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Abstract
Methylenetetrahydrofolate reductase (MTHFR), is an enzyme that links the folate cycle to the

methionine cycle in one-carbon metabolism. Previous studies with the purified eukaryotic
MTHFR have revealed that the enzyme is under allosteric inhibition by S-Adenosyl methionine
(SAM). Although this allosteric regulation has been known for decades, the importance of this
regulatory control to one-carbon metabolism has never been adequately understood, as mutants
defective in this regulation have never been obtained.

We describe in this thesis the identification of amino acid residues within the regulatory
region of MTHFR critical for its regulation by SAM and the creation of mutations within this
region to yield feedback insensitive, deregulated MTHFR. These mutants were exploited to
investigate the effects of defective allosteric regulation. Genetic analysis revealed a strong
growth defect in the presence of methionine.

To understand the metabolic consequences we carried out biochemical and metabolite
analysis. We observed that both the folate and methionine cycles were affected in these
mutants, as was the transsulfuration pathway leading to decreased formation of glutathione and
its precursors critical for redox homeostasis. The major consequences, however, appeared to
be in the depletion of nucleotides. Folates are precursors to nucleotides, but folate
supplementation led to only partial recovery. *C isotope labelling and metabolic studies
revealed that the deregulated MTHFR cells undergo continuous transmethylation of
homocysteine by CHsTHF to form methionine, which drives SAM formation accentuating
ATP depletion. SAM was also cycled back, leading to futile cycles of SAM synthesis and
recycling. This also explains the need for MTHFR to be regulated by SAM, and the study has
yielded valuable insights into one-carbon metabolism. Furthermore, these mutants would be
powerful tools both in yeasts and in humans (which have a similar domain) to further dissect

the regulation of one-carbon metabolism and its intersections with various pathways.






Thesis Synopsis

Studies on the regulatory domain of the yeast Methylene tetrahydrofolate reductase
(MTHFR), a key enzyme in one-carbon metabolism
Introduction
One-carbon metabolism is a universal metabolic process, where single-carbon methyl groups
are transferred to enable the synthesis of several essential metabolites serving important
cellular functions. These include DNA synthesis (thymidine and purines), amino acid
homeostasis (serine, glycine, and methionine), redox balance, and epigenetic maintenance.
This carbon partitioning across various cellular outputs involves three different pathways,
namely, the folate cycle, the methionine cycle, and the transulphuration pathways (Locasale,
2013). While the centrality of one-carbon metabolism has always been recognized, recent
studies reveal the immense importance of its homeostasis for health and disease (Ducker &
Rabinowitz, 2017). Due to the role of one-carbon metabolism in such varied cellular processes,
the flux of one-carbon units among these different pathways requires tight regulation. Despite
the critical role of regulation of one-carbon metabolism, it has not yet been extensively studied.

Methylene tetrahydrofolate reductase (MTHFR) is an enzyme that straddles the folate
and methionine cycles of one-carbon metabolism. It is a flavoprotein that catalyses the
reduction of methylene tetrahydrofolate (CH>THF) to methyl tetrahydrofolate (CH3THF) using
NADPH as the reducing equivalent. The methyl tetrahydrofolate that is formed is then utilized
in the methylation of homocysteine to methionine. MTHFR is thus found at a critical branch
point of one-carbon metabolism and is one of the key regulatory nodes being under allosteric
feedback inhibition by SAM.

Typical eukaryotic MTHFR enzymes have two domains: a catalytic domain of
approximately 300 amino acids and an equally large regulatory domain for feedback regulation

by SAM. The catalytic domain of the enzyme has been extensively studied, and the catalytic



mechanism as well as the NADPH, FAD and substrate binding sites have been clearly
delineated (Trimmer, 2013). The role of the regulatory domain of MTHFR, however, in
contrast, has not been rigorously investigated. Indeed, the consequences of an absence of
regulation by SAM of an otherwise functional MTHFR has been unclear till now. Although
the allosteric regulation has been known for decades (Kutzbach & Stokstad, 1967, 1971), the
importance of this regulatory control to one carbon metabolism has never been adequately
understood. In fact, the SAM binding regions on the MTHFR regulatory domain are still not
unequivocally recognized (Froese et al., 2018; Goyette et al., 1994).

This thesis investigates the regulation of MTHFR in light of one-carbon metabolism.
Using yeast as a model system, we have examined two different aspects concerning MTHFR
regulation, based on our two objectives below:
(1) To investigate the regulatory domain and to identify the amino acid residues within the
regulatory domain of MTHFR protein, which are critical for regulation by MTHFR. Further,
to create a feedback insensitive deregulated mutant of yeast MTHFR.
(2) To understand the basis and importance of MTHFR regulation by SAM for one-carbon
metabolism.
The work described under these two objectives has been described in Chapter 3 and Chapter 4,
respectively. This work is summarized Chapter-wise below.
Chapter 3: To investigate the regulatory domain of MTHFR and to isolate and
characterize deregulated mutants of Met13p, yeast MTHFR
In this chapter, | have described our attempts to isolate, create, and characterize a feedback
insensitive deregulated yeast MTHFR mutant.

An analysis of the regulatory region of yeast MTHFR protein (Met13p) was first carried
out to identify residues that would be involved in the binding of SAM. The sequence-based

analysis revealed the presence of three short blocks of high conservation in the regulatory



domain, which we defined as conserved region 1 (CR1), conserved region 2 (CR2), and
conserved region 3 (CR3). Structural analysis indicated residues (Tyr404 and Glu422) crucial
for SAM binding which were present in entirely different regions of the regulatory domain.

We evaluated these residues of MTHFR for potential SAM-mediated repression.
Mutational analysis showed that all the mutants of Met13p were functional as these enzymes
were capable of complementing the methionine auxotrophy of the met134 strain. However,
two of the mutants- MET13_E422A and MET13_M2 (R357A.S361A, a mutant of CR1 region)
exhibited defective growth on methionine, where the former displayed a mild defect on
methionine media and the latter demonstrated a more severe growth defect. The wild-type and
mutant recombinant protein revealed that the inhibition by SAM was lost partially in the mutant
MET13 _E422A and completely in the MET13_M2.

Further mutational analysis within the CR1 region revealed that a short stretch of amino
acids (F353, P354, N355, G356, R357, and G359) within the CR1 is critical for regulation of
MTHFR protein by SAM. We also confirmed the SAM insensitive behaviour of two
representative mutants of the CR1 region (MET13_R357A and MET13 _P354A) using in-vitro
enzyme assays.

The deregulated mutants displayed a methionine specific growth defect. This was
shown to be due to the deregulated property of MTHFR since, in the background of a
catalytically inactive mutant of MTHFR, this phenotype of the deregulated mutant was not
seen.

These results clearly demonstrate the successful isolation and characterization of
deregulated mutants of MTHFR that lack feedback inhibition by SAM. Importantly, we have
also discovered a growth phenotype of such mutants in methionine medium, which has been

exploited to investigate the impact of defective allosteric regulation on one-carbon metabolism.



Chapter 4: To understand the metabolic consequences of MTHFR deregulation on one-
carbon metabolism

In this chapter, | describe our attempts to understand the importance of the SAM mediated
feedback inhibition of MTHFR in the maintenance of one-carbon metabolism. The growth
defect seen in the feedback-insensitive deregulated MTHFR mutant on methionine medium
provided an opportunity to understand the metabolic reasons behind the regulation of MTHFR
by SAM.

We first examined whether the deficiency of folate pools was the chief cause of
defective growth of the deregulated MTHFR enzyme by supplementing cells with folic acid
and obtained a significant rescue only at higher folic acid concentrations (ImM). To further
define which folate pools were deficient, we examined the steady-state levels of the different
folate pools and observed a decrease in the levels of the substrate of MTHFR, CH2THF in the
deregulated mutant, whereas the pools of the product of MTHFR, CHsTHF, appeared to be
higher in the mutant.

As CH2THF, the substrate of MTHFR, is essential for the synthesis of nucleotides
(purines and thymidine), depleted CH>THF pools would be reflected in depleted nucleotide
pools. Therefore, we determined the nucleotide levels in the MTHFR deregulated mutant
strains. We observed a striking, 10-fold depletion of the cellular AMP, GMP, and CMP pools
in the cells transformed with the mutant protein (MET13_R357A). While these observations
are consistent with the depletion of CH>THF, which is a precursor in nucleotide biosynthesis,
the much steeper decreases in the nucleotide levels suggested that folate depletion might be
only one of the causative factors.

The MTHFR enzyme uses NADPH as the reducing equivalent for its catalytic activity.
Additionally, it has a FAD moiety non-covalently bound to it, which is also essential for the

oxidoreductase activity. Both NADPH/NADP and FAD/FADH: derive from adenine pools.



Therefore, we were interested in examining the depletion of these cofactor pools due to
unregulated MTHFR activity as the additional contributing factors for the defective growth
phenotype. We observed that both NADPH and FAD pools were deficient in the deregulated
mutant.

Metabolite estimations of sulphur metabolites were subsequently carried out to
investigate the impact of MTHFR deregulation on the methionine cycle and transsulfuration
pathway. Methionine levels, surprisingly, remained almost unchanged. SAM levels were,
however, increased, whereas SAH showed decreased levels in the deregulated mutant. The
metabolites of the reverse transsulfuration pathway, homocysteine, cystathionine, and cysteine,
showed decreased levels, the most striking decrease being in the levels of cystathionine. We
also observed lower levels of both the oxidized and reduced forms of glutathione (GSH and
GSSG), suggestive of redox imbalance. Further studies revealed that glutathione was indeed
depleted in these strains.

The surprisingly unchanged levels of methionine suggested that in the presence of
exogenous methionine, the homeostasis of cellular methionine might be maintained by
repression of synthesis since in the presence of exogenous methionine, methionine biosynthesis
is repressed. However, genetic experiments exploiting the knockouts of the high affinity
methionine transporter (MUP1) and methionine synthase (MET6) seemed to indicate that both
endogenous biosynthesis and the transport of exogenous methionine were essential factors in
the growth defect on methionine.

To confirm the suggestions from the genetic experiments, we needed more rigorous
confirmation as to whether methionine biosynthesis by CH3THF, the substrate of MTHFR, was
required. To evaluate this aspect, we resorted to 3C metabolic studies where we observed
significantly higher m+1 isotopomer for all fragments of methionine in the case of deregulated

MTHFR bearing cells compared to the WT in [1-**C-glucose] fed cells. The results revealed a



continuous biosynthesis of methionine in yeast (with significantly higher rates in the mutants)
through the substrates of **C-labelled CH3 and homocysteine.

To examine alterations in pathway preferences in these deregulated mutants, we further
analysed the **C isotope labelling data to analyse the fluxes of central metabolism pathways
(glycolysis, tricarboxylic acid cycle, and pentose phosphate pathway) under pseudo-steady
state conditions. The *3C redistribution in the amino acids retro-biosynthetically reporting on
the central precursors of different pathways of central metabolism shows that the relative fluxes
in the WT and mutant are predominantly stable with only minor but appreciably significant
readjustments in glycolysis pathway as supported by the extent of *3C incorporations in the
mass isotopomers of serine and alanine.

The absence of any major metabolic readjustments in the deregulated mutant as
compared to the WT suggested that pathways downstream of methionine were responsible for
the methionine-dependant growth defect in the MTHFR deregulated mutants. Methionine
formation drives the ATP dependant enzymatic synthesis of S-adenosyl methionine (SAM).
The metabolite analysis had indicated an increase in SAM, which can meet two distinct fates.
In the first case, SAM is involved in the methylation of a variety of cellular substrates such as
nucleic acids, proteins, and lipids. Phosphatidylethanolamine (PE) methylation appears as the
major SAM consumer. Therefore, we quantified the relative abundance of phospholipids
[phosphotidyl ethanolamine (PE), and phosphatidylcholine (PC)] in the deregulated MTHFR
mutant and observed a noticeable increase (=1.6 fold) in the total PC levels along with a
marginal decline in cellular abundance of PE in the mutant harbouring cells. However, a
concomitant increase in SAH, a side product of PE methylation and other methylation, was not
observed. Rather, SAH, in turn, is hydrolysed to homocysteine and adenosine, both of which

are in increased requirements in the mutant. Adenosine is required because of the depleted



adenine pools, while homocysteine is required owing to the continuous unregulated formation
of CHsTHF.

The second route of SAM metabolism is through the methionine salvage pathway. In
this pathway, the methionine, which converts to SAM, is converted back to methionine with
the release of adenine and polyamine following the decarboxylation of SAM. In the polyamine
pathway, the decarboxylated-SAM can be used in the synthesis of spermidine from putrescine
or in the formation of spermine, which eventually releases methyl-thioadenosine (MTA),
subsequently yielding methionine and adenine. We observed a significant increase of 2.5 fold
in the amount of spermine for the deregulated mutant (MET13_R357A) with no change in
spermidine levels. This clearly suggested a significant conversion of SAM back to methionine
and adenine, with the concomitant formation of spermine. The methionine so formed would
again drive the ATP-dependant formation of SAM.

Thus, the major consequence of the deregulated mutants was a severe nucleotide
depletion that was accentuated by futile cycles of SAM synthesis and recycling.
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1. Chapter 1

1.1.  Introduction: One-carbon metabolism

One-carbon (1C) metabolism is a core metabolic process of all living cells. It involves the
methionine and folate cycles that are central to cellular function. These pathways provide 1C
units (methyl groups) for the synthesis of DNA, certain amino acids, SAM, phospholipids,
polyamines, and creatinine. Due to the distribution of its 1C units to varied acceptor
compounds, one-carbon metabolism serves as a regulator and sensor for the cellular nutrient
status (Figure 1.1). Moreover, it can contribute to the maintenance of the energy balance in the
cell by providing molecules of ATP and NADPH. It not only allocates 1C units for the
biosynthesis but also tunes the nutrient status of the cell with epigenetic and redox statuses
(Reviewed by Shuvalov et al., 2017).

Due to the integration of numerous metabolic processes within one-carbon metabolism,
disturbances in this pathway have been associated with a wide array of diseases (Ducker &
Rabinowitz, 2017). These might occur either due to dietary deficiencies, genetic enzyme
polymorphisms, or enzymatic blocks resulting from loss of function mutations at one or
multiple steps. Besides chronic nutritional deficiencies, lack of supplements such as folates,
vitamin Bs and Bi12, omega-3, and minerals may also disturb normal one-carbon metabolism
(Seth et al., 2015).

In adults, dietary folate deficiency leads to anemia. In addition, disruption of folate arm
in the metabolic network of one-carbon metabolism has also been known to cause neural tube
defects, involving failure in neural tube closure early in pregnancy, in the offspring of mother's
suffering from folate deficiency. In the developing fetus, the outcomes might range from severe
to mild. In a more severe form, neural tube defects cause anencephaly causing fetal loss to a

milder form, i.e., spina bifida with partial leg paralysis (Copp et al., 2015).
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Figure 1.1 One-carbon metabolism as a nutrient sensor and regulator.

Several nutrient sources (amino acids, glucose, and/or vitamin) which are either imported or
synthesized de novo enter one-carbon metabolism either through folate cycle or methionine
cycle. These nutrients are processed through these metabolic routes depending on the
nutritional state of the cell. Integration of such diverse signals generates a variety of outputs
like nucleotide synthesis, protein synthesis (methionine), reducing power (NADPH),
antioxidant (GSH), methylation power (SAM), and substrates for methylation.

Disturbances of the methionine cycle lead to a condition called hyperhomocysteinemia
(HHcy). Elevated homocysteine levels have been associated with an increase in disorders such
as autoimmune disorders, neuropsychiatric disorders, cardiovascular and neurodegenerative
diseases, diabetes, renal disease, osteoporosis, and cancer (Brustolin et al., 2010). In addition
to HHcy, altered one-carbon metabolism, including both folate and methionine metabolism,
has also been associated with genome maintenance, and epigenetic alterations primarily change
in DNA methylation. Recently, the modification of cellular epigenetic status has been linked
to the hyperactivation of this pathway, which is considered as one of the driving factors for

oncogenesis (Locasale, 2013).



Within eukaryotes, 1C metabolism has been demonstrated to occur in different subcellular
compartments, i.e., cytoplasm, mitochondria, and nucleus (Barlowe & Appling, 1988; Thomas
etal., 1991; Tibbetts & Appling, 2010). Several factors influence the flow of 1C units through
these compartments: metabolite concentration, enzyme expression, the genotype of the
organism (Christensen & MacKenzie, 2006; Ducker et al., 2016), and cell or tissue type for a
multicellular organism.

1.2.  One-carbon metabolism and its different modules

The different modules of one-carbon metabolism and their intermediates are described below
(Figure 1.2).
1.2.1. Folate cycle

One of the constituent pathways of 1C metabolism is the folate cycle. The primary function of
folate metabolism is to produce activated 1C units. These activated 1C units, via a series of
steps, are utilized either in the denovo biosynthesis of nucleotides (purines and thymidine),
methionine, or consumed for the generation of the major methylation power of the cell, i.e.,
SAM. Most bacteria, yeast, and plants can synthesize folates, whereas animals need dietary
folate intake. Due to its indispensable role in DNA synthesis that is critical for cellular
proliferation, folate metabolism has long been a critical target for several antibiotics and
chemotherapeutics (Chattopadhyay et al., 2007). As mentioned previously, eukaryotic folate
metabolism is compartmentalized and can occur in cytoplasm, mitochondria, nucleus, and also
in plastids in the case of plants. However, here we would focus and describe mainly the yeast

cytosolic folate pathway and its intermediates.
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Figure 1.2 An overview of one-carbon (1C) metabolism and its importance.

