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Abstract

Metabolic enzymes are active in both the nucleus and cytoplasm. While metabolism in
cytoplasm is widely acknowledged for energy production, nuclear-localized metabolic enzymes
are thought to modulate availability of metabolites used in epigenetics. A thorough
investigation of this regulatory axis requires a deeper understanding of the native environment
and enzymology of these nuclear-localized proteins. Xenopus laevis oocytes provide several
unique advantages with allowed us to develop a top-down method for biochemical analysis of

near-native enzyme activity.

The cytoplasm and nucleus of X. laevis oocytes can be separated while maintaining
compartmental integrity in mineral oil. By homogenizing the harvested nuclei and cytoplasms
in a near-native buffer, we were able to compare the native enzyme kinetics between the
cytoplasmic and nuclear-localized enzymes. We focused on enzymes that produce or consume
NAD(P)H which can be readily detected by non-invasive spectrophotometry, and our chosen

enzyme is glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

GAPDH is a classic glycolytic enzyme that is highly abundant in both the cytoplasm and nucleus.
Using native-western blotting, we identified that GAPDH is present in the catalytically active
homotetramers in both the cytoplasm and nucleus. Robust GAPDH activity can also be detected
in whole cytoplasmic and nuclear homogenates of X. laevis oocytes. Taking advantage of
published quantitative analysis of X. laevis oocytes, we were able to compare the kinetic
behaviour of GAPDH by analyzing the same amounts of nuclear and cytoplasmic enzyme in the
near-native reaction buffer. Our results demonstrate that the operation of GAPDH as a
metabolic enzyme differs between the cytoplasm and nucleus, providing the first definitive
evidence of catalytic regulation of a metabolic enzyme by nuclear as compared to cytoplasmic

localization.

il



Preface

This thesis is an original work by Helen S. Tang. The studies, of which this thesis is a part of,
have received research ethics approval from the University of Alberta Animal Policy and Welfare
Committee. The protocols were approved by the University of Alberta’s Animal Care and Use

Committee (AUP 00000942).

The preliminary high-throughput assay protocol detecting high GAPDH activity was developed
by Dr. Michael Schultz and Chelsea Gates from the Schultz Lab. All other results and figures are

original work obtained in my project.

iii



This thesis is dedicated to my parents, who supported me unconditionally, and those who have

guided me in this academic journey.

v



Acknowledgements

I would like to express my deepest gratitude to my supervisor, Dr. Michael Schultz, and my
supervisory committee members, Dr. Marek Michalak and Dr. Ing Swie Goping, for their
support and guidance. Their passion, enthusiasm and dedication have become and will remain
my role models. The completion of my project would not be possible without their wisdom,

insight, and encouragement.

Special thanks to my past lab members, Chelsea Gates, Govind Gill and Tehzeeb Sayed, for the

laughter and joy during the most frustrating troubleshooting processes.

Lastly, I would like to thank the Department of Biochemistry at the University of Alberta, where
the inspiring educators and supportive staff members have shaped my unique experience for my

degree.



Table of Contents

LISE OF fIZUTES ......oeiieiiiieeeeeette ettt ettt s s e s st e e s st e e st e e s aaeessaeesssaaesssaesnsnans vii
List Of aDDIreVIAtiONS ......cccviiiiiiiiiiiiiiectectcrte ettt sre st e e s sae e e s ae e e s ae e e saaeesanas viii
Chapter 1: INTrOdUCHON ..........coooiiiiiieceeccccete ettt e e e e ste e s eae e s raeesvaeesssaeenssaaenns 1
1.1 GENETAL OVEIVICW......coeeiiiiiiiiieiitecite ettt s e e s saee e st e e s st e e ssaeesseessssaessaseesnnns 1
1.2 Importance of the subject...............cooiiiiiee e 2
1.3 GAP IN KNOWIEAGE .........oooeeiiiieeeee ettt ste e e ete e e eae e s saae e s aa e e s aaeennns 3
1.4 Usage Of XenOPUS LACUIS ...............uoeceeiieiiiieieeeceieceieeeeteeesteeeeaeessaeesseseesssaesssaeennns 3
1.5 Target enzyme and hypothesis: glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) ...ttt te et st e e ste e st e s te s te e st e e s st e ssbeessaessbae st aesseesaeansaenseasssessssesnseenseens 6
Chapter 2: Native-western blot identified GAPDH tetramers both in the
cytoplasm and NUCIEUS..............oooiiiiiiicecceeeecee e et e e ae e e srae e e saaeesaaeeesaeens 9
DI B3 1 o0 10 10 Tt 0 C0) s WURRUUU R R 9
2.2 Material and MethodsS.............oooeviiiiiiiiiiiiiiieiiceeteeeee e e e eeesrrreer e e e eesnes 9
2. RESUILS ... ree e e e e ae e e e e aae e e e e aae e e e naaae e e nsaaeaaenns 12
2.4 DISCUSSION.........uviiiieeiiieeeeciieeeeeeeteeeeeecteeeeeetaeeeeeesaseeeesssseeeessseeeeesssasaeesasssseeeessseeesennns 16
Chapter 3: Protocol development for high throughput enzyme activity assay in
the homogenates of whole cell compartments under near-native conditions....... 17
Bl INEPOAUCTION. ...ttt e e eeearar e e e e e e eesssssssaerreeeessesnssessrnseessnns 17
3.2 Material and Methods.................oooiioiiiiicie et aree e e e 18
BB RESUILS ...ttt e ee e e e e ar e e e e e saeeeeeessaseeeessaeeesenssaeeeennns 19
3o DASCUSSION......coeeiiiiiiieeccee ettt e e tee e e e ttee e s e eaae e e e e s sbaeeeeensaeeeeessaeeeennnsaaaans 25
Chapter 4: Kinetic differences between cytosolic and nuclear GAPDH of X.
laevis oocytes in close-to-native conditions ................cococveieeiieecieeccieeccee e, 27
41 INEPOAUCTION........ooiiiiiiiiiecceeec ettt e eeetaee e eeesbeeeeeeaseeeeeessseeeeesssseeennnsnaeenns 27
4.2 Material and methods...............ccooiiiiiiiicie e e e aee e 27
BB RESUILS ..ot ee e e e e ere e e e e e be e e e e aaeeeeenaaeeeeenaaaaanas 27
Chapter 5: Overall summary, implications and future directions.......................... 35
5.1 OVErall SUMIMATY .......coccviiiiiiiiiiieiiecctectee st erae e ste s sae e e saae e s saaeesssaeessaeesssaeensses 35
5¢2 IMPICATIOMNS. ...ttt esae e s sae e e saae e s saae e s st e e ssaeesssaeenasens 35
5.3 FUMUIE QIFE@CHIOMS. ......ooveeiieiieeiteeeeec ettt e e eeeerrereeeeeeeeeeeassrasseeeesssessnssssansseeas 36
REFEIEIICES ......ooeeeeieeeiieeieeeeeeeecctreee e e et eeeeearereeeeeeesesssbssasesessessessssessseeesssesssssssseeesssnsanseres 38
Supplemental Material ..ottt 46



Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

List of figures

GAPDH is structurally conserved through evolution. ............................... 6
Schematic of enzymes and metabolites in glycolysis. ...........ccccccoccveeeennne 7
Xenopus cytoplasmic GAPDH is in complexes that include RNA. ........... 13
GAPDH forms tetramers in both the cytoplasm and nucleus. .................. 15

The activity of commercial purified GAPDH can be assayed and assessed
in pH 7.4 native buffer. ... 20
High-throughput activity assay was able to capture kinetic curves and
initial rates for substrate titrations of purified GAPDH. ......................... 21
Michaelis-Menten Rate Curves of substrate titration performed with

purified rabbit muscle GAPDH demonstrate the ideal hyperbolic shape.

Km and Vinax calculation for substrate titrations performed with purified
GAPDH in pH 7.4 native buffer. ............cccccoooiiiiiiiiiiieceeeeeceeeee e 23
The 96-well and 384-well plate activity assay protocol yielded similar

results for kinetic analysis of Xenopus cytoplasmic homogenate. ......... 24

Figure 10. Sample kinetic curves obtained for X. laevis GAPDH substrate

Figure 11.

titrations in pH 7.4 native buffer. ...........cccccooviiiiiiiiniiiiieecceccee, 29
Sample Analysis of GAPDH K, and Vnaxin X. laevis cytoplasmic and

nuclear homogenates. ... 30

Figure 12. Comparing the nuclear and cytoplasmic GAPDH G3P titration at

VATIOUS INAD . oot ee e eeeerrereeeeeseesessssasseeeesssesssssssssseesssesasssnes 32

Figure 13. Separate analysis of cytoplasmic and nuclear GAPDH activity in oocytes

from four different animals. ..............cccoooiiiiiiiiiiiiiii e 33


https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084030
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084031
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084032
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084033
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084034
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084034
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084035
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084035
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084036
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084036
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084036
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084037
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084037
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084038
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084038
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084039
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084039
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084040
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084040
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084041
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084041
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084042
https://ualbertaca-my.sharepoint.com/personal/hst_ualberta_ca/Documents/Graduate%20School/Schultz's%20Lab/Thesis/Thesis%20Draft/Final%20Edits/Thesis%20Final%20Draft%20Aug%2022.docx#_Toc112084042

List of abbreviations

Abbreviation(s) | Definition
1,3-BPG 1,3-Biphosphoglycerate
As40nm Absorbance at 340 nm
Ab Antibody
ATP Adenosine Triphosphate
BSA Bovine serum albumin
C, Cyto Cytoplasm
DTT Dithiothreitol
GAP Glyceraldehyde-3-phosphate
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
hGAPDH Recombinant human glyceraldehyde-3-phosphate dehydrogenase
Km Michaelis Constant of enzyme kinetics
MQ H,O Milli-Q Water
MW Molecular weight
NAD*/NADH Nicotinamide adenine dinucleotide (+ hydrogen)
N, Nuc Nucleus
PAGE Polyacrylamide gel electrophoresis
PP; Pyrophosphate
SDS Sodium dodecyl sulphate
TBST Tris-buffered saline with tween solution
Vo Initial velocity
Vinax Maximum enzyme velocity

viii




Chapter 1: Introduction

1.1 General overview

In the early 1960s, multiple studies suggested enzymes form different populations between the
nucleus and cytoplasm that differ in their behaviour and activity [1]. The results of these studies
were challenged with possible contamination between cell fractions and alteration in nuclei
permeability during the isolation procedure. Cellular fractionations identified metabolic
enzymes and intermediates in the nucleus and cytoplasm [2]. Glycolytic enzymes in these
fractions exhibited higher activities in the nucleus compared to the cytoplasm. Kato and Lowry
obtained similar findings in freeze-section dissected nuclei and cytoplasm of dorsal root
ganglions [3]. Seven of the nine metabolic enzymes assayed had higher activity in the nucleus,
showing strong evidence that 1) metabolic enzymes are active in both the nucleus and cytoplasm

and 2) the activities of these enzymes differ between the two compartments.

