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Abstract

Paola Drago

Deciphering the function of the human Dihydrofolate Reductase 2 gene

DHFR2 is part of the large Dihydrofolate reductase gene family, in which DHFR is the
mainly characterised member. For a long time, DHFR was considered the only gene of
the family able to make a functional protein, with the remaining members catalogued
as pseudogenes. DHFR has been thoroughly studied, considering its crucial role in
facilitating the entry of folic acid in the One-Carbon Metabolism pathway, and its
implications in neural tube defects and cancer. In the past decade, DHFRP4 was renamed
DHFR2 and classified as a protein-coding gene since it harbours an intact open reading
frame that can result in a protein, in vitro. However, no information was available in the
literature about the endogenous DHFR2 protein, its enzymatic activity, or cellular
localisation.

This thesis aimed to decipher the role of native DHFR2 and its overall function in relation
to DHFR and the entire One-Carbon Metabolism. HepG2 knock out cell lines, lacking
either DHFR or DHFR2, were established and comprehensively investigated. In
particular, the effects of DHFR2 loss were examined in relation to DHFR and other OCM-
related genes. The analysis of RNA expression patterns, performed via RTgPCR and RNA
microarray, indicated that the lack of DHFR2 directly impacted OCM-related genes, with
particular attention on DHFR, whose RNA levels showed a drastic decrease in
abundance. The loss of DHFR2 has a broader impact on the One-Carbon Metabolism, as
demonstrated by the Folate Metabolite Profiling study. It revealed that the
concentrations of folate intermediates halved in the DHFR2 KO line compared to the
wild type. Pathway Analysis, performed upon RNA microarray data, indicated that DNA
replication and repair pathways and pyrimidine metabolism were mainly downregulated
after DHFR2 knock out. This can be explained as a direct consequence of DHFR down-
regulation and OCM reduced activity. In the light of the overall results, we propose that
DHFR2 acts as a long non-coding RNA, primarily involved in regulating DHFR expression
and, consequently, One-Carbon Metabolism.

XXi



Chapter 1
Introduction



1.1 Overview

One Carbon Metabolism (OCM) is an intricate metabolic network which represents the
hub for many fundamental cell pathways, such as purines and thymidylate synthesis,
methylation, and metabolism of some amino acids. As the name implies, OCM facilitates
the one-carbon groups to be processed and activated by chemical modification, starting
with folate-derived donors (Fox & Stover, 2008). Natural or synthetic forms of folate can
enter OCM solely through the reduction mediated by the enzyme Dihydrofolate
Reductase. Ergo, it is considered of extraordinary importance for the maintenance of
OCM and, in turn, of normal cell functions (Bailey & Caudill, 2012). The recent discovery
of a second active Dihydrofolate Reductase (DHFR2), which is expressed and possibly
localised to the mitochondria (Anderson et al., 2011; McEntee et al., 2011), opens up a
whole new set of questions and opportunities to better understand the role of DHFR2

and its influence in OCM.
1.2 Folate cofactors: structure and biological relevance

The generic term folate indicates a group of water-soluble compounds that present a
similar chemical structure to folic acid or pteroylmonoglutamate (Lucock, 2000). Folic
acid and its derivatives are all included in the class of vitamin Bs (Naderi & House, 2018).
The discovery of folate is attributed to Lucy Wills in 1931 (Wills, 1931). Ten years after,
Mitchell, Snell and Williams isolated the molecule for the first time from spinach leaves
(Mitchell et al., 1941, 1944). Since then, many discoveries have been made on the role
of folate in metabolic pathways and its involvement in health and disease (Bailey et al.,

2015; Bo et al., 2020; Molloy & Scott, 2001; Stover, 2004, 2012).

Folate is an essential vitamin, necessary for normal cell functioning. Suboptimal folate
intake can lead to various pathologies, i.e., some forms of anaemia, cardiovascular
diseases and cancer (Blom & Smulders, 2011; Scaglione & Panzavolta, 2014). Therefore,
optimal folate status is protective for such pathologies and has been shown to prevent
neural tube defects during embryogenesis, a period of persistent cell division (Ebara,

2017; Ohrvik & Witthoft, 2011; Viswanathan et al., 2017).