1C metabolism encompasses the folate cycle, methionine cycle, and trans-sulfuration pathway.
The folate cycle plays a crucial role in nucleotide biosynthesis (Purines and thymidine), redox
balance (by utilization and production of NADPH at various steps) and amino acid homeostasis
(serine, glycine, and methionine) Folate metabolism is linked to the methionine cycle via 5-
methyl tetrahydrofolate (5-CH3sTHF), a folate intermediate synthesized by the activity of the
MTHFR enzyme. Methionine synthase remethylates homocysteine to methionine by
expending 5-CH3THF, which has entered the methionine cycle. The methionine cycle besides
providing methionine for protein translation, is the major source of S-adenosyl methionine
(SAM), the cellular methylation currency. SAM also yields polyamines via the methionine
salvage pathway or it enters the trans-sulfuration pathway via hydrolysis of S-adenosyl
homocysteine (SAH) to homocysteine. The trans-sulfuration pathway synthesizes GSH via a
series of steps. Reduced glutathione (GSH) is the major anti-oxidant moiety in the cell. DHFR-
Dihydrofolate reductase; SHMT-Serine hydroxyl methyltransferase; TYMS-Thymidine
synthase; GART-Glycinamide ribonucleotide transformylase; AICART-Aminoimidazole
carboxamide ribonucleotide formyltransferase; MTHFR-Methylene tetrahydrofolate
reductase; MS-Methionine synthase; MAT-Methionine adenosyl transferase; MTs-Methyl
transferases, AHCY-Adenosyl homocysteinase; CTH-Cystathioninase; CBS-Cystathionine-f3-
synthase; CGS-Cystathionine-y-synthase, CBL- Cystathionine-f-lyase. of polyglutamate tails
to the folates by isoforms of folylpolyglutamate gamma glutamate synthase activity (MET7).



1.2.1.1. Tetrahydrofolate

Tetrahydrofolate (THF) is the biologically active form of the vitamin folic acid and the primary
carrier of 1C units within the cell. Its chemical structure comprises three elements: a pteridine
ring, a para-aminobenzoic acid moiety, and a polyglutamate tail (Figure 1.3A). Carbon units,
such as methyl, methylene, methenyl, and formyl, are added at positions N5 and N10 of the
pteridine ring as per the cellular requirements through the involvement of folate interconverting
enzymes (Figure 1.3B). THF and its derivatives are restricted to the compartments in which
they are formed (Pasternack et al., 1994) as a consequence of the addition of polyglutamate
tails to the folates by isoforms of folylpolyglutamate gamma glutamate synthase activity
(METT7). Therefore, the transfer of 1C units between the compartments requires 1C donors,

i.e., serine, glycine, or formate.
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Figure 1.3 Structure of folates.
Chemical structure of folic acid. (B) Various one carbon substituents of THF.



In yeast, THF is obtained either from denovo synthesis from dihydrofolate (DHF), or as
a by-product of homocysteine remethylation. Denovo synthesis of folate consists of multiple
steps involving a range of enzymes (Figure 1.4A), whereas homocysteine remethylation is
catalysed by methionine synthase, a vitamin B12 dependent enzyme encoded by MET6 (Figure
1.2). Another route of THF synthesis in the cell is through regeneration from DHF. Thymidine
synthase (TMP1) converts deoxyuridine monophosphate (dUMP) to deoxythymidine
monophosphate (dTMP) in 5,10-CH>THF dependent manner and regenerates DHF as a side
product, which can now serve as a source of THF (Figure 1.4B).

THF in the cytoplasm accepts a one-carbon unit from serine and gets converted to 5,10-
CH,THF (Figure 1.2). This reaction is reversible and is catalysed by serine
hydroxymethyltransferase (SHMT). Cells can use SHMT to make serine in one compartment
and catabolize it in another. The direction of flow depends on the demand and supply of 1C

units within a given compartment (Ducker et al., 2016).
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Figure 1.4 Biosynthesis pathways of THF.

(A) De novo synthesis. (B) Salvage pathway. FOL2-GTP cyclohydrolase 1; FOL1-Folic acid
synthesis protein; FOL3-Dihydrofolate synthetase; DFR1-Dihydrofolatereductase; DHN-TP-
7,8-Dihydroneopterin-3’-triphosphate; DHN-P-7,8-Dihydroneopterin-3’-phosphate; DHN-
7,8-Dihydroneopterin;  HMDHP-6(hydroxyl)-7,8-Dihydroneopterin,  HMDHP-PP-(7,8-
Dihydroneopterin-6-yl) methyl diphosphate; DHP-7,8-Dihydropteroate; DHF-Dihydrofolate;
THF-Tetrahydrofolate.



1.2.1.2. 5,10-methylene THF
5,10-methylene THF (5,10-CH>THF), a key form of folates, can be generated from the
cleavage of L-serine to glycine by the activity of serine hydroxymethyltransferase either in the
cytoplasm or the mitochondria (Schirch, 1984) (Figure 1.5A). Glycine cleavage system,
prevalent exclusively in mitochondria, can also generate 5,10-CH>THF by utilizing glycine
decarboxylase enzyme complex (GDC) (Ogur et al., 1977) (Figure 1.5B). GDC complex of S.
cerevisiae is composed of four subunits- GCV1, GCV2, GCV3, and LPD1 (McNeil et al., 1997;
Nagarajan & Storms, 1997; D. A. Sinclair et al., 1996). Another source of 5,10-CH,THF is
formate both in mitochondria as well as cytoplasm. 10-formyltetrahydrofolate synthetase
activity of Cl-tetrahydrofolate synthases in either the cytoplasm (ADE3) or mitochondria
(MIS1) (McKenzie & Jones, 1977; Pirkov et al., 2008) contributes to the synthesis of 5,10-
CH.THF from formate (Figure 1.5C).

5,10-CH>THF can be used in three different ways (Figure 1.2). First, it can serve as 1C-
donor for the initial step of thymidylate biosynthesis, a reaction catalysed by thymidylate
synthase (TMP1). In this reaction, 5,10-CH.THF is oxidized into dihydrofolate (DHF), where
the one-carbon group released is used for the pyrimidine biosynthesis (as shown in Figure 1.2
and 1.4B). In the next reaction, dihydrofolate reductase (DHFR) reduces DHF to THF, closing
this metabolic loop (Figure 1.4B). 10-HCO-THF is a 1C-donor for the two reactions of purine
biosynthesis catalysed by the trifunctional enzyme Phosphoribosylglycinamide Formyl
transferase/ Synthetase/ Phosphoribosylaminoimidazole Synthetase (GART) and Bifunctional
5-Aminoimidazole-4-Carboxamide Ribonucleotide Formyltransferase/IMP cyclohydrolase
(ATIC), both of which also generate THF (Figure 1.2). Third, 5,10-CH>THF is used by
methylene tetrahydrofolate reductase (MTHFR) to generate 5-methylTHF (5-CH3THF) (as
illustrated in Figure 1.2). The latter donates a methyl group to homocysteine resulting in the

formation of methionine and THF. In this way, the folate cycle is coupled with the methionine



cycle. Finally, THF is converted by serine hydroxymethyl transferases to yield 5,10-CH>THF

once again, closing the cycle.
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Figure 1.5 Biosynthesis pathways of CH2THF.

(A) CH2THF synthesis from serine can occur either in the cytoplasm or in mitochondria by
serine hydroxymethyl transferases. (B) Glycine cleavage system in mitochondria also
generates CH,THF with the help of glycine decarboxylase enzyme complex. (C) CH.THF
synthesis from formate catalysed by ADE3, a trifunctional enzyme present in the cytoplasm
and mitochondria. SHMT-Serine hydroxyl methyl transferase; GDC-Glycine decarboxylase
complex; ADE3-Ci-THF synthase (trifunctional enzyme: methylenetetrahydrofolate
dehydrogenase/ methylene tetrahydrofolate cyclohydrolase, formyl tetrahydrofolate
synthetase).

1.2.1.3. 5-Methyl tetrahydrofolate

5-Methyl tetrahydrofolate (5-CHsTHF) is the most abundant folate derivative in the cytoplasm
of both yeast and mammals (Roje et al., 2002; Tibbetts & Appling, 2010). Besides being the
most abundant, it is also one of the most stable forms of folates (Tibbetts & Appling, 2010).
As per the current knowledge, 5-CHsTHF is exclusive to the cytoplasm within a living cell.
Therefore, both its synthesis and degradation is brought about by enzymes localized in the
cytosol. The generation of 5-CHsTHF is a single-step reduction reaction. MTHFR, an
oxidoreductase, catalyses the reduction of 5,10-CH>THF to 5-CH3THF and uses NADPH as a

reducing equivalent for this conversion.
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5-CHsTHF transfers the 1C to homocysteine to form methionine, which then enters the
methionine cycle. The folate group is regenerated as THF and re-enters the folate cycle. The
conversion of homocysteine to methionine reaction is catalysed by the methionine synthase
enzyme encoded by the MET6 gene in the case of yeast (Figure 1.2).
1.2.2. Methionine cycle
The methionine cycle (activated methyl cycle or methyl cycle) involves the formation of S-
adenosyl methionine (SAM), an activated form of methionine that is followed by its recycling
in a series of reactions back to methionine. The first evidence of the methyl cycle in S.
cerevisiae was reported by Duerre, who demonstrated the incorporation of radioactivity in the
intracellular homocysteine, cysteine, methionine, and SAM upon feeding yeast cells with
radioactive SAH. In the methionine cycle, SAM can serve as a methyl donor for a variety of
substrates, and itself get converted to SAH. SAH is hydrolyzed to homocysteine in a single
step, catalysed by S-adenosylhomocysteine hydrolase. The cycle continues with the
methylation of homocysteine to methionine using a methyl group from methylated folate
(CH3THF). Finally, the cycle is completed with the regeneration of SAM by S-
adenosylmethionine synthetase (Thomas & Surdin-Kerjan, 1997) (Figure 1.2). In contrast to
the folate cycle, the methionine cycle in yeast occurs exclusively in the cytoplasm.
1.2.2.1. Methionine
Methionine is an essential sulfur-containing amino acid catabolized and recycled through a
series of metabolic reactions termed the methionine cycle (Gao et al., 2019). About 20% of the
cellular methionine pools contribute towards protein synthesis, and the remaining is converted
into SAM, the major methyl donor in the cell.

Methionine synthesis takes place both by de novo and salvage pathways (Figure 1.2).
As discussed previously, the methionine synthase enzyme encoded by METG6 gene in yeast is

responsible for the de novo synthesis of methionine. This enzyme accepts the methyl group
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from CHsTHF, methylating homocysteine to methionine. Methionine also converts to S-
Adenosyl methionine (SAM), the cellular methyl donor. In addition, methionine can also be
generated from the polyamine biosynthesis by-product methylthioadenosine (MTA) via the
methionine salvage pathway (Pirkov et al., 2008). Methionine synthesis via the salvage
pathway is a multi-step process catalysed by several different enzymes (Figure 1.6). Firstly,
methionine gets activated by an adenosyl moiety producing the universal methyl donor, SAM.
SAM then undergoes decarboxylation to synthesize decarboxylated SAM (dcSAM) before it
condenses with putrescine, an arginine derived polyamine obtained by the decarboxylation of
ornithine. SAM and ornithine decarboxylation are catalysed by SAM decarboxylase (SPE2)
and Ornithine decarboxylase (SPEL1), respectively. Spermidine synthase encoded by SPE3
generates a molecule of MTA as a side product by the reaction of putrescine with dcSAM to
form spermidine. Another molecule of MTA is released during spermine synthesis by
condensation of spermidine with dcSAM in the presence of spermine synthase (SPE4). MTA
molecule further releases the adenine and methionine molecule to be cycled back to purine
synthesis and methionine cycle, respectively. This recycling itself takes place in a series of six
steps. In the first step, the phosphate group of an inorganic phosphate gets incorporated into
MTA with the help of MTA phosphorylase (MEU1), resulting in the production of
methylthioribose-1-phosphate (MTR). In the successive step, methylthioribose-1-phosphate
isomerase (MRI1) carries out isomerisation of MTR and forms methylthioribulose-1-
phosphate (MTRu-1P). Isomerisation is followed by a dehydration step catalysed by
methylthioribulose-1-phosphate dehydratase (MDEL), which yields 2,3-Diketomethiopentane-
1-phosphate (DK-MTP-1P). UTR4p, encoding an enolase/phosphatase, facilitates the de-
phosphorylation and an alkene formation from DK-MTP-1P, which produces 1,2-dihydroxy 3-
ketomethiopentene (DHK-MTPene). In the penultimate step of the MTA pathway, a

dioxygenase (ADI1) catalyses the transfer of an oxygen molecule to DHK-MTPene and
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generates 4-methylthio-2-oxobutyrate (MTOB). In the final step, methionine is regenerated
from MTOB by transfer of amino group to a variety of amino acids (branched chain amino acid
and/or aromatic amino acid). Based on the substrate involved, different enzymes might catalyse
these transamination reactions.

1.2.2.2. SAM

SAM is one of the critical metabolite of the methionine cycle. It is one of the most abundant
cofactors used in metabolic reactions (second only to ATP). It serves as the primary methyl
donor for various substrate-specific methyltransferases that enables the methylation of DNA,
RNA, and proteins, and these can have profound metabolic consequences in the cell.

The sulphur atom of methionine is activated by the transfer of an ATP molecule
resulting in the formation of SAM (Figure 1.2). This is an irreversible reaction and is catalysed
by S-adenosyl methionine synthetase. In yeast, there are two isoforms of S-adenosyl
methionine synthetases, SAM1 and SAM2. The specific function of these two isoforms has not
been assigned in yeast. However, the SAM2 gene has been reported to exhibit increased
expression during the exponential phase of growth, resulting in increased SAM production
(Thomas et al., 1991).

Transmethylation reactions are the major consumer of SAM. Recent studies in yeast
have reported phosphatidylethanolamine (PE) methylation and histone modifications as the
major SAM consumer (Ye et al., 2017). SAM is also metabolized through the methionine
salvage pathway, wherein SAM is first decarboxylated and then recycled with the release of

methionine, adenosine, and polyamines (Figure 1.2) (Murin et al., 2017).
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Figure 1.6 Metabolic fate of SAM.

SAM can be catabolized through two alternative routes- methionine cycle or methionine
salvage pathway. In both cases, methionine is recycled as a by-product. MET6-Methionine
synthase; SAM1/2-S-adenosyl methionine synthetase; MTs-Methyl transferase; SAH1-S-
adenosylhomocysteine hydrolase; CAR1-Arginase; SPE1-Ornithine decarboxylase; SPE2-S-
adenosyl methionine decarboxylase; SPE3-Spermidine synthase; SPE4-Spermine synthase;
MEU1-S-methyl-5’-thioadenosine  phosphorylase;  MRI1-Methylthioribose-1-phosphate
isomerase; MDE1-Methyl thioribulose-1-phosphate dehydratase; UTR4-Enolase phosphatase
E1l;, ADI1-1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase; ARO8/9-Aromatic
aminotransferase 1/2; BAT1/2-Branched chain amino acid transferase 1/2.
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1.2.2.3. SAH
S-Adenosyl homocysteine (SAH) is the metabolic precursor of homocysteine and a potent
inhibitor of cellular methylation reactions. It is formed by demethylation of SAM, a reaction
catalysed by several different types of methyltransferases. SAH gets hydrolyzed to
homocysteine and adenosine by the enzyme S-adenosyl homocysteine hydrolase encoded by
SAHL1. While the reaction catalysed by this enzyme is reversible, the equilibrium favors the
synthesis of SAH (Figure 1.2). As a result, the removal of the hydrolysis product
homocysteine is crucial for the continuous operation of the cycle. This is achieved by the
efficient conversion of homocysteine to methionine via methionine synthase.
1.2.2.4. Homocysteine
Yeast, unlike mammals, can carry out de novo synthesis of homocysteine from inorganic
sulphate (Figure 1.2). The majority of the homocysteine pool in a yeast cell is the product of
the O-acetyl homoserine sulfhydrylase reaction. This is the only reaction that allows the
incorporation of inorganic sulfur (5%) in S. cerevisiae and is catalysed by O-acetyl homoserine
sulfhydrylase enzyme encoded by the product of MET15 (Figure 1.2). Besides this denovo
synthesis, homocysteine can also be formed by the hydrolysis of SAH. The transsulfuration
pathway is another source for homocysteine synthesis. This is the pathway from cysteine to
homocysteine. The hydrolysis of the intermediate, cystathionine, is carried out by the gene
product of STR3, i.e., Cystathionine B lyase, to yield homocysteine (Figure 1.7D).
Homocysteine is present at the junction of the folate cycle, methionine cycle, and
transsulfuration pathway. It has three alternative metabolic fates (Figure 1.2). It can be re-
methylated to form methionine, or it can get condensed with serine to form cystathionine with
the help of cystathionine § synthase (STR4) (Figure 1.7A), or it can revert back to SAH via

SAH hydrolase reaction (Finkelstein & Martin, 1986).
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1.2.3. Transsulfuration pathway

The transsulfuration pathway consists of reactions that involve the interconversion of
homocysteine to cysteine (reverse transsulfuration) and cysteine to homocysteine (forward
transsulfuration) via the intermediate formation of cystathionine (Figure 1.7) (Steegborn et al.,
1999; Thomas & Surdin-Kerjan, 1997). In enteric bacteria, cysteine to homocysteine
conversions is the only means of the transsulfuration pathway. In contrast, mammals possess
only homocysteine to cysteine conversions. However, in yeast, both the transsulfuration
pathways are present and involve two different sets of enzymes. In prokaryotes, fungi, and
plants, the pathway can operate in the reverse orientation to synthesize methionine from
cysteine and was initially termed as transsulfuration pathway, whereas in mammals, it was
designated as reverse transsulfuration pathway (Steegborn et al., 1999). Here, for convenience
sake, I would use the term transsulfuration pathway to describe the conversion of homocysteine
to cysteine.

