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Investigating the roles of CDA and DCTD in cancer nucleotide metabolism

Abstract

Nucleotides play essential roles in cellular function, including as components of the nucleic
acids DNA and RNA. Cancer cells have elevated proliferation and DNA replication,
necessitating a reliable supply of nucleotides from the nucleotide de novo synthesis and
salvage pathways. These have consequently been exploited as targets for nucleotide
analogue chemotherapy. Resistance to chemotherapy can arise from enzymes in the
synthesis and salvage pathway, including upregulation of the pyrimidine salvage enzyme
cytidine deaminase (CDA). CDA functionally overlaps with the salvage enzyme deoxycytidylate
deaminase (DCTD), and it is uncertain whether either enzyme is the principal deaminase and
whether they deaminate cytidine nucleotides derived from nucleotide synthesis, in crosstalk
between the synthesis and salvage pathways. | investigated these queries by setting up and
optimising targeted HPLC-MS/MS systems for nucleic acid composition and nucleotide pool
analysis, using them to measure isotopically labelled nucleotide precursor incorporation into
cell lines and observe effects of CDA and DCTD siRNA knockdown (KD). The nucleoside analysis
platform | developed is capable of sensitive analysis of nearly 20 nucleosides, whereas the
free nucleotide analysis platform has analyte sensitivity comparable to or lower than those
reported in literature and can detect most nucleotide phosphates without sample purification
steps. The KD and pulse-chase experiment provided evidence that CDA and DCTD are mutually
redundant in deaminated 2’-deoxycytidine nucleotides and validates previous reports that
DCTD has low activity against cytidine monophosphate. Additionally, there was no impact of
CDA and DCTD KD on L-glutamine labelling of cytidine nucleotides, suggesting that de novo
synthesis-derived cytidine nucleotides are not dephosphorylated and deaminated in
significant amounts. It was also observed that nucleotide phosphate interconversion occurs
at much shorter timeframes than one hour.

Taken together, the studies in this thesis, using targeted and sensitive MS analytical methods,
support the theory of redundancy of the CDA and DCTD, with implications for their roles in
resistance to cancer chemotherapy as well as in other disease states.
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1. Introduction

1.1 Introduction abstract

Nucleotide metabolism is central to cell survival, with nucleotides playing roles in processes
including nucleic acid synthesis and repair, energy transport and cell signalling. Cancer cells
have faster cell division with a corresponding increase in DNA replication and in nucleotide
requirements. The nucleotide acquisition pathways have therefore been frequent targets for
chemotherapeutic agents, with drug resistance often occurs through the same pathways.
There are uncertainties as to the complete role of the salvage enzymes cytidine deaminase
(CDA) and deoxycytidylate deaminase (DCTD), functionally overlapping enzymes that
maintain the cytidine:thymidine and cytidine:uridine ratios in the nucleotide pool and which

also have activity against certain chemotherapy drugs.

This introduction describes the function of the nucleotide metabolism pathway related to
DNA and RNA synthesis, subsequently focusing on nucleotide metabolism’s role in preventing
DNA damage as well as the role of enzymes such as CDA and DCTD play in chemotherapy
resistance in cancer. Lastly, it discusses different experimental methods developed to study

nucleotide metabolism and my strategy for probing the roles of CDA and DCTD.

1.2 The role of nucleotides in cell processes

Nucleotides are organic molecules with essential roles in cell replication, signalling and

metabolism (Figure 1.1).
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Figure 1.1 Nucleotide metabolism plays central role in cells. Nucleotides are components in DNA (blue,
thymidine monomer pictured); RNA (orange, uridine monomer pictured); enzyme cofactors (red, NAD+
pictured); cell signalling (pink, cCAMP pictured); energy transport (green, ATP pictured).

Deoxyribonucleic acid (DNA) encodes all genetic information in a cell and, together with
ribonucleic acid (RNA), is responsible for storing and disseminating the information required
to make proteins in a cell. DNA and RNA are polymers composed of nucleotides, with human

DNA composed of over 6 billion monomers.!

Similarly, cell makes use of nucleotide species. Adenosine and ATP are involved in purinergic
signalling, while GTP functions as a second messenger interacting with G-proteins, and the

cAMP-dependent pathway involved GTP, ATP and cyclic AMP (cAMP).

Cell metabolism employs nucleotides for a range of essential functions. Adenosine
triphosphate (ATP), the most abundant free nucleotide, is the main cellular free energy carrier
and is generated through cellular respiration. It drives central processes such as nucleic acid

and protein synthesis, and muscle contraction. Guanosine triphosphate (GTP) is a specific



energy carrier for protein synthesis and gluconeogenesis. The metabolism cofactors
nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate

(NADP) are involved in redox reactions.

Nucleotides are formed from the linking of a nucleobase, a ribose or deoxyribose sugar, and
one to four phosphate groups. Nucleobases are the aromatic nitrogenous heterocycle families
purines and pyrimidines (Figure 1.2). The pyrimidines are cytosine (C), uracil (U) and thymine
(T), and the purines are adenosine (A), guanosine (G), with lesser amounts of the

intermediates xanthosine (X) and hypoxanthine (H).

Nucleotides are structured through the attachment of N-9 of a purine, or N-1 of a pyrimidine,
to C-1’ of the sugar through an N-glycosidic linkage; C-5’ of the sugar is phosphorylated. A

nucleobase bonded to a sugar and with no phosphorylation is called a nucleoside.
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Figure 1.2 lllustration of the structures of the nucleobases C, U, T, G, A, X, H and the nucleosides dC
and rC (N-glycosidic linkage in red).

1.3 Nucleotide base pairing underpins nucleic acid replication

The nucleic acids DNA and RNA are nucleotide polymers, linking the nucleotide monomers

through phosphate bridges at the 5’ and 3’ end of the sugars (Figure 1.3).

NH,

sequence direction

Figure 1.3 Reading sequence direction of DNA, in the nucleotide triad thymidine-thymidine-cytidine
(TTC).

DNA is double-stranded, with the strands woven in a double helix through base pairs directed
by complementary hydrogen bonding. In DNA, C pairs with G and A pairs with T, whereas U

takes the place of T in RNA and pairs with A (Figure 1.4).
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Figure 1.4 Base pairing in DNA and RNA. Base pairing through complementary hydrogen bonding
between nucleobases provides mechanism for DNA replication and transcription, and RNA translation.
A, C:G base pairing (RNA and DNA); B, T:A base pairing (DNA); C, U:A base pairing (RNA).

Base pairing is the key to DNA replication: when undergoing mitosis, the strands separate in

areplication fork and are filled by DNA polymerases in a 5'—3’ direction with sequential bases



chosen for hydrogen bonding complementarity. This, together with repair of replication
errors, ensures that the daughter strands of DNA are near identical to the parent strands. The
base pairing also underpins the relationship between DNA, RNA and proteins. The strand of
DNA encoding a gene is transcribed into precursor mRNA (messenger RNA) by RNA
polymerases in a transcription bubble, creating the nascent RNA from ribonucleotides with
complementary base pairing to the DNA strand. The pre-mRNA is processed to mature mRNA
and migrates to the ribosome. Here it is translated by tRNA containing complementary bases

to the mRNA into an amino acid chain that folds into a protein.

1.4 Nucleotides are produced through de novo synthesis and salvage
pathways

The nucleotide poolis in continual flux through enzymatic metabolism as well as spontaneous
hydrolysis of nucleotides. Due to the greater turnover of RNA compared to DNA (and the roles
the ribonucleotides ATP, ADP, GTP, GDP and cAMP play in signalling and metabolism) the
ribonucleotide pool is between five and ten times more abundant than the
deoxyribonucleotide pool—apart from ATP, which is nearly 100x more concentrated than

dATP (2100 pM vs 2.4 uM).2

The essential functions of nucleotides require a reliable supply to cells; an imbalanced
nucleotide pool can increase nucleotide misincorporation into DNA and RNA by polymerases,
which can lead to cell mutation and death.> Most eukaryotes have two pathways for

nucleotide acquisition: de novo synthesis and salvage.

In addition to de novo synthesis, cells can produce nucleotide triphosphates through the
salvage pathway, generating nucleotide triphosphates from catabolised nucleic acids as well

as importing nucleosides of digested nucleic acids from food and apoptotic cells. The salvage



pathway is the network of enzymes that enables the regeneration from nucleoside to

nucleotide triphosphate and helps maintain the correct base ratio in the nucleotide pool.®

Salvage from food-derived nucleic acids begins in the stomach through their acid hydrolysis
to oligonucleotides, aided through action of the peptidase enzyme pepsin—a recent and
unexpected finding considering the role of pepsin as a protease.” The pancreatic enzymes
ribonuclease 1 and deoxyribonuclease 1 digest the oligonucleotides to smaller nucleotide
chains by the pancreatic enzymes.® The oligonucleotides are then catabolised to nucleotide
monophosphates by the small intestine-specific nucleases and to nucleosides by alkaline
phosphatase.® Following this, the small intestine villi actively absorb the nucleosides into the
bloodstream across the intestinal brush border membrane.!! The proportion of the
nucleotide pool deriving from food sources has been investigated with tracer experiments,
ranging from 2-5 % in rodents.'? Nucleosides enter cells through the action of two classes of
transporters: concentrative (CNT) and equilibrative (ENT). CNTs are encoded by the SLC28
family and are active transporters coupled to a transmembrane sodium gradient, creating a
unidirectional flow of nucleosides into the cell.?* The three CNT enzymes are CNT1 (SLC28A1),
CNT2 (SLC28A2), and CNT3 (SLC28A3).1416 CNT1 has a higher selectivity for pyrimidines, CNT2
has a higher selectivity for purines and CNT3 transports both classes of nucleosides. All CNTs
transport uridine.’” ENTs allow nucleoside diffusion in both directions along concentration
gradients. ENT1 (SLC29A1) and ENT2 (SLC29A2) transport a broad range of nucleosides and
ENT3 (SLC29A3) is a mitochondrial transporter for intracellular nucleoside flux. ENT4, highly
expressed in the brain, only weakly transports adenosine, with a larger role transporting
cations.'® There are other paths for nucleoside transport reported, such as the SLC15 peptide
transporter family and the SLC22 organic ion transporter family. However, the CNTs and ENTs
have ubiquitous tissue expression, while the SLC15 and the SLC22 families are confined to the

liver, intestine and kidney.?®



1.4.1 Purine nucleotide metabolism

Purine synthesis pathway

Purines are synthesised from the starting point of ribose-5-phosphate (Figure 1.5), derived
from the pentose phosphate pathway. Ribose-5-posphate is converted to 5-phosphoribosyl-
1- pyrophosphate (PRPP) by phosphoribosyl pyrophosphate synthase (PRPS).%° Subsequently,
the enzyme L-glutamine phosphoribosylpyrophosphate amidotransferase (GPAT) substitutes
the pyrophosphate group for an amine at the C-1’ position to form 5-phosphoribosyl-1-
amine.? Glycinamide ribonucleotide synthase (GARS) then reacts 5-phosphoribosyl-1-amine
with glycine and ATP to produce glycinamide ribonucleotide (GRA), which is then transformed
to formylglycineamide phospho-ribonucleotide (FGAR) through the addition of formate and

catalysed by GAR transformylase (GART).?

The enzyme phosphoribosylformylglycinamidine synthase (PFAS) substitutes the amide
carbonyl for an imine with L-glutamine-derived ammonia, producing formylglycineamidine
ribonucleotide (FGAM).2®> FGAM then cyclises through a 5-exo-trig cyclisation catalysed by
aminoimidazole ribonucleotide synthase (AIRS) to form 5-aminoimidazole ribonucleotide
(AIR).2 The next step is catalysis by phosphoribosylaminoimidazole carboxylase (AIR
carboxylase, encoded by PAICS) to cause the activation of bicarbonate with ATP and the

imidazole ring attacking it to form carboxyaminoimidazole ribonucleotide (CAIR).

The enzyme phosphoribosylaminoimidazolesuccinocarboxamide synthase (SAICAR synthase
encoded by PAICS) catalyses the attack of an aspartate molecule to the imidazole carboxylate

to produce 5-aminoimidazole-4-succinylcarboxamide ribonucleotide (SAICAR).?*

Subsequently, adenylosuccinate lyase cleaves SAICAR to generate fumarate and 5-

aminoimidazole-4 carboxamide ribonucleotide (AICAR), then reacted to form 5-
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formaminoimidazole-4 carboxamide ribonucleotide (FAICAR) in a process catalysed by 5-
aminoimidazole-4-carboxamide ribonucleotide formyltransferase (AICARFT encoded by

ATIC).

The first purine nucleotide in the pathway, inositol monophosphate (IMP) is formed as a 6-

exo-trig cyclisation product, catalysed by IMP cyclohydrolase (also encoded by ATIC, protein

termed Bifunctional purine biosynthesis protein PurH).

‘ AIRS dGTP dATP
AIR NDK 1‘ ‘.‘ NDK
., AIRC dGDP dADP
GTP ATP
CAR \ t RNR RNR t
‘ SAICAR iy, Joeas nor P
SAICAR
‘ ADSL GUK t t AK
AICAR GMP AMP

‘ AICARFT GMPS t tADSL
FAICAR XMP wpDH Adenylosuccinate
IMP © ADSS

Figure 1.5 Human purine de novo synthesis pathway

IMP can undergo two different chains of reactions to form AMP and GMP. IMP is converted
to adenylsuccinate by adenylsuccinate synthase (ADSS) and then into AMP by adenylsuccinate

lyase (ADSL) through loss of fumarate.?®?® To make GMP, IMP dehydrogenase (IMPDH)
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oxidises IMP to XMP, which then reacts with ATP and L-glutamine to form GMP in a reaction

catalysed by guanine monophosphate synthase (GMPS).?728

AMP and GMP are phosphorylated to ADP and GDP by adenylate kinase (AK) and guanylate
kinase (GUK1) respectively.?®3° Ribonucleotide reductase (RNR) may then reduce them to
dADP and dGDP.3! ADP, GDP, dADP and dGDP are all phosphorylated by NDK to the final

triphosphate molecules.3?

Purine salvage pathway

Deoxyguanosine (dG) is phosphorylated by deoxyguanosine kinase (DGUOK) to dGMP, then
phosphorylated by guanidylate kinase 1 (GUK1) to dGDP and finally by NDK to dGTP (Figure

1.6).30'32'33

Deoxyadenosine is similarly phosphorylated by deoxyadenosine kinase (AdK) to dAMP.33
From there it is phosphorylated to dADP by the family of adenylate kinases (AK) and to dATP
by NDK.?%32 GMP is phosphorylated by guanidylate kinase 1 (GUK1) to GDP and from there to
GTP by NDK.3%32 AMP is phosphorylated by the AK family and to ATP by NDK.2%32 As previously
mentioned for purine synthesis, ribonucleotide diphosphates are substrates for RNR, a cell
cycle dependent enzyme that reduces them to deoxyribonucleotide diphosphates. ADP and
GDP are substrates and are reduced to dADP and dGDP, in turn phosphorylated to dATP and

dGTP 3132
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Figure 1.6 Human purine salvage pathway.

1.4.2 Pyrimidine nucleotide metabolism

Pyrimidine synthesis pathway

Pyrimidine de novo synthesis begins through the formation of the nucleobase (Figure 1.7).

The trifunctional enzyme CAD (carbamoyl-phosphate synthase 2, aspartate

12



carbamoyltransferase, and dihydroorotase) has roles in the first three enzymatic steps of
pyrimidine formation. Carbamoyl-phosphate synthase 2 reacts a hydrogencarbonate ion, L-
glutamine and two ATP molecules to form carbamoyl phosphate. In parallel, aspartate
aminotransferase converts oxaloacetate derived from the Krebs Cycle to an aspartate
molecule. Aspartate and carbamoyl phosphate are then fused by aspartate
carbamoyltransferase to form carbamoyl aspartate. Dihydroorotase then cyclises the
molecule to form dihydroorotate in a condensation reaction.3 Dihydroorotate is dehydrated
to orotate by dihydroorotate dehydrogenase with coenzyme Q.%° It is then converted to
orotidine monophosphate (OMP) by uridine monophosphate synthase (UMPS), which also

decarboxylates OMP to uridine monophosphate (UMP).%®

The immediate pyrimidine precursors to DNA and RNA are deoxycytidine triphosphate (dCTP),
thymidine triphosphate (TTP) and uridine triphosphate (UTP), all of which can be synthesised

from UMP.

UMP is phosphorylated to UDP by CMPK1.3” UDP can then be reduced to dUDP by
ribonucleotide reductase (RNR) and phosphorylated to dUTP by a nucleotide diphosphate
kinase (NDK).332 dUTP is dephosphorylated to dUMP by dUTP pyrophosphatase (DUT)3 and
methylated to thymidine monophosphate (TMP) by thymidylate synthase (TYMS) with 5,10-
methylenetetrahydrofolate.3®*%° dTMP is then phosphorylated to thymidine diphosphate

(TDP) by deoxythymidylate kinase (DTYMK) and to thymidine triphosphate (TTP) by NDK.3%41

If not reduced by RNR, UDP can be phosphorylated to UTP by NDK, and then converted to CTP
by the cytidine triphosphate synthases (CTPS 1 & 2).%2 CTP can be dephosphorylated to CDP

by NDK, reduced to dCDP by RNR and phosphorylated by NDK to dCTP.3%32
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Figure 1.7 Human pyrimidine de novo synthesis pathway

Pyrimidine salvage pathway

Imported thymidine (dT) is salvaged through sequential phosphorylation: thymidine kinase 1
(TK1) phosphorylates dT to dTMP, in turn phosphorylated by thymidylate kinase (DTYMK) to

dTDP (Figure 1.8). dTDP is phosphorylated to dTTP by an NDK enzyme 3374

Deoxycytidine (dC) salvage occurs through two routes. In the first, deoxycytidine kinase
(DCK1) phosphorylates dC to dCMP. That is then phosphorylated to dCDP by UMP-CMP kinase

(CMPK1) and then to dCTP by NDK.3%3743 |n the second route, dC and dCMP are deaminated
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respectively by cytidine deaminase (CDA) and deoxycytidylate deaminase (DCTD) to
deoxyuridine (dU) and deoxyuridine monophosphate (dUMP).**#> dU is phosphorylated to

dUMP by TK1 and then TYMS methylates it to form dTMP,3340.46

Ribonucleosides follow a similar pathway. Uridine (rU), is phosphorylated by uridine-cytidine
kinases 1 and 2 (UCK1, UCK2) to UMP.*” UMP is phosphorylated to UDP by CMPK1 and to UTP

by NDK.3%37

Cytidine (rC) nucleotides are a substrate for CDA, though not for DCTD. It can therefore be
deaminated by CDA to form rU, or it is phosphorylated by UCK1/2, CMPK1 and NDK to

CTP.32'37’47

As seen for the ribonucleoside purines, the CDP and UDP can be reduced by RNR to dCDP and

dUDP, converting them to deoxyribonucleotides.3!
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Figure 1.8 Human pyrimidine salvage pathway.

1.5 Nucleotide depletion to avoid pool imbalance and to remove

damaging nucleotides from pool

Nucleotide demand is periodic; while there is continual RNA synthesis through the cell cycle,

DNA synthesis—the primary consumer of deoxyribonucleotides — only occurs in the
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S-phase.®*>° The abundance of deoxyribonucleotides is controlled through variation in
enzyme levels. The protein level of the enzyme complex required for deoxyribonucleotide
synthesis, RNR, is periodic with cell cycle and rises in S-phase.>! RRM2, a component of RNR
is degraded during G2 phase to avoid overaccumulation of dNTPs and errors in this regulation
of RRM2 are associated with a higher mutational burden due to an overly large
deoxyribonucleotide pool.>2 In parallel, it is reported that the levels of SAM domain and HD
domain-containing protein 1 (SAMHD1), which converts dNTPs to dNMPs, are high in G1
phase and low in S-phase, causing a periodic change in dNTP pools.>® This mechanism is used

in dendritic and myeloid-derived cells infected with HIV to stop the virus replicating.>*

Pyrimidines can be degraded and removed from the nucleotide pool by catabolism, starting
with the action of dihydropyrimidine dehydrogenase (DPYD) on uracil, an enzymatic chain
that leads to the formation of beta-alanine.> The purine xanthine, a downstream metabolite

of all purines, is catabolised to uric acid by xanthine oxidase (X0).>®

Enzymes in the nucleotide metabolism pathways play a role in preventing DNA damage from
occurring by removing damaging nucleotide triphosphates before they are incorporated into
DNA. dUTP, a product of the synthesis and salvage pathways, can be readily incorporated into
DNA in place of dTTP opposite dATP. The nucleotide pool sanitation enzyme dUTP
diphosphatase (DUT) reduces this potentially limiting dU incorporation by dephosphorylating
dUTP to dUMP, concomitantly increasing the precursor for dTTP, whereas loss of the
pyrophosphatase dCTPP1 has been reported to increase the dUTP/dTTP ratios and lead to dU
incorporation, providing evidence for its degradation of dUTP.”° 2-hydroxy-dATP
diphosphatase (MTH1) catalyses the dephosphorylation of the oxidised purine nucleotides 2-
hydroxy-dATP and 8-oxo-dGTP to their respective monophosphates.®® The bases 5-
hydroxymethyl-2’-deoxycytidine (hmdC) and 5-formyl-2’-deoxycytidine (fdC), formed

through epigenetic processes and obtained from degraded DNA or from food, are
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phosphorylated by dCK, but the monophosphates are not further phosphorylated by CMPK1.
DCTD has been reported to deaminate hmdCMP into hmdUMP, which is then degraded by
DNPH1 (2'-deoxynucleoside 5’-monophosphate N-glycosidase).®? These processes prevent
modified base incorporation into DNA, where they could induce unwanted epigenetic

effects.5?

Damaged nucleobases such as 8-oxoG exhibit different hydrogen bonding and engage in
different base pairing to their undamaged parent bases, with mutagenic potential if
incorporated.®® In the case of 8-0x0G, it forms a base pair with A, instead of the natural base
pair of G, C. Uracil can also form in DNA through hydrolytic deamination of dC, changing a C:G
base pair to U:G. Cytosine deamination to uridine in DNA is a leading cause of genetic lesions

and will create potentially lethal or cancerous mutations in the cell.5*5

1.6 Removal of incorrect bases in DNA through repair

Enzymes in the nucleotide metabolism pathway such as dUTPase have evolved to minimise
the incidence of incorrect nucleotide incorporation into DNA. However, this still occurs, either

due to an imbalanced nucleotide pool, or through polymerase errors.

If there are errors in DNA replication without subsequent repair, the genome undergoes
mutations to its sequence with consequences for gene transcription, enzyme functionality
and cell survival (Figure 1.9). Not all mutations are damaging to a cell: the incidence of

mutations helpful to survival is what drives natural selection and evolution.
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Figure 1.9 DNA Chemical damage to a base can lead to mutation in daughter cells. Deamination of C
forms a U base. If not removed, upon the next replication it will pair with an A. This leads to a C->T
sequence mutation.
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High mutations in a particular cell increases the likelihood of deactivating mutations in tumour
suppressor genes such as P53 and DNA repair pathways, as well as activating mutations in
oncogenes such as the Ras family.®% this could then lead to rapidly dividing and aggressive

cell populations and ultimately cancer.

Excessive mutation is avoided through the action of the cell’s DNA repair mechanisms that

remedy DNA lesions caused either by nucleotide misincorporation or DNA damage.

DNA Mismatch repair (MMR) excises incorrectly incorporated bases from newly formed DNA.
This works to remove incorrect bases from the newly synthesised daughter strand that occur

through polymerase errors.%7°

In addition, base excision repair (BER) removes damaged or mutated bases from DNA that
could cause mutations by mismatch; there are several uracil-DNA glycosylases (UDGs) that
remove deaminated and oxidised bases from DNA through the creation of abasic sites, with
replacement with the correct base enzyme 8-oxoG DNA glycosylase (0OGG1) removes 8-0xoG

from DNA.7+-74

1.7 Role of nucleotide metabolism in cancer

Cancer describes the diseases that show uncontrolled cell proliferation, causing organism
damage and sometimes death through disruption of critical tissue function. Its causes are
various and tissue specific but are often associated with deletion or deactivation of tumour
suppressor genes through mutation or epigenetic silencing, or activation of oncogenes that

promote uncontrolled growth and metabolism.5:7

The increased cell division in cancer leads to a higher DNA and RNA turnover, with a

consequently greater demand for nucleotides.”® Genes upstream of nucleotide metabolism
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are often upregulated in cancer cells: the oncogene cMYC, a transcription factor which
increases expression of a broad range of genes, upregulates genes in the nucleotide synthesis

pathway, while the protein kinase mTor increases pyrimidine synthesis gene expression.”®78

Enzymes involved in the MMR pathway are frequently affected in cancer. A heterozygous
germline mutation in the mismatch repair enzyme MutL homolog 1 (MLH1) is a risk factor for
hereditary nonpolyposis colorectal cancer (HNPCC), while MLH1 has been reported to be
inactivated in colorectal cancer through sporadic somatic mutations and epigenetic

inactivation.”®8!