Despite the available evidence, no follow-up investigations were conducted comparing enzyme
behaviour between the nucleus and cytoplasm. The interest in enzymology has gradually shifted
to the moonlighting functions of metabolic enzymes before the recent resurgence in metabolic
regulation. In this project, we want to continue the investigation of nucleocytosolic enzymes by

comparing their behaviour under native conditions.

One of the most prominent challenges is the difficulties met during the investigation of nuclear
and cytoplasmic enzyme populations is the isolation of the two compartments while maintaining
native integrity. Currently, no mammalian cells would offer such samples, and the studies were
often challenged by potential contamination during isolation procedures. The volume of
contamination becomes significant as the volume of the nucleus is very low, and this problem is
further complicated by the presence of deep nuclear invaginations in some somatic cell types
[4]. The nuclear envelope creates folds that propagate into the nucleus trapping tiny pockets of
cytoplasm. Oocytes from Xenopus laevis, the South African clawed frogs offer a means to
cleanly separate the nuclear compartment from the rest of the cell while maintaining the native
environment; more specifics will be discussed in section 1.4. One of the advantages of X. laevis
oocytes is the large volume of the harvest nucleus minimizes the impact of potential cytoplasmic
contamination. The isolated of nuclei from X. laevis oocyte dissection does not eliminate the
cytoplasmic material captured by the nuclear invaginations, but the contamination resulting
from nuclear invagination and adhering cytoplasm is around 4% of the nuclear volume (Figure
S1). No signals were detected when assaying an equal volume of cytoplasm for activity, allowing

the observation of nuclear exclusive enzyme behaviour with high confidence.



Using the X. laevis oocyte cell system, we propose a method for examining the native behaviour
and associative structure of nuclear and cytoplasmic proteins. Non-invasive spectrometry
allows for replicable high-throughput analysis of X. laevis whole cell, nucleus, or cytoplasm
homogenates to obtain the enzymes’ kinetic parameters. Through a specific examination of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), we identified that the GAPDH behaviour
differs between the cytoplasmic and nuclear compartments, as well as demonstrated the
potential of the X. laevis oocyte system for investigating native-state nucleocytosolic metabolic

pathways.

1.2 Importance of the subject

In 1925, Warburg et al. noted tumours' drastic increase in glucose uptake compared to
surrounding tissues [5]. Aerobic glycolysis describes the process in tumour cells where glucose
is fermented to lactate despite oxygen availability. Warburg’s observations were confirmed
along with the discovery of variable respiration magnitudes within tumours, demonstrating both
mitochondrial metabolism and aerobic glycolysis are essential for tumour growth [6]. The cause
and function of this phenomenon, later termed the Warburg effect, remains a topic of debate,
but this uncoupling of glycolysis from aerobic metabolism highlights and importance of

metabolic control dictating disease states.

Due to the highly conserved nature of essential metabolic enzymes, these enzymes and produced
metabolites also participate in moonlighting functions, many of which serve as allosteric or
transcription regulators in cell growth and proliferation [7]. While most current interest lies in
these moonlighting functions, enzymology is still essential in understanding metabolic control
in the disease cells. For example, energy stress or hypoxia stimulates cytoplasmic Acetyl-CoA
(ACSS2) translocation from cytoplasm to the nucleus near gene regulatory sequences [8,9,10].
ACSS2 then recaptures acetate released from histone deacetylation and produces a local pool of
acetyl-CoA. The recycled acetyl-CoA is used for histone acetylation, leading to the maintenance

of cell homeostasis or tumour development in disease states.

Rather than functioning as a regulator, the catalytic activity of ACSS2 in the nucleus directly
impacts cellular growth and health. Considering metabolic activity has been observed in both
the nucleus and cytoplasm, this raises the question of whether compartmentalized metabolism
is responsible for maintaining or disrupting cell homeostasis. The discovery of nuclear glycogen
storage and glycogenolysis contributing metabolites for histone acetylation also supports this

idea [11]. We propose a robust method for accurately analyzing native enzyme kinetics in the



nuclear and cytoplasmic compartments, providing a solid foundation for future investigations

into compartmentalized metabolism under native conditions.

1.3 Gap in knowledge

Studies have identified the difference in activity between enzymes in the cytoplasm and nucleus
[2,3]. Many procedures that extracted the nuclear metabolite and enzymes studied often
disrupted the native environment in which these molecules reside. Several challenges were
brought into question if the extraction procedures would alter the permeability of the nuclear
membrane, resulting in contamination artifacts. Due to the small volume of samples, the
enzymology experiments often required signal amplification methods and did not have
replicates. To summarize, the gap in knowledge that this thesis addresses is that it remains
unclear if nuclear and cytoplasmic pools of metabolic enzymes have the same kinetic properties.
As discussed in section 1.4, Xenopus laevis oocytes address most of the abovementioned issues.
Not only can the nucleus and cytoplasm be extracted with minimal contamination, but the large
volume of the oocyte samples also allows for the direct observation of substrates and products in
enzymology studies using non-invasive spectrometry. Utilizing these advantages, we were able

to compare the native activities of nuclear and cytoplasmic enzyme populations.

1.4 Usage of Xenopus laevis

X. laevis oocyte is a vertebrate model cell that enables the harvesting of near-native cytoplasms,
which is currently impossible to obtain with human cells. The Xenopus oocytes have been used
to study many aspects of vertebrate biology dating back to the nineteenth century and more
recent research in developmental, cellular, and molecular biology [12,13]. Two Nobel prizes
have been awarded for pivotal research conducted with the Xenopus laevis oocyte model:
nuclear transplantation and reprogramming by Sir John Gurdon in 2012 and protein molecule-

controlled cell division and maturation by Dr. Tim Hunt in 2001 [13,14,15].

X. laevis oocyte oogenesis is continuous and asynchronous; oocytes at all stages of development
are always present in adult female frogs [16]. Oocytes can be grouped into six stages during
maturation which can be distinguished visually. At stage one, the oocytes are transparent and
50 to 300 um in diameter [16,17]. The stage two oocytes are opaque and white, around 300 to
450 um in diameter. Pigmentation and vitellogenesis begin at stage III. The oocytes take on a
tan or brown appearance caused by melanin production, increasing to 600 um in diameter.
Stage IV range from 600 to 1000 um in diameter, most signified by the formation of animal
(darker, brown) and vegetal hemispheres (lighter, white, or pale yellow). Vitellogenesis causes

the animal-to-vegetal axis to become more pronounced. At stage V, the border between the two



hemispheres is very distinct, and the diameter ranges from 1000 to 1200 um. Stage VI marks
the end of oocyte maturation and has a characteristic 200 pum- equatorial band that is
unpigmented, separating the animal and vegetal hemispheres. The yolk gradient displaces the
nucleus underneath the animal pole membrane for stage V and VI oocytes. The stages mainly
differ in the energy resource accumulation via vitellogenesis. For ease of dissection, stage VI
oocytes were prioritized in the selection, followed by stage V if most of the oocytes were not

stage VI in a selected animal.

The long history of oocyte usage in laboratory research provided well-established protocols in
caring for animal colonies, surgical harvesting of samples, and cell culturing with stage V and VI
oocytes. The oocyte harvesting process begins with the surgical removal of ovaries from the X.
laevis [18]. The ovary is mechanically fragmented into smaller chunks and enzymatically
defolliculated by collagenase incubation [19]. The oocytes are then placed on sandpaper to
remove residual cell fragments on the oocyte surface [17]. The oocytes are then allowed to rest
and recover overnight at room temperature [18,19]. Stage V and stage VI cells are visually
examined for condition and selected from the remaining population for dissection,

homogenization, and additional analysis.

There are several advantages to using the Xenopus oocyte model. Despite the amphibians being
more distant genetically, the Xenopus genome has high synteny with the human genome and
contains homologs to 90% of the identified disease genes [13,20,21]. The genomic data are
available on Xenbase, a central repository database of bioinformatics for the Xenopus model
organism [13,22]. The stage V and VI oocytes are also very robust and can easily be cultured
[13,20]. These oocytes are very large, varying between 1 to 1.3 mm in diameter [20,23]. The
large volume provides enough samples for multiple analyses of the materials obtained from a

single cell.

Most importantly, X. laevis oocytes provide a means to examine isolated cytoplasm and nucleus
with minimal disruption. The oocytes are immersed in mineral oil for dissection, as the mineral
oil prevents the diffusion of molecules between the nucleus and cytoplasm and preserves
compartmental integrity [24]. The oocyte nucleus is situated directly under the center of the
animal pole membrane, and its density is lower than that of the cytoplasm. The nucleus floats
upward when an incision is made on the cell membrane using sharp instruments such as
needles or tweezers; the incision should be small to prevent the cellular content from spilling out
and triggering additional cellular pathways due to disruptions in the cell membrane. The

nucleus is then harvested using a pipette, creating a clean separation between the two



compartments. Using the above characteristics, previous studies have quantified protein
concentrations of the cytoplasmic and nuclear content [25]. The quantification by Kirli et al.
and Wiihr et al. yielded comparable results, providing a solid foundation for a closer

examination of the identified proteins.
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Figure 1 continued.
B)

Figure 1. GAPDH is structurally conserved through evolution. A) Sequence alignment of human
and rabbit GAPDH to Xenopus laevis GAPDH. Conservation describes the similar properties of amino
acids despite mutation at a certain position, and higher conservation represents higher degree of
similarity; consensus describes the identity of the sequences aligned with, and higher consensus
represents higher sequence identity. Sequence alignment was created using Jalview [26]. B)
Structural alignment of human (yellow) and rabbit (pink) GAPDH to AlphaFold prediction of Xenopus
GAPDH (green) [27]. Structure alignment was created using Chimera X [28].