Neural tube defects (NTDs) are a major cause of neonatal deaths and lifelong severe
pathologies (Greene & Copp, 2014). Periconceptional folate supplementation was
proven to be a protective factor (Czeizel & Dudds, 1992; ‘Prevention of Neural Tube
Defects’, 1991), but due to the unplanned nature of most pregnancies, this tool was not
sufficient to reduce the burden of NTDs (Fischer et al., 2017). Considering that Western
diets are often linked to malnutrition with suboptimal levels of folate (Garcia-Montero
et al., 2021), many countries have introduced mandatory food fortification in a broader
attempt to reduce the impact of congenital birth defects and other pathologies (Crider

et al., 2011; Mills, 2017).

As mammals cannot synthesise the pteroylglutamic acid, which is the core of the
vitamin, they rely on exogenous sources, such as food or supplements (lyer & Tomar,
2009). The folate core consists of three moieties — pterin, para-aminobenzoic acid and
L-glutamic acid — as shown in Figure 1.1. The natural forms of folate present a reduced
pteridine ring and additional molecules of glutamic acid linked through gamma-peptide
bonds (Finglas & Wright, 2002), making them polyglutamated. Food folates are naturally
present in foods such as leafy vegetables, pulses, citrus fruits, and liver (Nazki et al.,
2014; Ohrvik & Witthoft, 2011). The synthetic form of folate occurs in a monoglutamyl
state and is the most oxidised form of folate, making it very suitable for food fortification
and supplementation (lyer & Tomar, 2009; Naderi & House, 2018; Office of Dietary

Supplements - Folate, n.d.)

The polyglutamyl forms of folate are required to be hydrolysed into their monoglutamic
forms prior to be absorbed in the intestines, whilst folic acid (a term referring to the
synthetic variant only) can be absorbed immediately as it is not polyglutamated
(Cochrane et al., 2020). Although folic acid is chemically stable, it cannot be actively used
as a coenzyme. In fact, it needs to be reduced into tetrahydrofolate, the bioactive form

of the vitamin (Fig. 1.1) (Shane, 2008)

Once the monoglutamated serum folates are transported into the cells, five to eight
glutamate residues are added through a y-linked peptide bond by the enzyme Folylpoly-
gamma-glutamate synthetase (FPGS) (Hoffbrand et al., 1977; Moran, 1999). The aim is

to increase their affinity for enzymes (Fowler, 2001) and prevent theirimmediate export



from the cell (Schirch & Strong, 1989). Therefore, cellular folate is predominantly

polyglutamated.
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Figure 1.1 Chemical structure of Folic Acid and Tetrahydrofolate. The three moieties composing
the molecules are indicated in different colours: pterin (red), para-aminobenzoic acid (purple), L-
glutamic acid (black). N5 and N8 of the pterin ring are reduced in tetrahydrofolate (THF). THF is

typically polyglutamated as indicated by the terminal -R. Image adapted from Naderi & House,
2018 using Paint Pad Lite v. 6.0.3.

Folate is a particularly important molecule in cell metabolism due to its ability to accept
and donate one-carbon (1C) groups (Bailey & Gregory, 1999). These activated groups

can go through a series of oxidation and reduction reactions, varying their structure into



methanol, formaldehyde or formate (Shane, 2008; Stover & Field, 2011). Therefore, the
folate molecule acts both as a carrier and coenzyme. The 1C groups, in diverse redox
states, can eventually be donated to different substrates, feeding important cellular
processes (Ducker & Rabinowitz, 2017). Figure 1.2 illustrates the main folate
intermediates. The ensemble of reactions entailing the conversion of folate into its

several intermediates is known as One-Carbon Metabolism.

‘ 5,10-methenyl-THF

10-Formyl-THF

5-methyl-THF
5,10-methylene-THF

Figure 1.2 Principal folate intermediates. Formyl-THF, the most oxidised coenzyme, carries a
formyl group at N10. In Methenyl- and Methylene-THF, the carbon group bridges between N5
and N10. Methyl-THF is the most reduced form with a methyl group at N5. Images taken from
PubChem (NCBI).

1.3 One-Carbon Metabolism

One-carbon metabolism is an intricate network of metabolic reactions, which
constitutes the hub for essential cell pathways such as purines and thymidylate
synthesis, methylation processes, and amino acids homeostasis (Fox & Stover, 2008).
OCM and annexed pathways work in a balanced manner responding to the cell's
metabolic needs; therefore, they are tightly regulated (Clare et al., 2019; Stover, 2004).
Imbalances within OCM are linked to several pathologies; cancer, neural tube defects,

and cardiovascular diseases are among the most studied in this regard (Stover, 2012).