1.7.1 Mechanisms of chemotherapy in cancer nucleotide metabolism

DNA replication, crucial for cancer cell proliferation, requires a balanced pool of
deoxyribonucleotide triphosphates;® faults in nucleotide metabolism can therefore be lethal
to rapidly dividing cells. Consequently, cancer’s nucleotide synthesis and salvage pathways

have been a frequent target for chemotherapy by varying mechanisms of action.

Disrupting nucleotide metabolism and unbalancing the dNTP pool has been exploited as a
treatment strategy. Thymidylate synthase (TYMS) methylates dUMP to dTMP together with
the methyl donor methylenetetrahydrofolate, an essential step dTTP synthesis. The uracil
analogue 5-fluorouracil (5FU) was developed to inhibit this step. 5FU is salvaged as a uracil
analogue and its phosphorylated metabolite stably binds and inhibits TYMS, depleting the
dTTP pool.2# Additionally, the dNTP pool can be depleted by inhibition of RNR, the enzyme
responsible for reduction of ribonucleotides to deoxyribonucleotides. The drugs gemcitabine
(2’,2’-difluorodeoxycytidine) and fludarabine (fluorinated adenine arabinoside) are

successively phosphorylated to form the respective diphosphates, which inhibit RNR and
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diminish the dNTP pool, and also compete with dCTP and dATP for DNA incorporation. They

induce a chain termination step and inhibit DNA synthesis, leading to cell death .8

Nucleotide analogue chemotherapy can also lead to cell death through disruption of DNA
synthesis. In addition to nucleotide pool disruption, gemcitabine can be sequentially
phosphorylated to gemcitabine triphosphate, after which it is incorporated into DNA and
prevents further replication through polymerase stalling, in a similar manner to fludarabine

triphosphate.86#

Another angle of therapy is to introduce nucleoside analogues that induce epigenetic changes
and consequently disrupt the gene expression levels in cells. The deoxycytidine analogue
decitabine is phosphorylated to decitabine triphosphate and incorporated into DNA, where it
covalently binds to the epigenetic marker DNMT1. At high concentrations this causes DNA
damage, while at low concentrations its mechanism of action is through the reduction of
active DNMT1. DNMT1 is responsible for replicating cytosine methylation to the daughter
strand and its reduction leads to a reversal of the CpG island hypermethylation seen in many

cancers, reactivating tumour suppressor genes and inducing an antineoplastic effect.8°°

1.7.1.1 Salvage and sanitation pathways in chemotherapy resistance

Due to its high replication, mutation from errors in polymerisation and differences in
epigenetic profile between cells in different microenvironments, the community of cells that
form the tumour are highly heterogeneous.” As a result, it can exhibit resistance to
nucleoside analogue chemotherapy, often occurring through alteration of the nucleotide

metabolism pathway. The common modes of resistance occur through several ways.

The nucleotide analogue compound may be biochemically deactivated; the deaminase CDA

deaminates the cytidine analogues gemcitabine, decitabine, cytarabine and their
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monophosphorylated metabolites to less cytotoxic ones.®>°* DCTD deaminates cytarabine
monophosphate and gemcitabine monophosphate to the uridine analogues. However, the
data about DCTD function in cancer resistance mechanisms is conflicting. Some reports state
that high DCTD renders the drug innocuous and others that it potentiates the anti-tumour
effect, leading to ara-UTP accumulation, while another group reported that DCTD is not

predictive of patient response to gemcitabine therapy. %%

Certain nucleotide analogues can also be deactivated through pyrimidine degradation. The
enzyme dihydropyrimidine dehydrogenase (DPYD) degrades uracil to dihydrouracil, the rate-
limiting step in pyrimidine catabolism. It degrades 5FU and high expression levels of DPYD

have been correlated with poor response to 5FU.%1%

Another cause of resistance is an increase in the protein level of the enzyme targeted by
chemotherapy; it has been reported that in studies of cancer patients, there is an inverse
correlation between TYMS expression and protein level, and response to 5FU treatment. The
increased protein level may increase the proportion of uninhibited TYMS and negate the

effect of SEU 83101102

Finally, cell export proteins also play a role in nucleotide analogue chemotherapy resistance,
with expression of the nuclear transporter ABCC5 reported to be inversely correlated with the

activity of gemcitabine in non-small cell lung cancer cell lines.2%

In summary, different phenotypes of cancer cells can enable resistance to nucleotide
analogues, through routes including the upregulation of target enzymes, upregulation of
enzymes involved in the sanitation and degradation of nucleotide analogues, and increased

expression of cell export proteins.
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1.7.1.2 CDA creates vulnerability to epigenetically modified
nucleotides

The deaminase CDA deaminates cytosine nucleoside variants to the uracil equivalent (Figure
1.10).2%* As described in 1.7.1.1, its overexpression is a prominent cause of chemotherapy

resistance, deaminating gemcitabine, decitabine and cytarabine to deactivate uridine

analogues.
NH, o]
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Figure 1.10 Deamination of dC to dU by CDA. CDA also deaminates rC, and also cytidine analogues
used in chemotherapy such as gemcitabine.

However, high CDA expression makes cells vulnerable to other classes of pyrimidine analogue
chemotherapy. For instance, a downstream metabolite of the drug capecitabine (Xeloda) is
deaminated by CDA to eventually produce 5FU, an active TYMS inhibitor. Epigenetically
modified cytidines are also damaging to a cell with high CDA expression. The epigenetic
nucleosides hmdC and fdC can be phosphorylated to hmdCMP and fdCMP by DCK, but these
cannot be phosphorylated to hmdCDP and fdCDP by CMPK1. CDA deaminates the nucleosides
to hmdU and fdU, which can be phosphorylated to hmdUTP and fdUTP. These are
incorporated into DNA and lead to damage once they are recognised by UDGs as uracil and

excised, and are lethal to cells with high CDA expression®2.
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1.8 Roles of pyrimidine deaminases CDA and DCTD

The vulnerability to nucleotide analogues that CDA overexpression creates and the presence
of DCTD as another deaminase enzyme’s raise questions as to the evolutionary advantage of
both of their activities. CDA DCTD perform mutually redundant functions, deaminating
cytidine nucleotides to uridine nucleotides, as well as deaminating cytidine analogue
chemotherapeutic agents and the epigenetic nucleoside 5-methyl-2’-deoxycytidine
(mdC).%31057107 The deamination process has a dual role: the first converts cytosines into
uridine/thymine nucleotides (Figure 1.10) and the second is to convert cytidines to uridines

for pyrimidine degradation by DPYD as a supply of carbon and nitrogen to the cell 5104

CDA and DCTD are evolutionarily conserved enzymes across various kingdoms of life.1% CDA
is the principal source of dUMP for Trypanosoma Brucei, a protozoan parasite with no DCTD
and a weak de novo pyrimidine synthesis pathway®. CDA (EC 3.5.4.5) and DCTD (EC 3.5.4.12)
are both 15 kDa sized cytoplasmic enzymes in the pyrimidine salvage pathway and their active
domain are a CMP (cytidine monophosphate)/dCMP (deoxycytidine monophosphate)-type
deaminase domain.!° CDA is tetrameric and DCTD is hexameric, while both bind a zinc ion at

117113 They have tetrahedral active sites (Figure 1.11), where the zinc ion

their active sites.
lowers the energetic barrier for nucleophilic attack of a water molecule against the cytosine
nucleobase substrate and results in the release of an ammonia molecule and the formation

of a uridine nucleotide.''>14
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Figure 1.11 Structures and active sites for the deaminases. CDA is tetrameric and DCTD is hexameric.
Both incorporate zinc as a participating ion. Crystal structures obtained from Protein Data Bank. A,
structure of CDA; B, structure of DCTD; C, deamination of dC by CDA, showing active site of CDA bound
to dC; D, deamination of dCMP by DCTD, showing active site of DCTD bound to dCMP.

CDA and DCCTD are detectable in all human tissues, with CDA having the highest mRNA levels

in blood cells, the spleen and the liver and pancreas, while DCTD expression is more uniform,

with high levels in the thyroid and blood (Figure 1.12).115-119
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Figure 1.12 DCTD is more uniformly distributed in human tissues than CDA. Tissue-specific mRNA

levels, obtained through BioGPS. A, mRNA tissue map of CDA; B, mRNA tissue map of DCTD.
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In addition to the effects of high CDA expression in cancer resistance and vulnerability to
chemotherapy (1.7.1.1 and 1.7.1.2), deficiency of functional CDA through downregulation or
genetic deletion/inactivation may cause disease. CDA deficiency has been reported in
patients with Bloom Syndrome, due to the non-functional BLM DNA helicase.'®® The study
claims that the low level of CDA reduces deamination and increases the concentration of
cytidine nucleotides, causing the nucleotide pool to imbalance at a mutagenic level. The C:T
imbalance triggers nucleotide misincorporation and faulty sister chromatid DNA segregation
and the formation of ultra-fine anaphase bridges (UFCs) through PARP-1 inhibition by

accumulated dCTP.32120

The wide-ranging CDA and DCTD expression in different clinical presentations has led to
research on the enzymes’ regulation. DCTD has been shown to be allosterically inhibited by
dTTP and activated by dCTP, with a smaller pool of evidence for CDA allosteric regulation.?12
Bloom Syndrome patients have downregulated CDA expression through a currently unknown
mechanism involving CDA downregulation of the BLM helicase. There have also been
transcription factor binding sites reported in CDA’s promoter and enhancer regions, as well

as microRNA downregulation and upregulation.-1%

Small molecule inhibitors have been developed to study CDA and DCTD. CDA is inhibited by

128-130\yhereas

the small molecules tetrahydrouridine (THU), zebularine and cedazuridine,
DCTD is inhibited by the monophosphate of zebularine and weakly by gemcitabine
monophosphate.3¥13A benefit of small molecule inhibitors for CDA and DCTD is that they
have the potential to reduce deamination of chemotherapeutic cytidine analogues through
resistance or drug metabolism, potentiating the therapy response. For instance, cedazuridine

has been combined with decitabine as a treatment for chronic myelomonocytic leukemia

(CMML) to increase the bioavailability decitabine, by inhibiting CDA in the gut and liver.3°
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The roles CDA and DCTD mutations in their sequences play in enzymatic activities have been
investigated. CDA has two common germline polymorphisms due to a prominent mutation
(79A>C, K27Q), giving either a lysine or L-glutamine. The two single nucleotide polymorphisms
(SNPs) are both functional, with K27Q found most commonly among white ethnicities.'* The
variant 208G>A, A70T is also predominantly found among Asian and African ethnicities. 35137
The A70T mutant is less active for cytidine and cytarabine while K27Q is more active for
deoxycytidine and cytidine.’®>!3 There are conflicting reports as to the differences in
activities between the SNPs for cytidine analogues: Micozzi et al. report K27Q less active with
cytarabine as a substrate, while Kirch et al. find it to be more active.®% Farell et al. found
the K27 variant to give a longer overall survival time to gemcitabine patients, while marginally
increasing toxicity.?*® One rare mutation, 435C>T, T145T, has been linked to acute toxicity
from gemcitabine in pancreatic cancer patients, pointing to a deactivating role.?*! DCTD has
three known SNPs (-47T>C, V116V; 255G>C, Ala/Ala; 315T>C, Val/Val), but they have not been
reported to affect overall survival, specifically -47T>C for pancreatic cancer patients

undergoing gemcitabine therapy, and 255G>C and 315T>C for breast cancer patients.142143

1.9 Methods of studying nucleotide metabolism

Interest in nucleotide metabolism’s role in disease has led to the development of tools for its
investigation. Nucleotide metabolism can be probed by disrupting the function of an
enzymatic in nucleotide metabolism and observing the resultant change in metabolite

composition through analytical techniques.

Additionally, the activity of an enzyme in the nucleotide metabolism pathway can be

investigated by exposing an organism to a labelled nucleotide precursor that is then
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metabolised by the enzyme. The labelling allows monitoring of the enzyme’s effect on the

precursor.

1.9.1 Tools for enzyme manipulation

There have been various tools developed to investigate roles of enzymes, which can be
applied to nucleotide metabolism. One strategy is through use of small molecule inhibitors,
which bind to and disrupt enzymatic activity. The disadvantages of inhibitors is that they may
be non-target specific and can produce unwanted side effects that may be lethal or skew
metabolism; for instance, the CDA and DCTD inhibitor zebularine also reduces cytosine

methylation levels by downregulation of the epigenetic methyl transferases (DNMT).144145

Non-inhibitor tools include protein manipulation techniques include tools to increase protein
expression such as through transient or stable upregulation of genes encoding enzymes of
interest, tools to suppress gene transcript translation into protein such as short hairpin RNAs
(shRNAs) and small interfering RNAs (siRNAs), and the mutation of a gene to induce loss of
function in the protein. The advent of precise gene editing through CRISPR Cas technology
(“Clustered Regularly Interspaced Palindromic Repeats” and “CRISPR-Associated protein 9”)
has increased the ease of knocking out or mutating enzymes.*® Catalytically dead Cas9
(dCas9) has also been used to achieve tuneable suppression and activation through its fusion
with domains of transcription factors and repressors.*’~1*° The use of conditional expression
and knockouts has given information on the rapid dynamic changes in the metabolism from
gene manipulation, as well as make experiments possible in vivo in tissue-specific contexts

where a constitutive enzyme perturbation could be embryonically lethal 150152

Stably implementing genetic changes has drawbacks. For instance, integrating an external

DNA cassette into genomic DNA may cause insertional mutagenesis if it is integrated in a
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region that will disrupt function of another gene.®>* Knocking out genes (KO) through
restriction or CRISPR-Cas systems may disrupt through off-target effects or permanently skew

nucleotide metabolism through selection of faster growing cells.'>*

By contrast, transient KD through siRNA transfection requires no DNA integration and risk of
mutation. siRNAs cause a rapid and transient knockdown of the target gene, with their effect

reported to last for several days.®

Gene manipulation can be performed in cell lines, cells obtained from organisms and
immortalised to replicate indefinitely. Cell lines are derived from primary tissue and have a
specific expression of genes influenced by factors including their culture medium, their
mutations and the tissue and patient of origin.?®®'>” They are useful tools to probe the impact
of enzymes, but reliance on a single cell line leaves the research conclusions vulnerable to
cell-specific features not related to the enzyme in question. Conversely, it is difficult to
experiment on many different cell lines, as it would create handling and sample analysis

constraints.

1.9.2 Nucleotide metabolism analysis

Nucleic acid metabolism is probed by measuring the free nucleotide pool or analysing the

composition of nucleic acids, which are a product of free nucleotide metabolism.

1.9.2.1 Nucleotide metabolism analysis: the free nucleotide pool

The free nucleotide pool includes every nucleotide variant and is a subset of the collection of

small molecules dubbed the metabolome. There has been keen interest in measuring the
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metabolome to research its role in disease and development, as not only is it the end product
of networks thought of as upstream—the genome, transcriptome and the proteome—but it
has been shown to directly impact the previous processes through errors induced by
imbalanced nucleotide pools, as well as precursors for epigenetic marks and protein post-

translational modifications,>”:6%.70:81,82,158

The challenges in metabolome analysis arise from its size—there are over 8,000 detected
endogenous metabolites, with many more predicted.’® This large number makes it

challenging to analyse metabolite changes.

One strategy for analysing a subset of metabolites is through radiolabelling. Radiolabelling
involves organism exposure to a precursor containing a radioactive isotope, such as 3P, %S or
3H. The radiolabelled precursor, being an isotopologue of the unlabelled precursor and
chemically the same, is metabolised by the organism into different metabolites and
biomolecules. The material of interest is isolated and its radioactivity is measured, from which
one can infer the extent of labelling and the activity of a metabolic pathway. For example,
Stevenson-Paulik et al. describe a 3?P labelling method to study kinase and phosphatase
dynamics in inositol phosphate metabolism.' The drawbacks of radiolabelling are that only
a small subset of the metabolome is visible, one must take personal safety precautions against
the radioactivity, and it is possible that the organism under study may suffer from radioactive

effects, reducing the validity of the experiment conclusions.!6!

Another technology often used in metabolomics is nuclear magnetic resonance (NMR). NMR
makes use of the quantum-derived magnetic moments in certain nuclei such as H, *C and
31p and their behaviour in a strong magnetic field to identify multiple analytes at the same
time.1%27164 The advantage of NMR is that it is non-destructive and requires minimal sample
preparation. Its drawbacks are that it has low sensitivity and cannot study all metabolites

present due to interference of low abundance metabolites by abundant analytes.16>16%
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The principal method used in metabolomics is mass spectrometry (MS). Mass spectrometry
discriminates analytes by ionising them and using electrical fields to separate them by mass-
to-charge ratio (m/z). The force an electrical field applies to a charge is proportional to its

charge (z), as per Coulomb’s Law.

(1)

As described by Newton’s second law of motion, the acceleration experienced by an object is

inversely proportional to its mass.
F=ma
(2)
Taken together, the acceleration of a mass spectrometry analyte is dependent on both its

charge and its mass, employed by mass spectrometry to measure different molecules.

Mass spectrometry is often coupled with a preceding analyte separation step, either capillary
electrophoresis (CE) or high-performance liquid chromatography (HPLC). CE and HPLC are
themselves analytical tools when after the analyte separation, a UV absorbance detector or a
radioactivity counter for radiolabelling measure signal intensity, but their sensitivity is not as
high as mass spectrometry; their main strengths are in separating analytes that may have
similar m/z, reducing the problem of analyte interference for MS, as well as assigning a time
of separation to each analyte as another characteristic for identification (known as retention

time for HPLC and migration time for CE).

HPLC-MS and CE-MS can measure changes across samples for multiple analytes.163167-173

HPLC-MS is used more widely than CE-MS, possibly due to variations in migration times for

CE-MS that can impede analyte identification.*

One of the challenges of mass spectrometry is that analytes with the same mass and charge

(m/z) will have interfering signals if they have similar retention times. The problem is reduced
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with better chromatographic analyte resolution and the use of standards for aiding
identification, as well as through accurate mass instruments that can discriminate between
ions of similar m/z.1% Sensitivity increases further if instead of measuring a wide continuous
range of m/z values (untargeted analysis), the instrument uses targeted analysis; this uses
more than one mass analyser, with an analyte fragmentation step in between. Known as
tandem mass spectrometry, or MS/MS for two mass analysers, it allows multiple filtrations of
analytes and their products based on m/z and consequently reduces noise of impurities and

other metabolites that may have had the same initial m/z.

The drawback of targeted analysis is that the instrument will only analyse a defined subset of
analytes, with a narrower ability to observe the impact of the perturbation and reducing the

possibility of unexpected discoveries.

In addition to measuring metabolite concentrations, MS and NMR techniques can probe the
activity of enzyme networks through stable isotope labelled tracer experiments. In a similar
way to radiolabelling, the organism of interest is exposed to a metabolic precursor labelled
with a stable isotope such as *C, 2H and >N (an isotopologue). The isotopologue is
sequentially metabolised by the series of enzymes in a particular pathway to form different
labelled metabolites. These can be harvested at different time points to gain insights into
metabolism kinetics and pool dynamics. Stable isotope tracing using *C-labelled has been
used to quantify metabolite fluxes (turnover of a molecule pool over time) in cancer cells and
in vivo to better understand energetic contributions from different metabolites.'7>17®
Labelling has also been applied in nucleotide metabolism on the role of enzymes in the
pyrimidine biosynthesis pathways as well as measuring the contributions of salvage and

synthesis.177-17°

Labelling experiments are broadly run in two methods. The first, steady state labelling,

exposes an organism to a labelled metabolic precursor and the equilibrium labelling is
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measured after a period of time.'®° The second is pulse-chase analysis, where organisms are
exposed to labelled precursors for a limited time, during which the compounds are
metabolised into the downstream molecules of the pathway. Measuring the change in
concentration over different time points gives information on the kinetics of the enzymes in

the pathway.10>180

1.9.2.2 Nucleotide metabolism analysis: nucleic acid composition

As well as studying the free nucleotide pool, groups have also investigated nucleotide
metabolism by analysing the composition of nucleic acids, using labelling techniques to track
the nucleotide incorporation into DNA and RNA. While it is not possible to analyse the
differences between nucleotides of different phosphorylation states through nucleic acid
analysis, it still gives the opportunity to measure the impact of enzyme manipulation,

replication and nucleic acid turnover, 181184

The established methods for measuring nucleotide precursor incorporation into nucleic acids
in cells are chemical labelling, radiolabelling and mass spectrometric analysis of isotopic

labelling.

Chemical labelling involves the incorporation into nucleic acids molecules against which one
can use subsequent chemical derivatisation, such as 5-ethynyl-2’-deoxyuridine (EdU), or
through antibody conjugation as in the case of 5-bromo-2’-deoxyuridine (BrdU). Both
examples above are thymidine analogues, and the fluorescence is used for evidence of DNA

185-187 With the advent of super resolution microscopy, it has been possible to

replication.
obtain sub-nuclear spatial resolution of incorporation by EdU.!® The drawbacks of

chemo/immuno-fluorescence for measuring incorporation in nucleic acids are that one

cannot definitively determine the proportion of DNA that has been derived from labelled
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precursors—only relative change between conditions— and that it is not possible to measure
interconversion between nucleosides such as between cytidine and uridine. In addition, BrdU
has mutagenic properties'®° and EdU induces double-strand breaks®! (DSBs), creating the
potential for mutations in enzymes critical to nucleoside metabolism and thus pathway

disruption.

Radiolabelling of nucleic acids has been used for studying nucleotide metabolism: Stasolla et
al. exposed tobacco BY-2 cells to *C-labelled precursors to pyrimidines to study nucleotide
metabolism during programmed cell death by measuring radioactivity of the isolated nucleic

acid material.?®?

Mass spectrometry avoids exposure to radioactivity encountered through radiolabelling, and
the process is not mutagenic to the organism under study as it uses stable isotopologues of
nucleotide precursors as tracers, instead of chemically tagged species.'®® It is extensively used
in nucleic acids research, notably for quantifying epigenetically modified or damaged
nucleosides such as mdC and 80dG. It is sensitive, with limits of detection of the major and
minor bases dC, mdC and hmdC reported to 5 amol or lower using targeted triple quadrupole
mass spectrometry (LC-MS/MS).1%+1% The technique has been used for isotope tracing in
nucleic acids; by exposing organisms to isotopically tagged nucleotide precursors, hydrolysing
the nucleic acids into nucleosides and analysing them by mass spectrometry, one can obtain
the global proportion of the precursor incorporation into nucleic acids and its subsequent

metabolism through isotope tracing.%>821%3

Using MS, one could simultaneously probe incorporation via the synthesis and salvage
pyrimidine pathways through the use of differently-labelled precursors and allow comparison

of both synthesis and salvage pathway-mediated incorporation.
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1.9.3 Overview of the Agilent 1290-6495a QQQ HPLC-MS/MS

For analysis of both the free nucleotide pool and nucleic acid composition, it was decided to
use an Agilent 6495a triple quadrupole mass spectrometer (QQQ), coupled to an Agilent 1290
Infinity ultra-high-performance liquid chromatography (UHPLC) instrument to form an HPLC-
MS/MS system. This system was chosen given similar instruments’ capabilities of sensitive
multiple compound analyses of DNA—with nucleoside detection sensitivities reaching below

5 amol—as well as the use of HPLC-QQQ systems for nucleotide analysis. 182194197

The combination of HPLC and MS takes advantage of the quantification power of MS and the
separation of analytes to avoid ionisation competition at the MS source and signal

interference between analytes of similar m/z.

The HPLC separates analytes according to their chemical properties. The sample is injected
onto a column containing chemically functionalised material to which the sample components
have different affinities. The column is the stationary phase and the solvent, or buffer, passing
through it is the mobile phase. The mobile phase is composed of at least two different
solvents with different polarities, the relative ratio of which changes throughout a run; some
analytes will preferentially adsorb to the column stationary phase while exposed to a mobile
phase primarily composed of one solvent, then will desorb and elute from the column when
the mobile phase changes composition. This way, analytes are separated by properties like

hydrophobicity, or interactions with ion-pairing agents present in the mobile phase.

Once the analytes elute from the column, they pass through a UV absorbance detector for

HPLC-UV analysis (if present) and then to the MS source.