1.2.3.1. Cystathionine to Homocysteine conversion & Homocysteine to Cystathionine
conversion

Cystathionine is a modified sulfur-based amino-acid that plays a key role in the synthesis of
cysteine. It is a lesser reactive thiol due to the absence of a free thiol group. Previous reports
have indicated increased levels of cystathionine in yeast cells upon exposure to cysteine
overload (Deshpande et al., 2017).

In S. cerevisiae, cystathionine-p-synthase (CBS; STR4) and cystathionine-y-synthase (CGS;
STR2) are the enzymes that are responsible for cystathionine synthesis (Figure 1.7C). STR4
catalyses cystathionine synthesis by p-addition reaction, which involves the condensation of
homocysteine and serine moiety. On the other hand, STR2 catalyses the formation of

cystathionine from O-succinyl-homoserine and cysteine via a y-replacement reaction.
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Similar to cystathionine anabolism, its breakdown is also an enzyme driven process
which is performed by another set of enzymes participating in transsulfuration reactions
(Figure 1.7B&D). STR1 encoding cystathionine-y-lyase (CGL) catalyses the hydrolysis of
cystathionine resulting in the release of a cysteine molecule. Additionally, cystathionine can

also be hydrolysed by cystathionine-p-lyase (CBL; STR3), which recycles a homocysteine

molecule.
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Figure 1.7 Transsulfuration pathways in yeast.

Transsulfuration pathways involve interconversion of homocysteine to cysteine and vice-versa
via the formation of an intermediate, cystathionine. CBS (STR4)-Cystathionine-f-synthase;
CGL (STR1)-Cystathionine-y-lyase; CGS (STR2)-Cystathionine-y-synthase; CBL (STR3)-
Cystathionine-pB-lyase.
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1.2.3.2. Cysteine to Cystathionine conversion & Cystathionine to cysteine conversion
Cysteine is a highly reactive thiol-containing amino acid. At steady-state intracellular pools of
cysteine are maintained at a lower concentration than other amino acids (Laxman et al., 2013).
Cysteine is synthesized from homocysteine via the formation of cystathionine, and the final
step is catalysed by STR1 (Figure 1.7B). While S. cerevisiae assimilates inorganic sulfate with
homocysteine formation, some fungi can also assimilate sulfate to form cysteine.

Cysteine degradative mechanism present in yeast is shared among bacteria and other
eukaryotes, including mammals. Cysteine desulfidase (IRC7) acts on cysteine, which gets
converted to 2-aminoprop-2-enoate, releasing hydrogen sulphide as a by-product. In the final
step of cysteine degradation, 2-aminoprop-2-enoate spontaneously forms pyruvate and
ammonium. Glutathione biosynthesis is where the bulk of cysteine is utilized (in addition to
protein synthesis).

1.2.3.3. Glutathione

Glutathione, a tripeptide composed of glutamate, cysteine, and glycine is one of the major
redox regulating system in yeast. It is a highly abundant thiol in yeast cells with concentrations
up to 10mM. Although glutathione is not truly a part of the transsulfuration pathway yet, we
would discuss it as a part of this thesis being a critical sulfur metabolite.

Two ATP dependant enzymes, glutamate cysteine ligase (GCL; GSH1) and glutathione
synthase (GS; GSH2) are involved in the cytosolic, non-ribosomal synthesis of this unusual
tripeptide. In the first step, GCL catalyses the formation of y-glutamylcysteine from glutamate
and cysteine, and it is the rate-determining step of glutathione biosynthesis. The second step
includes the ligation of y-glutamylcysteine to glycine in another ATP dependent reaction to
yield y-glutamylcysteineglycine or glutathione. These two reactions (Figure 1.8A) are a part of

v-glutamyl cycle, which was proposed by Meister.
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After the formation of glutathione, it can be degraded into 5-oxoproline and cysteinyl
glycine by the action of cytoplasmic ChaC family of y-Glutamate cyclotransferases (y-GCTs;
GCG1). The products, 5-oxoproline, and cysteinyl glycine can be further broken down to yield
glutamate, and cysteine and glycine, respectively (Kumar et al., 2012). For these cleavages to
take place, 5-oxoprolinase must react with 5-oxoproline and cysteinyl glycine with cys-gly
peptidases. Additionally, glutathione is also acted upon by a second yeast glutathione
degrading enzyme, Dug2p/Dug3p. This pathway is exclusive to yeast and fungi. The enzyme
is found in the cytosol, which belongs to the N-terminal nucleophilic hydrolases, and it cleaves
glutathione to give glutamate and cys-gly (Ganguli et al., 2007; Kaur et al., 2012). In yeast,

cytoplasmic Duglp that belongs to the M20A family, is the chief cys-gly peptidase (Kaur et

al., 2009).
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Figure 1.8 Metabolism of GSH in yeast.

(A) Anabolism of GSH is an energy-intensive process catalysed enzymatically and occurs in
two steps. (B) GSH degradation pathways. GSH1-Glutamate cysteine ligase; GSH2-
Glutathione synthetase; ECM38-Glutathione hydrolase proenzyme; GCG1-Glutathione
specific-y-glutamyl cyclotransferase; OXP1-5-Oxoprolinase; DUG1-Cys-gly
metallodipeptidase; = DUG2-Probable  di-tripeptidase;  DUG3-Probable  glutamine
amidotransferase.
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1.3.  Physiological role of one-carbon metabolism

The redistribution of 1C-groups through folate and methionine cycles of one-carbon
metabolism results in the biosynthesis of numerous compounds of importance, including
nucleotides, several amino acids, SAM and GSH molecules. The cofactors generated through
one-carbon metabolism pathways produce both purine and pyrimidine (thymidylate)
nucleotides. An abundant supply of nucleotides is required for the maintenance of cellular
growth, replication of the genome, and transcription of genetic material. Apart from their
function as an energy source, nucleotides are also important for cell transduction pathways and
as the donor of the phosphate group in phosphorylation reactions.

Due to the integration of several critical metabolic pathways, one-carbon metabolism
serves as an important cellular nutrient sensor. Hence, the nutritional status of the cell
differentially affects the fate of these metabolic pathways in order to maintain the overall
metabolic homeostasis. However, in several diseased conditions, the amino acid homeostasis
gets disturbed (DeBerardinis, 2011; Hoffman & Erbe, 1976; Locasale, 2013; Yang & Vousden,
2016). Studies investigating cross-talk between metabolism and epigenome highlights the
specific contribution of one-carbon metabolism dependant DNA methylation towards the long
term development of individuals (Clare et al., 2019; Dominguez-Salas et al., 2014; Mentch et
al., 2015; K. D. Sinclair et al., 2007; Waterland et al., 2010). In addition to alteration of
epigenetic status of the cell, SAM generated during the methionine cycle has been reported to
have biosynthetic roles in the generation of phospholipids as a result of methylation reactions.
More recently, epigenetic mechanisms have been suggested to affect embryonic development
in animal models (Wu et al., 2019).

1.4. Regulation of one-carbon metabolism
One carbon group performs several essential functions by providing critical metabolic

intermediates involved in the synthesis of DNA, certain amino acids, SAM, phospholipids,
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polyamines, and creatinine. Due to its role in such varied cellular processes, the flux of one-
carbon units among these different pathways requires tight regulation. Depending on the
nutritional state of the cell or the abundance of any one of the intermediates of one-carbon
metabolism, the methyl group of one-carbon units is distributed among its canonical pathways:
purine synthesis, thymidylate synthesis, and methylation reactions. In addition to this canonical
role, one-carbon units are also required for maintaining the amino acid homeostasis. Despite
the critical role of regulation of one-carbon metabolism, it has not yet been extensively studied.
The earliest report regarding the regulation of folate and methionine metabolism dates
back to the 1970s, where Tyler et al. suggest an indirect increase in formyltetrahydrofolate
dehydrogenase (a key enzyme of one-carbon metabolism) activity by cellular methionine
concentrations (Krebs et al., 1976). Another study regarding the regulation of the balance of
one-carbon metabolism conducted in yeast has indicated the role of glycine or folate limitation
in controlling the partitioning of one-carbon units among the purine synthesis or methylation
reactions (Piper et al., 2000). In plants (Arabidopsis thaliana), cleavage of the N-terminal
regulatory domain of Cystathionine-y-synthase (CGS) has been implicated to play a role in the
regulation of one-carbon metabolism under folate starvation conditions (Loizeau et al., 2007).
Additionally, one-carbon metabolism is also known to be allosterically controlled by SAM.
SAM and 5-CHsTHF, the product of MTHFR, have been well established as an allosteric
inhibitor of mammalian Methylenetetrahydrofolate reductase (MTHFR) (Kutzbach &
Stokstad, 1971) and Glycine-N-Methyl transferase (GNMT), respectively (Luka et al., 2009).
Inhibition of both these enzymes prevents the flux of folates towards the methylation reactions.
The regulation of the former enzyme has been discussed extensively in the sections below.
1.5. MTHFR a key enzyme of one-carbon metabolism
Methylenetetrahydrofolate reductase (MTHFR), a cytosolic flavoenzyme, is found at a critical

branch point in one-carbon metabolism (Figure 1.2). As a part of the folate cycle, MTHFR
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catalyses the physiologically irreversible reduction of 5,10-methylenetetrahydrofolate (5,10-
CH2THF) to 5-methyl tetrahydrofolate (5-CHsTHF). This is a two-step reaction in which
reducing equivalents are transferred from NADPH to the cofactor FAD, which is non-
covalently bound to the enzyme (Sheppard et al., 1999), and then passed on to 5,10-CH.THF
forming 5-CHsTHF (Figure 1.9). In contrast to certain eukaryotes (yeast and mammals)
(Matthews & Daubner, 1982; Roje et al., 2002) which utilize NADPH as the reducing source,
prokaryotes (Sheppard et al., 1999) and plants (Roje et al., 1999) use NADH as the reducing
equivalent in the first step of reduction. CHsTHF, the product of the MTHFR reaction, is
exclusively used by methionine synthase, and the demethylated form of folate (THF) gets
recycled back to the folate cycle (Figure 1.2). Hence, MTHFR commits THF-bound one-carbon
units to the methionine cycle. Within the methionine cycle, the methylation of homocysteine
to methionine yields an essential amino acid. MTHFR competes for tetrahydrofolate bound
one-carbon units with thymidylate synthase (TMP1) and with the AICAR/ATIC (ADE17) and
GAR (ADES) transformylases, which catalyse the incorporation of one-carbon units into
uridine monophosphate and the nascent purine ring system, respectively (Matthews &
Daubner, 1982). Therefore, it forms a key regulatory node of the one-carbon metabolism,
controlling the folates' entry into the methionine cycle. This flux of folates towards the
methionine cycle is regulated by allosteric inhibition of MTHFR by S-adenosyl methionine
(SAM). As a result of this, MTHFR allows the maintenance of the balance between folates

utilized for DNA synthesis and methionine biosynthesis.
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Figure 1.9 Biochemical reaction of MTHFR.

MTHFR is a flavoprotein that obtains reducing equivalents from NADPH. FAD bound to the
enzyme then transfers the protons and electrons to the substrate- CH,THF to synthesize
CHsTHF.

1.5.1. Role of MTHFR in folate and methionine metabolism

Besides controlling the partitioning of folates between nucleotide biosynthesis and methionine
synthesis, MTHFR in humans plays a critical role in maintaining the plasma homocysteine
levels. Even though homocysteine is not a substrate for MTHFR, yet through its product, i.e.,
CHsTHF, the levels of homocysteine are significantly determined in the cell by the action of
methionine synthase, which transfers a methyl group to homocysteine to produce methionine.
Even a mild deficiency of MTHFR activity results in an elevated concentration of
homocysteine in the blood, causing the condition hyperhomocysteinemia. Elevated levels of
homocysteine have been implicated as an independent risk factor for cardiovascular diseases.

Increased homocysteine levels have also been associated with several diseases and clinical
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conditions like fetal neural tube defects (Mills et al., 1995), Alzheimer's disease (McCaddon et
al., 1998), end-stage renal disease (van Guldener & Stehouwer, 2003), schizophrenia
(Applebaum et al., 2004), and non-insulin-dependent diabetes (de Luis et al., 2005). Therefore,
MTHFR is one of the crucial enzymes influencing homocysteine levels.

MTHFR generates methionine, which is an essential amino acid in humans. It can be
used either in protein synthesis or converted to S-adenosyl methionine (SAM), the major
methyl donor in the cell. SAM methylates various substrates like DNA, RNA, proteins, lipids,
and several small molecule metabolites and itself gets converted to S-adenosyl homocysteine
(SAH). Intracellular SAM/SAH ratios also have a regulatory role in controlling the activities
of several SAM-dependent methyltransferases. SAM, other than being a methyl donor, is also
involved in the production of spermine and spermidine, polyamines that affect cell division
and proliferation (Figure 1.1, 1.2 & 1.6) (Fontecave et al., 2004). Clearly, due to its role in
methionine synthesis, MTHFR is indispensable for all these critical metabolic processes in the
cell.

1.5.2. Domain organization and structural differences of MTHFR among prokaryotes
and eukaryotes

Yeast MTHFR, encoded by the MET13 gene, is a 600 amino-acid protein bearing two domains,
catalytic domain, and regulatory domain, which are separated by a small linker region (Figure
1.10). The N-terminal catalytic domain, which is roughly 300 amino-acid long, is conserved
across evolution. However, an equally large regulatory domain exists only in the eukaryotic
MTHFR enzyme (Figure 1.10). The negative feedback regulation of the MTHFR is known to
occur by binding of SAM to this C-terminal regulatory domain (Goyette et al., 1994; Matthews
& Daubner, 1982; Sumner, Jencks, Khani, & Matthews, 1986). Besides these two domains,
mammalian MTHFR protein has been shown to have an additional 35 amino acid serine-rich

region at the very N-terminal end, which is not found in MTHFR orthologs of bacteria, yeast,
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and even lower animals (Figure 1.10) (Yamada et al., 2005). This region has been reported to
be involved in another level of regulation of this protein via substrate-level phosphorylation. A
detailed account of the regulation of MTHFR is provided in the next section. Additionally,
mammalian MTHFR (human) exists in two isoforms- 70kDa and 77kDa. However, the

functional significance of these two distinct isoforms is not clear.
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Figure 1.10 Schematic representation of MTHFR domain organization across evolution.
Prokaryotic MTHFR is composed of the only single catalytic domain represented here in blue,
whereas eukaryotic MTHFR consists of two domains: N-terminal catalytic domain and C-
terminal regulatory domain represented in yellow separated by a small linker region (shown
here in pink). Higher eukaryotes contain an additional serine-rich stretch of approximately 40
amino acids.

The catalytic domain of MTHFR adopts a TIM-barrel (Bsos) structure, which has been
evolutionarily conserved across all kingdoms (Figure 1.11). These structures have revealed
residues critical for the binding of cofactor FAD (Guenther et al., 1999), the electron donor
NADPH (NADH (Pejchal et al., 2005) in bacteria), and the product CH3THF (M. N. Lee et al.,
2009; Pejchal et al., 2005). In the case of humans, the catalytic domain has three additional

helices apart from the TIM-barrel (Figure 1.12) (Froese et al., 2018). The insights regarding
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the crystal structure of the regulatory domain have been recently reported from studies
performed with a slightly truncated version (37 residues at the N-terminal end and 12 residues
at the C-terminal end were truncated) of human MTHFR protein (Figure 1.12 and 1.13) (Froese
et al., 2018). The regulatory domain at the C-terminal end forms a novel fold that consists of
two-five stranded fB-sheets arranged side-by-side in the core, surrounded by several a-helices.
There is no direct contact between the two domains in the crystal structure, and rather they are
simply connected by an extended linker region (Figure 1.13). The linker region, composed of
three B-turns, makes multiple contacts with both catalytic and regulatory domains by taking

turns twice.

Figure 1.11 Structure of E. coli MTHFR.

