** The use of PGA as a substrate
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appears unlikely, as the standard free energy of the hydrolysis of PGA (AG®° = -31 kJ/mol) is
almost half that of the hydrolysis from PEP, and is only barely enough energy to generate the
high-energy phosphate bond of ATP.%* If the structural data demonstrates the production of ATP
from PGA and ADP, then the binding of the substrates to ECPEPCK must raise the free energy of
hydrolysis for PGA sufficiently high enough to allow for this chemistry to occur. The standard
spectrophotometric assay can be used to determine PK-like activity using PEP, but to address the
question of ECPEPCK using PGA as a substrate, a new assay was needed. Since this putative
activity of ECPEPCK also involves a phosphoryl transfer, 3P NMR was used to design a novel

qualitative PEPCK assay.

4.2 Materials & Methods
4.2.1 Materials
All materials needed for ECPEPCK protein expression, purification, kinetic analysis and

crystallization were as previously described (Chapter 3.2.1).

4.2.2 Enzymes

The coupling enzymes pyruvate kinase (PK), lactate dehydrogenase (LDH) and malate
dehydrogenase (MDH) were purchased from Calzyme Laboratories. The plasmid expressing
His6-SUMO protease was a gift from C. Lima (Sloan-Kettering Institute, New York, NY) and

was expressed and purified as previously described.?*
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4.2.3 EcPEPCK protein expression and purification

The EcCPEPCK protein was recombinantly expressed as a His6-SUMO fusion protein and

purified as previously described (Chapter 3.2.5).

4.2.4 EcCPEPCK kinetic assays

The PK-like reaction was assayed using the same conditions as the PEPCK assay in the PEP —
OAA direction, with the exception that KHCO3 was left out of the reaction mixture and LDH
was used as the coupling enzyme instead of MDH to indirectly monitor pyruvate formation. In
addition, a stoichiometric ratio of 4 mM ADP nucleotide to 4 mM MgCl, was used for both the

singular metal assay and the two-metal assay (in which 100 uM MnCl, was added).

4.2.5 HPLC determination of ADP purity

To determine ADP purity, a 100 mM stock of adenosine-5-diphosphate disodium dihydrate
sourced from BioShop Canada Inc (Cat No. ADP006) was made in IM HEPES pH 7.5 buffer. A
diluted 2 mM sample of ADP in 100 mM HEPES pH 7.5 was added to a Higgins Analytical
Targa C18 5uM column (TS-2510-C185) with a flow rate of 2 mL/min. The separation methods
by Stocchi et al. were followed with a few alterations.”>°7 The first buffer (15 mM ammonium
acetate pH 6) was used for 8 minutes, followed by a linear gradient up to 100% of the second
buffer (15 mM ammonium acetate pH 6, 10% methanol) for 18 minutes. The gradient was
returned to the first buffer for 2 minutes, and continued for 12 minutes eluting in the first buffer.

The same protocol was repeated with a second sample containing 2 mM ADP and 500 uM ATP.
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4.2.6 ECPEPCK NMR assay design

3IP-NMR assays were performed on the Bruker Ascend 300 MHz spectrometer at 25°C. The
spectrometer was set for 1D pulse sequence 'H decoupling with 30° flip angle (default waltz16
sequence). Relaxation or recycle delay (D1) was set to 2 seconds between scans. The number of
scans collected for the control samples was 16, while the total scans collected over a 2-hour
period for the experimental assay spectra was 2458. Phosphoric acid (85% in D>O) was used as

the reference standard.

A 1 mL sample was created for the NMR assay, then 700 pl of that sample was added to a
500MHz NMR sample tube. Standards were created of the substrates and expected products in
the presence of reaction buffer, DTT and MgCl» and D,O for locking purposes (see Table 12).
Both samples and standards were chelated before the addition of magnesium. Samples and
standards were incubated at room temperature and kept within a locked drawer to prevent

exposure to light before being analyzed on the NMR spectrometer for subsequent timepoints.

Table 12: NMR sample composition for standards and reaction assays™

ATP AMP PEP ADP PGA ADP PGA ‘PK-like’
Pi control . ]
control control control control reaction reaction

25mM HEPES 25mM HEPES 25mM HEPES  25mM HEPES 25mM HEPES 25mM HEPES 25mM HEPES

1mM NazPO, 1ImM ATP 1mM AMP 1mM PEP 1mM PGA 1mM PGA 1mM PEP

4mM MgCl, 4mM MgCl, 4mM MgCI2 1mM ADP 1mM ADP 1mM ADP 1mM ADP

10mM DTT 10mM DTT 10mM DTT 4mM MgCl, 4mM MgCl, 4mM MgCl, 4mM MgCl,
10mM DTT 10mM DTT 10mM DTT 10mM DTT

1mg EcCPEPCK 100ug EcPEPCK

*The pH of the HEPES buffer for all samples was 7.5
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4.3 Results & Discussion

To investigate whether the E. coli PEPCK enzyme could catalyze the PK-like reaction, the
standard kinetic assay was setup in the reverse direction, omitting the bicarbonate used as a
source of COz to ensure the canonical PEPCK-catalyzed reaction would not occur. There was
minimal activity detected, indicating that ECPEPCK can catalyze this PK-like reaction in the

absence of CO», albeit to a much lesser extent than the canonical PEPCK-catalyzed reaction.
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Figure 36: Michaelis-Menten curves showing pyruvate formation by EcCPEPCK
Pk-like activity of ECPEPCK using Mg** (left) and Mn?*" + Mg?" (right) both fit to a substrate inhibition
model.