The Agilent 6495a source generates ions by a variant of electrospray ionisation (ESI) called
Agilent Jet Stream ESI (AJS ESI). ESl is a gentle process that ionises samples by creating charged

solvent droplets and drying them to form gaseous analyte ions; AJS ESl is reported to increase
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the signal further, confining and heating the droplet spray with superheated nitrogen gas to

)‘198

improve desolvation and focusing the ion beam (Figure 1.13

Enhanced efficiency nebulizer

MNozzle voltage

The super-heated sheath gas collimates
the nebulizer spray and creates higher

ion density in front of the capillary Resistive sampling

capiltary

Figure 1.13 Schematic representation of the Agilent Jet Stream electrospray ionisation (AJS ESI)
source. The details of the AJS arrangement in front of the front end of a triple quadrupole mass
spectrometry (QQQ) are shown, illustrating the gas flow (red) and the area of enhanced desolvation
(blue), reproduced with permission from Agilent Technologies (“Agilent Jet Stream Thermal Gradient
Focusing Technology”, Mordehai and Fjelsted).**®

ESI performed in the AJS source consists of the following steps: i) The sample compounds exit
the HPLC and enter the nebuliser; ii) The nebuliser converts the solvent into a fine mist; iii)
The nozzle ionises the droplets, which are subjected to desolvation by the sheath gas to leave

ions; iv) lons are attracted into a charged capillary and v) The ions leave the capillary and pass

into high and low RF funnels that eliminate most of the remaining neutral gas.

The Agilent 6495a is a QQQ instrument and measures analytes by generating complex electric
fields with its two quadrupole mass analysers to filter charged species of certain m/z.2%° Once

the ions leave the source, they are either analysed in untargeted or targeted mode.
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In untargeted mode, the instrument rapidly scans for every possible m/z to obtain a broad
landscape of ion signals. This is useful for the detection of unknown sample components, but
there is no m/z filtration and so consequently there is noise present from other analytes and
background impurities that impairs sensitivity. The instrument is most sensitive when it uses
both mass analysers and is run in targeted Molecular Reaction Monitoring mode (MRM)
(Figure 1.14). In essence, MRM consists of the following steps: i) The ions (termed precursor
ions) reach the first quadrupole, where only the electric fields only allow analytes with the
correct m/z to pass through; ii) The ions reach the collision cell (the second quadrupole) and
are fragmented by a stream of nitrogen gas through collision-induced dissociation to form
fragment ions (termed product ions); iii) The product ions are filtered again by m/z by the

third quadrupole; iv) The product ions reach the detector for quantitation.

Q1 Q2 Q1

. A1 (m/z al)
A (m/z a) . . A2 (m/z a2)

A (m/z a)

Source mmm) ‘ — mmam) | ===m) Detector
B (m/z b) C1(miz c1) A2 (m/z a2)
A C (m/z c=a) A C2 (m/z c2)
C (m/z c=a)
Nz
Gas

Figure 1.14 Schematic of mechanism of MRM mode analysis. Parent ions A and C are isolated from
mix A, B, C by quadrupole 1 (Q1), fragmented using nitrogen (N2) gas in Q2, leading to daughter ions
Al, A2, C1, C2, which are again isolated for detection in Q3.

1.10 Aims of the project

The enzymes CDA and DCTD are responsible for maintaining the balance between cytidine

and thymidine species in the nucleotide pool, necessary for correct DNA replication. The
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relevance of CDA is well known in disease conditions like chemotherapy resistant tumours

and Bloom Syndrome, but DCTD is less known.

It is unclear why CDA and DCTD have both evolved, or whether either CDA or DCTD is
dominant as a deaminase. CDA deaminates both dC and rC, while DCTD is predominantly
active against dCMP, with low activity for CMP. It may be that there is an overproduction of

deoxycytidine nucleotides or overactivity of RNR for which DCTD is designed to counteract.

Additionally, it is uncertain whether CDA and DCTD act on newly synthesised nucleotides that
have been dephosphorylated and are thus also part of the de novo synthesis pathway. This
would occur through the dephosphorylation by DCTPP1 of dCTP to dCMP>°. If this does occur,
it is also unknown as to whether they are dephosphorylated to nucleosides or just to
nucleotide monophosphate. Considering literature suggests that food derived nucleosides,
the bulk of extracellular nucleosides, contribute to only up to 5 % incorporation in vivo leaves
open the possibility of their action on newly derived nucleotides.'? Evidence of such activity

would further intertwine the synthesis and salvage pathways.

My project aims were to develop tools for CDA and DCTD enzyme manipulation and to assess
the impact on nucleotide metabolism. Specifically, | chose to investigate whether either CDA
or DCTD is the principal deaminase in cells, as well as whether newly synthesised cytidine
nucleotides are deaminated by CDA and DCTD. Considering the impact of deaminase
expression on cancer prognosis, a deeper understanding of the relative activity and
importance of the deaminases could aid decision making in the clinical administration of

chemotherapy to cancer patients with high expression of CDA and DCTD.

Using LC-MS/MS to analyse both the free nucleotide pool and nucleic acid composition, | set
out my research to perform CDA and DCTD enzyme siRNA KD in cells and to probe their

nucleotide metabolism with labelled nucleotide precursors (Figure 1.15). The labelling
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proportion of the nucleotide pool and nucleic acids would provide the answers to my research

questions on impact of CDA and DCTD on pyrimidine nucleotide metabolism.
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Figure 1.15 Workflow for analysis of nucleotide pool and nucleic acid composition from treated
samples. Treatment: cells are treated for CDA and DCTD KD, and for precursor labelling exposure.
Extraction: nucleotides are extracted and nucleic acid is isolated from remaining cell pellet. Nucleic acid
is hydrolysed to nucleosides by nucleases and phosphatase. Analysis: nucleotide and nucleoside
labelling is quantified by MS.
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2. Materials and Methods

2.1 Cell culture

MDA MB-231, MDA MB-231 shCDA, H1299 and H1299 dsRedCDA were grown in in DMEM
(D5671, Merck) complemented with 10 % fetal bovine serum, 2 mM L-glutamine, 1 mM

pyruvate and 1 % penicillin-streptomycin (Lonza).

Hop-92 was grown in RPMI 1640 (21875, Gibco), complemented with 10 % fetal bovine serum
and 1 % penicillin-streptomycin. PC-3 was grown in Ham's F-12K (Kaighn's) (21127, Gibco),

complemented with 10 % fetal bovine serum and 1 % penicillin-streptomycin.

The cells were split upon confluency to a ratio of 1:4, using PBS for washing and trypsin
(25300-054, Gibco) for detaching from the flask. The incubator conditions were 37 °C with a

5 % CO; atmosphere.

The cell lines were tested monthly for mycoplasma infection.

When freezing cells for storage, the cells were grown in T75 flask. Each flask was washed in 1
mL PBS and had 1 mL trypsin added, then was placed in the incubator for 2 minutes. 1 mL of
media was added to the flask and the cells collected in a falcon tube (227 261, Greiner bio).
The tube was centrifuged in a centrifuge (5910R, Eppendorf) at 300 g for 5 minutes. The
supernatant was then removed and replaced with 3 mL of 90 % media, 10 % DMSO (D2650,
Merck). The cells were aliquoted into 3 different cryotubes and frozen at -80 °C, for later

storage at -196 °C.

When thawing and growing cells, the cells were thawed at room temperature and

resuspended in a T25 flask. They were split 1:4 the next day.
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2.2 siRNA transfection

For MDA MB-231 and PC-3: 50,000 cells were seeded per well in a 12-well plate for

transfection the following day. Cells were counted with A TC10 automated cell counter

(Biorad). For each reaction, 2 pl RNAiMax transfection reagent (Thermo Scientific) was diluted

in 125 pl OptiMEM (Thermo Scientific), and 0.5 pul of each 100 uM siRNA (Mission siRNA,

Merck) was diluted in 125 pl Opti-MEM reduced serum medium (31985062, Gibco).

Sequences of siRNAs used shown in Table 2.1.

Name Target Merck siRNA target siRNA antisense sequence
used . sequence
enzyme | siRNAID

CDA1 CDA SASI_Hs01_0 | CTGGAGAACTTCATAA | UCUUUAUGAAGUUCUCCA
0229075 AGA GdTdT

CDA2 CDA SASI_Hs01_0 | GCACCAACTGGCCCGT | UACACGGGCCAGUUGGUG
0229077 GTA CdTdT

CDA3 CDA SAS|_Hs02_0 | CCAGTGACATGCAAG | UCAUCUUGCAUGUCACUG
0332546 ATGA GdTdT

DCTD1 DCTD SASI_Hs01_0 | CTAATGCCTTTCATCTT | CUAAUGCCUUUCAUCUUG
0037530 GA AdTdT

DCTD2 DCTD SASI_Hs01_0 | GGATTATCGTCTTCTA | GGAUUAUCGUCUUCUAAG
0037531 AGA AdTdT

DCTD3 DCTD SASI_Hs01_0 | GATGTGAAAGGCTGT | GAUGUGAAAGGCUGUAGU
0037532 AGTA AdTdT

Table 2.1 Sequences of oligonucleotides used for siRNA KD of CDA and DCTD
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After incubation at RT for 5 min, the diluted transfection reagent was mixed into the siRNA
dilution and incubated for 20 min at RT. During this time, the medium on the cells was
exchanged with 750 pl fresh medium per well. 250 ul of the transfection mixture was added
dropwise to each well. The final concentration of individual siRNAs per well was 50 nM. The

cells were incubated at 37 °C for 24 h, after which they were expanded to 6-well plates.

2.3 Immunoblotting

Cells were lysed in RIPA buffer (20 mM HEPES at pH 7.5, 300 mM NaCl, 5 mM EDTA, 10 %
glycerol, 1 % Triton X-100, supplemented with protease inhibitors (Protease Inhibitor Cocktail
Set Ill, EDTA-Free, Merck). They were agitated on a rotator (Z675164, Merck) at 4 °C for half
an hour and then centrifuged at maximum acceleration for 10 minutes at 4 °C (5424R,

Eppendorf).

The lysates then quantified for protein concentration with Bradford reagent (B6916, Merck)

on a FLUOstar Omega multiplate reader, calibrated with BSA standard (P083, Merck).

20 pg of protein lysate was loaded on a Mini PROTEAN precast 4-20 % acrylamide gel
(4568095, Biorad). For marking protein sizes, pre-stained protein marker was used on either

end of the gel (Page Ruler Plus, Thermo Scientific).

The gel was electrophoresed with a Mini Protean Tetra cell (1658005EDU, Biorad) in 1x SDS-

PAGE Running Buffer (25 mM Tris-base, 192 mM glycine, 0.1 % SDS) for 1hr at 150 V.

After electrophoresis, the sample proteins were transferred to a nitrocellulose membrane
(GE10600002, Amersham) in a 2-Gel Tetra Blotting Module (1660827EDU, Biorad) filled with

4 °C 1x Transfer Buffer (25 mM Tris-HCl pH 7.6, 192 mM glycine, 20 % methanol) with an ice
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pack for 1 hour at 100 V. To assess the success of the transfer and equal loading of samples,
the membrane was stained with Ponceau S (P7170, Merck) and imaged with a ChemiDoc
instrument (BioRad). The membranes were then de-stained with 1x TBST (50 mM Tris-HCl pH
7.5, 150 mM NacCl, 0.1 % Tween-20 (Fisher Chemicals BP337-500)). The membranes were
blocked in 5 % milk in TBST (Marvel Original dried skinned milk) for 1h at room temperature.
After blocking, the membranes were cut according to protein size bands and were placed
within a 50mL Falcon tube containing a primary antibody overnight, rotating and incubating
at 4 °C overnight. The membranes were washed in 1x TBST for five minutes three times and
then incubated with an HRP-conjugated secondary antibody, and incubated at room
temperature for 1 hr. In parallel, the membrane band spanning actin was incubated with HRP-
conjugated primary antibody for 1 hr at room temperature. The membranes were then
washed in 1x TBST for five minutes three times. The membranes were treated with
chemiluminescence reagent (Amersham ECL Select Western Blotting Detection Reagent) and
then imaged with the ChemiDoc System (Bio-Rad) with Image Lab software (Bio-Rad, version

5.2).

All antibodies and their dilutions used are presented in Table 2.2.
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Antibody Target Source Dilution Species Usage
protein
Anti-CDA CDA SAB130071 1:500 Rabbit Primary
(centre) 7, Merck
antibody
Anti-DCTD DCTD 16784-1- 1:2000 Rabbit Primary
AP,
Proteintech
Recombinant Actin ab185058, 1:50000 Rabbit Primary,
HRP Anti- Abcam HRP-
muscle Actin conjugated
antibody
Goat Anti- Rabbit 1706515, 1:10000 Goat Secondary,
Rabbit 1gG (H Biorad HRP-
+ L)-HRP conjugated
Conjugate

Table 2.2 Antibodies used for comparing CDA and DCTD levels across samples.

2.4 Pulse-chase experiment

After 48 hours post siRNA transfection, the media was replaced with media containing 1 uM
13Cy dC (Silantes), 1 uM 3Cs rC (Merck) and 500 pM 3Cs L-glutamine (Merck). 21 hours later,
the media was changed and the cells were harvested at t=69 hrs, t=70 hrs, t=71 hrs, t=73 hrs,

t=75 hrs, t=81 hrs, t=93 hrs post transfection.
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2.4.1 Nucleotide extraction from biological samples

For adherent cell culture: the cells were washed twice with 1 mL PBS and snap frozen in liquid

nitrogen.

The cells were lysed by addition of 1000 pL of 50 % acetonitrile (100029, Merck), and 50 %
water (AM9937, Life Technologies Ltd). If no heavy labelled nucleotide precursors were added

to the cells, heavy labelled internal standards were added for a final concentration of 1 uM.

The cells were scraped from the dish and the resulting suspension was transferred to an
Eppendorf tube. It was heated at 95 °C for 1 minutes and then cooled rapidly in an ice bath.
It was then sonicated on a Bioruptor UCD-200TM-EX for one minute and spun down at 4°C at
maximum acceleration for ten minutes. 750 pL of the supernatant were transferred to an

Eppendorf and dried on SpeedVac.

2.5 Nucleotide analysis

2.5.1 Nucleotides external and internal standards

The nucleotides were bought from the following sources:

dNTPs (Scientific Laboratory Supplies Limited); ADP, CMP, CTP, UMP, UTP, GMP, GTP, dAMP,
dADP, dCMP, dCDP, dUMP, dGMP, U-3C UTP, U-N ATP, U-®*N GTP (Merck); AMP
(Fluorochem); ATP, dUDP (Jena Bioscience); CDP, dTMP, dTDP (Carbosynth); UDP, dUTP (Alfa
Aesar); GDP (Abcam); dGDP (Chemcruz); 8-oxo-dGTP (Trilink); U-3C dNTPs, U-13C,>*N dNMPs,

U-13C,>N rNMPs, U-13C,*>N rNDPs (Silantes GmbH).
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2.6 Nucleotide mass spectrometric conditions

The dried nucleotide samples were resuspended in 20 uL of water and 2 uL were injected.

For the analysis by HPLC-QQQ mass spectrometry, a 1290 Infinity UHPLC was fitted with an
InfinityLab Poroshell 120 peek-lined HILIC-Z (2.7 um, 2.1 mm, 150 mm; Agilent Technologies)
and coupled to a 6495a Triple Quadrupole mass spectrometer (Agilent Technologies)
equipped with a Jetstream ESI-AJS source. The data were acquired in dMRM mode using

positive electrospray ionisation (ESI).

The AJS ESI settings were as follows: drying gas temperature 230 °C, the drying gas flow 14
Lmin-1, nebulizer 20 psi, sheath gas temperature 400 °C, sheath gas flow 11 Lmin-1, Vcap
2,000 V and nozzle voltage 0 V. The iFunnel parameters were as follows: high pressure RF 110
V, low pressure RF 80 V. The fragmentor of the QQQ mass spectrometer was set to 380 V and

the delta EMV set to +400.

The buffers are as follows. Buffer A: H,O (115333, Merck), 10 mM ammonium bicarbonate
(09830, Merck), pH 6 with glacial acetic acid (10394970, Fisher Scientific) and 5 uM medronic

acid (5191-4506, Agilent Technologies).

The gradient used to elute the nucleosides started by a 2-min isocratic gradient composed
with 15 % buffer A (and 85 % buffer B (100 % acetonitrile) with a flow rate of 500 uL min™* and
was followed by the subsequent steps: 10-12 min, 69.9 % A; 15-16 min, 15 % A. The gradient

was followed by a 5min post time to re-equilibrate the column.

The transitions and retention times used for the characterization of nucleotides and their

adducts are summarized in Appendix A, Table 3.
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2.7 Nucleoside analysis

2.7.1 Standards for nucleoside mass spectrometry analysis and for
heavy labelled incorporation

The suppliers of the following nucleosides and nucleotide precursors is as follows:

dC, dG, dA, dT, 3mdC, 5mdC, 8-oxo-dG, m®dA, dU, hmdU, BrdU, EdU, rU, rC, rG, rA, m°rA, dI,

rl, 3Cs L-glutamine and 3C, aspartic acid were purchased from Merck.
hmdC was purchased from Cayman Chemical.
fdC and cadC were purchased from Jena Bioscience.

1B3C3N, dC, BC®N, dU, BC*®N; mdC, B3C¥N; hmdc, *C**N, 8-oxo-dG, *C*°N; rU, 3Cs dG, *3Cs
dA, BCs dT, 13Cs rG, 3Cs rA, 3Cs rC, 13Cs rl and 3C11°N, orotic acid were purchased from Toronto

Research Chemicals.

13C5dC was purchased from Silantes GmbH.

2.7.2 Nucleic acid isolation

Nucleic acid was extracted from cultured cells with two kits.

The first kit was the Zymo Research Quick-DNA 96 Kit (D3011), used for isolating DNA
obtained from the pulse-chase experiment samples. The manufacturer’s instructions were
followed. Before adding genomic lysis buffer, the samples were dried of metabolite extraction

buffer on a hot plate at 95 °C.

The second kit was the GenelET Genomic DNA Purification Kit (ThermoFisher Scientific)

following the manufacturer’s instructions without use of RNase A.
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Nucleic acid concentration was determined by Qubit fluorometric quantitation (ThermoFisher

Scientific) with the ds DNA HS assay kit, following the manufacturer’s instructions.

2.7.3 Nucleic acid hydrolysis

Hydrolysis was carried out in 40 pl reactions that contained 500 ng DNA, 100 mM NacCl, 20
mM MgCl,, 20 mM Tris pH 7.9, 1000 U/mL Benzonase (E8263, Merck), 600 mU/mL
Phosphodiesterase | (P3243, Merck), 80 U/mL Alkaline phosphatase (P7923, Merck), 36
pug/mL EHNA hydrochloride and 2.7 mM deferoxamine for 2 hours at 37 °C. Following
lyophilisation, nucleosides were resuspended in buffer A (H.0 (115333, Merck) with 10 mM
ammonium acetate (10365260, Fisher Scientific), brought to pH 6 with glacial acetic acid

(10394970, Fisher Scientific)) with 12.5 nM isotopically labelled internal standards.

2.7.4 Nucleoside HPLC-MS/MS analysis

For the analysis by HPLC— QQQ mass spectrometry, a 1290 Infinity UHPLC was fitted with a
Zorbax Eclipse plus C18 column, (1.8 um, 2.1 mm 150 mm; Agilent Technologies) and coupled
to a 6495a Triple Quadrupole mass spectrometer (Agilent Technologies) equipped with a
Jetstream ESI-AJS source. The data were acquired in dMRM mode using positive electrospray
ionisation (ESI1). Rare DNA/RNA components were quantified by mass spectrometry,
whereas abundant components were quantified by HPLC-UV. The gradient used to elute the
nucleosides started with a 5 min isocratic gradient composed of 100 % buffer A and 0 % buffer
B (100 % methanol—106035, Merck) with a flow rate of 0.4 mL/min and was followed by the
subsequent steps: 89 min, 94.4 % A; 16 min 86.3 % A; 17— 21 min 0 % A; 24.3-25 min 100 %

A. The AJS ESI settings were as follows: drying gas temperature 230 °C, the drying gas flow 14
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Lmin™?, nebulizer 20 psi, sheath gas temperature 400 °C, sheath gas flow 11 Lmin™%, Vcap 2,000
V and nozzle voltage 0 V. The iFunnel parameters were as follows: high pressure RF 110 V,
low pressure RF 80 V. The fragmentor of the QQQ mass spectrometer was set to 380 V and

the delta EMV set to +200.

The transitions and retention times used for the characterization of nucleosides and their

adducts are summarized in Appendix A, Table 1 and 2.

2.8 Statistical analysis

The raw mass spectrometry data for nucleotide and nucleoside analysis was analysed by
Agilent MassHunter Workstation Quantitative Analysis for QQQ Version 10.0. The sample
concentrations were obtained by comparing relative ratios of sample/internal standard

responses with those of the calibration curves.

Composition, heavy labelling and epigenetic, of nucleic acids and the nucleotide pool was
calculated through Microsoft Excel. p-values were derived through a two-tailed Student’s T

Test, with significance declared at p<0.05.
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3. Optimising an HPLC-MS/MS method for
nucleic acid analysis

Nucleotide precursors are substrates for the nucleotide metabolism pathway enzymes,
including CDA and DCTD, eventually forming the end products DNA and RNA. Using stable
isotopologues of nucleotide precursors are used as tracers, it is possible to monitor the effect
of CDA and DCTD, as manipulation of these enzymes will affect the incorporation of the heavy
labelled tracers into nucleic acids, the nucleoside composition of which can be detected by

MS.182

In this chapter, | describe the work done to optimise a LC-MS/MS workflow for nucleic acid
nucleoside composition analysis on an Agilent 1290-4695a instrument. The chapter begins
with the adaptation of nucleic acid hydrolysis to nucleosides for HPLC-UV sample preparation
to one suitable for HPLC-MS/MS analysis. It follows on to HPLC considerations, in particular
the column choice for optimal separation of nucleosides and then to optimisation of MS
parameters to for nucleoside sensitivity. Finally, | discuss the validation of the system’s

capability to measure DNA composition.

3.1 Optimising the hydrolysis process of nucleic acids to nucleosides

The method of nucleic acid hydrolysis | use is adapted from one previously used for HPLC-UV
analysis.?22°1 HPLC-MS/MS is more sensitive than HPLC-UV and so | expected to need less

starting material and to use less of the hydrolysis agents.

Using 500 ng of DNA from a cell line derived from HEK-293 in a reaction volume of 40 L, |
investigated the impact of changing the time of hydrolysis and phosphodiesterase | (PDE I)

concentration, comparing the UV absorbance of dT between conditions.
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Hydrolysis time: The previous hydrolysis time was overnight. | tested hydrolysis for 1,2, 4 and
24 hrs to see if there is a benefit to a longer hydrolysis. Aside from the high variance for t=1
hr, Figure 3.1 does not show a difference between the times. | reduced the hydrolysis time to
1 hour, although due to the high variance at t=1 hr, the time of hydrolysis optimisation

experiment may benefit from repetition.
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Hours of incubation

Figure 3.1 Increasing hydrolysis time does not improve signal of dT by UV. 500 ng of DNA hydrolysed,
n=3 technical replicate hydrolysis experiments.

Amount of PDE I: PDE | is purified from snake venom and is likely to have impurities that are
batch specific. For this reason, it is best to reduce its use to remove chance of contamination
and to prolong the lifetime of the acquired batch. The previous volume was 600 U/mL and |
tested 125 to 500 U/mL. The readout of UV absorption response for dT showed no
dependence on PDE units over the range tested (Figure 3.2). As the lowest concentration gave

a comparable dT signal, | reduced the PDE | amount used to 125 U/mL.
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Figure 3.2 Increasing PDE concentration in hydrolysis mix does not increase dT signal by UV. 500 ng
of DNA hydrolysed, n=3 technical replicate hydrolysis experiments.

It may be possible to obtain sufficient hydrolysis with shorter incubation times and lower

concentrations of PDE | and other reagents, but this requires further investigation.

3.2 Choice of HPLC column for optimising nucleoside separation

Nucleoside separation is crucial to avoid co-elution of certain nucleosides, such as dC and dU
that generate ions which only differ by 1 m/z unit. Their natural isotopologues may interfere

with each other’s quantification if they co-elute.

Different column classes have been used to separate nucleosides for LC-MS analysis, with
each class having different solid phase chemistry designed to separate certain classes of
analytes. Reversed-phase columns are composed of a silica stationary phase bonded to
hydrocarbon chains that retain hydrophobic molecules when the mobile phase is aqueous

(predominantly solvent A), until washed off with organic mobile phase (predominantly
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solvent B). Hydrophilic interaction chromatography (HILIC) uses a polar stationary phase that
retains polar molecules while the mobile phase is organic and then the nucleosides elute

when the mobile phase is aqueous.?%

Nucleosides have polar groups with a carbon-rich and aromatic central molecular structure
(Figure 3.3). Therefore, nucleosides have the potential to interact both with HILIC and

reversed-phase column classes.

NH,

XN

HO

g
§
&
>

HO

Figure 3.3 2’-deoxycytidine (dC), with atoms likely to interact favourably with polar solvents in red,
and the hydrophobic molecule skeleton in black. N-5 is not highlighted as its lone pair of electrons
partially delocalised in the aromatic heterocycle and may engage less in solvent interactions.