TIM barrel structure of the catalytic domain of E. coli MTHFR (PDB ID: 1zpt). View along
the axis of the Bgag barrel looking toward the N-terminal ends of the p—strands. FAD is drawn
in ball-and-stick mode. The image was created using the ICM browser (www.molsoft.com).
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Figure 1.12 Topology diagram of Human MTHFR (HSMTHFR)

Schematic representation of the secondary structures present in the catalytic and regulatory
domain of HSMTHFR. Numbers are given to indicate amino acids at the N-terminus (40) and
C-terminus (644+6 — including six residues incorporated from the vector) of the structure, as
well as the beginning and end of each secondary structure element. Catalytic domain in cyan,
the linker in red, and the regulatory domain in yellow. a-helices are shown as cylinders and f3-
sheets as arrows. a8, a9, and all are coloured a darker blue to indicate that they are not part
of the (a/B)s barrel. (Figure adapted from Yue et al., Nature Metabolism 2018)

E. coli MTHFR forms a tetramer of the four catalytic subunits (Guenther et al., 1999), whereas
Thermus thermophilus, another MTHFR protein of bacterial origin, adapts a dimeric
configuration composed of catalytic domain only (Figure 1.14A-B) (lgari et al., 2011).
Human MTHFR exists as a homodimer, and within these homodimers, each of the two
catalytic domains is presented away from the interface of the dimer (Figure 1.14C) (Froese et
al., 2018). Moreover, the active sites are also at the opposite ends of the overall elongated shape
and face away from each other. In this arrangement, catalytic domains are not involved in
forming the higher oligomer, unlike the bacterial MTHFR proteins. Rather, the regulatory

domains of each protomer mediate dimerization for human MTHFR (Figure 1.13 & 1.14C).
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Figure 1.13 Structural Overview of HSMTHFR

Homodimer of HSMTHFR as seen in the crystal. Chain A and Chain B represent the two
monomers. The catalytic domain (shown in cyan) and regulatory domain (shown in yellow) of
each monomer lacks direct contact with each other; rather, they are connected by a small linker
region (shown in pink). FAD required for catalysis (shown in ball and sticks) is present at the
far, opposing end in the catalytic domain of each monomer. Two monomers are held together
by interactions through the regulatory domain. CDa and CDg: Catalytic domain of chain A and
B; RDa and RDg: Regulatory domain of chain A and B. The image was created using the ICM
browser (www.molsoft.com).
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Figure 1.14 Schematic comparison of oligomer arrangement of MTHFR orthologs.

Higher oligomer states of different MTHFR orthologs (A) E. coli MTHFR (PDB ID: 1ZPT)
forms a homotetramer (B) T. thermophilus MTHFR (PDB ID: 3APY) adopts a homodimer
configuration (C) H. sapiens MTHFR (PDB ID: 6FCX) also arranges as a homodimer.
Oligomers of prokaryotic MTHFR (E.coli and T. thermophilus) comprises exclusively of the
catalytic domain, whereas in eukaryotes (humans), each protomer is composed of a catalytic
domain and a regulatory domain. FAD is present at the far, opposing end in the catalytic domain
of each monomer. SAM binds at the N-terminal end of the regulatory domain. Two monomers
of HSMTHFR are held together by interactions through the regulatory domain. The catalytic
domain (shown in cyan), regulatory domain (shown in yellow) of each monomer, and a small
linker region (shown in pink). CD: Catalytic domain; RD: Regulatory domain.

1.5.3. Regulation of MTHFR

Despite the occurrence of differences in the structure and domain organization of prokaryotic
and eukaryotic MTHFR, they seem to share similarities in their mode of regulation. Both
bacterial and eukaryotic MTHFR exhibit SAM mediated repression; however, there are
variations in these mechanisms of regulation. These changes in regulatory mechanisms are
highlighted in the section below.

1.5.3.1. Transcriptional regulation of MTHFR in prokaryotes

Bacterial MTHFR encoded by metF gene in E. coli is a member of the methionine regulon.
Methionine regulon proteins have been shown to exhibit repression in the presence of
methionine with the help of a regulatory protein-MetJ. Being a part of methionine regulon,
metF is under the negative transcriptional regulation of MetJ, a repressor protein. There are
two known mechanisms of metJ mediated transcriptional repression, one that takes place in the
presence of SAM in the medium (Greene et al., 1973; Greene et al., 1970) and another one
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resulting from the occurrence of the vitamin B2 in the growth medium (Kung et al., 1972).
Biochemical and genetic studies have discovered a significant reduction in metF expression at
higher levels of MetJ protein alone (Shoeman et al., 1985). However, SAM at concentrations
greater than 10uM acts as a co-repressor at lower cellular MetJ concentrations (Shoeman et al.,
1985). Additionally, studies with Salmonella typhimurium metF protein have revealed the role
of another protein MetR, an activator protein, in the transcriptional regulation of metF gene
product. Mutational analysis of strains lacking metR protein have suggested MetR antagonizes
MetJ mediated transcriptional repression (Cowan et al., 1993).
1.5.3.2. Transcriptional regulation of eukaryotic MTHFR
Transcriptional regulation of eukaryotic sulphur metabolic network genes has been extensively
studied in budding yeast, S. cerevisiae. In yeast, proteins involved in the synthesis of sulphur-
containing amino acids are encoded by genes belonging to MET regulon. Transcription of the
MET regulon member proteins is either repressed or induced depending on the sulphur status
of the cell. The identity of the metabolite that senses and controls the MET regulon remains
elusive majorly due to the lack of explanation regarding the role of SAM and other metabolites
in this regulation. However, recent reports have suggested intracellular cysteine as the major
regulatory signal for the MET gene expression (Hansen & Johannesen, 2000).

Sulphur metabolism genes are transcriptionally regulated by Met4 (T. A. Lee et al.,
2010; Thomas & Surdin-Kerjan, 1997). Met4 despite having the DNA binding domain of basic
leucine zipper family at the C-terminal end, lacks DNA binding activity. Hence, it relies on
interactions with proteins called Met4 cofactors for transcriptional activation of specific genes.
Met4 cofactors can be divided into two categories based on their function: (1) DNA binding
cofactors (Met31/Met32 and Cbfl) that aid in recruiting Met4 protein on the appropriate
promoters and (2) Stabilizing cofactor (Met28), which plays a role in stabilizing the DNA-

bound Met4 complex (Blaiseau & Thomas, 1998; Kuras et al., 1997). Met31 and Met32 are
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highly similar zinc-finger proteins that can individually bind to Met31/ Met32 cis-regulatory
element (with the consensus sequence of AAACTGTGGC), whereas Cbfl is a basic helix-
loop-helix protein that homodimerizes to bind a Cbf1 cis-regulatory element which comprises
of a CACGTGA motif (Blaiseau et al., 1997; Blaiseau & Thomas, 1998; Kuras et al., 1997; T.
A. Leeetal., 2010; Thomas et al., 1989). Many MET regulon genes have binding sites for both
Met31/Met32 and Cbfl in their promoters, while several genes have binding site(s) for only
one or the other. In a recent study, 45 core Met4-dependent promoters were identified, each
containing a Met31/Met32-binding site. Furthermore, in 24 of these 45 core Met4-dependent
promoters, a Cbfl motif was present (T. A. Lee et al., 2010). In another independent study,
MET13 has been shown to be transcriptionally regulated by Met4 by the use of Met32 as a
cofactor (Carrillo et al., 2012).

The transcriptional activation or repression of MET regulon by Met4 depends on the
cellular cysteine concentrations and SCFMe®°, Met4 is negatively controlled by SCFMe®0, a
ubiquitin ligase complex composed of Skp1/Cdcd53/F-box protein and Met30. Under cysteine
limiting conditions, MET30 dissociates itself from the SCFV*3° complex resulting in loss of
Met4 ubiquitination, which prevents the proteasomal degradation of Met4 and its cofactors
(Barbey et al., 2005; Kuras et al., 2002; Leroy et al., 2006). As a consequence, there is an
induction of MET gene expression.

Conversely, during non-repressive conditions, i.e., when cysteine is in abundant supply,
SCFMeB0 ybiquitylates MET4. Polyubiquitylation stabilizes the interaction of MET4 with its
cofactors. Furthermore, the Met4-SCFMe®0-associated cofactors are polyubiquitylated, which
causes their degradation (Ouni et al., 2010), resulting in repression of MET regulon.
1.5.3.3. Post-translational regulation of eukaryotic MTHFR
Allosteric inhibition of the mammalian enzyme by SAM has been suggested by studies of

Kutzbach and Stokstad (Kutzbach & Stokstad, 1971). They showed that reactions of MTHFR
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are inhibited by SAM, and the addition of SAH along with SAM could partially reverse this
inhibition. Besides SAH, heat treatment could also desensitize MTHFR to the inhibitory effect
of SAM with only partial loss of catalytic activity (Kutzbach & Stokstad, 1971; Matthews &
Baugh, 1980).

Scanning Tunnelling Electron Microscopy (STEM) analysis, limited proteolysis, and
photoaffinity labeling experiments have been performed with the porcine MTHFR to
investigate the SAM binding region. STEM analysis showed the existence of MTHFR protein
as a homodimer with a molecular weight of 77 kDa for each monomer (Matthews et al., 1984).
It also demonstrated that an individual monomer is further composed of two subunits
containing two globular domains of approximately equal size arranged in a planar rosette. In
agreement with these results, limited proteolysis of this protein with trypsin cleaved the 77 kDa
fragment into an N-terminal fragment of 40 kDa and a C-terminal fragment of 37 kDa. The
catalytic activity of the enzyme was observed despite the proteolysis; however, it was
desensitized to inhibition by SAM (Matthews et al., 1984). Further, when this SAM insensitive
and partially digested MTHFR was subjected to photolabeling with 8-azido-SAM, the label
was incorporated into the C-terminal fragment of 37 kDa. These labelling experiments pointed
out the location of the SAM binding site to the C-terminal end of the protein (Jencks &
Mathews, 1987). Therefore, these three studies together suggested that the MTHFR protein is
made up of two domains — an N terminal domain, which plays a role in catalysis, and a C-
terminal domain, responsible for SAM binding and regulation. However, the molecular details
of the allosteric regulation were not clearly understood. Early observations by Matthews and
co-workers had suggested that MTHFR could exist in active and inactive forms, even in the
absence of SAM (Vanoni et al., 1983). Based on these studies, later researchers proposed loss
of SAM sensitivity as a consequence of the inability to sufficiently stabilize the inactive state

of the enzyme upon breaking it into its constituent domains. SAM mediated inhibition, thus,
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seems to require specific interaction between the two domains of the enzyme (Sumner, Jencks,
Khani, & Matthews, 1986).

Later photo-affinity labeling of SAM was carried out to find out the SAM binding
regions of porcine and human MTHFR (Goyette et al., 1994). These studies had indicated a
completely different region of the MTHFR regulatory domain, i.e., within a stretch of about 30
amino acids starting 30 residues after the junction between the two domains (Goyette et al.,
1994; Raymond et al., 1999; Roje et al., 2002; Sumner, Jencks, Khani, Matthews, et al., 1986).
In particular, a 6kDa region of the protein located at the N-terminal end of the regulatory
domain was suggested in these studies to be important for SAM binding (Goyette et al., 1994).
More recently, the crystal structure of human MTHFR has been solved, which has provided
the first insights into the eukaryotic MTHFR with its large regulatory region (Froese et al.,
2018). This structure was obtained using a truncated protein which has deletions, both, at the
N and C-terminal ends. Moreover, the crystal structure could be attained only with SAH and
not with SAM, the known inhibitor of the MTHFR enzyme. Although SAH is not an inhibitor
of MTHFR, the similarity in structure to SAM was used to extract insights regarding residues
involved in SAM binding. However, the SAM binding regions on the MTHFR regulatory
domain are still not unequivocally recognized. While photo-affinity labelling identified a
shorter region in the N-terminal region of the regulatory domain (Goyette et al., 1994), the
recent structure of the human MTHFR has suggested a slightly different part of the regulatory
region (Froese et al., 2018).

The hypothesis of the existence of the active and inactive state of the enzyme was also
supported by the model proposed by Jencks and Matthews (Jencks & Mathews, 1987). This
model was used to explain the interactions of MTHFR both with the inhibitor molecule, SAM,
as well as the reducing equivalent, NADPH, which is essential for the enzymatic activity

(Jencks and Matthews., 1987). According to this model, there are two quaternary states for the
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dimeric enzyme, an active R form and an inactive T form, to which the ligands, SAM and
NADPH, bind with opposing affinities. The binding of SAM to the R state drastically reduces
the latter’s affinity for NADPH and marginally increases the rate of interconversion between
R and T states. On the other hand, the binding of the R form to NADPH decreases the affinity
of the former for SAM (Jencks & Mathews, 1987). In conclusion, this study indicated the
alterations in the fractions of active (R) and inactive (T) states as a result of SAM binding to
exert an inhibitory effect.

A dual-mode of regulation has been demonstrated for the mammalian MTHFR protein-
allosteric inhibition and phosphorylation (Yamada et al., 2005). The earliest studies reporting
phosphorylation of the MTHFR enzyme revealed threonine residue at position 34 within the
extended N-terminal region of the protein participating in the phosphorylation event (Yamada
et al., 2005). However, recently another group has shown multisite phosphorylation (16 in
total), increasing the SAM sensitivity and inhibition (Froese et al., 2018). DYRK1A/2 and
GSKB3A/B have been identified among the kinases as being responsible for the phosphorylation
of serine and threonine residues of the MTHFR enzyme (Zheng et al., 2019). Moreover,
structural, biophysical, and biochemical data of human MTHFR protein have provided
molecular insights into the enzyme regulation by SAM binding and phosphorylation. Structural
data of full-length human protein has revealed that the catalytic inhibitory signal is transmitted
to the catalytic domain by a long-range conformational change of the linker region, which
occurs upon binding of SAH/SAM to the unique fold of regulatory domain (Froese et al., 2018).
1.6. Polymorphisms in human MTHFR and their functional and phenotypic
consequences

Mudd et al. were the first who identified a patient with homocystinuria due to a severe
deficiency of the MTHFR enzyme (Mudd et al., 1972). In 1988, a thermolabile variant of

MTHFR, i.e., C677T, was identified in patients with cardiovascular disease (Kang et al., 1988).
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MTHFR polymorphism was the most common inborn error of folate metabolism and has been
since then investigated for its association with several multifactorial disorders. The occurrence
of MTHFR deficiency is still relatively rare. A little over 100 patients have been estimated to
be affected by MTHFR deficiency (Schiff et al., 2011; Watkins & Rosenblatt, 2012). Most of
the disease-causing mutations of the MTHFR enzyme are private mutations, i.e., they occur in
less than five patients. Besides the disease-causing mutations, there are several SNPs and
one/two nucleotide deletion/insertion that are known to occur in the human MTHFR gene
(Marini et al., 2008; Martin et al., 2006; Pavlikova et al., 2012). Two of the most common
polymorphisms that have been investigated thoroughly are C677T and A1298C, with allele
frequency ranging between 24-40% for the former and approximately 33% for the latter
(Brattstrom et al., 1998; Hanson et al., 2001; Pavlikova et al., 2012; Winkelmayer et al., 2004).
The frequency of these polymorphisms varies depending on the population being studied. Both
these polymorphisms result in active enzyme with 45% and 68% residual MTHFR activity as
compared to the WT protein. Indeed, some level of correlation has been shown to exist between
the severity of symptoms, residual enzyme activity, and the genotype of MTHFR.
1.7.  Motivation and objective of the present study
When one looks at the current state of knowledge regarding MTHFR and one-carbon
metabolism, one finds that despite the immense importance of both one-carbon metabolism
and MTHFR to cellular physiology and metabolism, there are several gaps in our knowledge
that stand out:
MTHFR is an extensively studied enzyme, but the focus has been almost on the catalytic
domain. We know virtually nothing about the large C-terminal regulatory domain, and this part
of MTHFR has almost completely un-investigated.

SAM is known to bind MTHFR and allosterically inhibit the enzyme. It is also

established that SAM binds MTHFR in the regulatory domain. However, the exact region is

35



unclear, and in fact, controversial. The photoaffinity mapping data and the structural data point
to quite different regions of MTHFR to which SAM is expected to bind.

MTHFR is present at an important node in one-carbon metabolism. MTHFR regulation
by SAM is therefore expected to be critical for one-carbon metabolism. However, the exact
consequences that might result in case the regulation is lost are unknown and have never been
explored.

Based on the above lacunae, | have accordingly formed the following objective of my thesis:

1. Investigation of the regulatory domain of MTHFR with an attempt to identify the SAM
binding domain more precisely.

2. Create mutations in the SAM-binding domain of MTHFR to generate a deregulated, SAM-
insensitive MTHFR.

3. Investigate the metabolic consequences of a SAM-insensitive deregulated MTHFR in terms
of the effects on various cycles that are part of one-carbon metabolism: the folate cycle, the
methionine cycle, and the transsulfuration pathway, and also the impact on the overall

metabolic homeostasis.
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Chapter 2

Materials and Methods
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2.1. Materials

2.1.1. Chemicals and reagents

All the chemicals used were obtained from commercial sources and were of analytical grade.
Fine chemicals, media components, HPLC grade solvents, and reagents were purchased from
Sigma Aldrich, HiMedia, Merck Millipore India Ltd.,, USB, and Difco. Folic acid was
purchased from Schircks Laboratories (Jona, Switzerland). Enzymes: restriction enzymes, Calf
Intestinal Phosphatase (CIP), T4 DNA ligase, T4 polynucleotide kinase, and dNTPs were
purchased from New England Biolabs (Beverly, MA, USA). Standard Taq DNA polymerase,
Vent DNA polymerase, Phusion polymerase, their buffers, and dNTPs were obtained from
New England Biolabs (Beverly, MA, USA). DNA/Protein molecular ladders were obtained
from New England Biolabs or Thermo Fisher Scientific, or Gold Biotech (Olivette, MO, USA).
Gel extraction kits and plasmid miniprep columns were obtained from Bioneer Inc. (Daejeon,
South Korea) or Promega Corporation (Wisconsin, USA), and the Ni-NTA agarose resin was
obtained from Qiagen (Germany). NADP/NADPH-Glo™ assay kit for NADPH estimation was
procured from Promega Corporation (Wisconsin, USA). Oligonucleotides (primers) were
designed using Snap gene software and were purchased from IDT, India, or Sigma (Bangalore,
India). Sequencing services were obtained from 1st Base (Malaysia) or Eurofins (Bangalore,
India), or AgriGenome Labs Pvt. Ltd. (Kochi, Kerala). Softwares used in this study are Agilent
Chemstation, MassHunter, IsoCorr, Metalign, MATLAB, Amdis (NIST).