One-carbon metabolism is highly partitioned in Eukaryotes and takes place in three
different cellular compartments: cytoplasm, mitochondria and nucleus (Fox & Stover,
2008; Scotti et al., 2013; Tibbetts & Appling, 2010). Many enzymes come into play within
OCM, aiding in the chemical rearrangement of one-carbon groups. Isozymes, which
catalyse the same reactions, are often found in two distinct cellular compartments, i.e.,
cytoplasm and mitochondria (Anderson & Stover, 2009; Krupenko & Krupenko, 2018).
Other folate enzymes, instead, can translocate to a separate organelle to respond to
specific requests; for example, the migration of the thymidylate synthesis complex

(dTMP-SC) to the nucleus during cell division (Chon et al., 2017).

Tetrahydrofolate (THF) is able to carry one-carbon units at different oxidation states
upon interconversion mediated by the OCM enzymes (Ducker & Rabinowitz, 2017). The
different forms of folate are specifically required for particular pathways. For example,
10-formyl-THF is utilised for synthesising the purine ring in the cytoplasm (Baggott &
Tamura, 2015) and for formylating methionyl-tRNA in the mitochondria (Minton et al.,
2018); 5,10-methylene-THF mediates the conversion of dUMP to dTMP, in the nucleus
and mitochondria (Anderson et al., 2011; Woeller et al., 2007); and the one-carbon
moiety of 5-methyl-THF serves to re-methylate methionine from homocysteine in the
cytoplasm (Crider et al., 2012). As the concentration of folate-binding proteins exceeds
that of their substrates, each biosynthetic pathway is in constant competition for the
limiting pool of folates (Herbig et al., 2002). In addition to the compartmentalisation
(Appling, 1991) (discussed in detail in the next section), metabolic channelling was
proven to be an efficient way to maintain continuity between groups of reactions and
avoid the diffusion of the substrates. Folate channelling is also crucial for preventing
oxidative degradation of the labile folate coenzymes; it was demonstrated that folate
intermediates are protected from random oxidative events when bound to enzymes

(Stover & Field, 2011; Swarbrick et al., 2008).

1.3.1 Compartmentalisation of One-Carbon Metabolism

In the 1950s, mitochondria were identified as the site of oxidation of the one-carbon
donors. With the advent of genetic and biochemical approaches, an increasing number

of enzymes involved in the one-carbon metabolism were identified (Tibbetts & Appling,



2010). The discovery of these metabolic components and their functions led to the
proposal of an OCM model where the cytoplasmic and mitochondrial pathways run

parallel and in opposite directions, creating a cycle (Appling, 1991).

The compartmentalisation of OCM pathways can be accomplished via the physical
separation of the enzymes, which localise to specific organelles due to their genetic and
structural differences (Fig. 1.3). The composition of the folate pools differs between the
cytoplasm and mitochondria (Horne et al., 1989; Lin et al., 1993; Shane, 2001). Such
distinct separation is reached via polyglutamylation. In fact, polyglutamated folates are
not subject to transportation across the mitochondrial membranes. Thus, FPGS activity
traps folates in their respective compartments (Lawrence et al., 2014). Furthermore, the
formation of metabolons - multi-enzyme complexes - helps maintain folate pools in
specific compartments, supporting the orderly flux of the activated carbons (Nijhout et
al., 2004; Scotti et al., 2013). Other than attaching glutamic tails to folates, FPGS is
responsible for channelling folates to the metabolon compartments contrasting

metabolites diffusion and random oxidation (Stark et al., 2021).

The compartmentalisation, which occurs on a larger scale by separating the pathways in
different cell compartments (as stated above), can be also achieved on a smaller scale
by the formation of multi-enzyme complexes. As a result, spatial separation of the
metabolic reactions is achieved. Moreover, metabolons that assemble solely in response
to metabolic needs, create an additional temporal partition within the OCM (Lan et al.,
2018; Scotti et al., 2013). In fact, the cell cycle plays an essential role in regulating the
retrieval of specific folate enzymes in a given cellular compartment, as demonstrated by
the translocation of the dTMP-SC to the nucleus upon SUMOylation (Anderson et al.,
2007; Woeller et al., 2007), or the MTHFS-dependent delivery of 10-formyl-THF to the

purinosome to enhance purine de novo synthesis (Field et al., 2011).