1.5 Target enzyme and hypothesis: glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)

Quantitative mass spectrometry data of X. laevis oocytes identified multiple metabolic enzymes
in the nucleus and cytoplasm [18,25]. Out of all the enzymes identified, GAPDH is the most
concentrated in both compartments. GAPDH is acknowledged as a housekeeping protein due to

its highly conserved nature and consistent cellular expression, as shown in the sequence and



structure alignments in figure 1 [26,27,28]. This provides an opportunity for an in-depth

investigation of enzyme behaviour in the nucleus [29].
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Figure 2. Schematic of enzymes and metabolites in glycolysis. All labelled enzymes were found

in the quantitative protein analysis of X. laevis oocytes [25].

GAPDH is found in multiple cellular compartments and localizations to function in various
pathways. Recent reviews have summarized GAPDH moonlighting functions: Membrane-
bound GAPDH participates in membrane fusion, endocytosis and iron transport; Cytoplasmic
GAPDH is involved in mRNA stabilization and transport between the endoplasmic reticulum
and Golgi body; Nuclear GAPDH has functions in apoptosis, transcription regulation, DNA
maintenance and tRNA transport [30]. While these moonlighting functions have been of great
interest, we wanted to focus specifically on GAPDH metabolic activity (Figure 2). GAPDH is
post-translationally modified, some of which have been proven to impact the catalytic activity.
Malonylation at K213 interferes with GAPDH mRNA binding capacity and increases the amount
of free GAPDH available for metabolic catalysis [31]. GAPDH is also sensitive to the redox
environment of the cell, which can dictate GAPDH reactivity [29]. Oxidation of GAPDH is often
associated with loss of activity due to additional post-translational modifications [29]. For
example, s-sulfuration can occur on C165 and C247, which are theorized to alter the pKa of the
active site cysteine, resulting in a decrease in GAPDH activity [32]. GAPDH often accumulates

in the nucleus under oxidative stress or in cancer cells [33,34]. NO-directed GAPDH S-



nitrosylation can transnitrosylate histone deacetylases (HDAC), which causes the dissociation of
HDACSs from chromatin resulting in enhancement of histone acetylation [35,36]. Studies also
revealed that valporic acid, an HDAC inhibitor, can also inhibit GAPDH nuclear accumulation
and apoptosis, hinting at GAPDH’s potential role as a regulator of histone modification and

chromatin organization [37].

Though GAPDH can be found in various oligomers and complexes, the enzyme itself has to be
organized into homotetramers to be catalytically active [29,38]. The tetrameric formation is
theorized to be promoted by NAD+ associations or low cellular energy conditions [39]. The
primary reaction catalyzed by GAPDH is well understood and described as early as 1965 [40].
GAPDH catalyzes the oxidative phosphorylation of glyceraldehyde 3-phosphate (G3P) into 1,3-
bisphosphoglycerate (1,3-BPG) as part of glycolysis; the cofactor NAD* is reduced to NADH .
G3P is the rate-determining substrate for the forward reaction in vivo. Arsenate functions as an
acyl acceptor in place of phosphate, and it can be added to prevent the reverse reaction at
equilibrium, enabling kinetic measurement of only the forward reaction. GAPDH is substrate
inhibited at high concentrations of G3P and product inhibited at high concentrations of NAD+
[40,41].

GAPDH activity is a part of aerobic glycolysis (Figure 2), and GAPDH upregulation has been
observed in cancer cells [42]. Dimethyl fumarate (DMF) at high concentrations has also been
identified as an inhibitor of GAPDH [43]. This inhibition of GAPDH successfully inhibited
aerobic glycolysis in activated immune cells. While the GAPDH’s participation in cytoplasmic
metabolism is understood very well, the contrary is true for GAPDH metabolic functions in the
nucleus. As mentioned in the previous sections, GAPDH and many other metabolic enzymes
perform metabolite catalysis in the nucleus. But no study in the modern era has critically
compared the activity of any metabolic enzyme as it occurs in the native nucleus and native
cytoplasm, under near-native conditions, with knowledge of the absolute abundance of the
enzyme in these compartments. We used the X. laevis oocyte to fill this knowledge gap through
a series of experiments focused on GAPDH and hypothesize that nuclear and cytoplasmic

GAPDH will exhibit different enzymatic properties in the native environment.



Chapter 2: Native-western blot identified GAPDH tetramers both in the cytoplasm

and nucleus

2.1 Introduction

Sedimentary centrifugation revealed that purified GAPDH is present in dimeric, tetrameric, and
octameric complexes when soluble [44,45]. Results also suggested the association and
dissociation of GAPDH multimers are controlled by NAD+and PP; presence. Prolonged
incubation in ATP also induces dissociation of GAPDH tetramers into dimers and monomers;
this dissociation is also marked by decreased GAPDH activity [39]. Activity assays conducted in
conjunction with sedimentation studies indicated that the active species of GAPDH is tetrameric
[44]. The tetramer formation is induced by allosteric changes upon GAPDH monomers binding
to NAD+ [29]. The presence of such tetramers suggests that GAPDH complexes are available for

metabolic catalysis.

From mass spectrometry protein quantifications, GAPDH is present in the cytoplasm and
nucleus at high concentrations [25]. Due to the GAPDH’s potential to participate in various
pathways, the oligomerization, molecule association and behaviour of GAPDH may differ
between the two compartments. Higher molecular GAPDH complexes formation has been
discussed in existing literature, such as the extracellular high molecular weight GAPDH found in
human serum and octameric complexes addressed previously [38,39]. GAPDH can also form

aggregates under oxidative stress, triggering mitochondrial dysfunction-induced cell death [46].

There is currently no insight into the native oligomerization state of GAPDH in the nucleus. We
hypothesize that GAPDH will have a different tertiary structure profile between the nucleus and
cytoplasm due to its participation in nuclear transport, transcription regulator and translation
regulator alongside its catalytic function [29,47]. Native gel electrophoresis followed by western
blotting analysis was used as an initial exploration to observe and identify any differences

between the nuclear and cytoplasmic enzyme populations.

2.2 Material and Methods

Surgical extraction of the ovary, isolation of oocytes and harvesting of nucleus
and cytoplasm from X. laevis. Adult female X. laevis (Xenopus One, MI, U.S.A) was
retrieved from the animal use facility at the University of Alberta. The surgical procedures were
carried out at room temperature (25°C) according to a protocol approved by the Health Sciences
Animal Care and Use Committee of the University of Alberta (AUP 00000942). In preparation

for ovary extraction, the animals were anesthetized using tricaine methanesulfonate, followed by



decapitation. The ovaries were then mechanically fragmented, and the oocytes were released
from follicles via 2-hour collagenase incubation. The collagenase treatment had a final
concentration of 3 mg/mL collagenase and 1 mg/mL bovine serum albumin (BSA) in the OR-2
medium. The OR-2 medium was taken from existing literature and contained 5 mM Hepes-
NaOH pH 7.8, 82.5 mM NacCl, 2.5 mM KCl, 1 mM MgCl., 1 mM CaCl,, 1 mM Na.HPO,[48]. The
oocytes immersed in OR-2 medium were placed on sandpaper and gently rocked to remove
somatic cells still adhered to the oocyte surface [17]. The somatic cell removal was confirmed by
DAPI staining (1 mg/mL) of randomly selected oocytes. The oocytes were recovered overnight
and kept for up to 4 days in OR-2 buffer with penicillin and streptomycin (100 ug/mL each) as
recommended in previous publications [49,50,51,52]. The healthy oocytes were selected based
on established criteria: 1) evenly pigmented animal hemisphere, 2) clear border or band
between animal and vegetal hemispheres, 3) no speckled or unevenly pigmented animal pole,

and 4) no marks or damage [17,48,53,54].

X. laevis homogenate preparation for gel electrophoresis and western blotting
analysis. Nuclei were collected in groups of 20 and homogenized in the native buffer. This
buffer contains 20% glycerol and 1mM DTT in “IM with Mg2+” buffer (83 mM KCl, 17 mM NacCl,
6.5 mM Na,HPO,, 3.5mM KH.PO,, imM MgCl.,) of Gall et al. [55]. The samples were mixed ten
times using stacked pipettes in 10 pl of the native buffer. The homogenates were then brought
to volume with the native buffer to a final concentration of 1 nucleus/pl, followed by a 7-second
vortex to ensure thorough mixing. The cytoplasms were collected in groups of 10 and
homogenized in the native buffer to a final concentration of 0.1 cytoplasm/ul. The homogenates

were stored in 20 pl aliquots in -80 °C until usage.

Tris-Glycine native gel electrophoresis and western blotting of X. laevis
homogenates and purified GAPDH. Bio-Rad Mini PROTEAN TGX 4-15% gels were used
for native western analysis. Up to 1 nucleus and 0.1 cytoplasm and 2 pg of ProSpec human
recombinant GAPDH (ENZ-350) were loaded for comparison. The gels were resolved at a
constant 200V for 200 min. The gels were assembled into semi-dry transfer stacks using 1x Bio-
Rad trans-blot turbo buffer with no ethanol for western blotting. The transfers were conducted
using the Bio-Rad trans-blot turbo built-in high molecular weight protocol (1.3 A, 2.5to 25V, 10
min). Membranes were removed and blocked in 4% BSA in 1x TBST (20 mM Tris, 150 mM
NaCl, 0.1% Tween 20) for one hour with gentle agitation, then washed five times in five-minute
intervals with 1x TBST. The membranes were submerged in 1:5000 GAPDH monoclonal mouse
antibody (D-6, sc-166545, Santa Cruz Biotechnology):4% BSA overnight for primary antibody

incubation, followed by the washing procedure as described. The membranes were then
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submerged for an hour at room temperature in 1:10000 goat anti-mouse IgG (H+L)-HRP
conjugate (#17065516, Bio-Rad):4% BSA as the secondary incubation, followed by the washing
procedure. The membrane was incubated in ECL detection reagents at a 1:1 ratio. The
chemiluminescent signals were captured by exposure to film (GE Healthcare, Amersham

Hyperfilm™ ELC) or by use of a Li-COR digital imager (Odyssey® XF Imaging System).