The PK-like reaction was observed in the presence of excess MgCl,, and to a somewhat greater
extent by adding 100 pM MnCl: (Figure 36). The presence of Mn?" increases enzyme activity by
a factor of two, and results in a lower Km for the PEP substrate (Table 13). Although activity is
minimal compared to that of PEPCK’s true carbon fixation activity, there is evidence that the
PK-like reaction is occurring, and that the two divalent metal system is still required for optimal
activity. While it is interesting that apparent substrate inhibition was observed when PEP was
added to the assay at concentrations greater than 2 mM, the origins of this phenomenon were not

further investigated in this study.
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Table 13: Pyruvate kinase-like reaction catalyzed by ECPEPCK

PEP + ADP — Pyruvate + ATP
Km (uM) Keat (s1) Keat/Km (M52
Mg2* only 290.4 +816 0.1209 +0.013 4.2 x 102
Mg?* + Mn?* 169.7 +49.7 0.2438 +0.024 1.4 x 10°

Based on the catalytic efficiency, having both Mg?" and Mn?* present results in activity that is an
order of magnitude more efficient than what is observed with just Mg?* present. The PK-like
reaction is understandably two orders of magnitude less than that of the carbon fixation reaction
normally catalyzed by PEPCK. With the kinetic data obtained thus far, pyruvate formation can
be observed, but whether this is due to true PK-like activity, or simply the hydrolysis of PEP and
generation of Pj, remains to be seen. To give further credence to this putative PK-like reaction, I
designed a qualitative assay using phosphorus NMR (*!P NMR) to analyze the production of ATP
from PEP and ADP. To more easily visualize the PK-like reaction occurring, 100ug of ECPEPCK
was used for the NMR assay compared to the 2.5 ug used for the standard spectrophotometric
assay. Due to the paramagnetic nature of manganese, Mg?* was used as the sole divalent metal

cation in the PK-like reaction.

After a 4-hour incubation of the assay mixture at room temperature, the doublet and triplet peaks
corresponding to the y, a and B ATP phosphates are observed at -5.5/-5.6, -10.7/-10.8 and -
19.0/-19.1/-19.2 ppm, respectively (Figure 37). A small peak corresponding to inorganic
phosphate can be seen at 1.85 ppm, indicating that ECPEPCK is also hydrolyzing PEP as a side
reaction. Control reactions were set up in the absence of enzyme to ensure that there was no

product degradation over the same assay timepoints (see Appendix G).
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Figure 37: 3'P NMR spectra for the PK-like reaction catalyzed by EcPEPCK after 4 hours
3P NMR spectrum for the PK-like reaction after 4 hours of incubating the reaction mix with 100 ug
EcPEPCK. The 300 MHz NMR spectrometer was run for 2 hours to obtain this signal-to-noise ratio.
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Figure 38: Substrates and products of the PK-like reaction and their visibility in *'P NMR
Chemical structures of the substrates and products involved in the PK-like reaction. Phosphate groups
highlighted in blue represent the peaks observed in the *'P-NMR spectra.
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The PK-like reaction has a much lower turnover rate and catalytic efficiency when compared to
the canonical carbon fixation reaction of PEPCK, even though both reactions use PEP and ADP
as substrates. It was reported that the PK-like reaction is 1.2% and 0.13% of the carbon fixation
reaction for yeast and A. succiniproducens PEPCK, respectively®. and the PK-like reaction of
EcPEPCK is on par with its PK-like reaction roughly 0.25% of its normal activity. PK-like
activity in ECPEPCK at roughly 0.25% of its normal activity puts it more on par with A.
succiniproducens, an anaerobic bacterium. To support this conclusion, the 3'P-NMR assay
demonstrates the presence of ATP nucleotide that is produced after the phosphoryl transfer.
There also appears to a side reaction of PEP hydrolysis, resulting in an accumulation of inorganic

phosphate.

Figure 39: Ribbon structure of the ECPEPCK-ATP cocrystal complex generated when EcPEPCK
is crystallized under ADP and PGA crystallographic conditions at neutral pH
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Ribbon structure of ECPEPCK is coloured ice blue. The R-loop is coloured blue, the P-loop is coloured
yellow, and the omega loop is coloured red. The ATP nucleotide is coloured by atom-type and rendered as
ball-and-stick models. Neighbouring amino acids within 3.5A are coloured grey. The 2Fo-Fc electron
density map surrounding ATP is contoured to 26. The 2Fo-Fc map for the metals is contoured to 3.5c.
Manganese ions are coloured light pink and represent the M1 and M2 metals. This diagram was generated
using CCP4MG %

Initial attempts to obtain a co-crystal structure of ECPEPCK with PGA + ADP (see section 3.3)
under crystal conditions approaching a neutral pH (pH 6.5) yielded an interesting phenomenon of
product turnover, where ATP was found bound to the ECPEPCK active site (Figure 39). Utilizing
the same NMR-based assay, I also endeavoured to test the hypothesis that ECPEPCK is able to
use the phosphate group from phosphoglycolate (PGA) to make ATP, as observed in the
structural data. This phosphorus-based assay would determine if ECPEPCK was simply
hydrolyzing PGA into glycolate and inorganic phosphate, or if it was indeed transferring the
phosphate group onto ADP. Due to the fact that PGA is not the preferred substrate of ECPEPCK,
this reaction took place quite slowly, with only minimal results observed after 24 hours. Small
peaks with low signals can be seen at the expected chemical shifts for ATP (two pairs of doublets
on either side of the ADP peaks, and one triplet peak further downfield). After 1 week of
incubation at RT with control samples running in parallel, as the ADP doublets decreased in
signal, ATP peaks were observed at -5.5, -10.7 and -19.1 ppm (Figure 40). This supports
EcPEPCK being able to use PGA instead of PEP in the phosphoryl transfer reaction, forming
ATP and presumably glycolate. This also likely corresponds to why PGA is an even worse
inhibitor of the E. coli enzyme when compared to rcPEPCK, however the bigger detriment to