2.1.2. Strains

Table 2.1 provides a list of yeast strains used in the study. Various deletion strains of
Saccharomyces cerevisiae in BY4742 and BY 4741 background were used for dilution spotting
experiments, growth curve assays, targeted metabolite analysis, and *3C stable isotope labelling
analysis. Escherichia coli strain DH5-0, and Rosetta™ (DE3) was used as a cloning host and

expression host for protein expression and purification, respectively.
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Table 2.1 List of bacterial and yeast strains used in the study

Strains Genotype Source
Yeast Strains
ABC 734 MATa his34 leu24 0 lys240 ura340 Euroscarf
ABC 2614 BY4742, ygl125wA::KanMX Euroscarf
ABC 733 MATa his34 leu24 0 met1540 ura340 Euroscarf
ABC 2613 BY4741, met134::KanMX Euroscarf
ABC 5609 BY4742, met6A::KanMX, met134:: LEU24 This study
ABC 5611 BY4742, muplA::KanMX, met134:: LEU24 This study
Bacterial Strains
ABE 460 F+gyrA(Nal) recAl endAl thi-1 hsdR17 (rk mk) GInV44 Novagen
DH5a deoR A (lacZYA-argF) U169
ABE 2085 F ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE (CamF) Novagen
Rosetta™
(DE3)
2.1.3. Plasmids
Strain DH5a was used for cloning in plasmids p416TEF and pET21(d).
Table 2.2 List of plasmids used in the study
Plasmid name Clone No  Description Source
p416TEF ABE 443  Centromeric shuttle vector bearing Dr.
URA3 marker, TEF promoter, MCS Martin
region and CYC terminator for yeast Funk
expression and Amp" marker for
selection in E. coli
p315TEF ABE 3488 TEF promoter and terminator region Lab
including MCS, was evicted from stock
p416TEF (ABE 443) plasmid and
cloned in pRS315 plasmid at Sacl and
Xbal sites and cloned by Shailesh
Kumar.
p313TEF ABE 3569 pRS313 vector digested with Sacl and Lab
Apal was ligated with Sacl and Apal stock
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p313TEFZWF1

p416TEFMET13

p416TEFMET13 HIS C1

p416TEFMET13 HIS C2

p416TEFMET13_M1 HIS C1

p416TEFMET13_M1HIS C1

p416TEFMET13_M2 HIS C1

p416TEFMET13_M2 HIS C2

p416TEFMET13_M3 HIS C1

p416TEFMET13_M3 HIS C2

p416TEFMET13_M4 HIS C1

ABE 5287

ABE 4934

ABE 5347

ABE 5348

ABE 5379

ABE 5380

ABE 5381

ABE 5382

ABE 5383

ABE 5384

ABE 5385
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Complete ZWF1 gene cloned in
313TEF vector at BamHI and EcoRlI
sites and cloned by Manisha Wadhwa.
Complete MET13 gene cloned in
416TEF vector at Xbal and Clal sites
Complete MET13 gene with C-
terminal His tag cloned in 416 TEF at
Xbal and Clal sites (Clone 1)
Complete MET13 gene with C-
terminal His tag cloned in 416 TEF at
Xbal and Clal sites (Clone 2)

MET13 gene mutated at
S340A.R344A.T345A  with C
terminal His tag cloned in 416 TEF at
Xbal and Clal sites (Clone 1)

MET13 gene mutated at
S340A.R344A.T345A with C
terminal His tag cloned in 416TEF at
Xbal and Clal sites (Clone 2)

MET13 gene mutated at
R357A.S361A with C terminal His tag
cloned in 416TEF at Xbal and Clal
sites (Clone 1)

MET13 gene mutated at
R357A.S361A with C terminal His tag
cloned in 416TEF at Xbal and Clal
sites (Clone 2)

MET13 gene mutated at
S340A.R344A.T345A.R357A.S361A
with C terminal His tag cloned in
416TEF at Xbal and Clal sites (Clone
1)

MET13 gene mutated at
S340A.R344A.T345A.R357A.S361A
with C terminal His tag cloned in
416TEF at Xbal and Clal sites (Clone
2)

MET13 gene mutated at
T440A.N442A.5443A.Q444A .P445A
with C terminal His tag cloned in
416TEF at Xbal and Clal sites (Clone
1)

Lab
stock

This
study
This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study



p416TEFMET13_MS HIS C1

p416TEFMET13_MS HIS C2

p416TEFMET13_M6 HIS C1

PET21(d)MET13 HIS C1

PET21(d)MET13 HIS C2

PET21(d)MET13_M1 HIS C1

PET21(d)MET13_M1 HIS C2

pET21(d)MET13_M2 HIS C1

p416TEFMET13_R357A
C1

p416TEFMET13_R357A
C2

p416TEFMET13_S361A
C1

p416TEFMET13_S361A
C2

HIS

HIS

HIS

HIS

ABE 5386

ABE 5387

ABE 5388

ABE 4246

ABE 4247

ABE 5389

ABE 5390

ABE 5424

ABE 5507

ABE 5508

ABE 5509

ABE 5510
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MET13 gene mutated at
T519A.W520A with C terminal His
tag cloned in 416 TEF at Xbal and Clal
sites (Clone 1)

MET13 gene mutated at
T519A.W520A with C terminal His
tag cloned in 416 TEF vector at Xbal
and Clal sites (Clone 2)

MET13 gene mutated at
Q468A.K469A with C terminal His
tag cloned in 416 TEF at Xbal and Clal
sites (Clone 1)

Complete MET13 gene cloned in
pET21(d) at Nhel and Sacl sites.
(Clone 1)

Complete MET13 gene cloned in
pET21(d) at Nhel and Sacl sites.
(Clone 2)

MET13_M1 (ABE 5379) clone with C
terminal His tag subcloned in
pET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites. (Clone 1)
MET13_M1 (ABE 5379) clone with C
terminal His tag subcloned in
PET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites. (Clone 2)
MET13_M2 (ABE 5381) clone with C
terminal His tag subcloned in
pET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites (Clone 1)
MET13 gene mutated at R357A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 1)
MET13 gene mutated at R357A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 2)
MET13 gene mutated at S361A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 1)
MET13 gene mutated at S361A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 2)

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study



p416TEFMET13_S340A
C2

p416TEFMET13_Y341A
C2

p416TEFMET13_R344A
C2

p416TEFMET13_T345A
C2

p416TEFMET13_W348A
C1

p416TEFMET13_W348A
C2

p416TEFMET13_F353A
C2

p416TEFMET13_P354A
C1l

p416TEFMET13_P354A
C2

p416TEFMET13_G356A
C2

p416TEFMET13_G359A
C1

pNative-MET13 HIS C1

pNative-MET13 HIS C2

HIS

HIS

HIS

HIS

HIS

HIS

HIS

HIS

HIS

HIS

HIS

pNative-MET13_R357AHIS

C1

ABE 5549

ABE 5551

ABE 5553

ABE 5555

ABE 5556

ABE 5557

ABE 5559

ABE 5560

ABE 5561

ABE 5563

ABE 5564

ABE 5615

ABE 5616

ABE 5617
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MET13 gene mutated at S340A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 1)
MET13 gene mutated at S341A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 2)
MET13 gene mutated at R344A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 2)
MET13 gene mutated at T345A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 2)
MET13 gene mutated at S348A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 1)
MET13 gene mutated at S348A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 2)
MET13 gene mutated at F353A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 2)
MET13 gene mutated at P354A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 1)
MET13 gene mutated at P354A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 2)
MET13 gene mutated at G356A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 2)
MET13 gene mutated at G359A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 1)
MET13 gene promoter (500bp) cloned
in 416 TEFMET13 HIS (ABE 5347) at
Sacl and Xbal sites. (Clone 1)
MET13 gene promoter (500bp) cloned
in 416 TEFMET13 HIS (ABE 5347) at
Sacl and Xbal sites. (Clone 2)
MET13 gene promoter (500bp) cloned
in 416 TEFMET13_R357A HIS vector
(ABE 5507) using Sacl and Xbal sites.
(clone 1)
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pNative-MET13_R357AHIS

C2

pNative-MET13_S361AHIS C1

pNative-MET13_S361AHIS C2

PET21(d)MET13_F353AHIS

PET21(d)MET13_P354AHIS

PET21(d)MET13_G356AHIS

PET21(d)MET13_R357AHIS

PET21(d)MET13_G359AHIS

p416 TEFMTHFR-Chimeral
HIS C1

p416 TEFMTHFR-Chimeral
HIS C2

ABE 5618

ABE 5619

ABE 5620

ABE 5638

ABE 5639

ABE 5640

ABE 5641

ABE 5642

ABE 5659

ABE 5660
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MET13 gene promoter (500bp) cloned
in 416TEFMET13_R357A HIS at
(ABE 5507) using Sacl and Xbal sites.
(Clone 2)

MET13 gene promoter (500bp) cloned
in 416TEFMET13 S361A HIS at
(ABE 5509) at Sacl and Xbal sites.
(Clone 1)

MET13 gene promoter (500bp) cloned
in 416TEFMET13_S361A HIS vector
(ABE 5509) at Sacl and Xbal sites.
(Clone 2)

MET13_F353A (ABE 5559) cloned
with C terminal His tag subcloned in
pET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites. (Clone 1)
MET13 P354A (ABE 5560) cloned
with C terminal His tag subcloned in
PET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites. (Clone 2)
MET13_G356A (ABE 5563) cloned
with C terminal His tag subcloned in
pET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites (Clone 1)
MET13_R357A (ABE 5507) cloned
with C terminal His tag subcloned in
PET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites (Clone 1)
MET13_G359A (ABE 5564) cloned
with C terminal His tag subcloned in
pET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites (Clone 2)
Chimeric MTHFR [Yeast MET13 (N-
terminal) and Arabidopsis thaliana
MTHFR (C-terminal)] was amplified
from ABE 5373 (pVT-301-U
Chimera) and cloned in p416TEF at
EcoRI and Sall sites. (Clone 1)
Chimeric MTHFR [Yeast MET13 (N-
terminal) and Arabidopsis thaliana
MTHFR (C-terminal)] was amplified
from ABE 5373 (pVT-301-U
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p416TEFMET13_E22A  HIS
C1
p416TEFMET13_E22A  HIS

C2

p416TEFMET13_R357A.E22A
HIS C1

p416TEFMET13_R357A.E22A
HIS C2

p416TEFAtMTHFR C1

p416TEFAIMTHFR C2

p416TEFMET13_N355H C1

p416TEFMET13_Y404A HIS
C1

p416TEFMET13_E422A
C1

HIS

p416TEFMET13_E422A
C2

HIS

PET21(d)MET13_Y404A HIS

C1

PET21(d)MET13_Y404A HIS

C2

ABE 5676

ABE 5677

ABE 5678

ABE 5679

ABE 5791

ABE 5792

ABE 5802

ABE 5871

ABE 5872

ABE 5873

ABE 5875

ABE 5876
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Chimera) and cloned in p416TEF at
EcoRI and Sall sites. (Clone 2)
MET13 gene mutated at E22A with C
terminal His tag cloned in 416 TEF at
Xbal and Clal sites (clone 1)

MET13 gene mutated at E22A with C
terminal His tag cloned in 416 TEF at
Xbal and Clal sites (Clone2)

MET13 gene mutated at E22A with C
terminal His tag cloned in
416TEFMET13 R357A (ABE 5507)
at Xbal and Clal sites (Clone 1)
MET13 gene mutated at E22A with C
terminal His tag cloned in
416 TEFMET13_R357A (ABE 5507)
at Xbal and Clal sites (Clone 2)
Complete AtMTHFR cDNA
(Arabidopsis  thaliana) with C-
terminal His tag cloned in 416 TEF at
Spel and Sall sites (Clone 1)
Complete AtMTHFR cDNA
(Arabidopsis  thaliana) with C-
terminal His tag cloned in 416 TEF at
Spel and Sall sites (Clone 2)

MET13 gene mutated at N355H with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 1)
MET13 gene mutated at Y404A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 1)
MET13 gene mutated at E422A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 1)
MET13 gene mutated at E422A with
C terminal His tag cloned in 416 TEF
at Xbal and Clal sites (Clone 2)
MET13_Y404A (ABE 5871) cloned
with C terminal His tag subcloned in
PET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites. (Clone 1)
MET13_Y404A (ABE 5871) cloned
with C terminal His tag subcloned in
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PET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites. (Clone 2)

PET21(d)MET13_E422A HIS ABE5877 MET13_E422A (ABE 5872) cloned This

C1

with C terminal His tag subcloned in study
pET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites (Clone 1)

PET21(d)MET13_E422A HIS ABE 5878 MET13 _E422A (ABE 5872) cloned This

C2

2.1.4. Primers

with C terminal His tag subcloned in  study
PET21(d)MET13 HIS (ABE 4246) at
BamHI and Sall sites (Clone 1)

Primers used for plasmid construction, gene disruptions, and confirmation of gene disruption

are listed in Table 2.3. Primers were designed using Snapgene software (version 2.4.3). De-

salted primers were purchased from Integrated DNA Technologies (IDT) or Sigma Aldrich.

Table 2.3 List of oligonucleotides and their sequences used in the present study.

Primer Name

Sequence (5’ to 3°)

Primers used for cloning

MET13_Xbal F
MET13-HisCla I R
MET13_Sacl F
MET13_Y404A F
MET13_Y404A R
MET13_E422A F
MET13_E422A R
MET13_M1F
MET13 _M1R
MET13_M2F

MET13_M2R

MET13 M4 F

TGACGATCTAGAATGAAGATCACAGAAAAATTAGAGCAACAT
AG

GATCCTATCGATTTAATGGTGGTGATGGTGATGTAGGCT
TAGTAGGATGGAATGG
TGACGAGAGCTCATGAAGATCACAGAAAAATTAGAGCAACAT
AG

TTGGTCATCAACGCCTTGAATGGAAAC
GTTTCCATTCAAGGCGTTGATGACCAAGAAGG
CCCATCAATGATGCAATAAATCCAATC
GATTGGATTTATTGCATCATTGATGGG
TGGAAGAGAAGACCTTACGCCTATGTCGCAGCAGCCTCTCAA
TGGGCCGTGGACG
GTCCACGGCCCATTGAGAGGCTGCTGCGACATAGGCGTAAGG
TCTTCTCTTCCAG
GGGCCGTGGACGAATTCCCCAACGGTGCATTCGGTGATGCGT
CTTCTCCTGCGTTCGG
CCGAACGCAGGAGAAGACGCATCACCGAATGCACCGTTGGGG
AATTCGTC
AACCAGCATTCTATCATCGCTATAGCCGCTGCAGCTCAAGTCA
ACGGCATTAGGTC
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MET13_M4R

MET13_M5F
MET13_M5R

MET13_M6 F
MET13 M6 R

MET13_S340A F
MET13_S340A R
MET13_Y341AF
MET13_Y341AR
MET13_R344A F
MET13_R344A R
MET13_T345A F
MET13_T345A R
MET13_W348A F
MET13_W348A R
MET13 F353A F
MET13_F353A R
MET13_P354A F
MET13_P354A R
MET13_G356A F
MET13_G356A R
MET13_R357A F
MET13_R357A R
MET13_G359A F
MET13_G359A R
MET13_S361A F
MET13_S361A R
MET13_E22A F
MET13_E22A R

CCTAATGCCGTTGACTTGAGCTGCAGCGGCTATAGCGATGATA
GAATGCTGGTTCAGC
TCCAAGTCCAACGCTGTGGCTGCGGGTATTTTCCCCGGCAGAG
TCTGCCGGGGAAAATACCCGCAGCCACAGCGTTGGACTTGGA
G
GCTGTGACTTGGGGTATTGCCGCCGGCAGAGCAATTCTTCAAC
CTACCATTGTCG
AATGGTAGGTTGAAGAATTGCTCTGCCGGCGGCAATACCCCA
AGTCACAGCG
TGGAAGAGAAGACCTTACGCCTATGTCGCAAGAACC
GGTTCTTGCGACATAGGCGTAAGGTCTTCTCTTCC
GAGAAGACCTTACTCCGCTGTCGCAAGAACCTCTCAATGG
TGAGAGGTTCTTGCGACAGCGGAGTAAGGTCTTCTCTTCC
TTACTCCTATGTCGCAGCAACCTCTCAATGGGCCG
ACGGCCCATTGAGAGGTTGCTGCGACATAGGAGTAAGG
ACTCCTATGTCGCAAGAGCCTCTCAATGGGCCGTGG
CCACGGCCCATTGAGAGGCTCTTGCGACATAGGAGTAAGG
CGCAAGAACCTCTCAAGCGGCCGTGGACGAATTCCC
GGGAATTCGTCCACGGCCGCTTGAGAGGTTCTTGCG
ATGGGCCGTGGACGAAGCCCCCAACGGTAGATTCGG
CCGAATCTACCGTTGGGGGCTTCGTCCACGGCCCATTGAGAGG
GGGCCGTGGACGAATTCGCCAACGGTAGATTCGGTG
CACCGAATCTACCGTTGGCGAATTCGTCCACGGCCC
GGACGAATTCCCCAACGCTAGATTCGGTGATTCG
CGAATCACCGAATCTAGCGTTGGGGAATTCGTCC
CGAATTCCCCAACGGTGCATTCGGTGATTCGTCTTCTCCTGCG
GAGAAGACGAATCACCGAATGCACCGTTGGGGAATTCGTCC
CCCCAACGGTAGATTCGCTGATTCGTCTTCTCCTGC
GCAGGAGAAGACGAATCAGCGAATCTACCGTTGGGG
CCAACGGTAGATTCGGTGATGCGTCTTCTCCTGCGTTCGG
CCGAACGCAGGAGAAGACGCATCACCGAATCTACCGTTGG
ACTTACTCATTCGCGTACTTCGTCCCG
CGGGACGAAGTACGCGAATGAGTAAGT

Primers used for sequencing and verification

TEF F
TEF R

T7 Promoter
T7 Terminator

TTGATATTTAAGTTAATAAACGG
TTCAGGTTGTCTAACTCCTTC
TAATACGACTCACTATAGGG
GCTAGTTATTGCTCAGCGG

Primers used for deletion and verification
LEU2-MET13-DEL F ATGAAGATCACAGAAAAATTAGAGCAACATAGACAGACCTAA

CTGTGGGAATACTCAGGT
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LEU2 MET13 DELR TAGGCTTAGTAGGATGGAATGGATTTGATCATCTGGAGAATTA

AGCAAGGATTTTCTTAA
MET13 prom F TCATTCTATCCCTCGGATTATAGACTGTG
MET13_Seq (600bp) TGGTGTTCCCAAGTTAGAGCTGCG

F

2.1.5. Antibiotics

Ampicillin (100 mg/ml) stocks were prepared in autoclaved Millipore elix3 deionized water;
filter-sterlized using 0.22um syringe filters (MDI) and stored at -20°C and chloramphenicol
(35 mg/ml) stocks were prepared in 100% Ethanol and stored at 4°C.