RNA digestion and agarose gel electrophoresis of X. laevis cytoplasmic
homogenates. 2.5% agarose gels were made with 1x TAE buffer and Invitrogen SYBR® safe
DNA gel stain. Xenopus cytoplasmic homogenates were thawed on ice, then placed on a
benchtop for five minutes to equilibrate to room temperature. RNAse A (diluted with 1ug
BSA/ul native buffer) was added to the homogenate and incubated for 20 minutes at room
temperature for RNA digestion. A minimum of 20 ug of RNAase was required to digest the RNA
in 10 pl of cytoplasmic homogenate. Digestion solutions were placed on ice until loaded on the

agarose gel.

Bis-Tris native gel electrophoresis of X. laevis homogenates and purified GAPDH.
Invitrogen Bis-Tris Native Gels and 1x light blue cathode buffer and 1x anode buffer (diluted
from NativePAGE™ Running Buffer, BN2001 and BN2002) were used for native gel
electrophoresis. Up to 0.5 nuclei, 0.05 cytoplasm, and 1 pg of ProSpec human recombinant
GAPDH (ENZ-350) were loaded for comparison. PVDF membranes were presoaked in 100%
ethanol (EtOH) and rinsed with MQ H,O. The membranes were equilibrated in 1x Bio-Rad
trans-blot turbo buffer with no EtOH for 15 minutes. The proteins were transferred to the PVDF
membranes using Bio-Rad trans-blot turbo built-in high molecular weight protocol (1.3 A, 2.5 to
25V, 10 min). The membranes were then fixed in 8% acetic acid. For dye removal, the
membranes were air-dried and rinsed with MQ H,O until the dye was mostly removed.
Blocking, blotting and visualizing the proteins on the membrane were done as described in the

Tris-Glycine native gel protocol.

Native-SDS gel electrophoresis of X. laevis homogenates and purified GAPDH. In
Native-SDS gel electrophoresis, sample constituents are first separated under native conditions
in the absence of SDS, and then under denaturing conditions (in the presence of SDS). 12%
separating layer of the SDS gel was first poured and solidified, leaving about 5 cm to the top of
the SDS gel casting apparatus. Lanes containing the sample were excised from the Tris-Glycine
or Bis-Tris native gels. The excised lanes were soaked in 1x SDS loading buffer for 5 minutes
before being placed horizontally at the top of the gel casting apparatus. 4% stacking layer was
then poured to fill the gap between the excised native gel and the separating layer and allowed to
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solidify. The SDS gel ran at a constant 150V for two hours, or 30 min, past the solvent front ran
off the gel. Transferring, blocking, blotting, and visualizing the proteins on the membrane were

done as described in the Tris-Glycine native gel protocol.

2.3 Results

Three approaches were used for exploring the tertiary structure of oocyte GAPDH: 1) Bio-Rad
Tris-Glycine native gel system, 2) Invitrogen Bis-Tris native gel system, and 3) a 2D-system in
which the lanes containing either oocyte GAPDH or purified GAPDH were excised and laid
horizontally and embedded in the stacking layer of SDS-PAGE (the stacking layer did not have
wells. The initial attempts at electrophoresis using the Tris-Glycine native gel system resulted in
large smears when visualized via western blotting. Unsure if this resulted from GAPDH in
different complexes or antibody binding to background proteins, we conducted native PAGE

using the Bis-Tris gel system and 2D native-SDS electrophoresis for comparison.
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Figure 3. Xenopus cytoplasmic GAPDH is in complexes that include RNA. A) Tris-Glycine 4-15%
native-western blotting of Xenopus cytoplasmic (C) and nuclear (N) homogenates. B) Native-SDS 2D
electrophoresis of Xenopus cytoplasmic and nuclear homogenates. 0.1 cytoplasm and one nucleus were
loaded. The western blot was visualized using Li-COR. C) Detection of Xenopus cytoplasm RNAse
digestion result using 2% agarose gel. Cytoplasmic homogenates were incubated for 20 minutes at room

temperature. D) Tris-Glycine 4-15% native-western blotting of RNAse undigested and digested Xenopus
cytoplasmic homogenate. 0.02 cytoplasm was loaded per lane.
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Native GAPDH structure in the cytoplasm and nucleus. When visualized using Bio-
Rad Tris-Glycine native PAGE system, the GAPDH signal for cytoplasm was present in some
discrete bands as well as a diffuse smear (Figure 3A). While the nuclear homogenate had a
similar profile when analyzed with native-western, distinctive bands were seen on the native-
SDS 2D electrophoresis. The native-SDS 2D electrophoresis analysis of nuclear and cytoplasmic
homogenate provided two insights (Figure 3B). First, the diffuse smears in native gels are all
caused by GAPDH. That is, regardless of their position in the native gel, the signal in these
smears always resolved as monomeric GAPDH in the second SDS-PAGE dimension. Second,
the nuclear and cytoplasmic homogenate differed in how the GAPDH signal was distributed as
bands in the direction of the second dimension. Specifically, there were two distinct bands in
the nuclear but not cytoplasmic homogenate. From this analysis, we concluded that the GAPDH

is present in cytoplasmic complexes that were not found in the nucleus.

Influence of RNA on the migration of GAPDH in native and native-SDS 2D gels.
GAPDH is known to associate with nucleic acids, including single- and double-stranded DNAs,
messenger RNAs, transfer RNAs, and viral RNAs [56,57,58,59]. To assess if the GAPDH
complexes in the cytoplasmic homogenates were associated with RNA molecules, we subjected
the cytoplasmic homogenates to RNA digestion. The samples were loaded on 2% agarose gel
and stained with Invitrogen SYBR® safe stain to visualize the nucleic acids in the homogenates.
Ten microliters of cytoplasmic homogenates were incubated with various RNAse quantities at
room temperature for 20 minutes for digestion and visualized in Figure 2B. The nucleic acids
visualized formed long smears on the agarose gel. Compared to the freshly thawed cytoplasmic
homogenate loaded in the control lane, no apparent changes were observed when compared to
the homogenate that was kept at room temperature (0 ug RNA added, 20-minute incubation).
This suggests that the nucleic acids in the homogenates were not degraded by molecules
originally present in the cytoplasm. As more RNAse was added, a minimum of 10 ug of RNAse
was required to completely remove the smear on agarose gel, suggesting the complete removal
of nucleic acid molecules from cytoplasmic homogenates. We then conducted native PAGE on
the non-digested and digested cytoplasmic homogenate for comparison (Figure 3C). When
equal amounts of cytoplasmic homogenate were loaded, the digested homogenate contained a
single diffuse band for GAPDH. From this, we concluded that the additional GAPDH complexes

observed in the cytoplasmic homogenate were due to GAPDH association with RNA molecules.

14



A) hGAPDH RNAse A B) High Low

N C cC.12 ~-++ MW MW
- <436 kDa
Cyto
< Octamer
> “ “ <Tetramer O e <436 kDa
<« Dimer hGAPDH
’ é A é A
< <
< Monomer £ & @
o 5§ AV
o «@ QS

A B Cc

Figure 4. GAPDH forms tetramers in both the cytoplasm and nucleus. A) Native-western
blotting of Xenopus homogenates and ProSpec purified human GAPDH. Blot A compares GAPDH
bands between the nuclear (N) and cytoplasmic(C) homogenates; blot B compares cytoplasmic
GAPDH and purified human GAPDH with the arrows indicating positions of GAPDH oligomers; blot C
compares RNAse digested (with 10- and 20-ug RNAse, 20 min at room temperature), and non-
digested cytoplasm. B) Native-SDS 2D electrophoresis of Xenopus cytoplasmic homogenate and
purified human proteins. The position of each oligomer is marked by arrows.

Comparing the GAPDH in homogenate to purified GAPDH using Bis-Tris native
gel system. In attempt to identify the background seen on the Tris-Glycine, we also conducted
native PAGE on the X. laevis homogenates using the Bis-Tris gel system. Interestingly, the
diffused smearing observed using the Tris-Glycine system (Figure 3A) was not observed in the
nuclear or cytoplasmic homogenates (Figure 4A, blot A). GAPDH from both homogenates
formed a single distinct band at the same position. Purified ProSpec human GAPDH was loaded
on the Bis-Tris native gels to identify the band seen in cytoplasmic and nuclear GAPDH. The
purified human GAPDH resolved into four distinct bands, corresponding to the octameric,
tetrameric, dimeric, and monomeric tertiary structures from high to low molecular weight
(Figure 4A, blot B). The GAPDH in cytoplasmic and nuclear homogenates resolved at the
tetrameric band position when compared. Due to the high background seen at the higher
molecular region of the purified human GAPDH, we again conducted native-SDS PAGE to verify
the bands were caused by GAPDH (Figure 4B). Native gel bands visualized for the cytoplasmic
and purified GAPDH were of proteins at the 36 kDa position when visualized with SDS PAGE,

which corresponds to the molecular weight for monomeric GAPDH. No differences were
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observed between RNAse digested or undigested cytoplasm. Digested and undigested
cytoplasmic homogenates were loaded for comparison yielding no observable differences
(Figure 4A, blot C). The Bis-Tris native gel system showed a single population of tetrameric
GAPDH, which is the active tertiary structure of GAPDH, was present in the cytoplasm and

nucleus.

2.4 Discussion

The Tris-Glycine native gel system identified GAPDH complexes present in the cytoplasm but
not in the nucleus (Figure 3). Using RNAse digestions, we have identified the complexes formed
involves RNA molecules. GAPDH does associate with nucleic acids [56,57,58,59]. It has been
observed to bind to AU-rich sections and participate in the stabilization of cellular mRNAs [60].
A positive groove that spans across the NAD*binding pocket and dimerization interface is
theorized to be the nucleic acid binding site [61,62]. NAD+and GAP also compete with nucleic
acids in binding to GAPDH, suggesting that nucleic acid binding may compete with GAPDH
available for catalytic activity. Malonylation has been identified as a post-translational
modification that functions as a switch controlling GAPDH available for either mRNA binding
or metabolic catalysis [31]. While RNA association could be the determining factor for
alteration of GAPDH activity between the cytoplasm and nucleus, further research beyond the

scope of this project is required.