Finally, mitochondria have a particularly relevant role within OCM as providers of one-
carbon units (in the form of formate). About 75 % of one-carbon groups involved in the
cytoplasmic folate reactions come from mitochondria (Pike et al., 2010) via serine
catabolism. Formate production is dependent on respiration, as well as the balance of
the NAD+/NADH ratio (with MTHFD2L/1L producing NADH) (Garcia-Martinez & Appling,

1993). Mitochondrial oxidation uses NADH cofactors, thus leading to the maintenance



of a differential electrochemical potential of NADH/NADPH that finally helps with

shuttling formate to the cytoplasm (Ducker & Rabinowitz, 2017).

The architecture of OCM follows the rule of compartmentalisation for maintaining high
efficiency, implementing oxidation of one-carbon groups in the mitochondria with
reduction of the same species in the cytoplasm (Ducker et al., 2016). Despite the
compartmental design of OCM appearing to be highly efficient, the evolutionary
advantages of this dual setting have yet to be fully understood. A recent study suggests
that this composition enables major flexibility due to the possibility to uncouple the two

pathways (Zheng et al., 2018).
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Figure 1.3 Schematic of One-Carbon Metabolism. Mitochondrial and cytoplasmic pathways are
specular. Most of the reactions can work in both directions but the general sense of reaction
proceeds toward oxidation in the mitochondria, and toward reduction in the cytoplasm. Image
created with BioRender.com; adapted from Bryant et al., 2018.



1.3.2 One-Carbon Metabolism in Mitochondria

Mitochondria contain roughly 40 % of the total cell folate (Lin et al., 1993; Shin et al.,
1976). Upon import mediated by MFT (mitochondrial folate transporter) (Lawrence et
al., 2011; Titus & Moran, 2000) and polyglutamation by FPGS (Lawrence et al., 2014),
the folate intermediates are activated via the addition of 1C groups derived from the
catabolism of amino acids such as serine, glycine, sarcosine and choline (Pike et al., 2010;
Tibbetts & Appling, 2010). The 1C flux proceeds toward oxidation to finally produce
formate, which will serve as the primary substrate for the cytoplasmic OCM (Stover &
Field, 2011). The mitochondrial OCM is mainly supported by serine catabolism, which in
turn produces glycine, an amino acid involved in other cellular functions such as heme
biosynthesis, transsulfuration pathway, and protein synthesis (Brosnan & Brosnan,
2020; Meiser et al., 2016; Pietzke et al., 2020; Razak et al., 2017). As demonstrated by
several studies (Ducker et al., 2016; Taylor & Hanna, 1982; Zheng et al., 2018), disruption
of mitochondrial OCM leads to glycine auxotrophy, indicating that glycine production is
a crucial part of the mitochondrial OCM. The mitochondrial enzymes can be variably
expressed in different tissues and developmental stages; also, their chemical
equilibrium can change in accordance with metabolic requests favouring different
outcomes. For example, in embryonic development, the mitochondrial flux favours
serine catabolism and formate production to supply 1C unit to the cytoplasmic purine
biosynthesis. In contrast, in adult tissues, the OCM equilibrium in mitochondria may

favour serine production (Christensen & MacKenzie, 2006).

SHMT2 (Serine Hydroxymethyltransferase 2) converts serine to glycine, attaching the 1C
moiety to THF, thus forming methylene-THF. Subsequently, the bifunctional enzyme
MTHFD2/L (Methylenetetrahydrofolate dehydrogenase 2/L) oxidises methylene-THF to
formyl-THF, passing through the intermediate methenyl-THF. The formyl-THF is the
substrate of MTHFD1L, which frees THF by making formate, which in turn is released to
the cytoplasm (Christensen & MacKenzie, 2006; Fox & Stover, 2008; Lan et al., 2018;
Tibbetts & Appling, 2010). A schematic of the mitochondrial OCM reactions is illustrated

in Figure 1.4.



methylene Legend
THF
(CJEnzyme
(JFolate intermediate
(JSubstrate/Product

MTHFD2L
]
MTHFD2

10-formyl 5.10-
MTHFD1L THF 0
methenyl
THF

MTHFD2L
MTHFD2

Formate

A
' Formate '

Figure 1.4 Mitochondrial One-Carbon Metabolism. The donation of 1C group to THF, from
SHMT2, is followed by the oxidation of methylene-THF to formyl-THF via MITHFD2/L. Finally,
MTHFDI1L converts formyl-THF to formate, which is transported to the cytoplasm. Alternatively,
methylene-THF can be used in the Thymidylate de novo synthesis pathway, with TYMS converting
dUMP to dTMP and releasing DHF, which is recycled back to THF by DHFR2. Image adapted from
Lan et al., 2018.