2.1.6. Media

All the media, buffers, and stock solutions were prepared using Millipore elix3 deionized water
unless otherwise mentioned. They were sterilized, as recommended, either by autoclaving at
15 Ib/inch? (psi) pressures at 121°C for 15 minutes or by using membrane filters (Advanced
Microdevices Pvt. Ltd., India) of pore size 0.2-0.45 um (for heat-labile compounds). Agar was
added, if required, at a final concentration of 2.2%. Ampicillin was added at a final
concentration of 100 pg/ml. Chloramphenicol was added at a concentration of 35 pg/ml.
2.1.6.1. Rich Media for bacteria (LB-Lysogeny Broth)

5 gllitre yeast extract, 10 g/litre Bacto Tryptone, and 5 g/liter NaCl. The components were
dissolved in 1 liter Millipore elix3 deionized water and autoclaved.

2.1.6.2. Rich Media for yeast (YPD)

10 g/litre yeast extract, 20 g/litre Bacto peptone, and 20 g/liter dextrose. The components were
dissolved in 1 litre Millipore elix3 deionized water and autoclaved.

2.1.6.3. Synthetically Defined (SD) Minimal Media

1.7 gl/litre yeast nitrogen base (YNB) without amino acids and ammonium sulphate, 5g/litre
ammonium sulphate, and 20 g/litre dextrose. Additional amino acids were added as per the

auxotrophy at a concentration of 80 mg/litre
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2.1.7. Buffers and Stock Solutions

2.1.7.1. GSH Stock Solution (200 mM)

The required amount of glutathione (reduced form) was dissolved in 10 ml of deionized water
and was filter-sterilized using a 0.2 um filter membrane. It was stored at -20°C in aliquots.
2.1.7.2. Methionine Stock Solution (200 mM)

The required amount of methionine was dissolved in 10 ml of deionized water and was filter-
sterilized using a 0.2 um filter membrane. It was stored at 4°C.

2.1.7.3. SAM Stock Solution (25 mM)

The required amount of SAM was dissolved in 2 ml of deionized water containing 20 mM HCI.
The stock was divided into aliquots of 0.2 ml and stored at -80°C in these aliquots.

2.1.7.4. Folic acid Stock Solution (100 mM)

The required amount of folic acid was dissolved in 1 ml of deionized water along with the
addition of 0.05 ml of 10N NaOH. This solution was always prepared fresh.

2.1.7.5. 50% Glycerol (used for preparing —70°C stocks of E. coli)

50 ml glycerol is dissolved in 50 ml of deionized water and mixed properly. The solution was
autoclaved and stored at room temperature.

2.1.7.6. Alkaline Lysis Buffer

The composition of alkaline lysis buffer solution used for Plasmid DNA preparation from E.

coli was as follows:

Table 2.4 Composition of Alkaline Lysis Buffer.

Solution-1 (Resuspension Solution) 50 mM Glucose

25 mM Tris-HCI (pH 8.0)

10 mM EDTA (pH 8.0)

Autoclaved and stored at 4°C.

Solution-11 (Lysis Solution) (freshly | 0.2 N NaOH (freshly diluted from a 10N stock)
prepared) 1% SDS (freshly diluted from a 10% stock)
Stored at room temperature.
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Solution-111 (Neutralization Solution)
(100ml)

5 M Potassium acetate 60 ml
Glacial acetic acid 11.5ml
Deionized water 28.5 ml

The resulting solution is 3 M for potassium and 5
M for acetate. It was stored at 4°C.

TE Buffer (Tris-EDTA)
(pH 8.0)

10 mM Tris-HCI (pH 8.0).
1 mM EDTA (pH 8.0).

TE-RNAse
(stock prepared at 10 mg/ml)

Working stock 20pg/ml in TE Buffer, pH 8.0.

PCI (Phenol-chloroform-isoamyl
alcohol) Solution (100ml)

Phenol 50 ml
[Equilibrated with Tris-HCI (pH 7.6)]
Chloroform 48 ml
Isoamyl alcohol 2 mi

Stored at 4°C in a dark brown bottle.

2.1.7.7. Agarose Gel Electrophoresis Reagents

Table 2.5 Composition of Agarose Gel Electrophoresis Buffer

1x TAE (Tris-Acetate-EDTA) Buffer
(per 1000 ml)
(prepared from 50x TAE stock)

40 mM Tris-Acetate.
1mM EDTA (pH 8.0).

Autoclaved and stored at room temperature.

Orange-G dye (Gel loading dye, 6X)

0.25% Orange-G
30% Glycerol

0.7-1% Agarose gel in 1x TAE

Ethidium Bromide (10 mg/ml) Stock

Final working concentration was used at 0.5 pg/ml.

2.1.7.8. Solution for E. coli competent cell preparation

Table 2.6 Composition of buffer for E.coli competent cell preparation

SOB Bactotryptone 20 g/litre
Yeast extract 5 g/litre
NaCl 0.5 g/litre

SOC SOB + 20 mM Glucose

20 mM MgCl,.6H,0*
2.5 mM KCI*
*added after filter sterilization.
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0.1 M CaCl2

Dissolve 1.47 g CaCl; in 15% glycerol solution
and autoclave

2.1.7.9. Yeast Transformation Solutions

Table 2.7 Composition of yeast transformation buffer

0.1 M Lithium acetate (pH 7.5) (LiAc) 10.02 g in 1 litre water

Autoclave this solution

TE Buffer (Tris-EDTA)
(pH 8.0)

10 mM Tris-HCI (pH 8.0).
1 mM EDTA (pH 8.0).

TE (pH 7.5)

50% PEG-3350 in 0.1 M Lithium acetate in | Prepare 10mM LiAcTE Buffer (For 100 ml)

5 ml LiAc (10 mM)

5ml TE (10 mM)

40 ml deionized water

Dissolve 50 g PEG to the above solution by
intermittent heating in microwave, make up
the volume to 100 ml and autoclave.

2.1.7.10. STES lysis mixture for plasmid / genomic DNA isolation from yeast

10 mM Tris-HCI (pH 8.0)
1 mM EDTA (pH 8.0)
100 mM NaCl

1% SDS

2% Triton X-100

2.1.7.11. SDS-PAGE Solutions and Reagents

Table 2.8 Composition of SDS PAGE Buffers

30% Acrylamide Mix

29.2% (w/v) Acrylamide
0.8% (w/v) N, N’- methylenebisacrylamide
Filtered before use.

Resolving (Lower) Gel
1.5 M Tris-HCI (pH 8.8)

18.18 g Tris

pH adjusted to 8.8 with 6N HCI and volume made up to 100
ml.

(0.4% SDS can be added to the buffer itself).

Stacking (Upper) Gel
0.5 M Tris-HCI (pH 6.8)

6.06 g Tris

pH adjusted to 6.8 with 6N HCI and volume made up to 100
ml.

(0.4% SDS can be added to the buffer itself).

0.4% SDS

TEMED
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10% Ammonium persulphate
(APS)

Tris-Glycine Gel Running Buffer | 25 mM Tris base

25% Glycerol
12.5% B-mercaptoethanol
0.006% Bromophenol blue

(Laemmli Buffer) 250 mM Glycine (electrophoresis grade)
(pH 8.3) 0.1% SDS

5% Sample Buffer/Gel Loading | 0.15 M Tris-HCI (pH 6.8)

Buffer (pH 6.8) 5% SDS

Gel Staining Solution 40% Methanol
10% Glacial Acetic acid

0.1% Coomassie Brilliant Blue (R250)

Gel Destaining Solution 40% Methanol
10% Glacial Acetic acid

2.1.7.12. Resolving Gel Solutions

Table 2.9 Composition of Resolving gel buffer

Component Volume
Distilled water 3.3ml
Resolving (Lower) Gel Tris Buffer (Stock) (4x) 1.5 M Tris-HCI | 2.5 ml
(pH 8.8) with 0.4% SDS
30% Acrylamide Mix 4.0 ml
10% APS (Ammonium persulphate) 0.1ml
TEMED ( N, N, N’, N’-Tetramethylethylenediamine) 0.004 ml
2.1.7.13. Stacking Gel Solutions
Table 2.10 Composition of Stacking gel buffer
Component Volume
Distilled water 3.4 ml
Stacking (Upper) Gel Tris Buffer (Stock) 0.5 M Tris-HCI (pH 6.8) | 0.63 ml
with 0.4% SDS
30% Acrylamide Mix 0.83 ml
10% APS (Ammonium persulphate) 0.05 ml
TEMED (N, N, N’, N’-Tetramethylethylenediamine) 0.005 ml
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2.1.7.14. Yeast Lysis Buffer

Table 2.11 Composition of yeast lysis buffer

Component Concentration
KH2PO4 100mM
Sorbitol 1.2 M
Zymolase 0.3 mg/ml

2.2.  Methods

2.2.1. Strains and growth conditions

Yeast and bacterial strains used in the study are described in Table 2.1. The yeast strains were
regularly maintained on a nonselective YPD medium, which is composed of yeast extract (1%),
peptone (2%), and dextrose (2%) medium. For yeast transformation experiments, synthetically
defined minimal medium containing yeast nitrogen base (0.17%), ammonium sulfate (0.5%),
and dextrose (2%) supplemented with histidine, leucine, and lysine (when not used as an
auxotrophic marker) at 80 mg/liter was used. Growth, handling of bacteria and yeast, and all
the molecular techniques used in the study were according to the standard protocols (Guthrie
& Fink, 1991; Sambrook et al., 1989). Yeast transformation was carried out by the lithium
acetate method (Gietz et al., 1995). Escherichia coli strain DH5-0. and Rosetta™ were
maintained in LB medium.

2.2.2. Transformation of yeast

The transformation of S. cerevisiae strains was carried out by the modified lithium acetate
method (Gietz et al., 1995). S. cerevisiae cultures were grown in YPD at 30°C with shaking for
16-24 hrs and then reinoculated in fresh YPD to an initial ODseoo of 0.1, cells were allowed to
grow at 30°C for 4-5 hrs with shaking. Cells were harvested at 6000 rpm for 5 min, then were
washed with sterile water followed by subsequent wash with 0.1 M lithium acetate solution
(prepared in TE, pH 7.5) and were finally resuspended in the same solution. The cells were

spun down, suspended in 0.1 M lithium acetate solution to a cell density of 1x10° cells/ml and
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divided into 100ul aliquots. Approximately 50 pg (5 ul of 10 mg/ml stock solution) of heat-
denatured, salmon sperm carrier DNA (ssDNA), followed by 0.3 ug- 0.7ug of plasmid/DNA
fragment were added to each aliquot along with 0.3 ml of 50% PEG 3350 (prepared in 0.1 M
lithium acetate, pH 7.5) and was then subjected to heat shock at 42°C for 20 min. The cells
were pelleted down at 7000 rpm for 3 min. The cell pellet was resuspended in sterile water,
and the appropriate volume of cell suspension was plated on selection plates.

2.2.3. Bioinformatics analysis and Multiple sequence alignment

Methylene tetrahydrofolate reductase (MTHFR) protein sequence from yeast (NP_011390.2)
was used to identify MTHFR orthologs using BLASTp in a plant, roundworm, human, and
zebrafish. The sequences obtained were further used to carry out the reverse BLASTp to
confirm the orthology. The protein sequences of MTHFR protein from Arabidopsis thaliana
(NP_191556.1), Caenorhabditis elegans (NP_005948.3), Homo sapiens (NP_741028.1), and
Danio rerio (NP_001121727.1) were retrieved from the NCBI. The multiple sequence
alignment of the protein sequences was generated using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) using default parameters.

2.2.4. Modeling of yeast MTHFR and docking with ligands

The crystal structure of human MTHFR was downloaded from Protein Data Bank (PDB id:
6FCX) and used as a template structure for modelling the yeast MTHFR. The missing
coordinates for residues 161 to 171 in the human template structure were modelled using
Modeller9v20. The refined human structure was used to generate a collection of 5000
homology models, and the best representative structure was selected based on the evaluation
of discrete optimized protein energy (DOPE) potential. The model was further subjected to the
loop refinement module of Modeller9v20 to refine the connecting loops, and an energetically

favorable model was selected among the 1000 generated models based on the DOPE score.
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The selected model was then used as a receptor structure for docking. For SAM, coordinates
were obtained from the PubChem database in sdf format and docked using a computational
docking program, AutodockVina. The human template structure consists of a SAH binding
site, and comparative analysis of both human and modeled yeast structure showed the presence
of a similar binding pocket for yeast MTHFR as well. Therefore, the SAM molecule was
docked within the box volumes of 65Ax 65Ax 65A, enclosing the SAH binding pocket. The
residues within the binding pocket were defined as flexible residues to accommodate the SAM
molecule. AutodockVina predicted favorable docking poses for SAM, and the most favorable
docked conformation was used to identify critical residues for further experimental evaluation.
2.2.5. MET13 cloning and construction of site-directed mutants

MET13 was cloned with a hexahistidine tag at the C-terminus downstream of the TEF promoter
at Xbal and Clal sites of p416TEF vector, resulting in plasmid p416TEF-MET13-His. This
construct was further used as a template for the creation of the different mutants of MET13 by
splice overlap extension strategy. The PCR products were cloned back into the p416TEF-
MET13-His vector. Clones were confirmed by sequencing for the presence of the desired
changes.

2.2.6. Growth studies by dilution spotting

For growth assays, the different strains were grown overnight in minimal medium with amino
acid supplements and glutathione as a sulfur source without uracil. They were re-inoculated in
fresh medium containing methionine at an ODeoo 0f 0.15 and grown until the cells attained an
ODs0o 0of 0.6 - 0.8. The exponential-phase cells were harvested, washed with water, and re-
suspended in water to an ODeoo Of 0.2. These were serially diluted to 1:10, 1:100, and 1:1000.
Of these cell resuspensions, 10 ul were spotted on the desired minimal medium plates. The
plates were incubated at 30°C for 2-3 days, and then the images were taken using Bio-Rad Gel

Doc™ XR+ Imaging System.
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2.2.7. Cloning, expression, and purification of yeast WT and mutant MET13

The WT and mutant MET13 genes were first cloned with a His-tag at the C-terminus in the
pET21d vector. His tag was incorporated in the WT MET13 gene with the help of PCR based
approach using MET13_Nhel-F and MET13_HIS Sacl-R primers. The amplified 1.8 kb gene
was digested with Nhel and Sacl restriction enzymes and cloned into the Nhel and Sacl sites
in the pET21d vector. The in-frame fusions were confirmed by sequencing. The MET13 mutant
genes were sub-cloned from their respective yeast expression clones, generated in 416 TEF
vector, into the bacterial expression plasmid pET21d using BamHI and Sall restriction sites.

All the proteins were expressed as C-terminal 6XHis-tagged fusion proteins in E. coli
Rosetta™ strains. Rosetta™ strains harboring either WT or the mutant MET13 clones were
inoculated in LB (Luria—Bertani) broth, with 25 pg/ml chloramphenicol and 100 pg/ml
ampicillin, to an ODeoo of 0.05, and grown aerobically at 37°C to an ODsoo Of ~0.6. These
cultures were then induced with 1mM isopropyl B-D-thiogalactopyranoside (IPTG) and
allowed to grow for 16 h at 18°C. Cells were harvested after induction by centrifugation at
5000 g for 20mins at room temperature (RT). At this stage, the pellet was stored at -80°C until
further.