We have also identified that GAPDH tetramers are both present in the cytoplasm and nucleus
using the Bis-Tris native gel system (Figure 4). The reason for the different profiles detected
using the Tris-Glycine and Bis-ris system is unknown, however replicates of the same analysis
resulted in the same band formation. Another glycolytic enzyme that has the tetrameric active
conformation and has been identified in the nucleus is pyruvate kinase. Activation of kinase
receptors in cancer cells results in the phosphorylation of PKM2, causing PKM2 to dissociate
into monomers from its tetrameric form [63,64]. The monomeric PKM2 is then translocated
into the nucleus of cancer cells. Nuclear PKM2 has been observed to be in its dimeric form,
functioning as a protein kinase as opposed to a pyruvate kinase [65]. This demonstrates how
the enzymes' tertiary structure can influence their activity and function. With strong indications
that GAPDH is tetrameric in the nucleus and cytoplasm, we expect to detect robust activity in

both compartments (see Chapter 4).
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Chapter 3: Protocol development for high throughput enzyme activity assay in the

homogenates of whole cell compartments under near-native conditions

Abstract

Preliminary work in the Schultz lab revealed that high GAPDH activity could be detected in the
homogenates of isolated oocyte nuclei and cytoplasms. This work was extended by refining
plate assays for GAPDH so that robust estimates of Ky, and Vimax could be obtained from
titrations of the substrates NAD+ and G3P.

3.1 Introduction

GAPDH catalyzes the conversion of glyceraldehyde-3-phosphate (G3P) to 1,3-
bisphosphoglycerate (1,3-BPG). The overall goal of this project was to compare the activity of
the cytoplasmic and nuclear pools of GAPDH. NADH produced as a cofactor in the reaction can
be measured by absorbance at 340 nm, which allows for non-invasive observation of GAPDH
activity. The linear increase in A;,, nm immediately following the addition of substrates was
taken as the initial rate, and the linearity of the initial rates is highly relied upon for the accurate
calculation of kinetic parameters [66]. Though whole homogenates introduce complexity, the
presence of all molecular constituents of the nucleus and cytoplasm assures that the proteins

will exhibit their native behaviour as closely as possible.

To examine the native behaviour of metabolic enzymes, whole Xenopus cytoplasmic and nuclear
homogenates are assayed. The native buffer used for homogenization and the activity assay is
based on a medium developed to study the native organization of the oocyte nucleus [55,67].
GAPDH behaved differently between pH 7.4 and pH 8.6 when examined in previous studies: Km
of NAD* is much higher than at pH 8.6 compared to pH 7.4, while Ky, of G3P is much lower at
pH 8.6 [40]. Since the native buffer we use does not match previous "standard" assay buffers,
we tested if the native buffer supports the same level of activity of purified rabbit and human
GAPDH as a manufacturer-recommended assay buffer. That is, we compare activity in pH 7.4

native buffer to pH 8.0 ProSpec buffer (as described in section 3.2).

We aimed to optimize the activity protocol for 96- and 384- well plates that can produce
replicable linear initial rates and efficiently collect kinetic data using small volumes of samples.
The large cell volume of oocytes enables the possibility of performing multiple replicate assays
and different modes of analysis on the same sample, making it ideal for conducting activity
assays using as few homogenate samples as possible. The challenge of creating a high-

throughput activity assay with such low amounts of X. laevis homogenates is retaining the
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linearity of initial rates. Of particular concern was the fact that whole homogenates, especially
the cytoplasmic homogenate, are turbid; the turbidity could prevent the collection of reliable
As4 measurements. Below we describe the optimization of a high-throughput measurement of

GAPDH activity in nuclear and cytoplasmic homogenates under near-native conditions.

3.2 Material and methods

Preparation of stocks from purified commercial GAPDH. Recombinant human
GAPDH (20 ug/ul, ProSpec, ENZ-350) was purified from E. coli in ProSpec buffer (20 mM
Tris-Cl, 1 mM EDTA, 1 mM DTT, 20% Glycerol, pH 8.0) as noted on the company website
(www.prospecbio.com/gapdh_human_ active). Rabbit muscle GAPDH (lyophilized powder
containing citrate buffer salts, Sigma-Aldrich G2267) was solubilized in ProSpec buffer to a final
concentration of 5 units/ul. The purified enzymes are stored at -20 °C in small aliquots and

freshly thawed for each assay.

Enzyme activity reagent stock preparation. 100 mM pyrophosphate (PP;) and 100 mM
NAD+were prepared by dissolving sodium pyrophosphate decahydrate (MP Biomedicals, NO.
152579) and B-nicotinamide mononucleotide (Sigma-Aldrich, N3501-25G) in the “IM with
Mg2+” of Gall et al [55,67]. 100 mM G3P was prepared by diluting DL-Glyceraldehyde 3-
phosphate solution (Sigma Aldrich, G5251-100MG) with the native buffer. The same stock
solutions were also prepared in milli-Q H.O at pH 8.0. PP;, NAD+, and G3P were stored in -
20 °C in small aliquots until usage. 100 mM arsenate was prepared fresh for each assay by
dissolving sodium arsenate dibasic heptahydrate (Sigma-Aldrich, A6756-50G) in the native
buffer.

Preparation of X. laevis cytoplasmic and nuclear homogenates. X. laevis oocytes
were dissected under mineral oil to separate the cytoplasms and nuclei. The cytoplasms were
homogenized using the native buffer (with 20% glycerol and 1 mM DTT) in groups of 40 and the
nuclei in 72. The final concentration of the cytoplasmic homogenate was 1/125 cytoplasm per pl.
The final concentration of the nuclear homogenates was 1/20 nucleus per ul. The homogenates
were nitrogen frozen in small aliquots and stored at -80 °C until usage. Samples were freshly
thawed for each plate assay. GAPDH concentration in these homogenates was calculated using
two measurements of each cell compartment. The first was the published measurement of the
absolute concentration of GAPDH the nucleus and cytoplasm of full-grown oocytes obtained by
mass spectrometry [25]. The second measurement used was the volume of nucleus and
cytoplasm we used to make homogenates. Photographs were taken of the nuclei and cytoplasms

prior to homogenization. Since isolated nuclei and cytoplasms are spherical, the diameters of
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the nuclei and cytoplasms can be measured by imaging under a light microscope with an in-field
reticule. The diameters were used to calculate the volume of the nuclei and cytoplasms used for
homogenization. Imaging was performed using a MZ6 dissecting microscope, IC90 E camera
and Application Suite v.4.12.0 (Leica), and Chelsea Gates (Technician, Schultz lab) kindly
determined the compartment volumes. The calculated concentration showed that GAPDH is

four times more concentrated in our cytoplasmic homogenate than the nuclear homogenate.

High-throughput GAPDH activity assay using multi-well plates. The reaction
mixture consisted of the measured GAPDH sample and o to 5 mM of the varying reagent for
substrate titration; this makes up %4 of the final reaction volume and contained 1 mM DTT and
20% glycerol. The reaction mix was premixed via a 7-second vortex and hand pipetted into each
well in triplicates. The substrate mix contained 1 mM G3P or 3 mM NAD+* and the constant
reagents (10 mM arsenate and 5 mM pyrophosphate). 3mM NAD+* was determined from NAD+*
titrations to provide the highest initial rate. The substrate mix was dispensed via Bio-Tek
Synergy plate reader at 300 pul/s to facilitate mixing. After dispensing, the final volume of each
well was 40 pl for the 384-well plate and 120 pl for the 96-well plate. The final concentration of
the reaction solution in each well contained 5 mM PP;, 10 mM arsenate, 1 mM DTT and 5%
glycerol. Absorbances at 340 nm were collected in 30-second intervals using the kinetic
protocol of the software that the plate reader uses (Biotek Gen 5 Microplate Reader and Imaging
software). All reactions were conducted in triplicates. A340 from the initial three minutes were
plotted for calculating the initial rate. Data obtained were analyzed using Microsoft Excel and
GraphPad Prism.

3.3 Results

Buffer determination for high-throughput GAPDH activity assay. The
manufacturer’s recommended buffer for commercial enzymes is 10 mm PP; in MQ H.O at pH
8.0. As discussed in section 2.2, our native buffer is based on the “IM with Mg2+” [55,67]. The
buffer mimics the physiological nucleocytosol ion concentrations (see section 3.4 for more
detail). Purified human GAPDH demonstrated higher initial rates in the pH 7.4 native buffer
compared to the pH 8.0 PP;buffer (Figure 5A), suggesting that the native buffer is a valid, if not
better, buffer for assaying GAPDH activity.
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Figure 5. The activity of commercial purified GAPDH can be assayed and assessed in pH 7.4
native buffer. Control assays were performed with purified commercial enzymes and Xenopus
homogenates using the 384-well plate activity assay protocol. A) Initial rates of purified human
recombinant GAPDH when assayed in pH 7.4 native buffer and pH 8.0 manufacturer-recommended
buffer. B) Effects of varying DTT concentration on GAPDH activity in X. laevis cytoplasm.

Because the cell’s redox state influences GAPDH structure and activity, DTT was added to the
native buffer to prevent oxidation of GAPDH [29]. While GAPDH purified from Hela cells
exhibited the highest activity at 1 mM DTT [68], GAPDH in X. laevis homogenates exhibited
higher activity with increased DTT concentrations (Figure 5B) . At higher DTT concentrations
can reduce oxidated GAPDH and recover GAPDH activity [46]. In this project, the redox state
of the oocytes was not measured. DTT was added with the intend to prevent further oxidation in
the homogenates rather than maximize GAPDH activity. Referring to previous literature, our

high-throughput plate assays contained 1 mM DTT in the final concentration [69].