PGA as an inhibitor of ECPEPCK is the ability of the enzyme to hydrolyze the phosphate group

off of PGA, making inorganic phosphate and glycolate, as seen in the large P; peak in the spectra.
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Figure 40: 3'P NMR spectra for the catalysis of phosphoglycolate by ECPEPCK

3P NMR spectrum for the catalysis of phosphoglycolate after 24 hours (top) and 1 week (bottom) of
incubating the reaction mix with lmg EcPEPCK. The 300 MHz NMR spectrometer was run for 2 hours to
obtain this signal-to-noise ratio.
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Figure 41: Substrates and products of the PGA catalysis reaction and their visibility in *'P NMR
Chemical structures of the substrates and products involved in the catalysis of PGA. Phosphate groups
highlighted in blue represent the peaks observed in the *'P-NMR spectra.

However, in addition to the formation of ATP, there is also a large singlet peak corresponding to
inorganic phosphate (P;) that can be seen after 24 hours and also increases in signal over a week
time period. There is also an unknown peak around 3.5 ppm that also increases in signal over the
time course of the assay. This peak labelled ‘X’ increases faster than that of inorganic phosphate,
and also appears in the aforementioned PK-like reaction. Neither the singlet for inorganic
phosphate or peak X appeared for the non-enzymatic control sample after 1 week. (Figure G6).
Both the P; and unknown singlet peaks increase at a faster rate than the peaks corresponding to
ATP. This peak could not correspond to an intermediate, as it would eventually decrease as the
reaction continued over the week-long time course. Based on the chemical shift (6 =1 - 4 ppm

for AMP depending on pH and buffer composition)’*'%

, 1t 1s likely that this peak, that appears in
both the PK-like reaction and the catalysis of PGA, corresponds to the production of AMP as

another side reaction. The mechanism is unclear, but it appears that EEPEPCK might be cleaving
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a phosphate group from the ADP nucleotide. This would also generate P; on top of what is
generated from the incomplete transfer of phosphate from PGA to ATP, explaining why the P;
peak at 1.8 ppm increases so rapidly. The adenosine 5’-monophosphate (AMP) control (see
Appendix G3) that was run using the same buffer and metal conditions shows a peak at 3.46
ppm, further providing evidence that the identity of the unknown peak in both the PK-like

reaction and the catalysis of PGA is likely AMP.

4.4 Conclusions

The combination of the kinetic assay for the production of pyruvate and the 3'P-NMR assay for
the production of ATP provides sufficient evidence that ECPEPCK is capable of catalyzing a
pyruvate kinase-like (or PK-like) reaction. Although hinted at via the activities of the ATP-
dependent S. cerevisiae and A. succiniproducens PEPCK enzymes, this is the first time that PK-
like activity of the E. coli PEPCK has been observed and characterized. The data presented here
suggests that PK-like activity is an inherent property of ATP-dependent PEPCKSs. The question
as to whether it can be applied to the entire family of PEPCK enzymes remains unclear. To our
knowledge the PK-like dephosphorylation of PEP to generate pyruvate has not been observed in
GTP-PEPCK, suggesting that this activity is a distinguishing feature between ATP and GTP-
PEPCK enzymes. Interestingly, the lesser understood PP;-PEPCKS are also able to catalyze a
PK-like reaction, albeit using P; and forming PP; instead.®! This could reinforce the idea that PP;-
PEPCKSs indeed arose from a common ancestor, and perhaps existed as the earliest form of
PEPCK before adapting and gaining the ability to use ATP nucleotide instead of PP;.
Conversely, evolving the ability to use GTP as a phosphoryl donor and getting farther away from
the mechanistic similarities to pyruvate kinase could explain why GTP-dependent PEPCKSs no

longer have the ability to catalyze a PK-like reaction.
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The secondary phenomenon of phosphoglycolate (PGA) catalysis is slightly more ambiguous.
Initial crystallographic data of what was supposed to be a co-crystal structure of ADP and PGA
yielded only ATP bound to the ECPEPCK active site. After ruling out potential contamination, it
could only be concluded that this was a case of enzyme turnover, where PGA was being used as
an alternate substrate. The likely scenario is that at the near neutral pH conditions of the crystal
buffer, ECPEPCK was able to catalyze the transfer of the phosphate group from PGA to ADP,
thereby producing ATP and what was presumably glycolate. The NMR assay was able to verify
what was seen from the structural data, showing evidence of doublet and triplet peaks
corresponding to the ATP product. The ability of ECPEPCK to use PGA as a substrate can be
assumed to be a property of all ATP-PEPCKS. Revisiting the similarities of ATP-PEPCK and
pyruvate kKinase reveals that this use of PGA as an alternate substrate is not surprising since
pyruvate Kinase is also known to catalyze the reverse of this reaction, that is the phosphorylation
of glycolate via ATP. 1 Interestingly, like pyruvate kinase, there is some evidence that GTP-
PEPCKSs can also catalyze what we assume is the reverse of the PGA catalysis reaction, that is
the phosphorylation of glycolate (and other a-substituted carboxylic acids) via GTP.% Whether
GTP-PEPCK can also catalyze the reverse reaction and use PGA as a substrate was not
investigated, as the structural data already published (e.g. PDB ID: 3DTB) from the rat cytosolic

enzyme demonstrates we can capture the GDP + PGA complex at neutral pH.103104
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Chapter 5: Future Directions for Phosphoenolpyruvate carboxykinases
5.1 GTP-dependent hcPEPCK'’s role as a protein kinase