Both systems have been used in literature (Table 3.1) but reversed-phase chromatography
has been preferred. This may be due to the ease of sample preparation, as the sample is
resuspended in aqueous solvent instead of volatile organic solvent. Injecting aqueous sample
into an organic mobile phase as found at the beginning of HILIC runs can lead to

chromatography disruption, with misshapen peak shapes due to poor analyte partitioning.2%
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Column Type of Chromatography Reference
column class
1 Waters BEH HILIC Zhang et al.?*
HILIC
2 Agilent Zorbax | Reversed-phase Pfaffeneder et al.!82
Eclipse Plus
C18
3 Agilent Zorbax | Reversed-phase | Zauri et al®, influenced by Pfaffeneder et
SB-C18 al.18?
4 Agilent Zorbax | Reversed-phase Amouroux et al.’%

Eclipse Plus

C18

Table 3.1 Column types used in literature for nucleoside separation.

| aimed to maximise resolution (complete separation) of nucleosides peaks through

chromatography, testing three reversed-phase columns (Table 3.2). As the system is an LC-

MS/MS, unresolved peaks do not affect analyte quantitation unless they are near isobaric,

although co-elution of abundant and rare analytes may cause signal suppression of the rare

analyte through ionisation competition.
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Column | Type of column Length Width Particle Chain length
(mm) (mm) size (um)
1 Agilent Zorbax SB- | 150 4.6 1.8 18
C18
2 Agilent Zorbax | 150 2.1 1.8 18
Eclipse Plus C18
3 Acquity UPLC BEH | 150 21 1.7 8
C8

Table 3.2 Description of columns tested for nucleoside, judging for separation.

Column 1 and 2 have the same carbon chain length of 18, as well as particle size which
influences peak resolution. The difference is the smaller column width, which would allow

similar chromatography with less solvent consumption.2%

Column 3 has a shorter carbon chain of 8 instead of 18. Its smaller chain length reduces the
column density and the number of hydrophobic interactions experienced by the analytes
when passing through the column. This was expected to give shorter nucleoside retention

time 205,206

Based on the criteria described above, | tested separation on each column at a flowrate of 0.4
mL min? (a flow rate that did not cause pressures to exceed the HPLC high pressure limit in
any of the columns) with a gradient optimised for separation for each column. The solvent
composition during column testing was as follows Solvent A: H,0, 10 mM ammonium acetate,

pH to 6 with glacial acetic acid. Solvent B: 40 % ACN, 60 % H,O.
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Figure 3.4 shows the extracted ion chromatograms (EICs, signals obtained by MS) of all
nucleosides | then possessed. This excludes dA, which is off view but had good resolution with

each column.
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Figure 3.4 Column 2 gives best nucleoside resolution. Extracted ion chromatograms (EICs) of 12.5 pmol
of nucleoside standards cadC, dC, hmdC, hmdU, dU, mdC, dG, fdC, 8-oxo-dG, dT analysed by LC-MS scan
mode. A, separation by column 1; B, separation by column 2; C, separation by column 3.

As expected, column 3 had the shortest nucleoside retention times and had several
unresolved nucleosides. Column 2 gave the best resolution of nucleosides, with only the pairs
dC, U and dT, 8-oxo-dG unresolved. The use of column 2 compared to column 1 allowed good
separation and reduced solvent consumption. The gradient used for column 2 is found in

2.7.4.

3.3 Optimising the Agilent 6495a QQQ MS for nucleoside signal

3.3.1 Choice of QQQ polarity for nucleoside signal

The QQQ is capable detecting ions in positive and negative mode. The literature on nucleoside
analysis mass spectrometry favours the application of positive ion mode.6%1821941955 The
rationale behind this is that nucleosides have more than one electronegative atom, such as
oxygen and nitrogen that can chelate (Figure 3.5), and so are likely to produce positively

charged ions through protonation or chelation with the group 1 metal ions sodium (Na*) and

potassium (K*).
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Figure 3.5 Nucleosides can form different ion adducts. Structures of nucleoside positive ion adducts
generated by ESI. A, protonated dC (m/z 228); B, sodiated dC (m/z 250); C, structure of sodiated dT (m/z
265).

| therefore decided to conduct the mass spectrometry analysis in positive ion mode.

3.3.2 Impact of HPLC mobile phase on nucleoside MS sensitivity

3.3.2.1 Investigation of 3 mobile phase compositions for nucleoside
response

The mobile phase of the HPLC is composed of two solvents, A and B, that have different
polarities. Nucleosides elute from the column when the mobile phase is a certain
composition, depending on their chemical properties. Once eluted, they reach the MS source.
The mobile phase composition at that moment influences the chemical environment in which
the nucleosides are prior to desolvation: it affects the salt concentrations, pH and solvent

molecule type, thus impacting the ionisation process and signal at the detector.

As the MS ionisation process is solvent dependent, | assessed the suitability of three solvent

systems for the LC-MS/MS system (Table 3.3), prioritising nucleoside signal.
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Solvent system Solvent A Solvent B Reference

classification

1 97:3 H,0/MeOH with 10 | MeOH with 10 mM | Sartain®%’
mM tributylamine + 15 | tributylamine + 15

mM acetic acid mM acetic acid

2 H,0, 10 MM ammonium | 40 % ACN, 60 % H,0 | Zauri et al.®?

acetate, pH 6 with acetic

acid

3 H,0, 10 mM ammonium | 40 % ACN, 60 % H,O | Similar to Zauri
acetate, pH 4 with acetic et al.®?
acid

Table 3.3 List of mobile phase systems tested for nucleoside signal.

System 1 was developed by Agilent and is suggested as universal LC-MS/MS C-18 mobile
phase suitable for nucleosides among other central carbon metabolism analytes.?’ Its

defining feature is the use of tributylamine (TBA) a tertiary amine that is suitable for AJS ESI.

System 2 is a solvent system previously used in the Kessler group for nucleoside analysis and
has been reported to be used by other groups.®? System 3 is the same as system 2, but with a
lower pH, which | did to test whether increasing proton availability would increase nucleoside

jonisation.

System 1 gave a low sensitivity (Figure 3.6A) and a high saturated background count of
protonated TBA (m/z 186), at concentrations of which would suppress nucleoside
ionisation.?®® Having subsequently learned from Agilent technical specialists that this solvent

system was best used in negative ion mode (personal communication), | decided not to use
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this solvent system and to concentrate on the variants of the established system from the

group.

A ;.
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Counts (x105)
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Figure 3.6 Tributylamine suppresses nucleoside signal through saturation. Extracted ion
chromatograms (EICs) of tributylamine and dU in solvent system 1. TBA signal is saturated, with no
signal from dU. A, EIC of dU Na*, 12.5pmol; B, EIC of TBA H*.

| tested systems 2 and 3 by injection of 12.5 pmol of each standard in scan mode on a Zorbax
SB-C18 column on the gradient previously used in the Kessler group and monitored signal

strength of hmdC and dU (Figure 3.7), hypothesising that the decreased pH in solvent system
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4 would aid protonation of the basic nucleosides and increase signal, with a possible decrease

in the sodiated signal due to the increase in free protons.
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Figure 3.7. MS nucleoside detection sensitivity is solvent-dependent sensitivity of nucleoside
detection. Response of 1.25 pmol of nucleoside standards dU Na+ (green bars), hmdC Na+ (blue bars)
and hmdC H+ (red bars) in LC-MS mode using solvent systems 2 (left panel) or system 3 (right panel).
n=4, standard deviation is shown.

However, the strongest response for all examined nucleosides was from system 2 for both
protonated and sodiated adducts, and so it was decided to use system 2; it is unclear why the
lower pH of system 3 would not increase protonation signal as expected, but it is possible that
classical solvent thermodynamics are not applicable when ions are in the gaseous phase upon

desolvation.

3.3.2.2 Changing Solvent B from 40 % ACN to 100 % MeOH increases
nucleoside sensitivity

| entered a collaboration to provide orthogonal validation for a method using an Oxford
Nanopore Technologies MinlON to measure BrdU incorporation in DNA. The collaborator was

interested in DNA replication dynamics in eukaryotic genomes, using BrdU as a tracer to
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identify active DNA replication origins, fork direction, pausing and stalling sites, as well as

replication termination sites.

The QQQ instrument sensitivity for BrdU was too low for analysis of the collaborator’s

samples and so | set out to investigate whether changing the composition of Solvent B would

influence BrdU ionisation. | therefore changed Solvent B from 40 % ACN, 60 % H,0 to 100 %

MeOH and ran the equivalent gradient for the standard mix. The retention times of all the

nucleosides were similar to how they had been with 40 % ACN, 60 % H-0 as solvent B and the

signal for most analytes was equal or higher (Figure 3.8A). In the case of BrdU, the signal

increased twentyfold (Figure 3.8B).
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Figure 3.8 Changing Solvent B composition from 40:60 ACN:H:0 to 100 % MeOH increases BrdU
signal, along with other nucleosides. The nucleoside signal of 500 fmol standards was compared for
solvent B 40:60 ACN:H:0 (magenta) vs solvent B MeOH (yellow). A, total ion chromatogram (TIC,
summation of all individual EICs) of nucleosides; B, EIC of BrdU.

The increase in BrdU signal allowed composition analysis of the collaborator’s samples, with
which she validated her sequencing method on the MinilON and published in 2019.2%° The

increase in signal across most ions led me to permanently change solvent B to 100 % MeOH.

3.3.3 MRM transition choice for maximising sensitivity

To use MRM, | needed to identify and optimise precursor-to-product transitions with, which
| could engage in targeted identification and quantitation. | studied the scan spectrum of the
nucleosides and found that in addition to the proton, sodium and potassium adducts formed,
there were m/z ratios that corresponded to nucleoside dimers and the nucleobase (Figure

3.9A).
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Figure 3.9 Search for a suitable parent ion for MRM. A, full scan ion chromatogram of dC ion adducts;
B, schematic of beta-glycoside fragmentation.

The nucleobase signal is due to in-source beta-glycosidic linkage fragmentation of the
nucleoside (Figure 3.9B). Its strong signal implied that it was an easily occurring
fragmentation. Furthermore, the nucleoside to nucleobase transition is ubiquitously used in

literature for nucleoside MRMs!82195:210,

| verified this transition’s potential for MRM by using the QQQ Optimiser software to

determine for each nucleoside which product ions are formed upon nitrogen gas collision and
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at which collision energy are the fragment ion signals maximised (data not shown). The

software confirmed the applicability of the nucleoside to nucleobase transition.

A potential issue of MRM is the difficulty in quantifying analytes that are isobaric (have the
same m/z values). The software may only register the analyte with the stronger signal and
discard the other analyte. This has implications for nucleosides as some nucleosides have only
a difference in m/z of 1, such as dC and dU. dU is a rare component of DNA and is orders of
magnitude less abundant than dC; the first heavy isotope of dC through natural abundance

will give large enough a signal to confound quantification of dU (Figure 3.10).
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Figure 3.10 lons with the same m/z interfere with each other’s quantification. Extracted MRM ion
chromatogram of m/z = 251 in 1.25 pmol of standards, showing both dU Na* and dC +1 Da Na*. In
biological samples, dC+1 Da Na* will have a much higher signal than dU Na*.

This problem is circumvented by using dynamic MRM mode (dMRM).?!* dMRM sets detection
windows for each nucleoside and so if nucleosides with similar m/z ratios are not co-eluting,
thenitis possible to quantify each nucleoside without interference from the other. | therefore

created a dMRM method in which | recorded the transitions of the proton and salt adduct

nucleoside ions, which are shown in Appendix A, Table 3, together with collision energies.

The dMRM EICs of a selection of the nucleosides under analysis are illustrated in Figure 3.11.

70



2.0 dFdC

1.8
1.6
1.4 -

1.2+

1.0
dA

rC mdC
08 dc

Counts (x109)

dG

0.6 -
rA

0.4+

0.2-
cadC hmdc  hmdU rG L LIV merA
00 A U du NoA - Brdu
. T
2

T T T
3 4 5 6 7 8

©—
o
-
o
-
N
-
w
N
N
N
(o]
-
o
-
J
-
oo

Retention Time (min)

Figure 3.11 Nucleoside separation post MS and HPLC optimisation. Extracted dMRM jon
chromatograms of nucleosides from a 500 fmol standard injection.

3.3.4 Optimisation of MS source conditions

The remaining MS optimisation was that of QQQ source conditions that affected
performance. The MS source is responsible for transforming the analytes into ions and the

instrument allows changing adjusting the parameter values.

The parameters that can be changed are:

Gas Temperature

Gas Flow

Nebuliser

Sheath Gas Temperature

Sheath Gas Flow
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e Capillary Voltage

e Nozzle Voltage

e iFunnel parameters (the ion funnel removes gas from the ion stream by concentrating

the ions with RF voltage and passing them through slightly offset funnels.)

| optimised their values with the Agilent Source Optimizer software, thus finding the optimal

value for each parameter through variation in successive runs.

The nucleosides behaved similarly with changes in parameters (Figure 3.12 and Table 3.4),
but when differences in parameters value preference were apparent, | prioritised the signal

of dU, the nucleoside with the lowest sensitivity.
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Figure 3.12 Varying MS source parameters allows identification for best nucleoside signal. A, dU Na+
response vs capillary voltage; B, dU Na+ response vs sheath gas temperature.
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Parameter

Optimised Value

High Pressure RF 110V

Low Pressure RF 80V
Gas Temperature 230 °C
Gas Flow 14 L/min

Nebuliser 20 psi

Sheath Gas Temperature 400 °C
Sheath Gas Flow 11 L/min
Capillary Voltage 1500 V

Nozzle Voltage ov

Table 3.4 MS source parameters optimised for nucleoside signal.

To measure the sensitivity gained from scan to dMRM mode with optimised source

conditions, | ran standards with 1.25 pmol injected onto the column (Figure 3.13). For dC, the

dMRM peak had a signal-to-noise ratio of 1123, vs 92.5 in scan mode, demonstrating dMRM

mode’s power even at abundant, picomole amounts on column.
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Figure 3.13 dMRM mode gives more than 10 x higher signal-to-noise ratio than scan mode. EIC of
scan mode dC H+ (green, 1.25 pmol, dMRM, SNR=1123) and EIC of dMRM mode dC H+ (purple, 1.25
pmol, MS, SNR=92.5).

3.4 Use of internal standards for consistency in quantitation

A disadvantage to AJS ESI is that the distribution of ion adducts (protonated, sodiated,
potassiated, etc), as well as the ionisation efficiency, depend on parameters including salt
concentrations in the solvents, salt and organic material in the samples (matrix effect), salt
and organic deposits in the source, MS air flow and external temperature. As a result, the

sensitivity of the analytes can change dramatically from the beginning to the end of a run.

This posed an obstacle to nucleoside quantitation; to understand the extent of the problem,
| ran external calibration curves at the start and at the end of a sequence of 64 biological
sample analyses and compared the responses of the nucleosides as well as the distribution of
their adducts. As the concentrations of the samples are determined by comparison against a
standard curve, the results could only be valid if the standard nucleoside responses were
consistent from the start to the end of the run. From the beginning or the run to the end of
the run, during which | injected biological samples, there was a greater than 10 % change in

signal for both dC H* and dC Na* (Figure 3.14): an increase of 16.5 % in dC H* signal and a
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decrease of 10.2 % in dC Na* signal. This reduced confidence in quantitation through a

standard curve at a different time in the run compared to the sample.
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Figure 3.14 Nucleosides are liable to changing ion adduct preferences over the course of multiple
chromatographic sequences. Comparisons of the EIC of dC ion adducts, at start of worklist (purple) and
end of worklist (green), with 500 fmol injections. A, dC H*; B, dC Na"*.

To adjust for this problem, | used internal standards. Internal standards involve the addition
of stable-isotope-labelled nucleosides to the samples and standards used in the calibration
curve, a technique previously used in nucleoside analysis.'®*1% The heavy nucleosides should

be chemically near-identical to the light nucleosides and so will have the same ionisation
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efficiency, adduct distributions and response. By spiking in heavy labelled standards to both
the sample and the external calibration standards at the same concentration, it is possible to
compare the ratio light against heavy nucleoside in both the calibration standards and the
samples. This ensures consistency, removing concerns about changes in instrument

performance and the effect of the sample matrix.

| acquired isotopologues for all the nucleosides | needed to quantify for collaborative

purposes and added them to my standards at a fixed concentration of 12.5 nM.

3.5 Determining nucleoside limits of detection

Once the system was optimised for sensitivity and separation, | set out to find the nucleoside
limit of detection (LOD, signal-to-noise ratio= 3) and subsequent lower limit of quantification
(LLOQ, signal-to-noise ratio= 10). Using internal standards, | ran a sequence of standards
increasing in amount injected by a factor of V10 from 158 amol to 500 fmol to obtain a

calibration curve, with a constant internal standard amount injected of 62.5 fmol.

The calibration curve for the most responsive standard hmdC gives the LOD at 158 amol
(Figure 3.15 A and B). Appendix A, Table 2 gives the complete list of the standards used, their
LODs and their LLOQs. | noticed that the internal standard for hmdC had a shorter retention
time by around 10 seconds (Figure 3.15C) compared to the unlabelled standard. This may be
explained by the difference in hydrogen bonding strength between light 1*N in the unlabelled
standard and N in the labelled internal standard, affecting subsequent interactions with the

mobile phase and analyte retention time.
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Figure 3.15 Calibration curves for hmdC with internal standard. Two injections per amount on column,
normalised to proportion compared to internal standard injected (62.5 fmol). A, hmdC H* whole curve;
B, hmdC H* curve at low amounts; C, comparison of hmdC H* signal (500 fmol) with 3C:**N; hmdC H*
(62.5 fmol).

3.6 Combination of HPLC-UV and MS analysis

The LC-MS/MS system was optimised for sensitive quantitation of rare nucleosides or heavy
nucleoside incorporation; however, for epigenetic analysis, the rare nucleosides are
normalised against abundant nucleosides such (dC, dG, dT and dA for DNA). These are not
well quantified by MS, as they saturate the ionisation step and cannot be measured precisely
(Figure 3.16A). By contrast, the corresponding signal from UV does not saturate (Figure

3.16B).
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Figure 3.16 dC MS signal saturates at 1.25 pmol and above, while UV signal does not. Colour keys:
1.25 pmol (blue), 2.5 pmol (green), 12.5 pmol (red) and 25 pmol (purple) injected on the column. A, MS
signal; B, UV absorbance; C, internal standard (**Ci**N> dC). The four calibration points were obtained
by 5 and 10 ul injections of 250 nM and 2.5 uM standards, so therefore the 10 ul injections have a
stronger internal standard signal than the 5 uL injections (twice the amount injected).

The saturation is also seen in the response of the internal standards (Figure 3.16C). The use
of internal standards averts this problem at low pmol amounts injected on column, as the
isotopologue will be suppressed in the same proportion to the light nucleoside. However,
beyond that amount the peaks lose definition through saturation and therefore the peak

integration and resulting calibration curve are no longer ideal.

This problem was resolved by combining MS and UV detection. As described in literature, the
rare nucleosides would be analysed through MS and the abundant nucleosides would be

analysed by UV.182

Before the advent of HPLC-MS/MS, global nucleic acid composition analysis was carried out
with HPLC-UV. It is less sensitive but capable of analysis of greater quantities of material on
column. The advantage of MS and UV combination for nucleoside analysis are that the sample
analysis workflow is unchanged, with no requirement for sample reanalysis at a different

concentration. This saves time and avoids potential sources of human error.

Figure 3.17 shows the UV calibration curves of dC and the MS calibration curve of hmdC. The
difference in magnitude of the LLOQ of hmdC and the HLOQ of dC gives a theoretical lower

limit of proportion of hmdC of dC at 1 ppm.

81



>

4.0

3.6 -

3.2

2.8 4

2.4 A

204
1.6 - R2=0.99996938

1.2 4

Response Units (x10?)

0.8

0.4

T T T T T T T
0 100 200 300 400 500

Amount injected (pmol)

R?=0.99980637

Response Units
3
1

T T T T T T T T T T T T T T
0 4 8 12 16 20 24

Amount injected (pmol)

Figure 3.17 UV Calibration curves for dC, one injection per concentration. A, dC whole curve; B, dC H
curve at low amounts.

3.7 Validation of MS sample analysis stability

Once the workflow was ready for sample analysis, | validated the analytical system’s
reproducibility by analysing the global dC methylation (mdC) proportion as a percentage of
dG in the DNA of the cell line derived from HEK-293. | performed the hydrolysis on different

days over the span of several months (Figure 3.18).
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Figure 3.18 % mdC/dG is stable over different measurements. 500 ng HEK-293 TREX-TET-CD-GFP +Dox,
n=4 replicates hydrolysed on different days.

Over four separate runs in the space of months, the % mdC/dG proportion did not change by
more than +/-10 %, indicating the instrument gives reproducible measurement of biological

samples over time.

3.8 Discussion

In this chapter, | have described the work done to set up an LC-MS/MS method for nucleoside

analysis, optimising for sensitivity and nucleoside separation.

3.8.1 Nucleic acid hydrolysis optimisation

| adapted a nucleic acid hydrolysis process suitable for UV analysis and therefore capable of
hydrolysis of tens of micrograms of DNA.®%201 As MS analysis has greater sensitivity, | only

hydrolysed nanogram amounts of DNA. | therefore investigated whether nucleic acid
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hydrolysis was successful at shorter incubation times and with lower concentrations of
phosphodiesterase | (PDE I). | showed that the incubation time could be reduced from 24
hours to 1 hr (Figure 3.1) and that PDE | (Figure 3.2) can be diluted fourfold without causing

issues in hydrolysis.

I have not tested having lower incubation times or using less PDE | or less of any other reagent.
The enzymatic reagents remain in the sample and may cause blockages in the HPLC column.
It may be possible to reduce the amount of reagent further without sacrificing hydrolysis

efficacy, though this will require a retesting of the optimal hydrolysis time in that parameter.

3.8.2 Optimising HPLC analyte separation

Analyte separation was important as certain nucleosides like dC and dU have similar m/z and
so would interfere with each other’s quantification if they elute at similar times. Additionally,
abundant nucleosides would suppress the signal of co-eluting rare nucleosides through
ionisation competition. To improve nucleoside resolution and minimise analyte co-elution, |
tested nucleoside separation with three separate columns, finding that the Agilent Zorbax

Eclipse Plus C18 gave most analyte resolution (Figure 3.4).

3.8.3 Optimising MS for nucleoside signal

Solvent composition

| investigated the best solvent system for nucleoside analysis in positive ionisation mode,
testing the use of the ion pairing agent TBA and varying the pH of solvent A (Figure 3.6 and

Figure 3.7). TBA caused signal saturation and corresponding ion suppression, while 10 mM
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ammonium acetate gave the best signal at pH 6. The signal was improved further by changing
solvent B from 40 % ACN to 100 % MeOH (Figure 3.8). There may be further improvement in
signal possibly by investigating whether the effect of other solvent A compositions, such as
ammonium formate. Additionally, it may be that the addition of matrix derived from

hydrolysis mix to the standards could lead to a better calibration and is worth exploring.

MS parameters

The 6495a QQQ is most sensitive in targeted MRM mode, involving the filtration of an analyte
parent ion in Q1, its fragmentation with nitrogen gas in Q2 and the filtration of target ions in
Q3. A commonly used transition in literature for nucleoside MS analysis is the charged
nucleoside fragmenting to the charged nucleobase, so | verified that the charged parent ions
adducts were present in the dC peak (Figure 3.9) and used them to create a dMRM method
together with the analyte retention times.182195210 | gptimised the dMRM method by varying

the source parameters to obtain the strongest nucleotide signal (Figure 3.12).

Optimising for instrument consistency

Over an analysis sequence, the instrument may lose or gain sensitivity due to the
accumulation of salts from the solvent bottles and from samples (Figure 3.14). To avoid the
issue of variability in sensitivity, | added stable isotope labelled internal standards in both
samples and external calibration to maintain calibration consistency, a previously reported

solution.!®®

At high amounts of sample injected on column, abundant analytes in DNA like dC saturate the
MS detector, affecting sample quantification. This problem is resolved by using HPLC-UV

analysis for abundant nucleosides and HPLC-MS/MS for rare nucleosides.®2
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The optimised LC-MS/MS method gives analyte LLOQs ranging from 158 amol to 50 fmol
(Figure 3.15) and the UV analysis increases the proportion of the rare hmdC nucleoside to the

abundant dC nucleoside to the potential dilution to a 1,000,000 fold range (Figure 3.17).

There are possibilities for improving instrument sensitivity. The greatest signal in scan mode
was from the nucleobase (Figure 3.9A), which was used as the parent ion by Zhang et al.?? |

did not use this transition and it may increase sensitivity further.

| also did not increase the delta EMV (the electron voltage multiplier) beyond 200 V.
Increasing it further could increase the signal-to-noise ratio of the nucleosides, increasing

sensitivity.

This notwithstanding, the current signal and separation are suitable for my experiments on

the roles of the deaminases on DNA incorporation.