The pellet was re-suspended in 20mM KP; buffer (pH 7.2) containing 10% glycerol,
500mM sodium chloride (NaCl), 0.3mM EDTA, 20mM imidazole, 1mM
phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor cocktail. The cells were lysed by
sonication at 20 amplitude, 10s sonication cycles were alternated with 20s recovery periods.
The lysate was centrifuged at 10,0009 for 45 mins at 4°C, and the supernatant was collected.
The cleared lysate was loaded onto a Ni-NTA column equilibrated with 20mM KP; containing
10% glycerol, 500mM NaCl, and 0.3mM EDTA and subsequently washed with 20mM KP;,
10% glycerol, 0.3mM EDTA, and 50mM imidazole. Elution was performed in the presence of

an elution buffer carrying 300mM imidazole. MET13 being a flavoprotein, can be visually
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identified by its intense yellow color. The purified proteins were analysed by SDS PAGE (12%
gel). Protein concentration estimations were done by the Bradford method (Bradford, 1976)
with Bovine Serum Albumin (BSA) as standard after the removal of imidazole by means of
dialysis. The dialysis was done for 3 hours against 20mM KP; buffer (pH 7.2) containing 10%
glycerol and 0.3mM EDTA at 4°C. The dialysis buffer was changed four times, twice after
completion of 1 hour and twice after an interval of 30 minutes.

2.2.8. MTHFR activity and inhibition studies: NADPH-menadione oxidoreductase assay
MTHFR activity and inhibition studies were performed with several modifications in the
NADPH-menadione oxidoreductase assay (Matthews & Haywood, 1979). In a total volume of
800pul, the reaction mixture consisted of 400ul of 200mM potassium phosphate buffer (pH7.2)
with 0.6 mM EDTA, 80ul menadione from a stock concentration of 2mM (menadione stock
was prepared freshly in methanol), and 25-100nM of the enzyme. This mixture was incubated
for 5 mins at 25°C. To initiate the enzyme activity, NADPH at a final concentration of 200uM
was added to the reaction mix. For inhibition studies, in the same reaction mix, 200uM of SAM
was added just before adding the NADPH. In both cases, the rate of reaction was monitored
as a decrease in the absorbance of NADPH at 343nm. Activities are presented as the initial rate
of NADPH oxidation observed, using an extinction coefficient of 6220 M cm™. Activity units
represent nanomoles of NADPH oxidized per min per milligram protein.

2.2.9. Protein estimation

Protein estimation of the samples was done by Bradford Assay (Bradford, 1976) using
Bradford reagent as per the manufacturer’s instructions. The protein samples were dilute, and
Sul of the diluted sample was used for protein estimation, using BSA (Albumin, Fraction V,
Sigma) as standard. Protein estimations were done in Triplicates taking absorbance reading at

595nm.
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2.2.10. Limited Proteolysis

Limited proteolysis was performed for both the WT and mutant proteins as described below.
1.5 mg/ml of the MET13 WT, MET13 P354A, and MET13 R357A were treated with
0.01mg/ml of trypsin prepared in ImM HCI with and without the addition of 200 uM SAM
(ligand). The reactions were incubated at room temperature, and aliquots were removed at
different time intervals (0, 10, 20, 40, 60, 120, and 180 minutes). These samples were boiled
with SDS-sample loading buffer to stop any further digestion and were run on 15% SDS-PAGE
to observe the digestion pattern.

2.2.11. Circular Dichroism

Thermal denaturation studies were performed by monitoring the signal change at 208 nm using
a Chirascan spectrophotometer (Applied Photophysics). Purified protein at a concentration of
5uM, in 50 mM Potassium Phosphate buffer, pH 7.4, and 20 mM NaCl was used for these
investigations, with a temperature ranging from 25°C to 90°C. The spectra were collected at
25°C using SuM MET13_WT-6XHis in a quartz cuvette with a 1 mm path length. The average
values of each spectrum were corrected for the contribution of the buffer. Data obtained were
plotted as a function of mean residue ellipticity against temperature. Spectra were also collected
for the wild-type and mutant proteins with a wavelength range of 205-280 nm in the presence
of buffer (50 mM Potassium Phosphate buffer, pH 7.4, and 20 mM NacCl).

2.2.12. Targeted metabolite analysis: extractions and estimations

For metabolite analysis (Amino acids, sulfur intermediates, and nucleotides), the S. cerevisiae
(ABC2613) transformants with MET13 WT or MET13 R357A were grown overnight in
minimal media with amino acid supplements and glutathione. These were then re-inoculated
at 0.15 ODeoo in fresh SD media without any sulfur source. Methionine was added to the
transformants after 3 h of secondary inoculation, and samples were collected in duplicate at 0.5

and 1.0 OD. Samples were rapidly quenched in a quenching solution, following which
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metabolite extraction was done. Metabolite quenching and extraction were performed as
described previously (Walvekar et al., 2018). Metabolite extracts were dried down in a speed-
vacuum (3-4 h), and stored at -80°C until analyzed by a mass spectrometer.

These metabolites were estimated by LC/MS/MS, using an HPLC coupled to a triple-
quadrupole mass spectrometer (ABSciex 6500). Details of the analysis are described in
(Walvekar et al., 2018). In brief, metabolites were extracted, resolved, and estimated as
described. For each metabolite, parameters for quantitation of the two most abundant daughter
ions (that is, two MRMs per metabolite) were included. To quantify metabolites, the area under
each peak was gquantitated by using the Analyst software (ABSciex), inspected for accuracy,
and normalized against total ion count, after which relative amounts were quantified.

Polyamines and folate intermediates were measured in QTRAP 6500*. Metabolites
were extracted from the cells using the chilled methanol method. Briefly, 20 OD cells were
quenched with chilled methanol (Kept at -80°C) and followed by bead beating using acid-
washed glass beads. The cell suspension was transferred to a fresh tube and centrifuged at
15000g for 15 mins at 4°C temperature. The supernatant was vacuum dried and reconstituted
in 100pl of 50% methanol. 5ul was injected for LC-MS/MS analysis. The data was acquired
using a Sciex Exion LC™ analytical UHPLC system coupled with a triple quadrupole hybrid
ion trap mass spectrometer (QTRAP 6500%) in a positive ion mode. To quantify these
metabolites, the area under each peak was measured using the Multiquant software (ABSciex),
inspected for accuracy, and normalized against total ion count, after which relative amounts
were quantified.

For PE, PC, and PS estimation, the modified Bligh and Dyer method (Bligh & Dyer,
1959) was used for extraction. 1.8 OD cells were taken, and 2.0 mL methanol was added with
1 mL dichloromethane, vortexed, and made sure to have a mono-phase. The mixture was

allowed to be incubated for 30 mins at room temperature. After incubation, 500 pL water, and
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1 ml dichloromethane was added to the solution and vortexed for 5 seconds. The mixture was
centrifuged at 1200 rpm for 10 mins. The lower layer was collected into a fresh glass tube. 2
mL dichloromethane was added to the remaining mixture in the extraction tube, centrifuged,
and the above step was repeated once again. The solvent was evaporated in a vacuum dryer,
and the lipids were suspended in 100ul of 100% ethanol; vortexed for 5 mins followed by
sonication for 10 mins and again vortexed for 5 mins. Their suspension was transferred to LC-
vials and subjected to LC-MS run.

2.2.13. Cell growth for 13C labelling experiments

WT yeast (MET13_WT) and deregulated MTHFR (MET13_R357A) mutant strain were grown
in SD media 0.17% Yeast Nitrogen Base (YNB), 0.5% Ammonium sulphate; 80 mg/l leucine,
80 mg/I histidine, methionine, or glutathione (GSH) as per experimental requirement (200um),
2% Glucose. For 3C feeding experiments, the strains were grown in parallel in SD minimal
media with either 99% [1-1*C] glucose or unlabeled glucose. Cells were harvested during the
mid-exponential phase of the growth (at ~13 h for MET13_WT and 26 h for MET13_R357A
mutant) that represent pseudo-steady state conditions. Cell pellets were quenched in liquid
nitrogen, lyophilised, and stored at -80°C till further analysis.

2.2.14. Acid hydrolysis of cell pellets and derivatization of amino acids

Lyophilized yeast cell pellets (approx. 2 mg each) were resuspended in 600ul of 6N HCI. The
samples were incubated at 100°C for 18 h to hydrolyze the protein and get the amino acid
released (Hayakawa et al., 2018). The hydrolysates were centrifuged, and 50ul supernatant was
transferred to a fresh vial and subjected to vacuum drying in a speed-vacuum (Thermo
scientific) to ensure the complete removal of moisture. The dried pellets were derivatized using
TBDMS for the detection of amino acids using GC-MS (Jyoti et al., 2020). This is achieved by
first dissolving the dried extracts in 30pul of pyridine (Sigma Aldrich) and incubated at 37°C,

900 rpm for 30 mins. The resuspended extracts were topped up with 50ul of MtBSTFA + 1%
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t-BDMCS  (N-methyl-N-(t-butyldimethylsilyl)  trifluoroacetamide + 1% t-butyl-
dimethylchlorosilane) and incubated at 60 °C on a thermoshaker set at 900 rpm for 30 mins.
The derivatized samples were centrifuged for 10 mins at 13000 rpm, and the supernatant was
transferred to new GC-MS vials followed by sealing with a septum screw cap.

2.2.15. GC-MS based analysis of amino acids

Samples were analysed by GC-MS (Agilent 7890B GC, electron impact ionization (70 eV).
Agilent HP 5-ms ultra-inert chromatography column (Agilent 19091S-433UI, 30m x 250um x
0.25um) with 1uL injection volume, splitless mode, 1.3ml/min helium carrier gas flow was
used to separate the TBDMS derivatized amino acids (Masakapalli et al., 2014). The initial
oven temperature was constant at 120°C for 5 mins, followed by a ramp of 4°C per min to
270°C, hold for 3 mins, then a ramp of 20°C per min to 320°C and hold for 1 min. After 30
mins, the run temperature was reduced to 70°C with a ramp of 100°C per min. The solvent
delay was set for ~10 mins. MassHunter (Agilent Technologies, USA) was used to control the
data acquisition parameters (both GC separation and mass spectrometry) during all the sample
runs. The raw GC-MS spectra of each sample obtained were baseline corrected using MetAlign
with default parameters for accurate assessment of MIDs of the metabolites. National Institute
of Standards and Technology (NIST), Maryland database, and authentic standards, were used
for amino acid peak and fragment identification. The intensity of amino acid fragment mass
ions ranging from 40-600 was obtained using Agilent chemstation software. Once the MIDs of
all amino acid fragments were obtained from the averaged scans, the values were corrected for
the presence of naturally occurring heavy isotopes attached to the carbon backbone of
derivatives using IsoCor (Millard et al., 2012). The average **C abundance of each fragment
was calculated for all mass corrected MIDs (Shree & S, 2018). The MIDs of each amino acid
fragment can retro-biosynthetically be correlated to the label incorporation from the central

precursors. The analysis further gives us a quantitative and qualitative understanding of the
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incorporation of glucose into amino acid via various metabolic pathways in the WT and
deregulated mutant strain.

The WT and mutant bearing cells were grown in minimal media supplemented with
leucine, lysine, histidine, and methionine were fed either [*2C]-, or [1-3C] glucose. The derived
mass isotopomer fragments were successfully validated by comparing the corrected MID with
expected theoretical proportions in unlabelled fragments. Among these fragments, the reliable
mass ions (m/z) of fragments [M-85] or [M-57] were considered for comparison of label
incorporation and distribution. In the case of the fragments derived from unlabelled amino
acids (obtained from 2C tracer feeding), the fractions of *3C in these fragments were observed
to be less than the natural abundance (i.e., <1.13%). In parallel, the cells fed with [1-13C]
glucose confirmed the label redistribution of 15 amino acids under pseudo-steady state
conditions via different pathways of the central metabolism in MET13 WT and in
MET13_R357A.

2.2.16. Generation of MET 13 disruptions in different deletion strains

The MET13 gene was disrupted in the mupl4 and met64 strain backgrounds using the one-
step PCR-mediated gene disruption (Baudin et al., 1993). The meti34::LEU2 disruption
cassette was generated using the primer pair MET13A-LEU2F and MET13A-LEUZ2R and the
plasmid pRS315TEF (ABE 3488, lab stock) as a template. The 1.6-kb PCR product obtained
was transformed into the strains mentioned above, and the transformants were selected on
minimal medium without leucine but containing methionine as the successful disruptants
would be methionine auxotrophs. For met134::LEU2 disruption in mup 14 strain background,
transformants were confirmed by lack of growth on SD plates without methionine. The
transformants in met64 strain were confirmed for the disruption by diagnostic PCR using the

primer pair MET13promF and MET13A-LEU2-R.
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2.2.17. Isolation of genomic DNA from yeast

Genomic DNA from S. cerevisiae strains was isolated as described by (Kaiser, 1994) using the
glass bead lysis method and the STES lysis buffer, described in the section below.

2.2.18. Preparation of Yeast whole-cell extract

Total crude cell extracts were prepared as described previously with certain modifications
(Aggarwal & Mondal, 2006). Briefly, overnight cultures of transformants grown in minimal
media containing methionine and other supplements without uracil were reinoculated at ODeoo
of 0.1 in 50 ml of fresh medium and grown to exponential phase (ODsgo of ~0.6 to 0.8). Cells
were harvested by centrifugation and resuspended in yeast breaking buffer for whole-cell
extract preparation containing protease inhibitors (Section 2.5.14a). Acid-washed glass beads
(425 to 600 um) were added to the cell suspension, and cells were lysed by vigorous vortexing.
The resulting homogenate was centrifuged for 10 min at 13,000 rpm, and the supernatant
fraction was collected.

2.2.19. Estimation of Methylglyoxal sensitivity by disc diffusion assay

Disc diffusion assay has been performed after several modifications in the method (adapted
from) (Kato et al., 2019). Transformants were grown overnight in SD minimal media along
with reduced glutathione (200uM) as sulfur source and other amino acid supplements. These
were then re-inoculated in fresh SD media to 0.15 ODseqo after washing them twice with sterile
distilled water. Methionine (200uM) was added to the culture 3 h post the secondary
inoculation. At the exponential phase (1.0-1.5 OD), 5 OD of cells were plated onto SD plates
supplemented with methionine and glutathione. Grade 1 filter paper with 1 cm in diameter
(Whatman) was placed onto the SD plate, and 25ul of MG (6.49 M) was soaked into the filter

paper. Cells were grown at 30°C for 48 h.
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2.2.20. Total NADPH/NADP measurement by luminescence-based kit

For measurement of total NADPH/NADP pools of yeast cells, transformant expressing either
WT or mutated MTHFR protein were grown overnight in SD minimal media along with
reduced glutathione (200uM) as sulfur source and other amino acid supplements at 30 °C for
12 h and re-inoculated in fresh SD medium lacking a sulfur source at an initial ODegoo of 0.15.
After 3 h of incubation, methionine was added to these transformants and allowed to grow at
30°C till the early exponential phase of growth at 0.6-0.8 ODsoo With shaking at 220 rpm.
Details of the treatment given to cells were as described in (Yadav et al., 2020). An equal
number of cells (ODeoo-1.0) were harvested at 5000 rpm and washed with sterile MilliQ water,
followed by resuspension of the cells in lysis buffer (100mM KH2PQO4, 1.2M Sorbitol).
Spheroplasts were prepared by adding the zymolase at the final concentration of 0.3mg/ml and
a subsequent incubation at 30°C with shaking at 100 rpm for 1 h. A 100ul aliquot of these
spheroplasts were mixed with an equal volume of the NADP/NADPH Glo™ detection reagent
from NADP/NADPH-Glo™ assay kit (Promega). The reaction mixture was incubated in dark
at room temperature for 45 mins, and readings were taken using luminescence spectrometer.
Data were analyzed using GraphPad Prism 5.0.

2.2.21. Statistical Tool

For menadione oxidoreductase enzyme activity and inhibition assays, standard deviation
calculations were performed. All error bars represent the mean + SD-based of the three
technical replicates. In the targeted metabolite experiments, C*3 labelling experiments, and
luminescence-based NADPH estimation assay, statistical analyses were performed using a
paired Student’s t-test. p values were generated by analysis of variance (*, p < 0.05; **, p <
0.01; *** p < 0.001; n > 3). All error bars represent mean + SD based on three biological

replicates.
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Chapter 3

Isolation and characterization of deregulated mutants
of yeast MTHFR, MET13
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3. Chapter 3
3.1.  Introduction
One-carbon (1C) metabolism is a universal metabolic process, where single-carbon methyl
groups are transferred to enable the synthesis of several essential metabolites. These include
DNA synthesis (thymidine and purines), amino acid homeostasis (serine, glycine, and
methionine), redox balance, and epigenetic maintenance (Figure 1.1). This carbon partitioning
across various cellular outputs involves three different pathways, namely, the folate cycle, the
methionine cycle, and the trans-sulphuration pathways (Figure 1.2) (Locasale, 2013). It is one
of the critical metabolic processes amongst all living beings regardless of minor differences in
each of its constituent metabolic pathways across diverse organisms (reviewed in chapter 1).
The folate arm of this complex metabolic network in the cytoplasm takes up a 1C
moiety from serine and transfers it to THF, the universal 1C acceptor. This, in turn, accepts 1C
units derived from amino acids glycine or serine resulting in interchangeable forms of
methylated-THF with variable chemical structures (Newman & Maddocks, 2017). These
include 10-CHO-THF, 5-CH3THF, and 5,10-CH>THF, which respectively donate their 1C
units to purine synthesis, methionine recycling pathway (via homocysteine methylation), and
thymidylate synthesis (Newman & Maddocks, 2017; Tibbetts & Appling, 2010) (Figure 1.2).
The methionine cycle generates methionine by transmethylation of cellular homocysteine
pools, which is subsequently utilized in the production of SAM, a universal methyl donor in
the cell. As a carrier of the 1C unit, SAM aids the methylation of different acceptor molecules,
DNA, RNA, lipids, and proteins producing SAH as a side product. Homocysteine, a breakdown
product of SAH, connects the trans-sulfuration pathway to the methionine cycle. Through the
trans-sulfuration pathway, serine can be directly metabolized to synthesize GSH, one of the

major reducing power in the cell.