To properly study the role of hcPEPCK as a protein kinase, obtaining a source of AKT1 enzyme
would be ideal. Previous research used AKT1 and PEPCK in an in vitro phosphorylation assay
along with LC/MS-MS to demonstrate that AKT1 phosphorylated PEPCK at Ser90.4¢ AKT1
could be purchased from a commercial source, then used to obtain a source of phosphorylated
PEPCK that could be used in downstream Kinetic assays for characterization or INSIG binding.
Alternatively, if AKT1 was recombinantly expressed as a tagged fusion protein, then it could be
isolated and removed, yielding a pure sample of phosphorylated PEPCK that could potentially be
used for crystallography. Conversely, the sequence of the R-loop that Ser90 is located on could
be used to synthesize a short peptide derivative of PEPCK that would be useful in analyzing how
AKT1 binds to PEPCK. A more ambitious study would involve attempting to obtain a co-crystal

structure of AKT1 and PEPCK at the point of phosphorylation.

Due to the lack of structural information on the PEPCK-INSIG interaction, further research
needs to be done to provide more insight. A crystal structure of hcPEPCK with the small INSIG
peptide bound was unable to be obtained. Both the wildtype and S90E enzymes were only able
to grow in the presence of ligands to stabilize the closed conformation of the active site. If
phosphorylation of INSIG is dependent upon GTP, then future attempts should include GTP or
GDP nucleotides in the crystal buffer. In addition, the longer 15-mer INSIG peptide used in the
initial kinetic study should also be tried, since the extra amino acids might be necessary for
binding. Beyond those initial steps, further crystallographic conditions should be screened for
PEPCK in the presence of INSIG peptide. Unfortunately, the full length INSIG protein might be
necessary, as some important protein-protein interactions might be missing otherwise. This of
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course will lead to some difficulty in crystallizing the full PEPCK-INSIG co-crystal structure, on
top of the fact that INSIG in a transmembrane protein, which will require additional measures to

crystallize.

Further research into the potential moonlighting abilities of PEPCK is definitely needed to
elucidate the question of how hcPEPCK is involved in lipogenesis, and its implications in cancer
cells. Preliminary research already suggests that PEPCK phosphorylates INSIG in HCC cancer
cells, but a complete characterization of this moonlighting activity is still required. The research
summarized here demonstrates how the phosphorylation of hcPEPCK does not significantly
affect canonical gluconeogenic activity, but rather the upregulation of lipogenic pathway can be
attributed to the compartmentalization and translocation of PEPCK to the ER. This change in
subcellular location where the substrates of the gluconeogenic reaction are not available allows
for hcPEPCK to act as a protein kinase. It is already a well-known concept that PEPCK
expression is upregulated in tumour cells for cell proliferation, so having a role in lipogenesis
would logically not be much of a stretch. PEPCK is a ubiquitous enzyme that lies at the very

center of carbon metabolism, and this would be yet another role for GTP-PEPCK.

5.2 Comparison of ATP-dependent and GTP-dependent PEPCK enzymes

When PEPCK was first discovered, it was not clear from the early kinetic data that the enzymes
that had different nucleotide preferences belonged to two separate classes and were indeed
different enzymes. From an evolutionary standpoint, it can be summarized that in general,
bacteria have ATP-dependent PEPCK and eukaryotes have GTP-dependent PEPCK enzymes,

but there are countless exceptions. An obvious exception is the ATP-dependent PEPCK from
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Saccharomyces cerevisiae or Bakers’ yeast, a single celled eukaryote. The prevailing hypothesis
is that ATP-dependent and GTP-dependent PEPCKs are an example of divergent evolution, and
that GTP-PEPCKS likely evolved from ATP-PEPCKS. This can be seen in their similar global
folds, and the structural homology of the PEPCK active site. The two classes of PEPCK enzymes
have a relatively low sequence identity, yet the integral residues that are directly involved in

catalysis are entirely conserved.

Using E. coli PEPCK as a proxy for the ATP-dependent class of PEPCK enzymes and human
cytosolic PEPCK as a proxy for the GTP-dependent enzymes is a good first step. Both of these
two PEPCKSs are monomeric in vivo, and they both preferentially catalyze the gluconeogenic
direction, as is reflected by their substrate and nucleotide affinities. Unfortunately, the standard
spectrophotometric assay using NADH can not be adapted perfectly to ATP-dependent PEPCKSs,
due to the coupling enzyme in the forward direction (pyruvate kinase) requiring both PEP and
ADP, which are both products of the PEPCK-catalyzed reaction. This makes the PK-catalyzed
reaction the rate-determining step instead of PEPCK. I’ve attempted to overcome this problem
by using ten times the amount of PK in the ECPEPCK Kkinetic assays, and this has allowed me to
shed some light onto the gluconeogenic activity of ECPEPCK while understanding that the
kinetic parameters in the forward direction may not represent the intrinsic values. Finding
another assay more compatible with the ECPEPCK catalyzed reaction would be ideal for

analyzing parameters in the OAA — PEP direction.

From the kinetic assays, one of the initial observations made is that the ECPEPCK (ATP-
dependent) enzyme has a higher turnover in both directions of catalysis than that of the

hcPEPCK enzyme (GTP-dependent). Interestingly, this higher activity is in spite of having lower
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apparent affinity for its substrates and ADP. Considering the main amino acids in the active site
that are involved in catalysis are conserved between ATP- and GTP-dependent PEPCK, some
other factor must be contributing to this phenomenon. Another factor to be considered is mobile
loop dynamics and conformational change. For PEPCK in particular, from substrate binding to
product release the enzyme undergoes a conformational change where the N and C-terminal
domains enclose around the active site. In addition, the Q-loop is very flexible and acts as a lid
closing over the active site. The interactions between residues on the Q-loop and the R-loop
differ between ATP- and GTP-dependent PEPCK. ATP-PEPCK has fewer interactions between
mobile loops in its active site, which could explain how EcPEPCK has greater product turnover.
Fewer interactions suggest less energy is required to go from the different conformational states

seen during the process of enzyme turnover.