3.8.4 Stability of nucleoside sample analysis

To verify that the LC-MS/MS system gave consistent nucleic acid composition analysis, |
hydrolysed HEK-293 cell-derived DNA on four separate days and compared the % mdC/dG
(Figure 3.18). The proportion was constant, underlining the stability of the LC-MS/MS analysis

system.
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4.Setting up a workflow for nucleotide analysis

The LC-MS/MS system described in the previous chapter allows sensitive nucleic acid
composition analysis for isotopic labelled tracing in DNA/RNA and could aid the investigation
of my project enquiries: whether either CDA or DCTD is the primary cytidine nucleotide

deaminase and whether newly synthesised cytidine nucleotides are deaminated by them.

It was also desirable to directly analyse the free nucleotide pool, as CDA deaminates dC and
rC, whereas and DCTD deaminates dCMP. Analysis of the nucleotide pool would give
information on the biological effect of the deaminases on nucleotides with different
phosphorylation states. However, nucleotide measurement by mass spectrometry has been
experimentally challenging, due to their similar properties impeding chromatographic
separation and their chemical instability.?!®* Several approaches have been described,
measuring the cellular nucleotide pool by polymerase experiments, luminescence-based

detection of ATP, NMR and mass spectrometry,>8164214-216

The advantage of mass spectrometry-based detection is the sensitivity and mass
discrimination of mass spectrometry measurements, allowing for isotopic labelling
experiments in a cellular context. Measuring the labelling of the free nucleotide pool over
time in a pulse-chase experiment will give information on the kinetics of dC and dCMP

deamination.

LC-MS has been used in both targeted and untargeted modes to analyse the nucleotide
pool. 177196215217 ntargeted analysis gives information on the wider metabolome, at the
expense of quantification and sensitivity. Targeted MS/MS analysis allows quantification at

lower amounts of the restricted set of metabolites that is the nucleotide pool.
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Considering that my research questions were limited to the nucleotide pool and the roles of
CDA and DCTD, | decided to develop a targeted method optimised for accurate and sensitive

nucleotide detection.

This chapter describes the work carried out in this thesis to set up an LC-MS/MS based method
to accurately measure nucleotides and their isotope labelled standards using the Agilent 1290
HPLC-6495a QQQ available in the Kessler lab (TDI). It begins with optimisation of the
extraction process of the nucleotide pool from cell samples. This is followed by the work done
to identify the most appropriate column and mobile phase gradient. Subsequently
optimisation of the MS instrument, including charge polarity, signal dependence on solvent
composition, and instrument parameters is described. Finally, | illustrate efforts to validate

the system for nucleotide analysis in samples.

4.1 Nucleotide pool extraction optimisation

As stated in 1.9.2.1, there are several thousand metabolites in each cell and many share the
same polar properties as nucleotides. The co-extraction of these non-nucleotide metabolites
from cells may then suppress the signal of nucleotides through ion competition in the MS
source. Extraction methods from literature to remove non-nucleotide metabolites involve
significant processing, such as the use of solid phase extraction cartridges.?#2%° The benefit
of sample processing is that co-extracted metabolites and salts that would interfere with
nucleotide ionisation are removed, but more involved processes reduce sample yield and
could potentially dephosphorylate the nucleotides. My aim was to extract the maximum
amount of nucleotides from cells, without degrading the multiply phosphorylated nucleotides

and disrupting the biological ratios of monophosphates to di- and tri-phosphates.
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4.1.1 Solvent extraction

When extracting metabolites from cells, it is important to stop cellular metabolic processes
to freeze the state the analytes are in (metabolite quenching), crucial for rapidly metabolised

molecules such as nucleotides.7®:220,22

This is generally done by washing cells with PBS and then snap freezing. The extraction is then
achieved through addition of solvents that lyse the cells and dissolve the metabolites of
interest. For polar metabolites such as nucleotides, polar solvents such as water and methanol

are used, sometimes in combination with other solvents.6>67

| tested a selection of the extraction mixtures to optimise nucleotide extraction (Table 4.1).

Extraction method Solvent mixture Use in literature
composition
1 80 % MeOH, 20 % H,0 Walsby-Tickle et al.??
2 60 % MeOH, 20 % H,O Wilson et al.?®
3 50 % ACN, 50 % H,0 De Val et al. 22

Table 4.1 Solvents tested for pool extraction.

For each solvent mixture, | followed the same workflow:

e Seed 100,000 H1299 cells per well in triplicates in complete DMEM in a 6-well plate.
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24 hrs later, wash the cells twice in 2x PBS

Snap freeze them in liquid nitrogen to stop metabolism

Add 1000 pL extraction solvent to lyse extract metabolites

Scrape cell material off wells, vortex and centrifuge at 4 °C to pellet insoluble cell

material

Collect 750 pL of the supernatant and dry in speed-vac

Resuspend in 20 pL of nuclease-free water

Inject 1 pL onto LC-MS/MS

The analysis was performed in targeted dMRM mode and | judged the efficacy of nucleotide
extraction based on MS nucleotide signal. | obtained the best results for 50 % ACN for dCMP
and dCDP (Figure 4.1A and B). dCTP was lower in 50 % ACN than 80 % MeOH (Figure 4.1C),
but | do not think it is due to degradation as there is no concomitant decrease in dTTP signal
(Figure 4.1D). | therefore used 50 % ACN as the extraction mixture. It is uncertain as to why
certain nucleotides had different extraction efficiencies compared to the others depending
on the extraction solvent used, it may be due to their electrochemical properties: the higher
phosphorylated nucleotides dCTP and dTTP had a trend towards higher extraction efficiency

in methanol and water, possibly due to the properties of their third phosphate.
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Figure 4.1 50 % ACN gave best response for dCMP and dCDP, mixed response from dCTP and dTTP.
Effect of extraction mixture choice on nucleotide extracted ion chromatogram signals, (n=3). A, effect
of extraction solvent composition on dCMP; B, effect of extraction solvent composition on dCDP; C,

effect of extraction solvent composition on dCTP; D, effect of extraction solvent composition on dTTP.

Notably, the transition for dCMP showed a double peak (Figure 4.1A). To demonstrate that
this was due to another species with the same transition as dCMP H* (308—>112), | ran
samples spiked from the start of solvent extraction with heavy-labelled dCMP (Figure 4.2). In

that sample, one can see the labelled peak co-elute with the second peak, but not the first. It
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is unclear what the non-dCMP peak is. It may be cyclic uridine monophosphate, but it would

need to be verified with standards.

18C, N, dCMP H*

0.9
0.8
0.7
0.6
0.5

0.4+
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Normalised % height (x10?)

0.2

0.1-J

Retention Time (min)

Figure 4.2 dCMP is second peak of 308 2112 EIC. EICs of labelled (red) and unlabelled dCMP H* (black)
in H1299 cells. heavy labelled dCMP H* (37.5 pmol concentration, red) aligns with second peak of
transition including dCMP H* unlabelled (black).

4.1.2 Sample treatment

My goal was to obtain the most nucleotides from my samples. To maximise the amount of
nucleotides they extracted, Wilson et al. heated their samples to 95 °C and then sonicated
them briefly.?* | tested whether either would increase nucleotide signal, testing the

combinations of sonicating and heating for one minute each (Error! Reference source not

found.).
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Figure 4.3 Heating samples increases nucleotide signal. Effect of sample treatment on nucleotide

signal (n=3). A, effect for dCMP; B, effect for dCDP; C, effect for dCTP.

Heating the sample gave the best signal for dCDP, with no difference noted in either dCMP or
dCTP. Sonication neither increased nor decreased dCDP signal; for these experiments | kept it
and included heating and sonication to the workflow, although it seems to be unnecessary

and can be removed from the workflow.

A concern was that the nucleotide extraction process may cause significant nucleotide
triphosphate and diphosphate dephosphorylation and interfere with the signal of lower-
phosphorylation nucleotides. To measure the extent of sample dephosphorylation, | spiked
1 uM of heavy labelled nucleotide internal standards into the extraction solvent and extracted
the metabolites of H1299 cells. | compared the signal of the dCMP internal standard

(320~>119) with the dephosphorylated internal standard of dCTP (317—>116) (Figure 4.4).

) dCMP °C, *N, H* (dCMP internal standard)
|
7 (

Counts (x103)

dCMP *C, H* (degraded dCTP internal standard)

Retention Time (min)

Figure 4.4 Metabolite extraction process does not cause significant nucleotide triphosphate
dephosphorylation. 1 uM of internal standards were spiked into extraction solvent of nucleotides
extracted from H1299 cells, with 1 uL of prepared sample injected. Comparison of the EIC of the internal
standard of dCMP (3202119, green) with the EIC of the calculated dephosphorylated product of the
internal standard of dCTP (317 2116, yellow) to assess extent of nucleotide triphosphate degradation.
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The signal from dephosphorylated dCTP compared to that of the internal standard of dCMP
was not large enough to be challenging for dCMP quantitation, as pyrimidine nucleotide
mono-, di- and tri-phosphate concentrations are within an order of magnitude of each other.2
The transition for the dCDP product derived from dCTP degradation to dCDP (397>116) was
unfortunately not measured, not giving information about the extent of triphosphate to

diphosphate degradation.

4.1.3 Injection volume

Lastly, | wanted to test the effect of injection volume on nucleotide signal. With nucleoside
analysis, increasing the volume of injection increased signal due to the greater amount of
analyte injected, until the system saturated. Additionally, | was using HILIC chromatography
(stationary phase is hydrophilic and adsorbs polar metabolites), the injection of aqueous
solution (necessary for dissolving nucleotides from samples) into an initial primarily organic
mobile phase can disrupt the peak shapes and chromatography.2® It would be preferable to

minimise the volume of sample injected onto the HILIC column.

| tested the signal, retention time and peak shape for the nucleotides under different injection
volumes, from 0.2 pL to 2 plL, showing the peak shape and response of dTTP as a

representative nucleotide (Figure 4.5).
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Figure 4.5 dTTP Na* signal plateaus at 1 ulL injection. Effect of injection volume on dTTP Na* signal
(n=3).

The retention times and peak shapes of the nucleotides did not change upon increasing
volume injected. The signal increased from 0.2 pL to 1 pL, but then remained constant from
1 ulL to 2 pL suggesting saturation was reached at within that range. | therefore moved

forward injecting 1 uL per experiment.

4.2 Optimising HPLC for nucleotide analysis

4.2.1 Column

Due to their phosphate groups and nucleoside backbone, nucleotides are polar molecules

with similar properties (Figure 4.6).
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Figure 4.6 The nucleotides dCMP, dCDP and dCTP have similar structure and differ in the number of
phosphates.

Their chemical similarity makes them difficult to separate by HPLC. Strategies to design
appropriate chromatography for polar compounds include ion-pairing agents on a reversed-
phase column, ion-exchange chromatography coupled with an ion suppressor, a
functionalised reversed-phase column that interacts with the nucleotide structure, and

hydrophilic interaction chromatography (HILIC).16%196:222

lon-pair chromatography uses the interaction of long-chained ions such as tributyl ammonium

in the mobile phase with both the hydrophobic stationary phase and polar analytes such as
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nucleotides. This interaction increases the analytes’ retention times and improves their
resolution. However, ion-pairing agents are not suitable for mass spectrometry as they

suppress analyte signal through ionisation competition.2%®

The instrument | am using is the same as that for nucleoside analysis, which does not have
capacity for an ion suppressor. | therefore tested a reversed-phase column functionalised

with pentafluorophenyl groups (PFP) and a zwitterionic HILIC column (Table 4.2).

Column Type of column Manufacturing | Length | Width | Particle size (um)

(mm) | (mm)
Company

1 Pentafluorophenyl Agilent 150 4.6 3

(PFP) reversed-phase | Technologies?”’

2 HILIC-Z, Peek-lined to Agilent 150 2.1 2.7

reduced adsorption | Technologies??®

Table 4.2 Columns tested for nucleotide resolution.

The PFP column was designed to retain analytes such as nucleotides by polar interactions
between its fluoride atoms and the nucleotides’ polar phosphate groups, as well as aryl-aryl
interactions between the phenyl groups and the pyrimidine and purine nucleobases (Figure
4.7A). The HILIC-Z column was designed to retain polar nucleotides through interactions
between its bonded zwitterion group (a zwitterion is a molecule that is both positively and
negatively charged with an overall charge of zero) and the nucleotides’ polar phosphate

groups (Figure 4.7B).
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Figure 4.7 Schematic of nucleotide-column interactions with dCMP. A, the PFP column retains polar
aromatic compounds such as nucleotides through its dipole-dipole interactions between the fluorine
atoms and phosphate hydrogens, as well as aryl-aryl interactions between the phenyl group and the
nucleotide heterocycles; B, the HILIC-Z column retains polar compounds by dipole-dipole interactions
between the bonded zwitterions and the charged nucleotide phosphates.

| investigated nucleotide retention times on both columns, injecting standard mixes on the
instrument and using UV absorbance as a readout. The PFP column solvent system was as
follows: solvent A, 0.1 % formic acid in H,O, solvent B, 100 % methanol. The HILIC-Z column
solvent system was as follows: solvent A, 10 mM ammonium acetate in H,0, pH 9 with
ammonium hydroxide, 5 uM medronic acid deactivating agent; solvent B, 100 % ACN, with 5
MM medronic acid (methylene diphosphate) deactivating agent. Medronic acid was
recommended by Agilent to reduce analyte adsorption onto the HPLC capillaries that were

not bio-inert.??°

100



The PFP column separated dCMP, dUMP and dGMP, (Figure 4.8A), but there was no signal of
the multiply phosphorylated dCDP, dCTP and dGDP (Figure 4.8B). The only UV signal from the
multiply phosphorylated nucleotides eluted at the same time as dGMP and so will have arisen
from dGDP dephosphorylation to dGMP. By contrast, the HILIC-Z column showed non-
overlapping peaks of dCMP, dCDP and dCTP and at longer retention times (Figure 4.8C). This

promised better resolution for the other nucleotides in the pool.
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Figure 4.8 Nucleotide separation is better on HILIC-Z column than PFP column. Separation was judged
by UV absorbance analysis. The PFP column only showed separation of monophosphate nucleotides,
with no signal obtained of multiply phosphorylated nucleotides. The HILIC-Z column resolved the mono-
, di- and tri-phosphate nucleotides. A, separation of 5 pmol of dCMP, dUMP and dGMP; B, separation
of 5 pmol dCDP, dCTP, dGDP and dGTP (no detection); C, separation of 5 pmol of dACMP, dCDP and dCTP.

To understand the reason of the absence of signal of multiply phosphorylated nucleotides
with the PFP column, | was in correspondence with Agilent Technology. My hypothesis was
that the absence of multiply phosphorylated nucleotides was due to the acid solvent system
used (pH of 0.1 % formic acid is 2.6). They were of the opinion instead that the multiply
phosphorylated nucleotides were too polar for column retention and were eluting in the

injection peak.

Considering this and that the HILIC-Z column gave resolution of nucleotide mono-, di- and tri-

phosphates, | chose the HILIC-Z column for nucleotide chromatography.

4.3 Optimising MS/MS for nucleotide analysis

4.3.1 Choice of polarity of instrument

The choice of instrument polarity, whether to analyse ions in positive or negative mode, was
not immediately clear. Nucleotides have basic amine groups and endocyclic nitrogen atoms
that can be protonated, but they have acidic phosphate groups that can be deprotonated
(Figure 4.9). Due to the basic nitrogen atoms in the nucleobase and the acidic phosphate
groups, nucleotides are not basic or acidic (the pKa of ATP is 6.5). There is therefore no clear
preference for either positive or negative ionisation. It is true that the electrospray ionisation

creates gaseous ions that are not subject to the influence of solvation as is seen in solution,
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so it may be that the behaviours in solution of a molecule’s chemical groups do not influence

the molecule’s ionisation in the gaseous phase.
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Figure 4.9 Positive and negative ionisation of dCTP. The dCTP H* ion has a protonated nucleobase,
whereas dCTP-H" has a deprotonated phosphate group.

Given reports in the literature of both positive and negative ionisation mass spectrometry, |
investigated both to determine the strongest possible nucleotide signal.96197:222.230 Figyre
4.10 shows transition of ATP and its isomer dGTP that have transitions are representative of

the other nucleotides.

For negative ionisation mode, | used the transitions reported by Strzelecka et al in their paper

on fragmentation patterns of nucleotides in negative ionisation mode (Figure 4.10A).2% For
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positive ionisation mode, | used transitions published by three groups that were in agreement
(Figure 4.10B).1%%197.231 The solvent system | used to test polarity signal: solvent A composed
of 10 mM ammonium acetate and medronic acid, acidified to pH 7 with acetic acid and solvent

B was pure acetonitrile (ACN).
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Figure 4.10 The ion transitions of positively and negatively charged nucleotides are different. A, the
principal ion transition of ATP and dGTP in negative mode (m/z 506 22159); B, the principal ion
transitions of ATP and dGTP in positive mode (m/z 508 22136 and 508 2152).

| compared the signal derived from negative and positive ionisation modes (Figure 4.11). ATP
and dGTP have the same dMRM transitions in negative ionisation modes (Figure 4.11A). As
ATP is 500 times more abundant in biological samples than dGTP, it would be challenging to
identify the signal from dGTP.2 By contrast, the ions given in positive mode are either base-
derived or sugar-derived (Figure 4.12A) and so deoxyribonucleotides can be differentiated
from isomeric ribonucleotides. Additionally, the signals for ATP and dGTP were 20x and 40x

stronger respectively than in negative mode.
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Figure 4.11 Positive mode gives stronger ATP and dGTP signal than negative mode. A, extracted ion
chromatogram (m/z 506 136) in negative mode, 1pmol injected on column; B, overlaid extracted ion
chromatograms of ATP and dGTP in positive mode (m/z 508 2136 and 508 2152), 1pmol injected on
column. These are stronger than in negative mode and are orthogonal, with no signal interference.

As observed for nucleoside analysis, nucleotide-salt adducts had different signal distributions
depending on what the nucleobase was: for instance, dCMP had the strongest signal as when

protonated, whereas dTTP’s strongest adduct was Na* (Figure 4.12).
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Figure 4.12 The main transitions in positive mode for dCMP and dTTP. A, schematic of transitions for
dTTP in positive mode, as the Na* adduct; B, the main transitions for 1 pmol dCMP H*; C, the main

transitions for 1 pmol dTTP Na*.
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The dominant adduct for dTTP was later dTTP H*, due to continually changing conditions at
the source as a consequence of multiple sample runs. In my final experiments it reverted to

being dTTP Na*.

Given the increase in sensitivity and orthogonality of transitions, | chose to analyse the

nucleotides in positive ionisation mode.

4.3.2 Solvent composition

The solvent composition impacts the desolvation at the source and influences the potential
for analyte ionisation. | therefore tested 4 different solvent A salt compositions and a wide

pH range to optimise for nucleotide ionisation, keeping solvent B at 100 % ACN.

4.3.3 Solvent composition: salt

The salt in a mobile phase is required to maintain a stable pH in the system for reliable
retention times and analyte ionisation in the source. The solvent salt compositions | tested
are ammonium bicarbonate (NHsHCOs, 10 mM and 100 mM) and ammonium acetate
(NH4CH,CO,, 10 mM and 100 mM). Ammonium bicarbonate is used by Matsuda et al., while
ammonium acetate is used by Kong et al. 10 mM ammonium bicarbonate gave the strongest
signal for all nucleotides tested (Figure 4.13). The reasons for bicarbonate giving the strongest
and weakest signals depending on concentration are unclear. It is not due to an undetected
increase in ammonium adducts, as ammonium acetate would also have that effect, when

instead 100 mM ammonium acetate gives a similar signal to 10 mM ammonium acetate.
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Figure 4.13 10 mM ammonium bicarbonate gives the strongest nucleotide signal. 1 pmol of
nucleotides was injected onto the column (n=4). A, effect on dCMP H*; B, effect on dUMP H*; C, effect
on dTTP H*.

4.3.3.1 Solvent composition: pH

pH affects the charge state of nucleotides on the column, influencing the retention time, as
well as the electric field strength around the zwitterionic groups on the column. In addition,
it influences the ability of nucleotides to ionise at the desolvation step: this could affect the

strength of signal and peak width and shape, all three of which can impact sensitivity.

| tested the effect of pH in the range of pH 5 to pH 10 (Figure 4.14). pH 8 gave the strongest
signals in dCMP and dUMP, but the weakest for dTTP (Na*). The extreme pHs were unsuitable:
pH 10 gave uniformly weak signals while pH 5 gave wide and irregular peak shapes. Although
pH 5 gave strong signals for dCMP and dUMP, the width of the peaks would risk worse
chromatography and a lower signal-to-noise, especially relevant when analysing biological

samples. pH 6 gave consistent and well-formed peaks, with the strongest signal for dTTP. This
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was also seen for protonated dTTP (dTTP H*, data not shown). | therefore chose pH 6 as the

pH for solvent A.
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Figure 4.14 Solvent gave strongest signal overall at pH 6. 1 pmol of nucleotides was injected onto the
column (n=4). A, effect on dCMP; B, effect on dTTP; C, effect on dUMP.

4.3.3.2 Solvent composition: ammonium fluoride

The use of ammonium fluoride as a mobile phase additive has been empirically reported to

improve the sensitivity of some analytes for LC-ESI-MS/MS.%? | tested the concentrations of

0 mM, 5 mM and 10 mM to see if it improved nucleotide sensitivity (Figure 4.15).
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Figure 4.15 Ammonium fluoride reduces nucleotide monophosphate signal and increases nucleotide
triphosphate signal. 1 pmol of nucleotides was injected onto the column (n=4). A, effect on dCMP; B,
effect on dUMP; C, effect on dTTP.

It seems that the effect of ammonium fluoride is related to the number of phosphate groups
of nucleotides; the signal for nucleotide monophosphates was strongest with no ammonium
fluoride, illustrated by dCMP and dUMP (Figure 4.15A and B). However, the signal for
nucleotide triphosphates was strongest with 10 mM ammonium fluoride (Figure 4.15C), with

no change for nucleotide diphosphates (data not shown).

The reduction in signal for nucleotide monophosphates upon addition of ammonium fluoride
is much greater than the increase for nucleotide triphosphates. In addition, | am primarily
interested in the monophosphates dCMP and dUMP for investigating the role of dCTD and

CDA, so the use of ammonium fluoride was discontinued.

The final solvent composition is as follows. Solvent A is 10 mM ammonium bicarbonate in

H,0, pH to 6 with glacial acetic acid, 5 puM medronic acid; solvent B is 100 % ACN.

4.3.4 HPLC gradient optimisation for new solvent

The solvent composition also influences retention times of nucleotides on the column and
their separation, which isimportant as some nucleotides share MS transitions and so will have
problematic quantification if they coelute. | therefore optimised the column gradient to

increase differences in nucleotide column retention times.

| tested different solvent gradients to maximise nucleotide separation, from the steepest (A,
magenta) to less steep (black) and to the shallowest (red) (Figure 4.16). The gradients were

all shallow considering the similar properties of the nucleotide analytes.
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Figure 4.16 Percentage solvent B over time of gradients A, B and C.

| compared the resolution for dCMP, dCDP and dCTP (Figure 4.17). It is important to avoid full
co-elution in the event of dephosphorylation of multiply phosphorylated nucleotides like
dCDP or dCTP in the MS source, creating artefacts that would interfere with quantification of
less phosphorylated nucleotides. The gradient is by necessity shallow to minimise nucleotide
co-elution and so the nucleotides have wide peak widths. A strategy to narrow the peak
widths could have been to increase flow rate, but the column pressure would have increased
beyond the allowable upper limit. Despite all the tested gradients giving low resolution peaks,
gradient C separated dCMP from dCDP and dCTP most. The peaks are, however, wider and
the dCMP signal is lower than seen for the other gradients. This may be because of less

favourable solvent composition upon desolvation. | decided that the increase in separation
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Figure 4.17 Gradient C gave best resolution of dCMP, dCDP and dCTP. 1 pmol of nucleotides was
injected onto the column (n=3) A, nucleotide resolution of dCMP, dCDP and dCTP with gradient A; B,
nucleotide resolution of dCMP, dCDP and dCTP with gradient B; C, nucleotide resolution of dCMP, dCDP

and dCTP with gradient C.

The gradient that gives the best nucleotide resolution is gradient C (Table 4.3).

(5 minute post run wash)

Time (minutes) %A %B
0 15 85
2 15 85
15 85 60
17 60 20
18 10 90
19 10 90
19-24 15 85

Table 4.3 Percentage solvent composition over time of gradient C.

4.3.5 Mass spectrometric conditions

4.3.5.1 Collision energy

In parallel, 1 optimised the signal for the ion transitions. Using the transitions from the

published papers, | optimised the transition collision energies (the energy with which the
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instrument fragments the parent ions into target ions) for the nucleotides, to look for the

most collision energy that gave the most signal of target ion. | tested energies from 0 V to 80

V (Figure 4.18).
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Figure 4.18 Best collision energy voltage for nucleotide transitions varies per nucleotide. 1 pmol of
nucleotides was injected onto the column per run. A, dCMP H* (10 V); B, dCTP H* (30 V); C, dTTP Na*
(20 V).