Mitochondria

In addition to the production of formate and glycine, the mitochondrial OCM was shown
to accommodate de novo thymidylate synthesis. The enzyme TYMS (Thymidylate
synthase) unidirectionally transfers the 1C group from methylene-THF to dUMP, forming
dTMP, which is directly used in mitochondrial DNA replication and repair (Alonzo et al.,
2018; Anderson et al., 2011). TYMS is also the only enzyme able to change the chemical
structure of the principal carrier THF; in fact, the donation of 1C to dUMP is accompanied
by the loss of two electrons, with the formation of DHF (Ducker & Rabinowitz, 2017).
The discovery of a mitochondrial Dihydrofolate reductase isozyme, DHFR2, able to
reconvert DHF to THF, indicates the presence of a complete mitochondrial dTMP de

novo synthesis pathway composed of SHMT2, TYMS and DHFR2 (Anderson et al., 2011).
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Finally, the production of fMet-tRNAMet js folate-dependent. The mitochondrial enzyme
MTFMT (methionyl-tRNA formyltransferase) utilises the OCM product formyl-THF to
create the modified tRNA used to initiate translation in the mitochondria (Dickerman et
al., 1967). The supply of specifically activated 1C groups to mitochondrial tRNA links
OCM to mitochondrial well-being, as demonstrated by Minton, (2018). Impairment of
the mitochondrial branch of OCM led to decreased mitochondrial translation and
proteins with defective N-terminal ends (Minton et al., 2018). The correlation between
mitochondrial OCM and translation may subsequently lead to folate-mediated
modulation of the OXPHOS pathway, as all mitochondria-coded proteins belong to the
respiratory chain (Chial & Craig, 2008). Although this hypothesis has yet to be explored,
the interdependence of mitochondrial OCM and oxidative phosphorylation has been
largely demonstrated (Bao et al., 2016; Fiddler et al., 2021, 2021, 2022; Xiu & Field,
2020).

1.3.3 One-Carbon Metabolism in Cytoplasm

The main form of circulating folate is 5-methyl-THF monoglutamated. Cellular uptake
relies on several types of transporters, such as RFC (reduced folate carrier), FR (folate
receptor) and PCFT (proton-coupled folate transporter). Each transporter is
differentially distributed among tissues. Additionally, they present a distinct affinity for
folate and operate at a specific pH (Shulpekova et al., 2021; Zhao et al., 2011). Once
transported in the intracellular space, the folate molecules are quickly loaded with a
variable number of glutamate residues (generally two to nine) by the FPGS enzyme
(Lawrence et al., 2014; Shane, 1989; Wagner, 2001). Folate polyglutamates are, in turn,
less prone to bind to transporters and more driven toward the OCM enzymes (D. W. Kim
et al., 1996). Polyglutamylation represents an evolutionary adaptation as demonstrated
by the higher number of glutamate residues in eukaryotes compared to bacteria (Leung

et al., 2013; Lu et al., 2007).

One branch of the one-carbon metabolism occurs in the cytoplasm, functioning as a
fundamental metabolic network for purines and thymidylate synthesis and
remethylation of homocysteine (Fox & Stover, 2008). The virtual journey of 1C groups

across the cytosolic OCM starts with the efflux of mitochondrial formate, which
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constitutes the most oxidised 1C group. Following the reductive flux typical of the
cytoplasmic pathway, three of the main folate intermediates are encountered: formyl-
THF, methylene-THF and methyl-THF, respectively involved in purine synthesis,
thymidylate synthesis and remethylation of homocysteine. However, these three
pathways compete for the limiting pool of folate intermediates. Particularly, methylene-

THF is contended between dTMP synthesis and methylation cycle (Stover & Field, 2011).