Lastly, the question arises: is ECPEPCK a true proxy for all ATP-dependent PEPCK enzymes? It
can be concluded that in choosing a single enzyme to represent the entire subclass, ECPEPCK is
as good a choice as any, and is likely better than other options. ECPEPCK is physiologically
active as a monomer, just like its GTP-dependent counterpart, hcPEPCK. However, for a more
complete analysis of different enzymes from both nucleotide-dependent classes, enzymes
derived from a wider variety of species would be beneficial. Especially a better focus on ATP-
PEPCK from anaerobic microorganisms previously reported to catalyze CO: fixation in vivo

instead of the more common gluconeogenic reaction.

To add to the confusion of the PEPCK superfamily, a third class of PEPCK enzymes was
recently added. This new class includes the non-nucleotide dependent PP;-PEPCK enzymes

which were initially termed PEP carboxytransphosphorylases. This class of enzymes use
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pyrophosphate as the phosphoryl donor, as the name suggests. These enzymes are more distantly
related to the rest of the PEPCK family, and while it is possible the PEPCK core structure
evolved once again, it is more likely that this is also a case of divergent evolution. Further
research needs to be done on the PP;-PEPCK enzyme, and starting with lobe deletion mutants
would be a good first step. As of late 2023, there are only two PP;-PEPCK structures in the PDB
databank, both of enzymes derived from bacteria: Actinomyces israelii and Propionibacterium
freudenreichii. Initial studies in our lab have been performed using the latter enzyme, and said

structure was published and uploaded to the PDB by a previous lab member in 2023.3!

5.3 EcPEPCK with pyruvate kinase-like activity

Using a combination of spectrophotometric assays and NMR-based assays, the question of
whether ECPEPCK can catalyze the conversion of PEP to pyruvate (that is, a pyruvate Kinase-
like activity) has been answered. ECPEPCK has PK-like activity that has only been observed

before in yeast PEPCK and A. succiniproducens.®®

Accordingly, this PK-like activity is significantly lower than the normal PEPCK activity (~1%),
so much so that when it was first observed in Bakers’ yeast, it was assumed that there was
endogenous pyruvate kinase contaminating the isolated PEPCK sample.'® Using recombinant
protein expression and affinity-tagged purification of ECPEPCK, we have concluded that there is
no contamination, and all PK-like activity comes from ECPEPCK. The spectrophotometric assay
provides evidence of pyruvate formation, and the corresponding 3!P-NMR assay provides the
evidence of ATP formation after the phosphate transfer. The ability of ECPEPCK to catalyze a
PK-like reaction is presumably an artifact of evolution, due to its similarity to its typical PEPCK-

catalyzed reaction. All of the substrates and nucleotides required are the same, excluding the
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COs.. An interesting benefit, however, is in the case of B. subtillus, where this PK-like activity
was also observed when the gene for pyruvate kinase was knocked out. Not all of the bacteria
thrived, but a small proportion were able to grow, albeit very slowly due to its ATP-PEPCK
enzyme stepping in to catalyze the formation of pyruvate and ATP in place of pyruvate kinase. It
would be interesting if future research can attempt to replicate this phenomenon in E. coli and
see what effect a PK knockout mutation would have on cell growth if ECPEPCK is

recombinantly overexpressed.

The secondary phenomenon encountered via the structural data was the ability of ECPEPCK to
use phosphoglycolate (PGA) as an alternate substrate. Presumably in this reaction, ECPEPCK is
using ADP as the phosphoryl acceptor and transferring the phosphate group from PGA, forming
ATP and glycolate. The same 3'P-NMR assay was used to qualitatively examine ATP production
over time, revealing that this reaction was even slower than that of the PK-like reaction (less than
a tenth of the activity). Logically this makes sense since PGA is not the typical substrate of
EcPEPCK, and is in fact usually considered an inhibitor of all PEPCK enzymes, as a structural
analog of PEP. Interestingly, it has previously been established that pyruvate kinase can catalyze
the phosphorylation of glycolate using ATP, forming PGA and ADP.1%! Knowing now that
EcPEPCK is capable of PK-like activity, and pyruvate kinase can also produce PGA, it is not an
unreasonable conclusion that ECPEPCK would also be able to use PGA as a substrate. This
observation brings up more questions to be answered, including whether the catalysis of this
reaction is reversible, and whether a more appropriate assay can be designed to quantitatively
monitor this reaction. 3'P-NMR is difficult to quantify, due to the properties of phosphorous and
a long relaxation delay. A first step would be to use mass spectrometry to confirm that glycolate

is being formed, then design a new assay for glycolate formation.
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Previous research suggests that both rabbit muscle pyruvate kinase and GTP-PEPCK enzymes
(isolated from chicken and rat liver) can catalyze the nucleotide-dependent phosphorylation of a-
substituted carboxylic acids including glycolate, essentially the reverse of the PGA
dephosphorylation catalyzed by ECPEPCK.1%? The study also states that GTP-PEPCK can
catalyze another reaction shared with pyruvate kinase that more closely resembles the
gluconeogenic direction typically catalyzed by PEPCK.1%? This reaction is the decarboxylation of
oxaloacetate producing pyruvate and carbon dioxide. However, they conclude that GTP-PEPCK
can not use pyruvate as a substrate, in contrast to the ECPEPCK data we present here. Future
research can include revisiting this assay with ECPEPCK and other ATP-dependent PEPCKSs, as
well as hcPEPCK for a full comparison. In addition, the reverse of the reaction, aka

dephosphorylation of these P-carboxylic acids could be assayed.