The nucleotides showed a distribution of preferences for collision energies with dCMP, dCTP

and dTTP shown as illustrative examples. | updated the dMRM method to use the best

collision energy for each nucleotide transition.
4.3.5.2 EMV

To increase the signal-to-noise ratio further, | tested changing the electron multiplier voltage
(EMV). This parameter can be increased to raise total signal by multiplying the signal obtained
from the detector. Increasing the EMV too much may also increase noise and reduce
multiplier lifetime, so | tested the effect of increasing the EMV by up to 800 V, with dCMP as

a representative nucleotide shown in Figure 4.19.
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Figure 4.19 Increasing delta EMV increases signal of dCMP. 1 pmol of nucleotides was injected onto
the column per run.

The signal improved for every incremental increase in EMV. However, Agilent recommend
increasing the EMV by no more than 400 V to avoid increasing noise more than signal was
increasing; | chose to be cautious and limit the increase to 400 V in case the noise would
increase in the matrix-affected conditions of samples. Further investigation of delta EMV
parameter, including testing EMV in biological samples instead of standards, may yield a

stronger nucleotide signal-to-noise ratio.

4.3.6 Determination of sensitivity

Now that the system was ready for sample analysis, | tested its sensitivity and ran calibration
curves from 31.6 fmol on column to 10 pmol on column, in increments rising by a factor of
V10 (Figure 4.20). | spiked in the standards with 100 fmol of heavy-labelled internal standards
per injection for all nucleotides, apart from the deoxyribonucleotide diphosphates, which was
not commercially available. The limit of detection (LOD)—the amount analysed lower than

which there is difference to background—can be defined as 3x the baseline noise, and the
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lower limit of quantification (LLOQ)—the amount analysed lower than which there is no
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Figure 4.20 Calibration curves for dCMP H* with internal standard. Two injections per amount on
column, normalised to proportion compared to internal standard injected (100 fmol). A, dCMP H* whole
curve; B, dCMP H* curve at low amounts; C, comparison of dCMP H* signal (100 fmol) with 13Cs °N;
dCMP H*.

The system gives sensitive calibrations for all nucleotides, with most nucleotides having a
lower limit of detection (LLOQ) smaller than 31.6 fmol. This is comparable to the results
obtained by Matsuda et al. and is extended to all canonical nucleotides, not just the
nucleotide triphosphates. As for many nucleotides, the lowest amount on column injected
gave a signal-to-noise ratio greater than 10. Further standard dilutions will be able to find the

true LLOQ and how sensitive the instrument can be.

The nucleotide response and retention times are shown in Figure 4.21. Despite a shallow
chromatographic gradient, the nucleotides elute within 6 minutes of each other and selected

nucleotides are annotated for illustration below.

Counts (x103)

Retention Time (min)

Figure 4.21 Optimised signal and chromatographic separation of all nucleotides. 1 pmol of nucleotides
was injected onto the column per run.

The complete list of nucleotide transitions and LLOQs is given in Appendix A, Table 3.
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4.4 Validation

Having optimised the LC-MS/MS system and sample preparation for nucleotide analysis, | set
out to validate its capability with biologically relevant sample. | extracted metabolites from
H1299 WT cells—chosen as they have low CDA expression—and H1299 cells with stable CDA
overexpression, which were generated previously in the lab.%? Low expression of CDA has
been reported to lead to a higher dCTP concentration in cells and so an artificial
overexpression of CDA may have the opposite effect, considering that CDA overexpression is
lethal when upon administration of epigenetically modified cytosines and thus has a

noticeable deaminating effect in the nucleotide pool.6%8?

| would judge the system to be validated if it could detect a difference in signal from the

deoxycytidine nucleotides in the sample nucleotide pools due to activity of CDA (Figure 4.22).
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Figure 4.22 CDA overexpression may reduce intracellular dCTP. Comparison of dCTP H* signal from WT
H1299 vs H1299 overexpressed CDA (not enough points for statistical analysis). A, dCTP H* in H1299
WT (n=3) and in overexpressed CDA (n=1); B, WB showing CDA and B-actin in WT H1299 and H1299
CDA overexpressed.

The level of dCTP in the nucleotide pool appears to be decreased in H1299 cells
overexpressing CDA compared to WT. However, only one replicate for H1299 with
overexpressed CDA was run successfully and so more replicates would need to be analysed

to validate this result. The limitation of this experiment is that there are other enzymes
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involved in nucleotide metabolism, notably the NDPK and NME families, as well as RNR. A
better experiment for validation would be to measure isotopically labelled cytidine tracing in

the cytidine and uridine nucleotide pools across the phosphorylation states.

4.5 Discussion

| have developed a sensitive LC-MS/MS method for analysis of the nucleotide pool, requiring
few processing steps and with most nucleotides detectable at concentrations comparable or
lower than literature without using ion-pairing agents.%% |ts discrimination of isotopically
labelled internal standards demonstrates that it can trace labelling in the nucleotide pool and

can be used in determining the roles of CDA and DCTD in the pyrimidine salvage pathway.

4.5.1 Nucleotide pool extraction

Metabolite extraction varies according to the metabolites under study, by extraction solvent
and also by post-extraction sample treatment.165214215218219.222 | tested three extraction
solvents to maximise signal of the polar nucleotides, with 50 % ACN giving the strongest
signals for most nucleotides of interest (Figure 4.1). | investigated whether heating and
sonication of the samples increased nucleotide signal. | found an increase in nucleotide signal
from heating, with no impact from sonication (Figure 4.3). Finally, | tested whether sample
volume injection would affect the chromatography on the HILIC-Z column, as well as impact
nucleotide signal (Figure 4.5). The nucleotide peak shapes were not affected by changing the
volume, while the signal did not increase beyond 1 pL, indicating ion saturation beyond that

volume due to other metabolites or salt contamination.
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4.5.2 Choice of column chromatography

Nucleotides have similar chemical properties, due to their polar phosphate groups and
aromatic nucleobase, causing challenges for their separation. | tested a reversed-phase
column functionalised with pentafluorophenyl (PFP) groups and a HILIC column functionalised
with zwitterionic molecules (HILIC-Z) (Figure 4.8). The PFP column did not show UV signal
from multiply phosphorylated nucleotides, possibly due to no retention on column or the
samples degrading in the solvent conditions. By contrast, the HILIC-Z column had retention of

nucleotide mono-, di- and triphosphates.

4.5.3 MS optimisation

Polarity

As nucleotides have basic atoms like nitrogen that favour forming positive ion adducts, and
acidic phosphate groups that favour negative ions, it was not clear whether positive or
negative instrument polarity would give the strongest signal—both positive and negative
jonisation mode have been reported in literature.'®®1%7.2%0 | compared nucleotide dMRM
transition signals of positive and negative mode (Figure 4.10 and Figure 4.11). Positive mode
gave the strongest signal for nucleotides and the dMRM transitions generated had greater

differences, aiding sample quantification.
Solvent composition

The solvent influences an analyte’s environment in the MS source, impacting drying and

ionisation.

| tested the main components of solvent A in previous work on nucleotide analysis in positive

197 196

ion mode, ammonium bicarbonate’’ and ammonium acetate'?®, at concentrations of 10 mM
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and 100 mM (Figure 4.13). 10 mM ammonium bicarbonate gave the strongest signal. The
nature of the anion has a large impact on electrospray analyte ionisation;?” it is possible that

another concentration of ammonium bicarbonate would give stronger signals still, or by using

another salt such as ammonium formate.

The impact of the pH of solvent A was investigated, from pH 5 to pH 9 in increments of 1

(Figure 4.14). pH 6 gave consistent peaks for all nucleotides, and the strongest signal for dTTP.

Ammonium fluoride was tested as an additive, as it had been reported to increase MS signal
of the steroid spironolactone.?? | compared nucleotide signal using 0 mM, 5 mM and 10 mM
ammonium fluoride and found that nucleotide monophosphates had signal suppression with
5 mM and 10 mM ammonium fluoride, whereas nucleotide triphosphate signals were
strongest with 10 mM ammonium fluoride (Figure 4.15). My focus was on the lower
phosphorylation states nucleotides as dCMP is a substrate of DCTD, so | did not use

ammonium fluoride.

MS instrument parameters

Changing the QQQ instrument parameters can influence the analyte signal. | tested varying
the collision energy (CE) in stepwise manner, obtaining the optimised collision energy signals
for each nucleotide (Figure 4.18). Additionally, | investigated the effect of increasing the
electron multiplier voltage (EMV) to increase the nucleotide signal post-detection (Figure
4.19), deciding to use +400 V as a compromise between signal and the chance of noise

multiplication.

The sensitivity of the LC-MS/MS system was tested with standards, with most nucleotides

having an LLOQ <31.6 fmol (Figure 4.20).

There is scope for further gains to be made in the MS optimisation. If the EMV can be

increased beyond +400 V without increasing noise in biological samples, signal-to-noise ratio
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could be increased severalfold. Absent in this chapter has been discussion on source
optimisation, which needed more time for completion. It is simple to do and will be the first

thing to be done to progress the setup of this method.

4.5.4 Validation

To verify the capability of the instrument for analysing biological samples, | extracted
nucleotides from H1299 cells that have low CDA, as well as H1299 with CDA overexpression
(Figure 4.22). | would have considered the system validated if the signal from dCTP decreased
in the overexpressed CDA cell line, but two biological replicates of the overexpressed CDA
nucleotide pool sample did not run correctly. Thus, this experiment must be repeated, as well
as through measuring differences in stable isotope-labelling of the free nucleotide pool upon

cell exposure of labelled dC.
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5. Cell-based tools for investigating nucleotide
metabolism

My project objectives were investigate the relative importance of CDA and DCTD in the
pyrimidine salvage pathways, and whether they act on nucleotides derived from the de novo

synthesis pathway.

| carried this out by combining the methods for nucleic acid and nucleotide pool analysis
described in the previous chapters with stable isotope-labelled precursor tracing and

manipulation of expression of the deaminase proteins.

The protein manipulation method | chose was transient knockdown (KD) by siRNA (short
interfering RNA). siRNAs cause a rapid and transient knockdown of the target gene, with their
effect reported to last for several days. This would fulfil the time requirement necessary for

my pulse-chase experiment.!

In this chapter, | will describe my work to validate transient siRNA knockdown of CDA and
DCTD in cell lines, as well as to find the most appropriate labelled precursors for the

subsequent phase of the experiment, pulse-chase analysis (Figure 5.1).
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Figure 5.1 Workflow of siRNA and pulse-chase experiments. Cells are seeded and transfected the day
after. At t=48 hours after transfection, cells are treated with heavy labelled precursors. The media is
changed at t=72 hours after transfection and the cells are regularly harvested for 24 hours, with
metabolites and DNA analysed by LC-MS/MS.

5.1 CDA and DCTD siRNA KD

5.1.1 Cell line choice

Enzymes are expressed at different levels in cell and so | searched for cell lines with high CDA
and DCTD mRNA levels among the NCI-60 panel of cell lines on Cellminer (RNA-seq),
theorising that a higher enzyme level change from WT to siRNA KD will have a more

pronounced effect.?36:2%7

| compared the cell lines as a percentage of the maximum log>(FPKM+1) per enzyme among

the NCI-60 panel, with median log>(FPKM+1) as a benchmark (Figure 5.2).
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Figure 5.2 Cells with high CDA and DCTD mRNA levels compared to NCI-60 panel. log2(FPKM+1) of
CDA (blue) and DCTD (red) as a percentage compared to highest FPKM in NCI-60 cell line panel. Data
obtained from CellMiner.?35237

The cell lines | shortlisted have high relative values of both CDA and DCTD compared to the
NCI-60 panel. MDA MB-231 has notably lower CDA mRNA levels compared to the others, but
| included it as it is still higher than the median value and the cell line has previously been

studied for the effects of high CDA expression.®? From the cell lines listed above, | chose three

based on availability in the department (Table 5.1).
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Number| Cellline Cell line log2(FPKM+1)|log2(FPKM| Media used
provenance CDA +1) DCTD
1 PC-3 Prostate cancer, 6.547 3.982 Ham's F-12K
bone (Kaighn's),
metastasis.?3®
2 mM L-
glutamine.
Gibco, PN 21127
2 HOP-92 Lung non-small 5.911 3.857 RPMI 1640,
cell carcinoma.?®
2 mM L-
glutamine.
Gibco, PN 21875
3 MDA MB-231 Breast 1.288 4.85 DMEM, added L-

adenocarcinoma,
derived from
pleural

effusion.240

glutamine to 2
mM and
pyruvateto 1

mM.

Merck, PN

D5671

Table 5.1 Cell lines chosen for high CDA and DCTD (log,(FPKM+1)).
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mMRNA is a good predictor of a protein abundance overall, but there are numerous
exceptions.?*¥243 | therefore validated the protein level of CDA and DCTD by immunoblot
(Figure 5.3; Appendix A, Figure 1), also measuring the CDA level in a negative control cell
line—the CDA KD cell line MDA MB-231 shCDAS previously generated in my group.5? A second

replicate is shown in Appendix A, Figure 1.
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Figure 5.3 PC-3, MDA MB-231 and HOP-92 have detectable levels of CDA and DCTD protein.
Immunoblot of CDA and DCTD for all cell lines, with 8-actin blot showing loading distribution. A, CDA
protein levels B, DCTD protein levels.
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The cell lines all have detectable protein levels of CDA and DCTD. The cell line HOP-92 was
significantly slower growing than PC-3 and MDA MB-231. As the experiment involves different
time points, its different growth rate significantly complicated the experimental setup. |

therefore stopped its culture and continued with the other two cell lines.

5.1.2 Validation of siRNAs for CDA and DCTD knockdown

siRNA KD is only appropriate as a tool for investigating the pyrimidine synthesis and salvage
pathways if its effect lasts during the probing period of the chase phase of the heavy labelled

pulse-chase experiment (Figure 5.1).

| used Merck Mission siRNAs and validated three orthogonal siRNA per target to avoid my

research conclusions being vulnerable to off-target effects of the siRNAs.

| tested the strength of extent of knockdown in the cell lines by performing Immunoblots on
samples 72 and 96 hours after transfection (Figure 5.4 and Figure 5.5; Appendix A, Figure 2
and Figure 3). | determined the variation in gel loading of different samples with the Ponceau
stain for all the blots because | was not successful in obtaining sufficiently good bands for -

actin.
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Figure 5.4 CDA and DCTD KD is stable over time in the MDA MB-231 cell line. Immunoblot of CDA and
DCTD for MDA MB-231, with Ponceau stain showing loading distribution. A, CDA KD compared to
scrambled siRNA from 72 hrs to 96 hrs post exposure to siRNAs; B, DCTD KD compared to scrambled
SiRNA from 72 hrs to 96 hrs post exposure to siRNAs.
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Figure 5.5 CDA and DCTD KD is stable over time in the PC-3 cell line. Inmunoblot of CDA and DCTD for
MDA MB-231, with Ponceau stain showing loading distribution. A, CDA KD compared to scrambled
SiRNA from 72 hrs to 96 hrs post exposure to siRNAs; B, DCTD KD compared to scrambled siRNA from
72 hrs to 96 hrs post exposure to siRNAs.
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The siRNAs induced knockdown for CDA and DCTD in both cell lines, lasting long enough for

the planned pulse-chase experiment.

5.2 Choice of heavy labelled tracers for MS

5.2.1 Measurement of nucleotide precursors in media

Nucleosides are common in blood and extracellular environments, deriving from cell debris
and food sources. As the media includes 10 % FBS, | measured the level of nucleosides in the
different media of the two cell lines (Table 5.2) by LC-MS/MS. Both of their L-glutamine

concentrations were 2 mM.
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Nucleoside Concentration (uM) in DMEM | Concentration (uM) in F-12K +10
+10 % FBS (MDA MB-231) % FBS (PC-3)
dC 0.247 0.221
dT 0.242 2.10
dA Not detected Not detected
dG Not detected Not detected
rC 1.17 1.04
ru 2.04 1.92
rA Not detected Not detected
rG Not detected Not detected
mdC 0.0127 0.0130

Table 5.2 Concentrations of nucleosides found in complete media.

The media + 10 % FBS only had pyrimidine nucleosides. Of these, rC and rU were in the low

micromolar range, while dC was in hundreds of nanomolar range. dT was ten times higher in

F-12K media +FBS than in DMEM (2.1 uM vs 2.42 uM), as dT is an ingredient in F-12K media.

The purine nucleosides were not detected; it is unclear as to why as, at least in human serum,

the pyrimidine and purine bases are both at low micromolar extracellular levels.? It is possible
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that fetal bovine serum has less extracellular purines than pyrimidines, or that part of the

filtration process of FBS manufacture sequesters serum purines.

Another nucleoside present due to FBS was the epigenetic mark mdC, around 20 times more
dilute than dC. This is not unexpected as the ratio of mdC to all bases is around 1 % in
mammalian tissue.?** To ensure that changing FBS composition would not skew my

experiments, | only used one batch of FBS for all experiments.

5.2.2 Suitable labelled tracers for the pyrimidine synthesis and salvage
pathways

As the QQQ functions best as a targeted instrument, | would not be able to track labelling in
large numbers of analytes as done for 3C metabolism analysis to obtain fluxes across
metabolite classes.!”>1762%> The aim of the labelled pulse-chase analysis was instead to focus

on the impact of CDA and DCTD on relative nucleotide and nucleic acid labelling.

5.2.2.1 Synthesis pathway

When choosing which heavy labelled precursors to use, | considered whether the precursors

or their downstream metabolites could be substrates for CDA and DCTD.

The synthesis products dCTP and CTP can be dephosphorylated by dCTP pyrophosphatase 1
(DCTPP1) and ectonucleotide pyrophosphatase 1 (ENPP1) to the monophosphates dCMP and
CMP, respectively.>>%62% dCMP is a substrate for DCTD. dCMP and CMP are
dephosphorylated further by 5’-nucleotidase to dC and rC, both of which are substrates for
CDA.1%2%8 Newly synthesised nucleotides may therefore be dephosphorylated and

subsequently deaminated by enzymes classically belonging to the salvage pathway. By
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labelling precursors for the first synthesised nucleotide, UMP, it would be possible to study

the impact of CDA and DCTD in the synthesis pathway.

| focused on precursors for the pyrimidine bases and not the (deoxy)-ribose group as CDA and
DCTD affect the nucleobases and not the sugar. | did not consider precursors that would give
single-atom labelling to avoid interference from labelled metabolites with natural abundance
isotope levels. The nucleobase precursors for UMP are L-glutamine, oxaloacetate, aspartate
and orotate. They were appropriate candidates as their downstream metabolites will retain

a greater proportion of labelling.

L-glutamine

L-glutamine, a major exogenous nutrient, is metabolised in the Krebs cycle to oxaloacetate

and subsequently to aspartate, after which it is metabolised to orotate by CAD.

Oxaloacetate

Oxaloacetate is a metabolic intermediate and can be formed in the Krebs cycle. It is

aminated to aspartate and then converted to orotate by CAD.

Aspartate

Aspartic acid is the substrate of CAD and is formed by amination of oxaloacetate.

Orotate

Orotate acid is produced by CAD and is the substrate for UMPS to form UMP. It is present in

human blood plasma at low to mid micromolar concentrations.?*

L-glutamine and oxaloacetate are active metabolites for a series of processes aside from
nucleotide biosynthesis, including protein synthesis, gluconeogenesis and the Krebs
cycle. 20 Agpartate is involved in protein synthesis and the urea cycle.?>! Given the

multiple downstream fates of these molecules, one may consequently need to expose cells
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to a high concentration of their stable isotopologues to see significant labelling of
downstream nucleotides. Orotate is only active in nucleotide metabolism and so labelled

orotate will not be depleted by competing pathways.

L-glutamine is present at 2 mM in media. As L-glutamine is added to media as a preparation
step, it is possible to add significant amounts labelled L-glutamine and correspondingly less

unlabelled L-glutamine to maintain the total L-glutamine concentration invariant. The other
precursor candidates are not added to media and so greater additions of labelled precursors
may be disruptive to nucleotide metabolism. | tested *3Cs L-glutamine and *C**N, orotic acid

for incorporation in the synthesis pathway (Figure 5.6).

H,N

0
H‘N ).k;lH
O)\/ky/o
OH

Figure 5.6 Labelled L-glutamine and orotic acid are metabolised to form labelled pyrimidines.?3Cs L-
glutamine forms *3Cs pyrimidine bases and **C>N; orotic acid forms 3C**N; pyrimidine bases. Heavy
atoms are marked with an asterisk.
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They both give labelling of +3 Da. L-glutamine also gives labelling of +2 Da and +1 Da if it is
further metabolised in the Krebs cycle, but those labels will experience stronger interference

by natural abundance isotopologues.

| exposed 200,000 seeded cells for 24 hours with either labelled L-glutamine at 500 uM (20 %
total amount of L-glutamine) or labelled orotic acid at 10 uM and measured their DNA
incorporation. | compared the +3 Da signal to that derived from the natural isotopologues of
cells present with no heavy labelled treatment (Figure 5.7A). The difference in initial
concentration is reflective of L-glutamine’s high natural concentration and orotic acid’s
absence. In MDA MB-231, L-glutamine incorporation as dC +3 Da significantly higher than for
orotic acid incorporation as dC +3 Da (p=0.0217). The exogenous labelled molecule
concentrations are different, but it is less disruptive to use 500 uM of labelled L-glutamine
than it is to use 10 uM labelled orotic acid as it is possible to reduce the amount of unlabelled
L-glutamine in the media so that the total concentration is invariant. L-glutamine
incorporation in PC-3 was higher than in MDA MB-231 (Figure 5.7B), possibly due to a more
active synthesis pathway in PC-3; the rate limiting enzyme for pyrimidine de novo synthesis,
CAD, is more highly expressed in PC-3 than MDA MB-231 (Cellminer gives log>(FPKM+1) values

of 3.531 and 0.628, respectively).

A B

% +3 dC from glutamine and % +3 dC from glutamine
orotic acid (n=3) (n=3)
0.1 1 05 -
0.08 - s 04 | )
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0 T T ! 0 = T r \
Unlabelled 500 pM Q 10 M Unlabelled MDA MB-231 PC-3
glutamine orotate glutamine
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Figure 5.7 Incorporation of heavy labelled synthesis pathway tracers as dC. Cells were treated with
labelled tracers for 24 hrs in technical triplicates, mean values shown, error bars give +-1 standard
deviation. A, comparison of +3 Da dC signal in untreated cells, MDA MB-231 with 500 uM labelled L-
glutamine or 10 uM labelled orotic acid; B, comparison of +3 Da dC signal in untreated cells, MDA MB-
231 and PC-3, each treated with 500 uM labelled L-glutamine.

5.2.2.2 Salvage pathway

In the salvage pathway, CDA deaminates dC and rC, whereas DCTD deaminates dCMP but not
CMP. From rC, all pyrimidine nucleotide triphosphates can be made and dCMP is upstream of

all pyrimidine deoxyribonucleotide triphosphates.

Of dC, dCMP and rC, only dC and rC are imported by endogenous transporters. | chose to test

incorporation of 3Cs dC and *3Cs rC (Figure 5.8).

dc NH, rc NH,

HO

5
&
N
N

HO

Figure 5.8 Labelling of *3Cs dC (dC +9 Da) and *3Cs rC (rC +5 Da). Heavy atoms are marked with an
asterisk

Given the concentrations of pyrimidines in media are of the order of magnitude of 1 uM

(Table 5.2), | exposed 200,000 cells to 1 uM dC and rC for 24 hours and measured

incorporation (Figure 5.9).
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Figure 5.9 % incorporation of 3Cs dC and *3Cs rC. into DNA via incorporation of heavy labelled
synthesis pathway tracers as dC. Cells were treated with labelled tracers for 24 hrs in technical
triplicates, mean values shown, error bars give +-1 standard deviation. A, incorporation of 3Cs dC as
dC; B, incorporation of **Cs rC as dC; C, incorporation of *3Co dC as dT; D, incorporation of *3Cs rC as dT.

Labelled dCand rC were incorporated in DNA as dC and dT at measurable levels. Incorporation
as dT was lower for PC-3 than for MDA MB-231 (Figure 5.9C), which | hypothesise is due to

the high concentration of dT in F-12K media.

5.2.3 Simultaneous discrimination of synthesis and salvage tracer
incorporation

The synthesis and salvage heavy labelled nucleotide precursors have different labelling and
so can be added together to a cell line with simultaneous incorporation measurement

possible (Figure 5.10).
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Figure 5.10 Incorporation of labelled nucleotide synthesis and salvage precursors as dC in nucleic
acids. A, peaks of labelled dC compared to unlabelled dC in PC-3 cell line (red); B, zoom in to peaks of
labelled dC in PC-3 cell line from *3Cs L-glutamine (yellow), from 3Cs rC (black) and from 3Cs dC
(magenta); C, incorporation fates of heavy labelled L-glutamine (Q), dC and rC.
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5.3 Discussion

The validation of siRNA KD of CDA and DCTD, together with the use of isotopically labelled dC,
rC and L-glutamine for synthesis and salvage pathway tracing, allowed progression to the final
project experiment—of performing pulse-chase labelling and MS analysis of both nucleic acid
composition and nucleotide pool to probe the contributions from CDA and DCTD to

nucleotide metabolism (Figure 5.1).