20



A) B)
8 3.5 mM G3P
1.2 mM NAD* + 3 mM G3P
+ 1 mM NAD* x 2.5mM G3P
X 0.9 mM NAD* ® 2mM G3P
® 0.8 mM NAD* ¢ 1.5mM G3P
* 0.7 mM NAD* v 1 mM G3P
., E A 0.9 mM G3P
¥ 0.6 mM NAD S
s 05 mMNADY <€ m 0.8 mM G3P
~m . e 0.7mM G3P
® 0.3 mMNAD 0.6 MM G3P
0.2 mM NAD" 0.4 mM G3P
0.15 mM NAD* 0.3 mM G3P
0.1 mM NAD* 0.2 mM G3P
0 T T 0.05 mM NAD"* + 0.1 mM G3P
0 50 100
Time (min) Time (min)
C) 0.1 mM NAD* 0.5 mM NAD* 1 mM NAD*
0.554 1.5 2.0
(]
0.501 . 1.5
g 0.45 1.0
g . 1.0
0.40+
0.5 0.5-
0.354 )
0.30+ . . : 1 0.0 i : : 0.0 . . . .
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Time (min) Time (min) Time (min)
Goodness of Fit Goodness of Fit Goodness of Fit
R squared 0.9745 R squared 0.9878 R squared 0.9859
D) 0.5 mM G3P 1 mM G3P 1.5 mM G3P
2.2 2.59 1.6
2.0 2.0 1.4-
g 1.8
£ 1.5 1.2
g 1.6
<, 1.0 1.0
1.24 0.5 0.8+
L]
1-0 T T T 1 0-0 T T T 1 0-6 T T T 1
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Time (min) Time (min) Time (min)
Goodness of Fit Goodness of Fit Goodness of Fit
R squared 0.9885 R squared 0.9886 R squared 0.9616

Figure 6. High-throughput activity assay was able to capture kinetic curves and initial rates for
substrate titrations of purified GAPDH. A) Kinetic curves of NAD* titration conducted on purified rabbit

muscle GAPDH in pH 7.4 native buffer. B) Kinetic curves of G3P titration conducted on purified rabbit
muscle GAPDH in pH 7.4 native buffer. C) Initial rates were taken from the kinetic curve for NAD* titration
performed on purified GAPDH shown in A). D) Initial rates were taken from the kinetic curve for G3P
performed on purified GAPDH shown in B). The kinetic assays were conducted in triplicates, and the
error bars on graphs represent the standard errors between replicates.
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Analysis of GAPDH initial rate and Calculation of the Kinetic Parameters.

In this series of experiments, GAPDH initial rate was calculated under conditions of varying
NAD+ and varying G3P concentration. The high-throughput assay protocol was highly sensitive
as it could detect differences in product accumulation caused by micromolar variations in
substrate concentration (Figures 6A and 6B). The product accumulation during the first three
minutes was taken as the initial rate. Linear fitting was performed on the A, for obtaining the
initial rates, and R2values were calculated by the Prism program to describe how well the
regression line represents the data. As shown in Figures 6C and 6D, robust linearity was

demonstrated in the initial rates as the R2 value approaches 1.

A) B)
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T 034 T 0.3 -+ Replicate 2
E E -+ Replicate 3
3 0.2- $ 0.2-
< <
= 0.1 S 0.1
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0.0 0.5 1.0 1.5 0 1 2 3 4
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Figure 7. Michaelis-Menten Rate Curves of substrate titration performed with purified rabbit
muscle GAPDH demonstrate the ideal hyperbolic shape. A) Rate curve for NAD* titration in pH 7.4
native buffer. B) Rate curve for G3P titration in pH 7.4 native buffer. Three replicates were carried out
for each substrate titration. The average of triplicates is plotted for each replicate.

The initial rates were then plotted into Michaelis-Menten rate curves. NAD* and G3P titrations
adhered to the ideal hyperbolic shape at lower substrate concentrations (Figure 7). The drop, or
crash, in the activity of GAPDH during G3P titration is due to substrate inhibition [29]. To
compare GAPDH activity, Figure 8 shows K, and Viax calculation using values prior to
inhibition following the analysis methods described in the review by Tummler et al. [70].
Estimates for the values of Ky, and V. were obtained by linearization of the initial rate data
(Lineweaver-Burke, Hanes-Woolf and Eadie-Hofstee methods) or by non-linear curve fitting
using GraphPad Prism (this approach is described in [71]). All curve-fitting or linearization
methods had robust fit for the data points, as indicated by the R2 values, except for Eadie-
Hofstee in G3P titration (Figure 8B). Lineweaver-burke linearization was chosen for having the
best fit for both NAD+ and G3P titrations (R2 being closest to 1).

22



A) Non-linear fitting of Rate Curve (vp VS. S)

Lineweaver-Burke (1/v VS. 1/S)

0.4 40
0.3 30
0.2 20
0.1 10
0.0 T T 1 0+ T T T T 1
0.0 0.5 1.0 1.5 0 § 10 15 20 25
1 2 3 1 2 3
Vinax 0.361 [0.460 | 0.569 Vioox 0.505 [ 0.522 | 0.570
K 0.403 | 0477 | 0.692 Kn 0.686 | 0.581 | 0.671
R squared | 0.988 | 0.996 | 0.992 R squared | 0.995 | 0.996 | 0.996
Hanes-Woolf (Siv VS. S) Eadie-Hofstee (v VS. v/S)
5 0.4
bd a
- [’
4 0.3 .,
3 e
0.2 S
2 .
1 0.1
0- T T 1 0.0+ T T T T 1
0.0 0.5 1.0 1.5 00 02 04 06 08 1.0
1 2 3 1 2 3
Voox 0365 | 0.463 | 0.550 Vinax 0.378 [ 0.458 | 0.529
Kmn 0.423 | 0.483 | 0.650 Kn 0.453 | 0.473 | 0.600
R squared | 0.983 | 0.994 0.980 R squared | 0.941 | 0.972 | 0.946

B) Non-linear fitting of Rate Curve (vo VS. S)

Lineweaver-Burke (1/vVS. 1/S)

0.4 15
A
0.3 7
10
0.2
5
0.1
0.0 T T T T 1 0+ T T 1
00 02 04 06 08 1.0 0 5 10 15
1 2 3 1 2 3
Voce | 0527|0524 |0.611 Voaxcar | 0.859 | 0.798 | 0.908
Kngap 0.434 | 0.458 | 0.595 Kmnasp 1.005 | 0.945 | 1.156
R squared | 0.975 | 0.980 | 0.988 R squared | 0.993 | 0.995 | 0.996
Hanes-Woolf (S/v VS. S) Eadie-Hofstee (v VS. v/S)
3 0.5
0.4 s
2 0.3 "‘*gg-
0.2 e
1 e
0.1 AB
0 T T T T 1 0.0+ T T T T !
0.0 0. 04 06 08 1.0 00 02 04 06 08 1.0
1 2 3 1 2 3
Vinax G3p 0.567 | 0.561 | 0.673 Vinax G3p 0.570 | 0.571 | 0.677
Kingap 0523 [0.561 | 0.727 Kneap 0.526 | 0.559 |0.733
R squared | 0.936 | 0.944 | 0.941 R squared | 0.749 | 0.798 | 0.828

-o- Replicate 1
- Replicate 2
-+ Replicate 3

-o- Replicate 1
-# Replicate 2
-+ Replicate 3

Figure 8. Km and Vmax calculation for substrate titrations performed with purified GAPDH in pH 7.4
native buffer. A) Kinetic parameter calculation of NAD* titration using non-linear fitting and linearization
methods. B) Kinetic parameter calculation of G3P titration using non-linear curve fitting and linearization
methods. Calculations are performed on the rate curves shown in figure 6. Three replicates were

performed for each substrate titration, and each replicate was conducted in triplicates. The averaged
values from the triplicates were used for calculation.
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Figure 9. The 96-well and 384-well plate activity assay protocol yielded similar results for kinetic
analysis of Xenopus cytoplasmic homogenate. Sample initial rates of GAPDH using the A) 96- and
B) 384- well plate assay. GAPDH was assayed in pH 7.4 native buffer with one mM DTT and 5%
glycerol. Michaelis-Menten rate curve and linearization for C) NAD* and D) G3P titration performed with
rGAPDH in native buffer showed similar results for both the 96- and 384-well plate assays. The
Lineweaver-Burke linearization showed less variability compared to the Hanes-Woolf method and was
chosen for the future GAPDH activity analysis.
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Validation of 96- and 384- well plate activity assay. Due to the turbidity of the
cytoplasmic homogenate, the initial rates of cytoplasmic homogenates did not exhibit the same
linearity shown by purified GAPDH. Hoping that using diluting the cytoplasmic homogenate
would reduce noise in solution and better capture the initial rate, I tried to optimize the high-
throughput activity assay by 1) changing the amount of sample used in existing assay protocol,
and 2) modifying the final reaction volume. Based on the general GAPDH assay protocol in
384-well plates (developed by Dr. Michael Schultz and Chelsea), I refined that approach and
developed and validated a similar protocol for 96-well plates. Initial rates obtained for both the
384-well plate assay and 96-well plate assay were replicable and linear (Figures 9A and 9B).
The Michaelis-Menten curves obtained from the 384-well and 96-well plates appear noisier for
NAD- titration (Figure 9C) than G3P titration (Figure 9D). Interestingly, the change in A;,o nm
between 10 to 20 minutes also formed linearity and was less noisy when plotted as the
Michaelis-Menten rate curve. The Hanes-Woolf linearization yielded a better fit when
compared to the Lineweaver-Burke linearization for NAD* titrations, while the opposite was true
for G3P titrations (Figure 9C and 9D). As more assays were conducted, it became increasingly
evident that the G3P rate curves were harder to linearize using the Hanes-Woolf method as the
linearization often resulted in “U-shaped” curves. For easier calculation and comparison,
Lineweaver-Burke linearization was chosen for future GAPDH activity analysis. Lineweaver-
burke linearization is also the method of choice used in many publications [72,73,74,75]. Since
no apparent differences were observed between the 96- and 384-well plate assays, the 384-well

plate assay protocol was used for further experiments due to the lower sample volumes required.