These additional catalytic activities are an exciting new discovery for ATP-dependent PEPCK
enzymes, and provide more information on the evolutionary relationship between ATP and GTP
PEPCK. PEPCK enzymes are characterized for their role in the initial key steps of
gluconeogenesis. Both classes of PEPCK have similarities to pyruvate kinase, with the ATP-
dependent ECPEPCK being able to mimic the last step of glycolysis as catalyzed by pyruvate
kinase. Their similarities and differences also appear to be related to the direction of catalysis of
which they preferentially perform. GTP-PEPCK enzymes, more commonly found in higher
eukaryotes, are known for their role in gluconeogenesis in vivo, and while ATP-PEPCK are also
known for the same, they more frequently play a role in carbon fixation in bacterial species. Both
PEPCK and pyruvate kinase are integral to central metabolism and it is fascinating to
hypothesize how they have evolved from their presumably primitive counterparts to the more

selective and specialized enzymes of today.
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Appendices
Appendix A — PEPCK Expression Vector Map
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Polylinker Map (pE-SUMOstar Vector, T7, Kan)
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Figure A1: Polylinker map for the pE-SUMOstar expression vector. The hcPEPCK and EcCPEPCK
genes were cloned into the pE-SUMOstar vector as described previously, transformed into the
BL21(DE3) E. coli protein expression cell line and stored at -80°C as a common cell stock.
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Appendix B — Raw kinetic data for hcPEPCK
WT and S90E hcPEPCK Kinetic Characterization of Enzyme Activity and Substrate Affinity
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Figure B1: Michaelis-Menten curves for the characterization of WT hcPEPCK activity in the
OAA to PEP direction.
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S90E hcPEPCK OAA Curve
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Figure B2: Michaelis-Menten curves for the characterization of SO0E hcPEPCK activity in the
OAA to PEP direction.
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WT hcPEPCK PEP Curve
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Figure B3: Michaelis-Menten curves for the characterization of WT hcPEPCK activity in the
PEP to OAA direction.
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S90E hcPEPCK PEP Curve
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Figure B4: Michaelis-Menten curves for the characterization of SO0E hcPEPCK activity in the
PEP to OAA direction.
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Determining Oxalate inhibition of WT and S90E hcPEPCK against PEP

Figure BS: WT hcPEPCK PEP Michaelis-Menten curves under increasing oxalate
concentrations.
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A) WT hcPEPCK competitive oxalate inhibition against PEP
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Figure B6: Kinetic re-plots of oxalate concentration vs specific activity for WT hcPEPCK in the
reverse direction of catalysis. Plot A uses the ratio of KM/specific activity to determine
competitive inhibition; Plot B uses the ratio of 1/specific activity to determine uncompetitive
inhibition.
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Figure B7: SOOE hcPEPCK PEP Michaelis-Menten curves under increasing oxalate

concentrations.

108



A) S90E oxalate competitive inhibition against PEP
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Figure B8: Kinetic re-plots of oxalate concentration vs specific activity for SOOE hcPEPCK in
the reverse direction of catalysis. Plot A uses the ratio of KM/specific activity to determine
competitive inhibition; Plot B uses the ratio of 1/specific activity to determine uncompetitive
inhibition.

109



Appendix C — Raw data for DSF assays
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Figure C1: DSF fluorescence derivative data for SOOE hcPEPCK unfolding under increasing

INSIG concentrations
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Appendix D — Raw kinetics data for ECPEPCK

EcPEPCK kinetic characterization of activity and substrate affinities
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Figure D1: Michaelis-Menten curves for the characterization of ECPEPCK activity in the PEP to
OAA direction.
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EcPEPCK OAA Curve (10X PK)
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Figure D2: Michaelis-Menten curve for the characterization of ECPEPCK activity in the OAA to
PEP direction.
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Divalent Cation Activation of EcPEPCK
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Figure D3: Divalent cation activation of ECPEPCK in the presence of saturating MgCl
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Figure D4: Divalent cation activation of ECPEPCK as the sole metal.
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Determining Oxalate inhibition of EcCPEPCK in both directions of catalysis
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Figure D5: EcCPEPCK PEP Michaelis-Menten curves under increasing oxalate concentrations.
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A) Competitive inhibition of oxalate against PEP
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Figure D6: Kinetic re-plots of oxalate concentration vs specific activity for ECPEPCK in the
reverse direction of catalysis. Plot A uses the ratio of KM/specific activity to determine
competitive inhibition; Plot B uses the ratio of 1/specific activity to determine uncompetitive
inhibition.
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EcPEPCK OAA curve (OuM oxalate)

EcPEPCK OAA curve (2uM oxalate)