5.3.1 CDA and DCTD KD

To obtain a large perturbation in CDA and DCTD protein levels by siRNA, | stratified the NCI-
60 cell line panel by CDA and DCTD mRNA levels using CellMiner (Figure 5.2). Of the high CDA
and DCTD mRNA cell lines, | tested the CDA and DCTD protein levels of MDA MB-231, PC-3
and HOP-92 cells by immunoblot and found detectable amounts in all three cell lines (Figure

5.3).

siRNA KD is reported to last several days, which was necessary for my experiments of siRNA
KD followed by pulse-chase MS analysis.’>> | tested three orthogonal siRNAs per enzyme
target against a scrambled siRNA that should give no KD, verifying that the KD lasted up to 96

hrs post transfection with siRNA in MDA MB-231 and PC-3 (Figure 5.4 and Figure 5.5).

5.3.2 Heavy labelled tracers for MS

As the deaminases reduce the nucleotide pool cytidine-uridine/thymidine nucleotide ratio,
heavy label nucleotide precursor tracing is suitable for investigation of the role of CDA and

DCTD in the pyrimidine synthesis and salvage pathway.*® Use of the appropriate labelled
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precursors coupled with individual enzyme level manipulation and MS analysis can shed light

on their impact on the nucleotide pool.

To find the most appropriate labelled nucleotide precursors, | analysed the cell media for
exogenous nucleoside concentration, with the nucleosides dT, dC and rC found to be in the

high nanomolar to low micromolar range (Table 5.2).

| then tested the labelling incorporation in DNA, observing that of the de novo synthesis
precursors, 500 uM L-glutamine +5 Da (+3 Da pyrimidine labelling) gave more incorporation
than 10 pM orotic acid +3 Da (Figure 5.7). L-glutamine was more appropriate as the amount
of unlabelled L-glutamine can be adjusted to keep an invariant total L-glutamine
concentration, which cannot be done for orotic acid. The labelled salvage nucleotide
precursors dC +9 Da and rC +5 Da showed detectable labelling (Figure 5.9) and give

complementary information on the substrates of CDA and DCTD.

All labelled nucleotide precursors can be used simultaneously due to their different labels.
The concentrations to be used for the pulse-chase experiments were 500 uM 3Cs L-glutamine,

1 UM BCsrCand 1 uM 3Co dC.
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6. Role of CDA and DCTD in Nucleotide Pool
Metabolism

6.1 Introduction

It has been unreported as to whether CDA or DCTD is the principal deaminase of pyrimidine
nucleotides. Despite their similar mechanisms of action, CDA is expressed highly in certain
tissues and low in others, while DCTD has low tissue specificity (Figure 1.12). Additionally,
high CDA expression has been associated with unfavourable outcomes in cancers, while high

DCTD expression has been associated with mixed outcomes,34-7:106.252

The siRNA KD of CDA and DCTD, coupled with sensitive LC-MS/MS methods for the nucleotide
pool and nucleic acid composition analysis and the use of labelled nucleotide precursors
allowed me to investigate where either CDA or DCTD is the principal deaminase of pyrimidine

nucleotides and whether they deaminate newly synthesised cytidine nucleotides.

As siRNAs can have off-target effects and impacts on cellular function, | employed two
orthogonal siRNAs (targeting different gene sequences) for both CDA and DCTD to avoid
reliance on only one siRNA. | chose CDA siRNA1 and CDA siRNA3, DCTD siRNA1 and DCTD
siRNA2 from the six siRNAs | validated (5.1.2). In the following results, | only consider effects

seen in both siRNAs for each enzyme as biologically indicative.

All graphs derived from the data in this experiment, shown in the following chapter or not,
can be found in Appendix B (sheets highlighted in blue refer to nucleoside analysis, sheets

highlighted in orange refer to free nucleotide analysis).

154



6.2 Sample DNA and nucleotide pool harvest

The nucleotide pool and nucleic acid were extracted from the same cell samples to maximise
sample correspondence and to streamline the workflow. To obtain both the free nucleotide
pool and nucleic acid from the same sample, | had to modify the extraction process,

combining those described in 2.4.1 and 2.7.2.

As a summary of the experiment workflow, the cells were seeded and transfected the day
after (Figure 5.1). At t=48 hours after transfection, cells were treated with the heavy-labelled
precursors 3Co dC (1 pM), 3Cs rC (1 uM), and *3Cs L-glutamine (500 uM). The media was
changed at t=72 hours after transfection and the cells were harvested at the time points 0, 1,
2,4,6,12 and 24 hours after replacement of media (Figure 6.1). Both the nucleotide pool and

nucleic acid were extracted from the samples.
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Figure 6.1 Samples harvested at set times over 24 hrs in pulse-chase experiment. After siRNA
transfection, the samples were exposed to 1 uM dC +9 Da, 1 uM rC +5 Da and 500 uM L-glutamine +5
Da for 24 hrs. The media was replaced and the samples were harvested at 0, 1, 2,4, 6, 12 and 24 hrs
after replacement of media. Both the nucleotide pool and nucleic acid were extracted from the

samples for label incorporation analysis.

This was done through washing the cells with PBS and snap freezing in liquid nitrogen. The
nucleotide pool was extracted with 50 % ACN. The nucleic acid fraction remained in the pellet
of insoluble material. To remove residual extraction solvent, | dried the samples on a heat
block at 95 °C. Given the large number of samples to process, | used the Zymo Research Quick-
DNA 96 Kit for DNA isolation. | hydrolysed all the DNA sample obtained to nucleosides to

maximise nucleoside signal.

6.3 LC-MS/MS signal quality for nucleosides and nucleotides

| created dMRM MS nucleoside and nucleotide methods to measure the proportion of
labelling of nucleic acids and the free nucleotide pool across phosphorylation levels, having

formed through pyrimidine nucleotide metabolism (Figure 5.10C).

| assessed the level of labelled precursor incorporation in nucleosides derived from extracted
nucleic acids in the samples at t=0 hrs after replacing the heavy labelled media with the
unlabelled media. There was measurable labelling signal from most samples in the
deoxyribonucleosides dC, dT, and the ribonucleoside rC (Figure 6.2A-C). rU had too low
sensitivity to obtain usable data for labelled incorporation. The abundant presence of RNA
nucleosides in the extracted nucleic acid section was surprising, as the DNA isolation kit claims
to be specific for DNA; it may simply reduce RNA presence instead. Being able to quantify

labelling in ribonucleosides was a positive outcome as it allowed analysis of the impact of CDA
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and DCTD KD on RNA nucleotide metabolism. It must be noted, however, that there are
different classes of RNA, such as messenger RNA (mRNA), transfer RNA (tRNA), ribosomal RNA
(rRNA), with different functions, structures and interacting proteins. As RNA classes have
different turnover rates, preferable retention on the isolation column for one class of RNA
may skew labelled nucleotide incorporation results.”>?525% This notwithstanding, there is
approximately between 3 and 10 times as much RNA as DNA in human cells, whereas the UV
signals of dA and rA in my samples approached equality in signal (data not shown).?>>25¢ rRNA
contributes to 80 % of mammalian RNA and another 15 % is tRNA. As the reduction in
ribonucleoside signal through DNA purification was modest, | expect the ribonucleosides

observed by MS to still be primarily derived from rRNA and tRNA, not mRNA.%’

Both ribonucleotides and deoxyribonucleotides were detected by LC-MS/MS analysis of the
nucleotide pool, but the deoxyribonucleotide signals were weaker due to their lower cellular
concentration (Figure 6.2D and E) and had high standard deviations of heavy labelled
incorporation proportions. The labelled signals of the CMP, CDP, CTP, UMP, UDP and UTP

nucleotides had lower variability and could give insights into the roles of CDA and DCTD.
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Figure 6.2 Precursor labelling is observed in DNA/RNA nucleosides and in the nucleotide pool. Label
distributions in MDA MB-231 exposed to scrambled siRNA at t=0 hrs post media replacement. A,
labelling of dC (dC H*) in DNA; B, labelling of rC (rC H*) in RNA; C, labelling of dT (dT Na*) in DNA; D,
labelling of dCMP (dCMP H*) in nucleotide pool; E, labelling of CMP (CMP H*) in nucleotide pool.

6.4 Observations of nucleotide metabolism from pulse-chase analysis

In addition to probing the roles of CDA and DCTD, the pulse-chase analysis provided insights

into the rate of metabolism of the free nucleotides pool nucleic acids.
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6.4.1 Nucleic acid labelling after 24 hours exposure

First, | examined to what extent the labelled precursors are incorporated in DNA and RNA in
both cell lines (Table 6.1). After 24 hours of labelled precursor exposure, PC-3 had greater
incorporation of the +3 Da label (derived from L-glutamine +5 Da) than MDA MB-231, which
may indicate a stronger reliance on the synthesis pathway in nucleotide metabolism. This is
supported by the relative incorporation of salvage-derived precursors: MDA MB-231 had
higher incorporation of the salvage-derived labels +9 Da and +5 Da (dC +9 Da and rC +5 Da)

than did PC-3.

The difference in incorporation of salvage-derived labels was most pronounced for
incorporation in dT. This may be because the high concentration of dT present in the media
used for PC-3 cell lines (Ham's F-12K (Kaighn's)) competed with the deaminated product of

the labelled cytidine nucleotides for incorporation into DNA as dT (5.2.1).

In both cell lines, dC and dT had greater derivation from labelled dC compared to labelled rC;
while exogenous dC was around 75 % labelled (1 uM labelled dC, 247 nM unlabelled dC
present in media), with only around 50 % labelling of rC (1 uM labelled rC, 1.17 uM unlabelled
C present in media), there is a greater proportion of labelling of dC and dT in DNA from dC
compared to rC per unit concentration of exogenous nucleoside. This may be due the labelled
rC being a precursor for both ribonucleotides and deoxyribonucleotides, with consequently
less available for forming deoxyribonucleotides compared to labelled dC, or it may be due to
faster kinetics for labelled dC to be incorporated as a DNA monomer as there are fewer

enzymatic steps required.

The values of heavy labelled precursor incorporation are lower than they were when
measured in 5.2.2.1 and 5.2.2.2; it may be explained by slower cell growth, which could be a

consequence of siRNA treatment.
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% incorporation in nucleic acids

MDA MB-231 cell line PC-3 cell line
Labelled | Shift Exogenous dc dT rC dcC dT rC
precursor | (Da) | concentration
L- +3 500 uM (25% | 0.030 | ND 0.14 0.17 ND 0.49
glutamine of total L- +/- +/- +/- +/-
glutamine) 0.028 0.028 | 0.032 0.12
rC +5 1 uM (25 % of 33 0.96 9.1 2.2 0.62 4.5
total rC) +/- +/- +/- +/- +/- +/-
0.24 | 0.18 0.66 0.12 | 0.095 0.26
dc +9 1 uM (75 % of 54 6.4 N/A 4.3 1.1 N/A
total dC) +/- +/- +/- +/-
0.72 | 0.59 091 | 0.17

Table 6.1 Percentage incorporation of heavy labelled precursors in nucleic acid components.

The labelling from L-glutamine (+3 Da), rC (+5 Da) and dC (+9 Da) given as a percentage compared to
the total amount of each component, at t= 0 hrs post 24 hrs heavy label pulse in cells exposed to
scrambled siRNA. Data is from 3 biological replicates, with +/- 1 standard deviation. ND means not
detected. N/A means not applicable due to the label not entering certain pathways.

6.4.2 Free nucleotides have faster turnover than nucleic acids

To investigate whether nucleic acids and nucleotides of different phosphorylation states had
different rates of turnover, | measured the decay in label incorporation over time in
differently phosphorylated nucleotides in the nucleotide pool as well as in nucleosides
derived from DNA and RNA. | expected that nucleic acid labelling would have a longer half-
life as it isn’t a metabolic intermediate in contrast to free nucleotides, but | did not know
whether the deamination to make uridine nucleotides would affect the decay rate.
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RNA labelled cytidine decayed more than three times more slowly compared to those of
cytidine mono-, di- and tri-phosphates in both the MDA MB-231 and PC-3 cell lines (Figure
6.3A and B). This is in agreement with reports that rRNA and tRNA have half-lives in the range
of hours and days.?® Notably, labelling decay did not vary across the nucleotide
phosphorylation states for both cytidine and uridine nucleotides (Figure 6.3A-D) in either cell
line, with a labelling half-life of around 6 hours. The overlap in values may be explained by the
possibility that nucleotides in cells are metabolised too rapidly for the resolution of my time
points. It is unlikely to be due to extensive degradation of nucleotide triphosphates into lower
phosphate analogues during sample preparation, as | had observed low amounts of

nucleotide degradation in the nucleotide extraction process (Figure 4.4).

161



>

o
o N

Fraction labelled relative to t=0 hrs
o
N

w
o

-

o
©

o
~

Fraction labelled relative to t=0 hrs
o o
N o

o
©

o
~

Labelled +5 Da
cytidine nucleotide
phosphorylation
decay,

MDA MB-231

—e—CTP
—e—CDP
=o—=CMP
=0=rC RNA

p=0.0017

10

15
Hours

20

25

30

Labelled +5 Da
cytidine nucleotide

10

15
Hours

20

phosphorylation
decay,
PC-3
] —e—CTP
—e—=CDP
=0=CMP
=0=rC RNA
= p=0.050
25 30

162



@)

-—
[N}

Fraction labelled relative to t=0 hrs

O

Fraction labelled relative to t=0 hrs

1.2

Labelled +5 Da
uridine nucleotide
phosphorylation
decay,

MDA MB-231

—0—UTP
== DP
== UMP

10

15
Hours

20

25

30

Labelled +5 Da
uridine nucleotide
phosphorylation
decay,

PC-3

—o—UTP
—o—UDP
== UMP

10

15
Hours

20

25

30

163



Figure 6.3 rC/rU +5 Da nucleotide fractional turnover is similar across phosphorylation states. +5 Da
incorporation levels in cells exposed to scrambled siRNA decay at similar rates for mono- di- and tri-
phosphates for both cytidine and uridine ribonucleotides. +5 Da rC proportion in RNA reduces at a
slower rate than in nucleotides. 3 biological replicates normalised to t=0 hrs per each biological
replicate, standard deviation is shown. A, +5 Da proportion reduction for cytidine ribonucleotides and
cytidine in RNA in MDA MB-231 cell line; B, +5 Da proportion reduction for cytidine ribonucleotides
and cytidine in RNA in PC-3 cell line; decay for +5 Da uridine ribonucleotides. C, +5 Da proportion
reduction for uridine ribonucleotides in MDA MB-231 cell line; D, +5 Da proportion reduction for

cytidine ribonucleotides in PC-3 cell line.

6.4.3 RNA is turned over faster than DNA

| compared labelling decay of RNA (Figure 6.3A and B) with that of DNA, expecting to see a
difference in turnover as the majority of new DNA base incorporation is through DNA
replication, which occurs once per cell cycle. By contrast, RNA turnover is not solely limited
to replication and so was expected to have a higher turnover.”>?32% While label
incorporation in RNA did decay over time, the label proportion in DNA did not (Figure 6.4 A

and B).
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Figure 6.4 DNA labelling decays slower than RNA labelling. The dC +5 Da (DNA) label proportion
decreases more slowly that of rC +5 Da (RNA). Labelled incorporation levels in cells exposed to
scrambled siRNA, 3 biological replicates normalised to t=0 hrs per each biological replicate, standard
deviation is shown. A, comparison of the decay of % +5 Da in dC and rC in MDA MB-231 cell line; B,
comparison of the decay of % +5 Da in dC and rC in PC-3 cell line.
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A similar effect was also seen in the comparison of the labelling decay of the nucleotide
monophosphates dCMP and CMP: dCMP derived from labelled rC has a longer half-life than
CMP derived from labelled rC in MDA MB-231 (Figure 6.5A), with the same trend observed
for PC-3 (Figure 6.5B). dCMP derived from labelled dC followed a similar trend to that of CMP

derived from labelled rC in both cell lines.
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Figure 6.5 Labelled dCMP has a longer decay time than labelled CMP. Measurement of decay of
proportion of dCMP +9 Da, dCMP +5 Da and CMP +5 Da over 24 hours. Experiment was in cells
exposed to scrambled siRNA, 3 biological replicates normalised to t=0 hrs per each biological replicate,
standard deviation is shown. A, signal decay over time in MDA MB-231 cell line; B, signal decay over

time in PC-3 cell line.
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The experiment was over 24 hrs, approximately one doubling time for both MDA MB-231 and
PC-3. One would consequently expect there to be a decay in the total labelled DNA proportion
through dilution by the synthesis of non-labelled DNA. However, only the +9 Da (dC-derived)
showed a trend towards decay in MDA MB-231, whereas the +5 Da (rC-derived) and the +3
Da (L-glutamine-derived) labels showed little change or increased over time (Figure 6.6A-D).
There was also a trend for the L-glutamine-derived labelling decaying slower than the rC-

derived labelling in both nucleic acids and nucleotides (Figure 6.6 B and E-H).
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Figure 6.6 Label proportions from different precursors decay at different rates. The percentage
incorporation of labelled species varies across the 24 hours going down fastest in labelling derived
from dC +9 Da and slowest in labelling derived from L-glutamine (+3 Da). Labelled incorporation levels
in cells exposed to scrambled siRNA, 3 biological replicates normalised to t=0 hrs per each biological
replicate, standard deviation is shown. A, decay of label proportion in dC in MDA MB-231 cell line; B,
decay of label proportion in dC in PC-3 cell line; C, decay of label proportion in dT in MDA MB-231 cell
line; D, decay of label proportion in dT in PC-3 cell line; E, decay of label proportion in CMP in MDA
MB-231 cell line; F, labelled % incorporation in CMP in PC-3 cell line; G, decay of label proportion in
CDP in MDA MB-231 cell line; H, decay of label proportion in CDP in PC-3 cell line.

The observation that DNA labelling decays fastest and that the labelling is source-dependent
is not explainable by the presence of larger reservoirs of labelled rC and L-glutamine in cells
than labelled dC; otherwise, +5 Da decay would be similar between DNA and RNA (Figure 6.4).
Furthermore, pure DNA labelling such as BrdU halves in intensity with every cell division.?®
My hypothesis is that labelled RNA is subsequently catabolised in significant amounts and the
ribonucleotides are then salvaged, a portion of which are reduced and converted to
deoxyribonucleotides. Therefore, even after the media is replaced, there is a reservoir of
labelled nucleotides that maintains or increases the labelling proportion in DNA. dC +9 Da is
not an upstream metabolite for RNA and so RNA catabolism would not maintain labelled +9

Da availability, in agreement with the steeper decay for +9 Da labelling.

It is unknown what the proportion of nucleotide monomers derived from DNA are salvaged
compared to the proportion catabolised to other metabolites. However, most salvaged
monomers will have been derived from RNA, having a shorter half-life than DNA. Salvaged
nucleotides from rRNA and tRNA would likely have the greatest impact on the flux of
nucleotides on the basis of their abundance, with potential contribution from RNAs with high
fractional turnover such as mRNA and possibly the non-gene-coding products of pervasive

transcription.?®

173



Glutamine is also a component of proteins; the low decay rate of +3 Da (from L-glutamine)
compared to +5 Da (from rC) may be explained by the degradation of proteins by the lysosome
and proteasome into amino acids. Subsequently, previously protein-incorporated labelled
L-glutamine could be metabolised by the pyrimidine de novo synthesis, sustaining the
labelling in nucleotides and nucleic acids after exogenous labelled nucleotide precursors are

removed.

6.5 Roles of CDA and DCTD in pyrimidine deamination

| examined how KD of CDA and DCTD affected label incorporation in the nucleotide pool and
in nucleic acids. My prediction was that if one of the deaminases were the major deaminase,
the knockdown of the other would not affect incorporation of labelled precursors in cytidine
and uridine nucleotides, while KD of the other enzyme would increase cytidine labelling and

decrease uridine labelling from salvage precursors.

6.5.1 CDA KD reduces rC deamination more than DCTD KD in cell lines

At t=0 hrs, CDA KD induced an increase in rC +5 Da-derived labelling in cytidine nucleotides
compared to scrambled siRNA, more so than DCTD KD (Figure 6.7A-E); both cell lines followed
this trend, although there were more significant results in PC-3. In parallel, CDA KD led to a
decrease in uridine nucleotide +5 Da labelling (Figure 6.7F-H). This difference, however, is not
seen for +9 Da labelling in dC (Figure 6.71). It suggests that CDA and DCTD have mutually
redundant roles for dC deamination, but that DCTD does not deaminate rC nucleotides; this

trend validates what was previously reported.?®°
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DCTD KD in MDA MB-231 had lower CTP +5 Da labelling than scrambled siRNA, though this
wasn’t observed in PC-3 (Figure 6.7E), with a possible similar trend seen in CMP and CDP
(Figure 6.7Figure 6.7C and D). This could be indicative of pathway compensation in MDA MB-
231 as a reaction to DCTD KD, through increase in activity or protein level of CDA or a
corresponding decrease in CTPS1 and CTPS2 activities or protein levels. This could be verified

by immunoblot of these enzymes upon DCTD KD.

It was also observed that the samples treated with the siRNA DCTD1 had lower incorporation
from the rC +5 Da precursor than when treated with the siRNA DCTD2 (Figure 6.7A and B).
This may be due to an off-target effect of either of the siRNAs and could be clarified through
validation with a third siRNA. Similarly, Figure 6.7Figure 6.7E shows a difference between the
CDA siRNAs dC +9 Da labelling in both MDA MB-231 and PC-3, that could be investigated by

using a third siRNA.
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Figure 6.7 KD of CDA dffects rC +5 incorporation, while DCTD KD does not. CDA KD increases
incorporation in of metabolites of rC +5 in cytidine variants, but the same effect is not observed for
DCTD KD. Data from cell lines MDA MB-231 (M in figure) and PC-3 (P in figure) at t= 0 hrs post 24 hrs
heavy label pulse. 2 orthogonal siRNAs were used per CDA and DCTD KD and compared to a
scrambled siRNA with 3 biological replicates, standard deviation is shown. A, incorporation of +5 Da
label in rC; B, incorporation of +5 Da label in dC; C, incorporation of +5 Da label in CMP; D,
incorporation of +5 Da label in CDP; E, incorporation of +5 Da label in CTP; F, incorporation of +5 Da
label in UMP; G, incorporation of +5 Da label in UDP; H, incorporation of +5 Da label in UTP; |,

incorporation of dC +9 as dC.

6.5.2 CDA KD induces faster rC nucleotide signal decrease than DCTD

Low activity of DCTD against CMP was further observed when investigating relative signal
decay of +5 Da rC nucleotides over time. CDA KD steepened the decay curve of +5 Da rC
nucleotides over time compared to scrambled siRNA (Figure 6.8A-D, p-values given in legend)

in both cell lines; DCTD KD did not alter the curve shape, although there was one statistically
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significant point at DCTD siRNA2 at t=12hrs for CDP, where it was less steep than with
scrambled siRNA. The decay for CTP had too high variance for equivalent analysis (Figure 6.8E
and F), apart from for the CDA siRNA3 vs scrambled in PC-3 (Figure 6.8F). A proposed
explanation for the steeper decay for CDA KD is that rC nucleotide phosphorylation activity is
increased, with a corresponding increase in turnover. The initial +5 Da labelling of CDP for
CDA KD was greater at t=0 hrs (Figure 6.7C) than for the other siRNAs. This may imply that
elevated cytidine nucleotides may trigger nucleotide stoichiometry balancing mechanisms, in

turn increasing turnover.
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Figure 6.8 CDA KD correlates with greater reduction of +5 Da signal over time across cytidine
metabolites, with effect not seen for +9 Da. 2 orthogonal siRNAs were used per CDA and DCTD KD and
compared to a scrambled siRNA with 3 biological replicates normalised to t=0 hrs per each biological
replicate, standard deviation is shown and significance is judged at t=12 hrs. A, +5 Da labelling of CMP
in MDA MB-231 cell line (CDA1 relative to scrambled, p=0.024, CDA 3 relative to scrambled, p=0.0143);
B, +5 Da labelling of CMP in PC-3 cell line; C, +5 Da labelling of CDP in MDA MB-231 cell line (CDA1
relative to scrambled, p=0.037, CDA 3 relative to scrambled, p=0.039); D, +5 Da labelling of CDP in PC-
3 cell line (CDA1 relative to scrambled, p=0.0057, CDA 3 relative to scrambled, p=0.0083, DCTD 2 relative
to scrambled, p=0.042); E, +5 Da labelling of CTP in MDA MB-231 cell line; F, +5 Da labelling of CTP in
PC-3 cell line (CDA 3 relative to scrambled, p=0.019).