1.3.3.1 Folate-dependent de novo purine biosynthesis

Purine de novo biosynthesis is a 10-step pathway, activated exclusively when the salvage
pathway is insufficient to meet the nucleotide cellular demand (Hartman & Buchanan,
1959; Yamaoka et al., 1997). The purine de novo pathway is folate-dependent, as formyl-
THF serves as the entry point by supplying the C2 and C8 carbons of the purine ring,
mainly via the action of GAR (glycinamide ribonucleotide transformylase) and AICAR
(aminoimidazolecarboxamide ribonucleotide transformylase) (Baggott & Tamura, 2015;

Greasley et al., 2001; Manieri et al., 2007; Vergis et al., 2001).

The salvage pathway is the preferential mode to obtain purines in a single step, where
hypoxanthine (HT) is linked to phosphoribosyl pyrophosphate (PRPP), generating
inosine-5-monophosphate, a purine precursor (Torres, 2013). When the salvage
pathway is active, a feedback mechanism ensures the inhibition of de novo purine

biosynthesis (Henderson & Khoo, 1965; Yamaoka et al., 2001).

An additional requirement that limits the use of the de novo pathway is the formation
of the purinosome (Pedley & Benkovic, 2017). The six enzymes involved in the
nucleotide biosynthesis assemble in a metabolon and rapidly dissociate when exposed
to purines (An et al., 2008). Although the enzymes are present in the cytoplasm, they
are not functional unless arranged in a multienzyme complex. This mechanism enables
the temporal compartmentalisation of a metabolic pathway within the same cellular

compartment (Lan et al., 2018).

Mitochondrial formate is transferred to THF by MTHFD1, thus producing formyl-THF
(Fig. 1.5). It was hypothesised that MTHFD1 could deliver formyl-THF to the purinosome,
even though no evidence has been found vyet. Contrarily, MTHFS

(methenyltetrahydrofolate synthetase) was shown to colocalise with the purinosome
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(Field et al., 2011). Beyond its main function of converting 5-formyl-THF (an alternative
form of formyl-THF) to methenyl-THF, MTHFS can tightly bind 10-formyl-THF, which acts
as an inhibitor (Field et al., 2006). While the 5-formyl-THF does not serve as a coenzyme
but as storage of formyl-THF (Stover & Schirch, 1993), the association with 10-formyl-
THF ensures that the formyl reserve (5-formyl-THF) is mobilised only in the event of 10-
formyl-THF depletion, that is during de novo purine biosynthesis. This regulatory
mechanism enables the delivery of 10-formyl-THF to the purinosome only when

necessary (Field et al., 2009).
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Figure 1.5 Cytoplasmic OCM, Purine de novo synthesis. Mitochondrial-derived formate is
transferred to a THF molecule by MTHFD1 producing Formyl-THF, which may be used in purine
de novo synthesis. Image adapted from Lan et al., 2018.
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1.3.3.2 De novo thymidylate synthesis

MTHFD1 is a trifunctional enzyme. In addition to the C-terminal domain, which can
synthesise formyl-THF (discussed in the previous section), it possesses cyclohydrolase

and dehydrogenase domains at the N-terminal. The cyclohydrolase activity is required
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in the formation of methenyl-THF (from formyl-THF), which is further transformed into
methylene-THF by dehydrogenation (Hum et al., 1988). Alternatively to MTHFD1,
SHMT1 can produce the same intermediate by transferring 1C groups from cytosolic
serine to THF, with the production of methylene-THF and glycine (Fox & Stover, 2008).
This reaction is analogous to that performed by the mitochondrial isozyme SHMT2,
although SHMT1 cannot compensate for the lack of SHMT2 (Chasin et al., 1974).
Methylene-THF is the key substrate for the interconversion of dUMP (uridylate
monophosphate) to dTMP (thymidylate monophosphate) by TYMS (thymidylate
synthase). TYMS is a unique enzyme due to its ability to transfer the activated carbon
alongside two electrons resulting in the oxidation of the substituted THF to DHF. The
enzyme DHFR reconstitutes THF by reducing DHF in an NADPH-dependent reaction (Fox

& Stover, 2008). Figure 1.6 illustrates the pathway.