35 4 35
30 30 4
2 2 z
= 25 = 254
£ 1 £
s s
£ 204 £ 204
= =
= 2
= 154 = 154
8 Specific Activity = 37.2 umol/min/mg 3 " . .
2 ] £ 10 Specific Activity = 35.0 pmol/min/mg
(%3 (5]
o [}
= - Kw = 140.0 uM %
5 5 Ku = 145.8 uM
o . . . . . ‘ o : : : : : ‘
(o] 200 400 600 800 1000 1200 0] 200 400 600 800 1000 1200
[OAA] (M) [OAA] (M)
EcPEPCK OAA curve (5uM oxalate) EcPEPCK OAA curve (10uM oxalate)
30 30
=) =)
(3
£ £
%_ 20 A g_ 20 A
g - = 3
= z -
= 8 ific Activity = 32.1 umol/min/
€ 1] Specific Activity = 34.7 umol/min/mg e . Specific Activity = 32.1 pmol/min/mg
D 3 ]
73 F -
[ Ku =257.7 uM ’ K =279.5uM
o T T T T T ! o] T T T T T 1
o] 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
[OAA] (M) [OAA] (uM)
EcPEPCK OAA Curve (20uM oxalate) EcPEPCK OAA Curve (40uM oxalate)
30 A 30 A
=) =)
£ £
£ £
£ £
3 3 =
5 207 E 20 =
= * =
2 = =
% Specific Activity = 30.8 umol/min/mg < . . )
£ 10 : £ 10 Specific Activity = 31.0 umol/min/mg
& 2
(2] — (2]
Km =204.7 uM = Km =247.5 uM
o] T T T T T d 0 T T T T T d
o 200 400 600 800 1000 1200 o 200 400 600 800 1000 1200
[OAA] (UM) [OAA] (UM)
EcPEPCK OAA Curve (80uM oxalate)
30
=
£
=
£
E
= 20 -
= L)
=
=
<
L
g 104 Specific Activity = 29.1 umol/min/mg
&
E3 Ku = 329.8 uM
X
(o] T T T T T 1
o] 200 400 600 800 1000 1200
[OAA] (UM)

Figure D7: ECPEPCK OAA Michaelis-Menten curves under increasing oxalate concentrations.
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A) Competitive inhibition of oxalate against OAA
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Figure D8: Kinetic re-plots of oxalate concentration vs specific activity for ECPEPCK in the
forward direction of catalysis. Plot A uses the ratio of KM/specific activity to determine
competitive inhibition; Plot B uses the ratio of 1/specific activity to determine uncompetitive
inhibition.
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Determining B-sulfopyruvate inhibition of ECPEPCK in the forward direction of catalysis
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1004

% Activity

-0.5 0.0 0.5 1.0 1.5 2.0
log(BSP (mM))

Figure D9: IC50 plot of BSP inhibition of ECPEPCK. Inhibition is plotted as percent activity
against log BSP concentration using GraphPadPrism. IC50 was used to estimate the K; for BSP

for the complete set of inhibition curves.
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Figure D10: ECPEPCK OAA Michaelis-Menten curves under increasing BSP concentrations.
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KM/Specific Activity

Figure D11: Kinetic re-plots of BSP concentration vs specific activity for ECPEPCK in the
forward direction of catalysis. Plot A uses the ratio of KM/specific activity to determine
competitive inhibition; Plot B uses the ratio of 1/specific activity to determine uncompetitive
inhibition.
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Determining phosphoglycolate inhibition of ECPEPCK in the reverse direction of catalysis

EcPEPCK PGA IC50
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Figure D12: IC50 plot of PGA inhibition of ECPEPCK. Inhibition is plotted as percent activity
against the log of the PGA concentration, and fit using non-linear regression on GraphPadPrism.

124



Appendix E — Crystallography Data Tables for hcPEPCK & EcPEPCK

Table E1: Crystallographic data of hcPEPCK co-crystal structures™

WT hcPEPCK + GTP + S90E hcPEPCK + GTP + WT hcPEPCK + GTP
Oxalate Oxalate
Wavelength (A) 1.541 1.541 0.9538
Space group P1211 P1211 P1211
a=45.125 a=44.803 a=45.120
b =114.507 b =114.001 b=112.766
Unit Cell Dimensions c=114.526 c=114.271 € =60.336
o =v=90.00° o =v=90.00° o =v=90.00
B=9161° B =9176° B =107.74
Resolution Limits (A) 35.43-2.10 34.14 - 2.45 57.47-1.70
No. of unique reflections 63891 37286 59759
Completeness (%) 98.81 (96.65) 92.38 (91.69) 99.55 (96.41)
Redundancy 4.4 (4.0) 5.0 (4.8) 6.8 (5.4)
I/sigma 9.3(1.6) 7.77 (1.45) 16.1 (0.8)
CC1/2 0.987 (0.638) 0.984 (0.537) 0.998 (0.659)
Rpim 0.071 (0.498) 0.087 (0.500) 0.030 (0.448)
Rmerge 0.125 (0.657) 0.153 (0.865) 0.072 (0.956)
No. of ASU molecules 2 2 1
Rfree 0.267 (0.332) 0.266 (0.411) 0.229 (0.291)
Rwork 0.212 (0.307) 0.219 (0.340) 0.188 (0.249)
Average B factor (A2)
Protein 44.61 44.22 34.06
Water 45.18 42.17 27.66
Mn 35.66 38.45 28.47
GTP 45.56 45.60 31.09
Oxalate 30.90 37.91 -
Estimated coordinate error based on
maximum likelihood (A) 0.212 0.303 0.125
Bond length rmsd (A) 0.003 0.009 0.010
Bond angle rmsd (deg) 1.004 1.190 1.210
Molprobity statistics (score, percentile) 1.45,98" 1.69,99" 1.35,96™
Ramachandran statistics (%) 95.03/0.25 95.59/0.08 97.00/0.17

(favoured/outliers)