3.4 Discussion

The IM with Mg2+buffer had been used for biochemical studies of the oocyte nucleus and
nuclear fractions. The buffer is physiological in the pH, Mg2*, and Na* and K+ ratio. The
calcium, trace elements, and metabolites vary between cells and are not accounted for in
experiments conducted for this project. The buffer pH is 7.4, corresponding to pH of cytoplasm
and nucleus found in existing publications which falls withing a range of 7.2 to 7.6 [76,77,78,79].
1 mM Mg2* used in the buffer also corresponds to what has been reported for vertebrate cells
[80]. The native X. laevis oocytes contain 144 mM potassium ions (K*) and 19 mM sodium ions
(Na+), giving a K*:Na* ratio of 7.6:1 [81]. However, the Na and K salts used for buffer
preparation contain chloride (Cl). Recreating the native oocyte Na+* and K* concentrations
would result in 163 mM, which is over the total anion content of the oocyte [82,83]. 100 mM CI-
is close to the total anion concentration in X. laevis oocytes, thus leading Gall et al. bringing

down the K+:Na+ ratio to 5:1 (83 mM KCl, 17 mM NaCl) to a close-to-native concentration [55].
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The 5:1 K+:Na* ratio also approaches what has been observed in mammalian cells [84,85]. Our
native buffer based on “IM with Mg2+” is therefore able to create a close-to-native environment

that can be used for assaying native enzyme activity in X. laevis homogenates.

The work described in this chapter establishes that it is possible to obtain estimates of kinetic
parameters for GAPDH in homogenates of nucleus and cytoplasm in a near-native buffer.
Therefore, we proceeded to obtain estimates of these parameters for the nuclear and
cytoplasmic pools of GAPDH in order to test the hypothesis that the operation of GAPDH as a

metabolic enzyme differs between the cytoplasm and nucleus.
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Chapter 4: Kinetic differences between cytosolic and nuclear GAPDH of X. laevis

oocytes in close-to-native conditions

4.1 Introduction

In the main introduction of this thesis (Chapter 1), we outlined that some enzymes could differ
in activity between the cytoplasmic and nuclear compartment [2,3]. We pointed out that this
evidence is quite limited and that the experimental approaches had some limitations.
Specifically in the experiments carried out, crude estimates of initial rate without the knowledge
of absolute enzyme abundance in nucleus and cytoplasm. We have also established the
advantages using X. laevis oocyte homogenates for revisiting this question with a focus on
GAPDH [20,22,21,29]. Native-western blotting of X. laevis homogenates revealed that
cytoplasmic and nuclear GAPDH are tetrameric (Chapter 2), which has been established as the
catalytically active GAPDH in literature [39]. Therefore, we know that the enzyme is potentially
active in both compartments, but not whether it differs in kinetic properties between the nucleus
and cytoplasm. In Chapter 3, I optimized the high-throughput activity assay protocol previously
established by the Schultz lab for measuring the GAPDH activity in X. laevis cytoplasmic and
nuclear homogenates. These robust plate assays are based on spectrophotometric measurement
of the production of NAD+, which is a classical method for kinetic analysis of GAPDH activity
[40]. In this chapter we employ these says to test the central hypothesis of the thesis: The

operation of GAPDH as a metabolic enzyme differs between the cytoplasm and nucleus.

4.2 Material and methods
Preparation of X. laevis homogenates and GAPDH activity assay. The preparation
of cytoplasmic and nuclear homogenates and the GAPDH activity assays were performed as per

section 3.2. Data obtained were analyzed using Microsoft Excel and GraphPad Prism.

4.3 Results

Chapter 3 presented validation of the assay for GAPDH in native buffer, using purified GAPDH
and homogenate of oocyte cytoplasm. Here we extend that work by profiling GAPDH kinetics in
nuclear and cytoplasmic homogenates. The results of the experiments shown in Figures 8 and 9
establish the kinetic behaviour of the cytoplasmic and nuclear pools of GAPDH by
straightforward titration of substrates (NAD+ and G3P) into cytoplasmic and nuclear
homogenates. Figure 10 is a more complex set of titrations of G3P at multiple concentrations of
NAD+. The results in Figures 8-10 are for representative homogenates, not nuclear and

cytoplasmic homogenates from oocytes of the same ovary isolation. The data for matched
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nuclear and cytoplasmic homogenates of oocytes from four animals is shown in Figure 11. To
summarize the results: the cytoplasmic and nuclear pools of GAPDH have different kinetic
properties, and surprisingly, there is substantial animal-to-animal variability in how nuclear and
cytoplasmic GAPDH differ in kinetic behavior.

Kinetic analysis of cytoplasmic and nuclear GAPDH using 384-well high-
throughput activity assay. Using the high-throughput assay protocol established in
Chapter 3, kinetic curves were obtained for nuclear and cytoplasmic GAPDH by measuring
product accumulation at Ag4onm. The concentrations of GAPDH in homogenates were calculated
using mass spectrometry data and photographed volume calculations, and equal amounts of
nuclear and cytoplasmic GAPDH were assayed. The kinetic curves showed that GAPDH in
Xenopus homogenates could respond to substrate changes in the micromolar range,

demonstrating high sensitivity (Figure 10).
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Figure 10. Sample kinetic curves obtained for X. laevis GAPDH substrate titrations in pH 7.4
native buffer. A) NAD* titration of cytoplasmic homogenates at 1 mM G3P. B) NAD" Titration of nuclear
homogenates at 1 mM G3P. C) G3P titration of cytoplasmic homogenates at 3 mM NAD*. D) G3P
titration of nuclear homogenates at 3 mM NAD*. The titrations were carried out in triplicates, and the

average Asso between triplicates was plotted.
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Figure 11. Sample Analysis of GAPDH Km and Vmaxin X. laevis cytoplasmic and nuclear
homogenates. The initial rates used for analysis were taken from kinetic curves shown in Figure 9. A)
Michaelis-Menten rate curves of NAD" titration. B) Lineweaver-Burke linearization of NAD* titration rate
curves shown in A). C) Michaelis-Menten rate curves of G3P titration. D) Lineweaver-Burke linearization
of G3P titration rate curves shown in C).
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As described in Chapter 3, the rate of product accumulation during the initial three minutes was
linear in slope and used as the initial rate. When the initial rates were plotted, they were similar
to the Michaelis-Menten rate curves of NAD* and G3P titrations performed with purified
enzymes (Figures 11A and 11C). Despite the noise seen in the NAD* titrations (Figure 11A), the
initial rates formed high degrees of linearity when analyzed using Lineweaver-Burke
linearizations (Figure 11B). While the substrate inhibition observed on the Michaelis-Menten
curves of G3P titration (Figure 11C) was similar to that of the purified enzymes, the linearization
of the rate curves for calculations was much more complicated. Km and Vmax could be accurately
calculated as high linearity using the Lineweaver-Burke method (Figure 11D). However, the
calculated K, values for G3P titration of nuclear GAPDH were occasionally negative and invalid,
resulting in considerable variability between the kinetic parameters of individual experiments.
This suggested that nuclear GAPDH does not fit the first-order enzyme reaction described by
Lineweaver-Burke and prompted further investigation of K, analysis. Due to the fact that in
some cases Kn, and Vyax could not be calculated by linearization of the Michaelis-Menten plots,
the apparent Vmax from the rate curve was used for comparison. As shown in Figure 11, while the
apparent V. did not differ much between the nucleus and cytoplasm, the Lineweaver-Burke
linearization suggested that the cytoplasmic GAPDH followed ideal Michaelis-Menten kinetics
whereas nuclear GAPDH did not. This led us to conclude that GAPDH kinetics are different in

the cytoplasmic and nuclear homogenates.

Comparing G3P titration of nuclear and cytoplasmic GAPDH at various NAD+
concentrations. While NAD+ titration resulted in maximum Xenopus GAPDH activity at 3
mM NAD+ (Figure 11A), the G3P titration performed with nuclear GAPDH often yielded
negative results (Figures 11D and 11E). To follow up, we conducted the G3P titration of Xenopus
GAPDH over a range of NAD* concentrations in search of better linearization results. We also
experimented with analyzing rates taken from 10 to 20 minutes into the activity assay. The A4
collected for X. laevis homogenates were linear during 10 to 20 minutes after reaction initiation.
Studies of enzyme kinetics also have defined initial rate as the rate taken 20 minutes after
starting the reaction, “...where the changes in absorbance were in the linear range...” [86]. The
shape of the Michaelis-Menten curves for remained similar for titrations conducted at all NAD+
concentrations (Figure 12). While no significant differences were observed for nuclear GAPDH,
complete substrate inhibition occurred at 3 mM G3P for titrations performed in 3- and 4- mM

NAD*+* rather than 4 mM G3P (Figure 12A). This is an unexpected difference between the kinetic
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behaviour of the nuclear and cytoplasmic pools of GAPDH. We have not identified the cause for

this change.
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Figure 12. Comparing the nuclear and cytoplasmic GAPDH G3P titration at various NAD*. A)
Michaelis-Menten rate curve of cytoplasmic GAPDH G3P titration. The overall shape of the rate curve
remained similar between the experiments; in 3- and 4-mM NAD*, complete substrate inhibition occurred
at 3 mM G3P rather than 4 mM. B) Michaelis-Menten rate curve of nuclear GAPDH G3P titration.
Overall shape of the rate curves remained similar through all concentrations of NAD*.

There were some additional interesting points to note about the rate curves. Both cytoplasmic
and nuclear GAPDH showed ideal rate curves for NAD+ titrations. For G3P titrations,
cytoplasmic GAPDH before product inhibitions exhibited a hyperbolic rate curve akin to
purified enzymes (Figure 7). Nuclear GAPDH, on the other hand, displayed a more sigmoidal
shape when plotted with both initial rates taken from 0 to 4 minutes and 10 to 20 minutes
(Figure 12B). The sigmoidal rate curves are often observed when the target enzyme’s behaviour
can be influenced by the presence of effectors or regulatory compounds, where the

concentration of effectors can change K., and the apparent order of reaction [87]. The apparent

32



NAD* Titration K,

0.8007 ns ns ns ns
__0.600-
s
£ 0.400- '
£
'
0.200- ﬂ
0.000-] n l

© ) M el
N & N N

2 2
G3P Titration K,,,
8.0
ns * ns
__6.01
E
E 4.0
E
N4
2.0
ool Al 1

& 6"& &
N N N
v,(‘ v.(\

B cytoplasmic GAPDH

0.080

0.060+

0.040+

AA340/min

0.020+

0.000-—% lun luﬂ I-

NAD* Titration V .y

ns %k %k %k %k %k %k %k
— — — l—illI

N\ N\ N\ N\
2 2 2 2
(-\\6‘ &S (-\\6‘ &6‘
v v v v
G3P Titration V.
0.080- * * ns
0.060+ EI
=
E
$ 0.040-
0.020+
0.000- .
© \2) | >
P PN
6‘& é‘& <~§° &@
v v N v

O

Nuclear GAPDH

Figure 13. Separate analysis of cytoplasmic and nuclear GAPDH activity in oocytes from four
different animals. Duplicate assays of GAPDH activity (with triplicate technical replicates) were
performed on cytoplasmic and nuclear homogenates. All samples were prepared following the same
homogenization and assay protocol. Animal 36 G3P titration kinetic parameters were not shown on the
graphs due to negative values obtained using Lineweaver-Burke calculations. Independent T-tests (Neyto
= 2, nnuc = 2) were performed on data collected for each animal. Standard deviations are shown as error
bars on graphs. ns indicates no significant differences found between the values with P > 0.05. Asterisks

mark significant differences found between values with % indicating P < 0.05, % % for P < 0.01, and
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Vmax of nuclear GAPDH was higher than cytoplasmic GAPDH for G3P titrations. Despite not
having specific evidence for the causation nor implication of these differences, the above
observations strongly suggested that the catalytic behaviour of GAPDH differs between the
cytoplasm and nucleus. In other words, the operation of GAPDH as a metabolic enzyme differs

between the cytoplasm and nucleus.