Isotope tracer studies have shown the preferential incorporation of SHMT1-derived
methylene-THF in thymidylate molecules (Herbig et al., 2002), therefore concluding that
the de novo thymidylate synthesis is mainly sustained by the cooperating activity of
SHMT1, TYMS and DHFR. Thymidylate biosynthesis also relies on a salvage pathway,
where Thymidine Kinases (TKs) add a 5’-phosphate to thymidine restoring the dTMP
pools. However, the salvage pathway is not sufficient to address the cell dTMP
requirements, especially in preparation for cell division (Field et al., 2016). It has been
demonstrated that pyrimidine biosynthesis is upregulated ahead of S-phase and
reverted to standard expression immediately after (Ash et al., 1995; Ayusawa et al.,
1986). Impairments in the thymidylate pools cause the misincorporation of deoxyuridine
nucleotides in the DNA due to the incapability of DNA polymerase to discriminate
between dUTP and dTTP. This causes chromosome instability and eventual breakage
with consequences for cancer development and neuronal damage (Blount et al., 1997,

Hazra et al., 2010; Hori et al., 1984).
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Figure 1.6 Cytoplasmic OCM, Thymidylate de novo synthesis. Methylene-THF, derived from either
MTHFD1 or SHMT1/2a is used as a carbon donor in the dTMP synthesis reaction catalysed by
TYMS. The discarded DHF is recycled into THF by DHFR. Image adapted from Lan et al., 2018.

1.3.3.2.1 Nuclear de novo thymidylate synthesis

During the S-phase of the cell cycle, SHMT1, TYMS and DHFR undergo nuclear
translocation upon SUMOylation (Anderson et al., 2007; Woeller et al., 2007). The Small
Ubiquitin-like Modifier is covalently attached to each enzyme, inducing their
transportation to the nuclear compartment, where they assemble into a complex at the
replication sites (Anderson et al., 2012). SHMT1 was shown to localise in the cytoplasm
during the G1-phase and also in the nuclear periphery and nucleus in the S, G2, and M
phases of the cell cycle. Evidence suggests that SUMOylation occurs at the nuclear pore
leading to nuclear import (Woeller et al, 2007). Residual serine
hydroxymethyltransferase activity was observed in SHMT17 cells due to the expression
of a secondary cytoplasmic/nuclear enzyme, SHMT2a, encoded from SHMT2 via
alternative splicing (Anderson & Stover, 2009). Similar mechanisms are activated for
nuclear import of TYMS and DHFR, which were found to be modified by SUMO1 in vitro

(Anderson et al., 2007, 2012) but also possess SUMO?2 potential target sites (Hendriks et
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al., 2015; Tammesalu et al., 2014). MTHFD1 was also found translocating to the nucleus,
maximising its presence during phase S. The nuclear MTHFD1 increment responds to
fluctuations in folate levels. In the event of folate depletion, the nuclear MTHFD1
translocation happens at the expense of the cytoplasmic remethylation pathway due to
the reduction of cytoplasmic methylene-THF pools (Field et al., 2014, 2015; Kamynina et
al., 2017). Nuclear OCM is shown in Figure 1.7.

Once translocated, SHMT1, TYMS, and DHFR assemble in a dTMP-synthesis complex
(dTMP-SC) which anchors the nuclear lamina through SHMT1 (Anderson et al., 2012).
Evidence suggests that the dTMP-SC assembles with DNA polymerase and other
enzymes of the DNA replication (Stover & Field, 2011). Together, they form a mega-
complex called Replitase (Murthy & Reddy, 2006). The active participation of dTMP-SC
at the replication fork was hypothesised to directly provide thymidylate units and lower

the risk of uracil misincorporation (Stover & Field, 2011).
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Figure 1.7 Thymidylate de novo synthesis in nucleus. The main components of the dTMP-SC
(TYMS, DHFR and SHMT1/2a) and MTHFDL1 translocate to the nucleus before DNA replication.
The nuclear import is dependent on SUMOylation of the enzymes. Image adapted from Lan et
al., 2018.
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1.3.3.3 Homocysteine remethylation pathway

MTHFR (5,10-MethyleneTHF reductase) catalyses the reduction of methylene-THF to
methyl-THF, competing with TYMS for the aldehyde substrate (Selhub, 1999). The
MTHFR reaction is irreversible; thus methyl-THF becomes an obligate substrate for the
remethylation of homocysteine (Appling, 1991; Sumner 