*Values in parentheses represent the highest resolution shell



Table E2: Crystallographic data of ECPEPCK co-crystal structures

ATP + Oxalate ATP + BSP ADP + PGA ATP turnover
Wavelength (A) 1.541 0.9686 1.541 1.1271
Space group P1211 Ci21 P1211 Cl21
a=54.236 a=123.998 a=54.527 a=124.598
b =194.846 b =93.219 b =195.183 b =93.778
Unit Cell Dimensions c=54.162 c = 46.054 c=54.572 ¢ =46.203
a=1v=290.00° a=1v=290.00° a=v=90.00° a=v=90.00°
B=11451° B = 95.89° B =115.09° B =95.86°
Resolution Limits (A) 39.29-2.00 74.37-1.45 49.47-1.73 74.78 -1.70
No. of unique reflections 64968 85696 99951 53493
Completeness (%) 99.38 (86.00) 98.11 (80.74) 98.22 (93.03) 96.90 (93.70)
Redundancy 5.4 (3.2) 3.3(1.5) 5.8(5.4) 3.3(3.4)
I/sigma 11.88 (1.68) 8.73 (3.18) 13.84 (1.93) 8.60 (1.00)
CCl1/2 0.988 (0.758) 0.998 (0.944) 0.991 (0.750) 0.981 (0.694)
Rpim 0.060 (0.354) 0.033 (0.154) 0.044 (0.381) 0.084 (0.263)
Rmerge 0.137 (0.486) 0.134 (0.243) 0.096 (0.777) 0.124 (0.409)
No. of ASU molecules 2 1 2 1
Rfree 0.204 (0.242) 0.188 (0.275) 0.225 (0.424) 0.222 (0.260)
Rwork 0.173 (0.190) 0.169 (0.259) 0.187 (0.358) 0.195 (0.273)
Average B factor (A2
Protein 38.73 18.44 31.48 17.58
Water 35.11 38.11 32.57 36.43
Mn 31.08 11.18 33.56 10.71
Nucleotide 37.61 13.85 34.12 15.29
Ligand 23.70 16.07 33.92 -
Estlmat_ed coor'dlnz_ite error based 0.210 0.045 0.240 0.086
on maximum likelihood (A)
Bond length rmsd (A) 0.006 0.011 0.008 0.008
Bond angle rmsd (deg) 0.850 1.909 1.667 1.670
Molpro_bity statistics (score, 1.30,99t 0.90,99t" 1.43, 94t 1.09, 99t
percentile)
Ramachandran statistics (%) 96.98/0.19 98.31/0.19 96.62/0.28 96.99/0.19

(favoured/outliers)

*Values in parentheses represent the highest resolution shell
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Appendix F — BSP Synthesis

BSP fractions A280

43 sulfate BSP

A280

sulfite $ s .

80 100 120 140 160
1mL fractions collected

Figure F1: Chromatogram trace of synthesized BSP eluted off the Dowex1 column

Fractions eluted from the Dowex column were tested for the presence of BSP using its inherent
absorbance at 280 nm. The identities of the different peaks corresponding to BSP and its contaminants,
sulfate and sulfite, were approximated following the purification protocol of BSP.#
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Fractions collected

Figure F2: MDH activity for BSP at A340 nm for eluted fractions

Fractions eluted from the Dowex column were tested for BSP presence via the MDH activity assay. A
positive test is indicated by + and a negative test is indicated by -.
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Appendix G — 3P NMR EcPEPCK Assays

31p NMR Assay Controls
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Figure G1: Inorganic phosphate (Pi) control 1P NMR spectrum
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Figure G2: Adenosine 5’-triphosphate (ATP) control 3P NMR spectrum
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Figure G3: Adenosine 5’-monophosphate (AMP) control 3P NMR spectrum
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Figure G4: Adenosine 5’-diphosphate (ADP) and phosphoglycolate (PGA) 3P NMR spectrum 0 hours - Control
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"Holyoak-ADP + PGA + Mg contrel” 2 1 "D:\Helyoak NMR" - E
24 hours later Run on Thursday March 10, 2022 =
: 43 g2 o
oi o ‘O‘. ‘o‘.
e
e
o
o
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
5 0 -5 =10 -15 -20 [ppm]

Figure G5: Adenosine 5’-diphosphate (ADP) and phosphoglycolate (PGA) 3P NMR spectrum 24 hours - Control
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"Holyoak-ADP + PGA + Mg control" 3 1 "D:\Holyoak NMR"

1 week later Run an Wednesday March 16, 2022

— 27732
_—-6.0054
—— 61421
_.—-10.0569
——-10.1935

[rel

Figure G6: Adenosine 5’-diphosphate (ADP) and phosphoglycolate (PGA) 3P NMR spectrum 1 week - Control
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31p NMR EcPEPCK Assay Spectra
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Figure G7: 1mg EcPEPCK with adenosine diphosphate (ADP) and phosphoglycolate (PGA) 24 hours
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Figure G8: 1mg EcPEPCK with adenosine diphosphate (ADP) and phosphoglycolate (PGA) 48 hours
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Figure G9: 1mg EcPEPCK with adenosine diphosphate (ADP) and phosphoglycolate (PGA) 72 hours
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Figure G10: 1mg EcPEPCK with adenosine diphosphate (ADP) and phosphoglycolate (PGA) 96 hours
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Figure G11: 1mg EcPEPCK with adenosine diphosphate (ADP) and phosphoglycolate (PGA) 120 hours
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Figure G12: 100ug ECPEPCK with adenosine diphosphate (ADP) and phosphoenolpyruvate (PEP) 0 hours
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Figure G13: 100ug EcPEPCK with adenosine 5’-diphosphate (ADP) and phosphoenolpyruvate (PEP) 4 hours
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Appendix H—HPLC chromatograms for ADP purity
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Figure H1: HPLC chromatogram for 2 mM ADP — 0 to 80 minutes, A260 detection
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Figure H2: HPLC chromatogram for 2 mM ADP — 0 to 40 minutes, A260 detection
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Figure H3: HPLC chromatogram 2 mM ADP + 500 uM ATP — 0 to 40 minutes, A260 detection
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