A test of animal-to-animal variability of the activity signatures of nuclear and
cytoplasmic GAPDH

As the assay protocol was optimized over the course of this project, the kinetic parameters
obtained between animals differed. The metabolite abundance variance between oocytes [88]
within an animal was addressed during our homogenate preparation, thus we wanted to
determine if the differences were caused by animal-to-animal variation. Previous publications
have reported phenotypical differences amongst animals with “...identical genetic background, a
single source colony ... as well as a single source of animal diet...” [89]. For this investigation,
we performed duplicates of triplicate activity assays on cytoplasmic and nuclear homogenates

harvested from four individual animals (Figure 13).

From the figure, we can see that almost all K, and V. obtained for NAD+ titration performed
with cytoplasmic and nuclear homogenates were highly reproducible within each animal. While
Animal 34 to 36 had similar K, and Vimax values for NAD+ titration, the GAPDH K, and V. was
drastically higher in the nucleus than cytoplasm of animal 33. G3P titration was more variable
due to the non-ideal Michaelis-Menten rate curves described in Figure 12. The cytoplasmic G3P
titration kinetic parameters were more reproducible within each animal when compared to the
nuclear kinetic parameters. While no obvious trend was observed for the K, comparisons, the
Vmax Obtained in G3P titrations was consistently higher for nuclear GAPDH than cytoplasmic
GAPDH similar to what was observed when comparing the apparent V. on the Michaelis-
Menten rate curves (Figure 11E and 12). From this we conclude, nuclear and cytoplasmic
GAPDH in X. laevis oocytes does differ kinetically despite the presence of animal-to-animal

variability.
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Chapter 5: Overall summary, implications and future directions.

5.1 Overall summary
We have established the X. laevis oocyte as a suitable model cell type for studying the catalytic
behaviour of the pools of GAPDH in the nucleus and cytoplasm (Chapter 1).

The nuclear and cytoplasmic pools of GAPDH were shown to be in the catalytically active
tetrameric form (Chapter 2). Methods for analysis of the kinetic behavior of the nuclear and
cytoplasmic pools of GAPDH in a native reaction buffer were established (Chapter 3). We were
able to take advantage of previous work in which nuclei and cytoplasms isolated from X. laevis
oocytes were used to determine the absolute concentrations of all proteins in these
compartments [25]. Specifically, the kinetic behavior of GAPDH could be compared by
analyzing the same amounts of nuclear and cytoplasmic enzyme. This was never done in
previous studies; rates were calibrated to the amount of total protein analyzed, not the actual

amount of any specific enzyme [2,3].

A comprehensive series of substrate titrations revealed that the operation of GAPDH as a
metabolic enzyme differs between the cytoplasm and nucleus (Chapter 4). Therefore, our work
provides the first definitive evidence of catalytic regulation of a metabolic enzyme by nuclear as

compared to cytoplasmic localization.

5.2 Implications

It is well established that the catalytic behaviour of GAPDH can vary between cells. Cells of
different types can support different levels of flux through glycolysis and therefore different
levels of GAPDH activity [90,91]. Cells of the same type can support different levels of activity
depending on their physiological state. For example, treatment with reagents that induce
apoptosis can cause inhibition of GAPDH activity [32,92] as well as GAPDH inhibition observed
in post-ischaemic myocardium [66]. Here we show that the catalytic behaviour of GAPDH can

vary within a cell depending on whether the enzyme is in the nucleus or the cytoplasm.
Our work has two main implications:

First, Compartment-specific molecular mechanisms modulate the catalytic behavior of GAPDH.
As mentioned in section 4.3, the Michaelis-Menten rate curve for G3P titration of nuclear
GAPDH is sigmoidal (Figure 12B). The sigmoidal curve could suggest the presence of a
regulatory pathway or molecule for GAPDH that is only present in the nucleus [87]. There is a
clear general precedent for this type of regulation. In hepatocytes, the glycolytic enzyme
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glucokinase is catalytically inhibited in the nucleus because the nucleus is the sole location of
glucokinase regulatory protein [93,94]. The latter protein is a competitive inhibitor of glucose
association with glucokinase [95]. Interestingly, sigmoidal kinetics has been observed for
glucokinase, though the molecular mechanism for this phenomenon is not fully understood
[96].

Second, there is a biological advantage to having kinetically different pools of GAPDH in the
nucleus and cytoplasm. We are not aware of studies of the kinetic behaviour of any other
nucleocytosolic enzyme that might inform our thinking about what this biological advantage

might be.

5.3 Future directions

The future directions to pursue relate to the two implications highlighted above:

1. Exploration of the compartment-specific molecular mechanisms that modulate the
catalytic behavior of GAPDH. The activity of GAPDH is influenced by a plethora of post-
translation modifications, such as phosphorylated by Ca2*/calmodulin-dependent
protein kinase (CaMKIIBM) [97], and binding to RNA [57,58,59,60]. A reasonable way
to begin exploring compartment-specific regulation of GAPDH would be to isolate
GAPDH from the nucleus and cytoplasm (pure enzyme and complexes containing
GAPDH and other macromolecules). One could then systematically test any features
that distinguish these enzyme pools for a role in differential enzyme regulation by
subcellular location. It is also important to consider that GAPDH might be allosterically
regulated by metabolites that have a different concentration in the nucleus and
cytoplasm. This is an attractive possibility because evidence is mounting that some
metabolites can have a local concentration that differs from the average concentration in
the cell as a whole [10,98]. A specific metabolite of interest is malonyl-CoA. The activity
of GAPDH is regulated by its malonylation [31]. Malonylation at lysine 213 functions as
a switch that controls GAPDH binding to mRNA and availability for catalysis in the
cytoplasm. A recent bioRxiv manuscript also reports binding of malonyl-CoA to GAPDH
at high dilutions of the metabolite [99].

2. Inthe oocyte, the there are several potential biological advantages of differentially
regulating GAPDH according to subcellular localization. One is to differentially control
localized pools of ATP in the nucleus and cytoplasm. This hypothesis is based on a
speculation of Kirli et al. [25] about the importance of GAPDH localization to the oocyte

nucleus. The speculation is that this localization ensures ATP-generating flux through
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the lower phase of glycolysis in the nucleus at the same time as there is reverse glycolytic
flux in the cytosol to support glycogen synthesis. One important reason for continuous
high synthesis of ATP in the oocyte relates to the turnover of acetate groups on histone
molecules [100]. The maintenance of nuclear H3 and H4 in the acetylated state will
require a constant supply of acetyl-CoA. Based on data collected by Kirli et al., nuclear-
localized enzymes in X. laevis oocytes that can synthesize acetyl-CoA are ACLY (59.5 nM
in nucleus) and ACSS2 (ACSA; 90.0 nM in nucleus) [25]. The acetylation reaction
catalyzed by both these enzymes requires ATP. Therefore, it is plausible that GAPDH
activity in the nucleus supplies ATP to acetyl-CoA synthetases. In this way, GAPDH
might contribute to the regulation of H3 and H4, whose modification state can
profoundly influence such nuclear activities as RNA polymerase I and II transcription,
DNA replication, recombination and repair.

3. An additional biological advantage of compartment-specific regulation of GAPDH could
relate to the control of the epigenome, a cell function that occurs in the nucleus but not
the cytoplasm. Aside from the carbon metabolites, GAPDH could participate in the
maintenance of nuclear NAD+*/NADH. NAD+ is used by many nuclear processes,
including deacetylation carried out by Sirtuin proteins [101]. Theoretically, coupling the
GAPDH and Sirtuin reactions allows the availability of NAD+ for deacetylation to be
controlled by the direction of the GAPDH reaction. For example, glucose starvation
causes GAPDH associate with and activate Sirt1 in the nucleus, and Sirt1-mediated
deacetylation can induce autophagy [102]. The sigmoidal kinetics of GAPDH in the
nucleus would suggest GAPDH more sensitive to energy availability (increase in
glycolytic metabolite) than in the cytoplasms. This sensitivity would increase GAPDH
activity as energy sources become available again and limit the NAD+* available for Sirt1,

potentially halting or reversing autophagy initiation.

In addition, our GAPDH analysis demonstrated how X. laevis oocyte could be used to observe
the native enzymology of the nucleus. The oocytes can serve as preliminary assessments in
identifying native protein function, behaviour and association complexes. With a strong
background for culturing, dissection and bioinformatics of Xenopus oocytes established by
existing literature, the potential of research conducted with these oocytes extend to studying

native pathways beyond just carbon metabolism
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Figure S1 Association of cytoplasmic material with nuclei dissected from of X. laevis oocytes. X.
laevis oocytes were dissected while immersed in mineral oil at room temperature (25°C). Nuclear
isolation using these oocytes does not eliminate the cytoplasmic material trapped within deep nuclear
invaginations. From images of the X. laevis oocytes in existing literature [24,103], the residual cytoplasm
isolated with the nucleus is estimated by the “point-hit” method [704] to be 4% of the nuclear volume.
Using the Kirli et al. protein concentrations [25], approximately only 0.01% of GAPDH in the isolated
nucleus originates from associated cytoplasmic material.
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