6.6 CDA KD may create a bottleneck for rC deamination

In the PC-3 cell line, CDA KD leads to an increase in dC +9 Da incorporation as dT (Figure 6.9A).
This is not seen in MDA MB-231, nor does it have a corresponding change in dC +9 Da
proportion (Figure 6.7E). This seemingly counterintuitive result could be because the medium
of PC-3 has a high dT concentration, which competes with nucleotides derived from dC and
rC for incorporation as dT. CDA KD affects both dC +9 Da and rC +5 Da, but DCTD does not
efficiently deaminate CMP, meaning that upon CDA KD, there is a smaller dTTP +5 Da pool in
the system compared to the pool size of dTTP +9 Da. There is therefore less competition for

dTTP +9 Da to be incorporated as dT in DNA (Figure 6.10).

There is still dT +5 Da labelling upon CDA KD in PC-3 (Figure 6.9B). This could imply that DCTD
deaminates some CMP, or that there are further paths for rC +5 Da to be incorporated as dT
+5 Da, such as metabolisation to dCDP +5 Da and subsequent dephosphorylation to dCMP +5
Da from which it can be deaminated to dUMP +5 Da and methylated by TYMS to dTMP +5 Da.
DCTD KD by DCTD siRNA2 gave higher +5 rC-derived dT in both cell lines, but it is uncertain
whether this is due to off-target siRNA effects and the effect would require further

investigation with orthogonal siRNAs.
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Figure 6.9 CDA KD increases deaminated dC incorporation as dT in PC-3 cell line, but not MDA MB-
231 cell line, at t=0 hrs. Corresponding decrease in dC +9 Da incorporation not seen. 2 orthogonal
siRNAs were used per CDA and DCTD KD and compared to a scrambled siRNA with 3 biological
replicates, standard deviation is shown. A, incorporation of dC +9 as dT; B, incorporation of rC +5 as dT.
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Figure 6.10 Schematic of competition between unlabelled, +5 Da and +9 Da dTTP nucleotide pools.

With dT supplementation in media, CDA KD reduces the nucleotide pool size of dTTP derived from rC
+5 Da, but not dTTP derived from dC +9 Da. DCTD KD reduces neither. A, schematic of dTTP
provenance in WT conditions; B, schematic of dTTP provenance upon CDA KD; C, schematic of dTTP

provenance upon DCTD KD.
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6.7 L-glutamine label incorporation not affected by CDA nor DCTD KD

Finally, | investigated whether CDA or DCTD KD affected the incorporation of synthesis-
derived nucleotides. If nucleotides derived from labelled L-glutamine were dephosphorylated
and were metabolised by CDA or DCTD, KD of the enzymes would increase the proportion of
labelled cytidine nucleotides and would decrease the proportion of labelled

uridine/thymidine nucleotides.

The incorporation of the +3 Da label, derived from L-glutamine, was not affected by KD of

CDA or of DCTD (Figure 6.11).
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Figure 6.11 Labelled L-glutamine incorporation does not change upon CDA or DCTD KD, at t=0 hrs. 2
orthogonal siRNAs were used per CDA and DCTD KD and compared to a scrambled siRNA with 3
biological replicates, standard deviation is shown. A, incorporation of dC +3 Da; B, incorporation of dC
+3 Da; C, incorporation of CMP +3 Da; D, incorporation of CDP +3 Da.
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There was no significant difference seen through KDs, apart from CDA KD through CDA siRNA1
in CDP +3 Da labelling in MDA MB-231 (Figure 6.11D). There was a trend of an increase
observed for CDA siRNA3 and DCTD siRNA2 (Figure 6.11A-D). It is possible that their impact
on L-glutamine incorporation, or the absence of impact from the other siRNAs, is due to siRNA
off-target effects. This can be verified by testing other orthogonal siRNAs in a simple steady-
state labelling experiment (pulse-chase analysis but with no time chase). Another
confounding factor is that the +3 Da signal strength is low, possibly too low or varying over 3

biological replicates to detect an effect.

If the results observed stand as correct, synthesised cytidine nucleotides are not
dephosphorylated in sufficient quantities in cells for CDA or DCTD to have an impact on +3
Da, suggesting that there is limited recycling of nucleotides from the pyrimidine synthesis

pathway in the salvage pathways.

6.8 Discussion

The experiment combined CDA and DCTD knockdown of two cell lines with nucleic acid
composition and nucleotide pool MS pulse-chase analyses from the same samples. This gave
the opportunity to study the impact of CDA and DCTD on nucleotides from the de novo
synthesis pathway (L-glutamine-derived) and the salvage pathway (dC- and rC-derived)

simultaneously over time.

6.8.1 General observations of the data

In both cell lines, the DNA components dC and dT had greater +9 Da labelling than +5 Da

(Table 6.1), indicating that dC-nucleotides are more readily incorporated into DNA than rC-
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derived nucleotides. This could be due to rC-derived nucleotides being used for RNA synthesis
or because the enzymatic pathway to incorporation in DNA is simpler for dC, with no

requirement for reduction by RNR.

As the +5 Da labelling did not vary between phosphorylation states over time in cytidine and
uridine nucleotides (Figure 6.3), the free nucleotide pool turnover may be faster than hourly
intervals could measure. RNA labelling proportion declined at a gentler rate, while DNA
labelling decayed at an even shallower rate or increased (Figure 6.4 and Figure 6.6). Together
with a similar observation that the CMP labelling proportion decays faster than for dCMP
(Figure 6.5), it supports the hypothesis that nucleotides derived from RNA catabolism form a

major part of the deoxyribonucleotides pool and DNA composition.

6.8.2 CDA and DCTD both contribute to cytidine nucleotide
deamination

The data obtained did not support CDA or DCTD to be the primary deaminase, as enzyme KD
did not affect the dC +9 Da signal decay curve (Figure 6.8E and F) or change incorporation at
t= 0 hrs of the +9 Da label. This supports the hypothesis that the enzymes are mutually
redundant deaminases of dC nucleotides. The data did, however, validate an earlier report
that DCTD deaminates rC nucleotides less than CDA (Figure 6.7).2%° A low activity of DCTD on
rC nucleotides may explain the observation that CDA KD increased dC +9 incorporation as dT:
knocking down the route of CMP deamination would reduce competition for deaminated dC
nucleotides to be incorporated as dT. However, this was only seen in cell lines with high
exogenous dT in media, which may exacerbate incorporation competition between

deaminated nucleotides.
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A complicating factor is that CDA and DCTD likely do not have the same protein
concentrations as each other in cells. It is therefore possible that one of the enzymes was not
concentrated enough to have a proportionate impact on pyrimidine metabolism. Protein
concentration difference could be accounted for by insertion of a reporter to the enzyme RNA
through genome editing.?12%2 Alternatively, one could utilise methods for tunable cellular
protein concentration and study the impact of different protein concentrations on pyrimidine
metabolism.}*® However, my experiment made use of more than one cell line to specifically
keep the issue of protein level variation in consideration, both of which had detectable
protein levels of CDA and DCTD. Furthermore, my experiment provides insights into the
function of CDA and DCTD by knocking down their expression transiently from their natural

level with siRNAs, without potentially skewing cell metabolism by stable genomic insertion.>*

6.8.3 De novo synthesis cytidine nucleotides are not metabolised by
CDA and DCTD

CDA or DCTD knockdown did not cause changes in +3 Da incorporation, implying that
nucleotides synthesised from L-glutamine were not dephosphorylated and deaminated in
significant levels (Figure 6.11). This may indicate that, despite the cell lines MDA MB-231 and
PC-3 having moderately high mRNA levels of the pyrophosphatase DCTPP1 and the
phosphohydrolase SAMHD1 compared to the rest of the NCI-60 panel, there is little

deoxycytidine triphosphate and cytidine triphosphate degradation in cells.?362%7
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7.General Discussion

Nucleotide metabolism is crucial for DNA replication; the rapid proliferation of cancer cells
leads to their high demand for nucleotides and thus the nucleotide metabolism pathway
enzymes have been exploited as targets for chemotherapy.” Resistance to nucleotide
analogue chemotherapy frequently arises through the action of synthesis and salvage
pathway enzymes, such as the inactivation of gemcitabine through deamination by
CDA.%3253284 CDA s one of two cytidine nucleotide deaminases together with DCTD and it is
unclear what cellular advantage is obtained by the presence of two functionally overlapping

cytidine nucleotide deaminases.

In this thesis, | investigated the roles of CDA and DCTD, specifically probing the following lines
of enquiry. The first was to determine whether CDA or DCTD is the principal deaminase in
cells, or whether they provide substantial enzymatic redundance. The second was to discover
whether newly synthesised cytidine nucleotides were dephosphorylated and deaminated in
sufficient quantities by the deaminases, providing crosstalk between the de novo synthesis
and salvage pathways. To achieve this, | set up and optimised LC-MS/MS methods for sensitive
nucleic acid composition and nucleotide pool analysis, as well as siRNA KD of CDA and DCTD
in two cell lines, showing sufficient duration for a pulse-chase labelled metabolomics analysis

of the roles CDA and DCTD in pyrimidine metabolism.

7.1 Optimisation of HPLC-MS/MS method for nucleoside analysis

Nucleotide metabolism has previously been investigated through analysis of nucleic acid
composition, achieved by DNA hydrolysis to nucleosides, with subsequent analysis by LC-

MS/MS.105182 Nycleic acid composition analysis allows probing of the role of nucleotide
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metabolism enzymes in maintaining the nucleotide pool balance as nucleotides are
precursors to DNA and RNA. | set up a QQQ LC-MS/MS method capable of nucleoside analysis

of samples exposed to labelled tracers to investigate the role of the CDA and DCTD.

Firstly, | adapted a nucleic acid hydrolysis workflow for HPLC-UV DNA analysis to be suitable
for the higher sensitivity of LC-MS/MS analysis. | then tested three different HPLC columns to
obtain complete resolution for most of 20 nucleosides and subsequently optimised the dMRM
mode MS signal by varying solvent composition, parent and transition ions, and MS
instrument parameters. Through the use of internal standards and UV analysis for abundant
nucleoside analytes, the system shows calibration consistency and the ability to measure
different nucleosides in a one millionfold concentration range. Finally, | demonstrated the
system’s reproducibility in nucleoside quantitation by four separate hydrolyses of the same

source of DNA and MS analysis on four separate occasions.

It may be possible to gain further sensitivity through investigation of different solvent
systems, parallel ion transitions and experimentation of the effect of changing delta EMV on
nucleoside signal. However, my optimisation rendered the system suitable for analysis of the
impact of CDA and DCTD on nucleic acid labelling proportions of the pyrimidine nucleosides.
Additionally, the system is capable of sensitive nucleoside analysis of almost 20 analytes. It
gives complete resolution of most of the nucleosides and has been employed collaboratively

for nucleic acid composition analysis across different fields of research.29.265266

7.2 Set up of HPLC-MS/MS analysis of cellular nucleotide pool

Together with analysis of nucleic acid composition, the free cellular nucleotide pool is also a

target for analysis in nucleotide metabolism investigations.588%19.197.215 | haye developed a
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sensitive LC-MS/MS method for nucleotide pool analysis that avoids processing steps that

may cause nucleotide degradation.

| optimised the nucleotide extraction process for high nucleotide signal, testing three
extraction solvents used in literature for extraction of polar metabolites, as well as measuring
the effect of further sample treatment. The nucleotide pool would have been extracted
together with non-nucleotide metabolites that could suppress MS signal through ionisation
competition. To minimise analyte co-elution, as well as co-elution of isobaric compounds that
may have MS signal interference, | tested two chromatographic systems. Of the functionalised
reversed phase (PFP column) and the HILIC-Z column, the HILIC-Z column gave both
separation of nucleotides and detection of nucleotide di- and tri-phosphates, demonstrating
its suitability. | subsequently optimised the QQQ for targeted analysis of the nucleotide pool,
with considerations including instrument polarity, ion fragmentation transitions, solvent

composition, and delta EMV.

The HPLC-MS/MS system is capable of sensitive analysis of nucleotides and can detect the
majority of nucleotides in cell samples, and its limits of nucleotide detection are comparable
or lower to those reported in than literature.®®1%7 |ts ability to discriminate between
isotopically labelled and unlabelled standards emphasises its potential for pulse-chase
analyses in the nucleotide pool for investigation of the roles of CDA and DCTD in nucleotide

metabolism.

There is scope for further improvement of the method. Validating the best increase in EMV
in cell-derived samples could increase signal severalfold, as may the optimisation of the
source conditions. It is also possible that another buffer composition, such as one containing
ammonium formate, may have superior properties to those of the buffers investigated in my
research. Another unknown is the extent of nucleotide signal lost due to ion suppression by

non-nucleotide polar metabolites such as L-glutamine, as well as salts present in the cells and
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in PBS. There have been efforts to clean nucleotide samples through the use of purification
cartridges or by using chromatography that preferentially retains aromatic molecules such as
porous graphitic carbon columns.?82%7 |t js possible that a sample cleaning step to remove
salts and non-nucleotide metabolites may reduce ionisation suppression and increase

nucleotide signal further.

7.3 Cell-based tools for investigating nucleotide metabolism

To be able to study the roles of CDA and DCTD in cells through pulse-chase analysis, it was
necessary to induce CDA and DCTD KD in suitable cell lines and to validate detectable labelled

nucleotide precursor incorporation by MS.

| set out to achieve CDA and DCTD KD through siRNAs as they required transient transfection,
which would avoid the potential cellular function distortion as is possible for stable
transfection. To maximise the perturbation of CDA and DCTD KD, | sorted candidate cell lines
from the NCI-60 panel by their mRNA expression of CDA and DCTD, subsequently verifying
that there were detectable amounts of both enzymes at the protein levels in three cell lines.
In two of those cell lines | validated that the length of siRNA KD duration was adequate for
the pulse-chase experiment through immunoblotting. Finally, | exposed the cell lines to
isotopically labelled nucleotide precursors from the synthesis and salvage pathways,
detecting sufficient incorporation levels in the cellular DNA from the compounds dC +3 Da, rC
+5 Da and Q +5 Da, allowing progression to the experiment of enzyme KD, pulse-chase

labelling and MS analysis.
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7.4 Role of CDA and DCTD in nucleotide pool metabolism

With the methods optimised, | was able to explore the roles of CDA and DCTD in cytidine
nucleotide deamination. CDA’s role in nucleotide metabolism and disease has been
investigated extensively, through clinical observations and genomic manipulations.58%% |n

one study, CDA and DCTD were simultaneously knocked out to alter the salvage of mdC as dT,

but the individual impact of both CDA and DCTD KO/KD had not been reported.1®

My aims were to determine whether either CDA or DCTD is the principal cytidine nucleotide
deaminase in cells, and whether newly synthesised cytidine nucleotides are deaminated by

CDA and DCTD.

To investigate the dynamics of CDA and DCTD activity in cells, | treated cultured cells with
siRNA and then exposed them to labelled nucleotide precursors in a pulse-chase experiment.
Both nucleic acid and free nucleotides were analysed by LC-MS/MS to investigate what impact

CDA and DCTD KD had on nucleotide metabolism.

A general observation is that the +9 Da signal derived from labelled dC decays the fastest,
with the +3 Da signal derived from labelled L-glutamine decaying the slowest. My proposed
explanation for this is that is as RNA has more rapid turnover than DNA, a significant
proportion is catabolised to ribonucleotide monophosphates, some of which are metabolised
to deoxyribonucleotides and incorporated into DNA. A part of these nucleotides are labelled,
maintaining the labelling proportion in DNA. Alternatively, it could be due to increased dC flux
upon nucleotide pool disruption through changing of exogenous media dC concentration. This
could be clarified by repeating the pulse-chase experiment with a titration of different

exogenous nucleotide concentrations to see whether the decay rate changes.

It was also noted that the decay in labelling does not change between nucleotide mono-, di-

and tri-phosphates, indicating that their interconversion occurs at timeframes much faster
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than one hour. Further exploration by higher frequency sample harvests in the pulse-chase
experiment at the beginning of the chase could provide richer information on nucleotide

phosphorylation kinetics.

From my investigation, | could not see evidence to support either CDA or DCTD to be the
primary deaminase, as neither enzyme KD affect the dC +9 Da signal decay curve. This
indicates that both CDA and DCTD have relatively equal roles in dC nucleotide deamination.
The presence of mutually redundant CDA and DCTD in cells may serve to ensure a large dU
and dT nucleotide pool, either as precursors for dTTP, or as a feedstock for carbon metabolism
through uridine and thymidine catabolism.2® This result could be complemented with tracer
experiments in cells with high expression of only one of the deaminases. This could be
achieved through controllable protein concentrations: Cas9 Endonuclease Dead (dCas9) and
asuitable guide RNA, co-transfected with a transcription factor fused to a destabilised domain
and an RNA aptamer, has been shown to allow tuning the amount of protein produced by the
gene targeted by the guide RNA when cells are exposed to a small molecule stabiliser of the
destabilised domain.*® Different destabilised domain-small molecule stabiliser pairs provide
orthogonality and the ability to simultaneously tune the concentrations of CDA and DCTD. An
alternative approach is to perform siRNA KD and isotope tracing on a wide panel of cell lines
to obtain a broader view of the relative impacts of CDA and DCTD on nucleotide metabolism.
The benefit of a cell line with a tunable protein level compared to stable protein
overexpression is that it maintains the protein reaching levels to physiologically relevant

amounts.

With regards to rC nucleotides, KD of DCTD did not have significant impact on rCincorporation
proportions, in agreement with previous literature.?®® DCTD’s low activity against rC
nucleotides fits with the observation that KD of CDA increased dC +9 Da incorporation as dT.

Removing the route of CMP deamination may lead to less competition for incorporation of
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deaminated dC nucleotides as dT. This was observed in the PC-3 cell line, which has mid
micromolar concentrations of dT in its media, but not in the MDA MB-231, which does not
have high dT concentrations. The extracellular dT may increase incorporation pressures for
newly deaminated nucleotides, a possibility which can be verified by measuring the effect of

titrating the amount of dT in different cell lines exposed to heavy labelled dC and rC.

Finally, no link was seen between CDA and DCTD knockdown and a change in +3 Da
incorporation in both siRNAs. The absence of impact of deaminase KD suggests that newly
synthesised cytidine nucleotides are not deaminated in significant quantities. The reason for
this may be that nucleotide triphosphate and diphosphates are not significantly degraded in
cells and thus synthesised cytidine nucleotides are not substrates for CDA or DCTD.
Alternatively, the effect of CDA and DCTD deamination of nucleotides from de novo synthesis
may be obscured from CDA and DCTD activity on salvaged nucleotides, which may compete
for incorporation with synthesis nucleotides. It is also possible that the absence of evidence
for CDA and DCTD impact on synthesised cytidine nucleotides may be due to off-target effects
due to the individual siRNA: CDA siRNA3 and DCTD siRNA2 gave increased cytidine +3 Da
nucleotide labelling, while the other siRNAs did not. This can be verified by testing other

orthogonal siRNAs in a simple steady-state labelling experiment.
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Relating to Chapter 3, “Setting up a workflow for nucleoside analysis”

Table 2 A list of each nucleoside transition monitored by dMRM with collision energies and

retention times.

Compound lon Adduct | Precursor lon (m/z) Product lon Collision Energy
(m/z) (V)
cadC H* 272 156 12
cadC cadC K* 310 194 12
cadC Na* 294 178 12
rC H* 244 112 10
rC rC K* 282 150 10
rC Na* 266 134 10
dC H* 228 112 10
dc dc K* 266 150 10
dC Na* 250 134 10
ru H* 245 113 10
ru ru K* 283 151 10
rU Na* 267 135 10
hmdC H* 258 142 12
hmdC hmdcC K* 296 180 12
hmdC Na* 280 164 12
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dU H* 229 113 10
du duU K* 267 151 10
dU Na* 251 135 10
hmdU H* 259 143 10
hmdu hmduU K* 297 181 10
hmdU Na* 281 165 10
rG H* 284 152 10
rG rG K* 322 190 10
rG Na* 264 174 10
mdC H* 242 126 10
mdC mdC Na* 264 148 10
mdC K* 280 164 10
dG H* 268 152 10
dG dG K* 306 190 10
dG Na* 290 174 10
fdC H* 256 140 8
fdC fdC K* 294 178 8
fdC Na* 278 162 8
8-ox0dG 8-ox0-dG K* 322 206 10
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8-ox0-dG Na* | 306 190 10

8-oxodG H* 284 168 10

dT H* 243 127 10
dT dT K* 281 165 10

dT Na* 265 149 10

EdU H* 253 137 10
EdU

EdU Na* 275 159 10

rA H* 268 136 8
rA rA K* 306 176 8

rA Na* 290 158 8

BrdU Na* 79 329 213 10
BrdU

BrdU Na* 81 331 215 10

dA H* 252 136 10
dA

dA K* 274 158 10

m6A H* 282 150 20
méra m6A K* 320 188 20

m6A Na* 304 172 20

m6dA H* 266 150 20
m6dA

m6dA K* 304 188 20
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m6dA Na 288

172

20

Table 3 Table of nucleoside retention times, LODs and LLOQs for each nucleoside analysed.

Nucleoside Retention time LOD (amol) LLOQ (amol)
cadC 1.76 15800 15800
rC 2.46 500 500
ru 3.6 15800 50000
dc 3.69 5000 15800
hmdC 4.39 158 500
du 5.53 15800 50000
hmdu 6.12 15800 15800
3mdC 6.74 158 158

rl 7.97 15800 50000
rG 8.46 15800 15800
mdC 8.9 500 500

dl 9.11 50000 50000
dG 9.57 50000 50000
fdC 10.5 5000 5000
dT 11 50000 50000
8-0x0-dG 1.1 5000 5000
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BrdU 12.5 50000 50000
rA 12.9 15800 15800
dA 13.6 15800 15800
mrA 18.2 158 500
mdA 18.3 158 158
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Relating to Chapter 4, “Setting up a workflow for nucleotide analysis”

Table 4 List of nucleotides retention times, their MS transitions and their LLOQs.

Nucleotide | Retention Best m/z m/z CE(V) | CA(V) LLOQ
Time (min) | transition (pmol)

Parent | Target

lon lon

ADP 7.4 ADP H* 428 136 20 5 0.0316
AMP 6.4 AMP H* 348 136 20 5 0.0316
ATP 8.1 ATP H* 508 136 45 5 0.0316
CDP 8.2 CDP H* 404 112 20 5 0.0316
CMP 7.8 CMP H* 324 112 20 5 0.0316
CTP 8.1 CTP H* 484 112 20 5 0.0316
dADP 7.6 dADP H* 412 136 20 5 0.0316
dATP 8.1 dATP H* 492 136 20 5 0.0316
dCDP 8.1 dCDP H* 388 112 20 5 0.0316
dCMP 7.7 dCMP H* 308 112 20 5 0.0316
dCTP 8.7 dCTP H* 468 112 45 5 0.0316
dGDP 8.2 dGDP H* 428 152 20 5 0.0316
dGMP 7.6 dGMP H* 348 152 20 5 0.0316
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dGTP 8.7 dGTP H* 508 152 45 0.0316
dTDP 6.4 dTDP Na* 425 81 30 0.0316
dTMP 4.8 dTMP H* 323 81 30 0.0316
dTTP 7.4 dTTP Na* 505 81 30 0.0316
dubDP 6.7 dUDP Na* 411 81 30 0.316
duMpP 5.6 dUMP Na* 331 81 20 0.0316
duTP 7.5 dUTP H* 469 81 30 0.0316
GDP 8.3 GDP H* 444 152 20 0.0316
GMP 7.7 GMP H* 364 152 20 0.0316
GTP 8.6 GTP H* 524 152 20 1
uDP 6.9 UDP H* 405 97 25 0.0316
UMP 7 UMP H* 325 97 30 0.0316
uTpP 6.8 UTP H* 485 97 30 0.0316
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Relating to Chapter 5 “Cell-based tools for investigating nucleotide

metabolism”
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Figure 0.1 PC-3, MDA MB-231 and HOP-92 have detectable levels of CDA and DCTD protein, second

replicate. Inmunoblot of CDA and DCTD for all cell lines, with 8-actin blot showing loading

distribution. A, CDA protein levels B, DCTD protein levels, also showing from DCTD ECL stain.
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Figure 0.2 CDA and DCTD KD is stable over time in the MDA MB-231 cell line, second replicate.
Immunoblot of CDA and DCTD for MDA MB-231, with Ponceau stain showing loading distribution. A,
CDA KD compared to scrambled siRNA from 72 hrs to 96 hrs post exposure to siRNAs; B, DCTD KD

compared to scrambled siRNA from 72 hrs to 96 hrs post exposure to siRNAs.
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Figure 0.3 CDA and DCTD KD is stable over time in the PC-3 cell line, second replicate. Inmunoblot of

CDA and DCTD for MDA MB-231, with Ponceau stain showing loading distribution. A, CDA KD

compared to scrambled siRNA from 72 hrs to 96 hrs post exposure to siRNAs; B, DCTD KD compared to

scrambled siRNA from 72 hrs to 96 hrs post exposure to siRNAs.
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