66



MTHFR is found at a critical branch point in one-carbon metabolism and is one of the key
regulatory nodes under allosteric feedback inhibition by SAM (Kutzbach & Stokstad, 1967,
1971) (Fig 3.1). Typical eukaryotic MTHFR enzymes have two domains: a catalytic domain
of approximately 300 amino acids and an equally large regulatory domain for feedback
regulation by SAM (Figure 3.1). This enzyme has been extensively studied; however, these
studies have focused primarily on the catalytic domain (Burda et al., 2015; Trimmer, 2013).
Several mutations leading to decreased catalytic activity have been implicated in several
disorders like neural tube defects and pregnancy-related complications, motor and gait
disturbances, seizures, psychiatric disturbances, and other neurological abnormalities and
cardio-vascular diseases (Frosst et al., 1995; Goyette et al., 1994; Rosenblatt, 1995). The role
of the regulatory domain, however, has not been as extensively studied. Considering that
MTHFR essentially straddles the critical cycles of one-carbon metabolism, the folate cycle,
and the methionine cycle, its regulation is likely to be critical. However, the consequences of
its regulation by SAM is not at all understood. One approach for investigating this aspect is to
examine mutants of MTHFR deregulated for SAM inhibition. Analysis of such mutants would
not only lead to a deeper understanding of one-carbon metabolism but also aids in
understanding the physiological implications of MTHFR regulation by SAM. However, such
mutants are not known, and in fact, the SAM binding regions on the MTHFR regulatory domain
are still not unequivocally recognized. While photo-affinity labelling identified a shorter region
in the N-terminal region of the regulatory domain (Goyette et al., 1994), the recent structure of
the human MTHFR has suggested a slightly different part of the regulatory region (Froese et
al., 2018).

In this chapter, | describe the successful isolation and characterization of feedback
insensitive, deregulated yeast MTHFR mutants. Since such mutants have not been isolated

prior to this study, and the precise region within the regulatory domain that might be important
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for the regulation was not known, we have used insights from both structure and sequence to
identify such mutants. Importantly, we have discovered a growth phenotype of such mutants
in methionine medium that enabled the characterization of such mutants and helped to define
a region within the regulatory domain that is critical for regulation by SAM, which we wish to
establish in vitro. Purification of some of the mutants and the wild-type protein as recombinant
proteins from Escherichia coli further confirmed the absence of SAM regulation in these
mutants relative to the wild-type. Attempts to identify possible differences among the wild-
type and mutant proteins in terms of differences in oligomerization or conformation revealed

that the protein did not display any significant changes in these properties.

Linker

—————Catalytic Domain

e

1 297 330 600

Figure 3.1 Schematic representation of eukaryotic MTHFR

Domain organization of the yeast MTHFR, Met13p, with approximately 300 amino acid long
catalytic domain at the N-terminus and an equally large, regulatory domain at the C-terminus.

3.2.  Results

3.2.1. Theregulatory region of the yeast MTHFR protein, MET13p: predicting potential
residues critical for SAM binding and enzyme inhibition

To create a deregulated eukaryotic MTHFR protein and examine the metabolic consequences,
we sought to work with the yeast homologue of MTHFR, Met13p, since the yeast system is far
more amenable to rapid phenotypic analysis. Towards the goal of creating a deregulated
eukaryotic MTHFR protein in yeast that would be insensitive to allosteric inhibition by SAM,
we initially carried out an analysis of the regulatory region of MTHFR. This region has not

been subjected to any systematic investigations so far.
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Figure 3.2 Sequence alignment analysis of MTHFR orthologs indicates three stretches of
conserved regions within the regulatory domain.

Sequence alignment of the regulatory domain of yeast (NP_011390.2), plant (NP_191556.1),
roundworm (NP_741028.1), human (NP_005948.3), and zebrafish (NP_001121727.1)
MTHFR proteins performed using Clustal omega. *, identical residues; . and :, varying degree
of conserved substitution; and —, gaps in the alignment. Putative SAM binding residues as
predicted by modelling and docking studies are highlighted in yellow.

Comparative sequence analysis of yeast MTHFR and other eukaryotic MTHFRS
(Arabidopsis thaliana, Caenorhabditis elegans, Danio rerio, and Homo sapiens) reveals that
the catalytic domains of these proteins show high similarity amongst each other (42% identity
with the human and yeast protein in the catalytic region). Surprisingly, these eukaryotic
MTHFRs also show a high sequence similarity in the regulatory region with a 43% identity
with the human and yeast proteins, across the entire regulatory region of the yeast MTHFR,
residues 337-600 (Figure 1.11). Further, within the large regulatory domain, one observes short
blocks of high identity across all these organisms. We have defined these regions as Conserved
Region 1 (CR1) beginning from amino acids 340-361, Conserved Region 2 (CR2)
corresponding to amino acids 440-445, and Conserved Region 3 (CR3) from amino acids 517-

527 (Figure 3.2 and 3.3). Efforts to find any signature SAM binding domains in the regulatory
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region or the short stretches were, however, unsuccessful. Indeed, it is known that there is a
large and diverse family of SAM binding proteins with no sequence or structural similarities

around the SAM binding pocket (Kozbial & Mushegian, 2005).

CR1 CR2 CR3
340 361 440 445 517 527

SYvaRTsaWavbeFPNGRFGDS TYIN*S*Q*P*  AVT*WGIFPGRE

F—————Catalytic Domain { | Regulatory Domain ————
Linker

* Putative SAM binding residues as predicted from modeling

Figure 3.3 Schematic representation of Met13p indicating the conserved regions (CR1,
CR2, and CR3) within the regulatory domain

Clustal omega analysis of the regulatory domain of the MTHFR protein across different
eukaryotic organisms (S. cerevisiae, A. thaliana, C. elegans, D. rerio, and H. sapiens) shows
three conserved regions which were defined as Conserved Region 1 (CR1) beginning from
amino acids 340-361, Conserved region 2 (CR2) corresponding to amino acids 440-445, and
Conserved Region 3 (CR3) from amino acids 517-527. Conserved residues are indicated in a
bigger font, residues subjected to mutational analysis are marked in red, and * indicates the
residues which were predicted to bind to SAM through modeling studies.

3.2.2. Molecular docking and structural analysis of the modeled MET13p predicts
several residues within the regulatory domain as the probable SAM binding residues

Further, to obtain insights into the SAM binding domains of the MTHFR protein, we built a
homology model of the yeast MTHFR, Metl13p, based on the crystal structure of human
MTHFR, which has been recently solved (Froese et al., 2018). This structure has provided the
first insights into the eukaryotic MTHFR with its large regulatory region and was obtained
using a truncated protein that has deletions, both, at the N and C-terminal ends. Moreover, the
crystal structure could be attained only with SAH and not with SAM, the known inhibitor of
the MTHFR enzyme. Although SAH is not an inhibitor of MTHFR, the similarity in structure

to SAM was used to extract insights regarding residues involved in SAM binding. Using the

70



human MTHFR as a template that shows a 42% sequence identity with the full-length yeast
homolog, we carried out the homology modeling studies with the help of Modeller 9v20.
Modeled yeast MTHFR structure aligns well with human MTHFR protein, which exists as a
homodimer with each monomer consisting of a catalytic domain and a regulatory domain. The
two monomers are held together by interactions of the regulatory domain, as has been reported

for the human MTHFR (Figure 3.4) (Froese et al., 2018).

Figure 3.4 Cartoon representation of modeled yeast MTHFR structure.

Homology modeling studies using Modeler 9v20 indicates yeast MTHFR, Met13p, exists as a
dimer where each monomer is composed of a catalytic domain and a regulatory domain. The
two monomers interact with each other via the regulatory domain. Chain A is shown in cyan,
and chain B in green. CDa and CDg- Catalytic domain of the two monomers (A and B); RDa
and RDg- Regulatory domain of the two monomers (A and B); bound SAM is represented by
sticks in pink.
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Figure 3.5 Yeast MTHFR docked with a molecule of SAM.

A SAM molecule (represented in pink sticks) was docked with modeled Met13p using
AutodockVina. Amino acid residues that might be involved in SAM binding are marked with
yellow sticks.

In order to predict the SAM binding residues of MET13, we docked the SAM molecule using
a computational docking program, AutodockVina. In total, we identified twenty residues
(Figure 3.5 and Figure 3.2) as the probable SAM binding candidates based on the distance cut-
off around the SAM binding pocket, which was predicted using the docking studies. Of these,
three amino acids (A312, P315, and W316) are present in the linker region, and the other
seventeen (K335, R336, Y404, L405, L412, S415, 1419, N420, E422, 1423, T440, 1441, N442,
S443, Q444, 1519, and T532) within the regulatory domain. In addition to the distance cut-off,
we included two more parameters to select the residues for further mutational analysis. The
first parameter was to restrict the residues to the regulatory domain; hence, this allowed the
elimination of A312, P315, and W316 due to the location of these amino acids in the linker
region. The second criterion was conservation. We selected the residues- Y404, E422, T440,
N442, S443, Q444, T519, and T532, conserved across other organisms whose MTHFR protein

is also regulated allosterically by SAM (Kutzbach & Stokstad, 1967, 1971; Roje et al., 2002).
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From these selected eight residues, we focused on two amino acids, i.e., Y404 and E422, due
to the likelihood of interactions with the side chains as observed by our modeling analysis and
excluded the other six which are close enough but may interact with SAM through the amino
or carboxyl group of the main chain. Among these, two residues- E422 and Y404, appeared
critical. E422 is the equivalent of the mammalian E463 that has also been suggested to be
involved in binding to SAM (Froese et al., 2018), and mutation of this residue showed protein
characteristics that indicated lack of binding with SAM molecule; Y404 also appeared to be
critical since its benzyl ring seemed to be interacting with the adenosyl group of SAM around
the hydrophobic region within the the SAM binding pocket, although enzymatic studies were
not carried out to confirm these suggestions (Froese et al., 2018).

These structural predictions, as well as the predictions made with the human enzyme
(Froese et al., 2018), were not consistent with earlier experimental studies where photo-affinity
labeling of SAM was carried out to find out the SAM binding regions of porcine and human
MTHFR (Goyette et al., 1994). These studies had indicated a completely different region of
the MTHFR regulatory domain, i.e., within a stretch of about 30 amino acids starting 30
residues after the junction between the two domains (Goyette et al., 1994; Raymond et al.,
1999; Roje et al., 2002; Sumner, Jencks, Khani, Matthews, et al., 1986). In particular, a 6kDa
region of the protein located at the N-terminal end of the regulatory domain was suggested in
these studies to be important for SAM binding (Goyette et al., 1994) that approximates residues
340 to 390 in the yeast MTHFR. However, this region was quite distinct from the structural
predictions.

3.2.3. MET13_E422A, but not MET13_Y404A mutant, predicted from the modeling
studies, shows a partial loss of regulation by SAM
To identify which regions of the regulatory region might be important for SAM-mediated

repression of MTHFR, we initially targeted and conducted a mutational analysis of the
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probable SAM-binding residues selected based on structural predictions. We generated
independent single-point alanine mutants of both Y404 and E422 using site-directed
mutagenesis. Further, we expressed the mutants into an E.coli expression vector, purified the
recombinant proteins (Figure 3.6), and evaluated them for enzymatic activity and SAM
inhibition. We performed NADPH-menadione oxidoreductase assays for in-vitro MTHFR
activity and inhibition measurements. All three purified proteins (MET13 WT,
MET13 _Y404A, and MET13 E422A) retained MTHFR activity (Figure 3.7). The
MET13_Y404A mutant exhibited inhibition (~95%) in the presence of 200uM SAM and
behaved like the wild-type protein (Figure 3.7). However, the mutant, MET13_E422A, showed
mild repression (~30%) in the presence of SAM, indicating a partial loss of allosteric inhibition

(Figure 3.4B).
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Figure 3.6 Protein purification of yeast MTHFR

Yeast MTHFR WT and mutant proteins were recombinantly expressed and purified from the
bacterial expression system using NiNTA affinity chromatography. The purified protein was
run on a 12% SDS PAGE, and a band corresponding to a molecular weight of WT MET13p
(69 kDa) was observed. Lane 1 Crude extract, Lane 2 Flow-through, Lane 3 Wash, Lane 4
MET13_M2, Lane 5 MET13 WT, Lane 6 MET13_P354A, Lane 7 MET13_R357A, Lane 8
MET13_Y404A, and Lane 9 MET13_E422A.
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Figure 3.7 MET13_E422A, but not MET13_Y404A mutant, predicted from the modelling
studies, shows a partial loss of regulation by SAM.

Measurement of catalytic activity of MET13_WT and its structural mutants, MET13_Y404A
and MET13 E422A, without and with 200uM SAM, was performed using NADPH-
menadione oxidoreductase assay as described in materials and methods section. The activity
was calculated as the rate of disappearance of NADPH by monitoring absorbance at Azsz hm
and using the extinction coefficient of NADPH as 6220 M cm™. The concentration of the
protein samples measured using the Bradford assay was used for calculating the specific
activities of all the purified protein samples. The experiment was done thrice, along with three
technical replicates for each sample protein. The graph here corresponds to the representative
data set plotted using the average of the three technical replicates along with £S.D values.

3.24. MET13 _E422A mutant with partial loss in SAM-mediated regulation shows a
mild growth defect in methionine medium: A possible screen for deregulated mutants

The two mutants, MET13 _Y404A and MET13_E422A, were also assayed for functionality,
i.e., the ability to complement the S. cerevisiae meti34 strain and for growth behavior in
different media conditions. We transformed these mutants in a met/34 strain, which is a
methionine auxotroph, and monitored their growth on minimal media supplemented with
different sulfur sources (GSH, cysteine, homocysteine, SAH, SAM, and methionine). Both the
mutants were functional, as indicated in Figure 3.8. Interestingly, MET13 E422A but not the
wild-type and MET13_Y404A mutant showed a minor defect in growth on methionine media

(Figure 3.8). Considering the observation that MET13 E422A mutant was also defective in
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SAM-mediated regulation, these results suggested that defective growth on methionine media

as a possible screen for deregulated MTHFR mutants.

200uM 200uM 200uM
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Figure 3.8 MET13_E422A mutant with partial loss in SAM-mediated regulation shows a
mild growth defect in methionine medium: A possible screen for deregulated mutants.
The S. cerevisiae metl3A strains transformed with vector control, MET13 WT,
MET13_Y404A, and MET13_E422A, were grown to exponential phase in minimal medium
containing 200uM glutathione, harvested, washed, re-suspended in water, and serially diluted
to give 0.1, 0.01, 0.001, and 0.0001 ODeqo Of cells. Ten microliters of these dilutions were
spotted on a minimal medium containing 200uM of different sulfur sources (GSH, cysteine,
homocysteine, SAH, SAM, and methionine). The photographs were taken after 48 hours of
incubation at 30°C. The experiment was repeated three times, and a representative data set is
shown in the above figure.

To further examine the defective growth on methionine as a possible screen for
evaluating MTHFR mutant proteins for deregulated phenotype, we examined a chimeric
protein that has been previously cloned and characterized, in yeast, for being insensitive to
inhibition by SAM (Roje et al., 2002). This clone had been generated by fusing the catalytic
domain of S. cerevisiae MTHFR protein with the regulatory domain of A. thaliana. We
expressed this chimeric protein downstream of the TEF promoter and compared the growth of
the met134 strain transformed with the chimeric clone on GSH as well as methionine media.

The clone was functional, as seen by its ability to complement the growth defect on GSH
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(Figure 3.9). Interestingly, this clone, which has been reported to be devoid of SAM regulation,
exhibited defective growth on methionine medium (Figure 3.9). These results further
demonstrated that the defective methionine growth could be a valid aid for evaluating MTHFR

mutants for deregulation in yeast.

200uM 200uM
Glutathione Methionine

Figure 3.9 MET13_Chimera displays growth defect on methionine media

S. cerevisiae met/3A strains transformed with vector control, MET13 WT, and
MET13 Chimera were grown to exponential phase in minimal medium containing 200uM
glutathione, harvested, washed, re-suspended in water, and serially diluted to give 0.1, 0.01,
0.001, and 0.0001 ODego of cells. Ten microliters of these dilutions were spotted on a minimal
medium containing either 200uM GSH or 200uM methionine as the sulfur source. The
photographs were taken after 48 hours of incubation at 30°C. The experiment was repeated
three times, and a representative data set is shown in the above figure.

3.2.5. Mutational analysis of different regions of the regulatory domain of MTHFR
reveals a region in CR1 is critical for SAM regulation, with major defects in growth seen
in these deregulated mutants

In addition to the residues predicted by structural modeling and docking, we also carried out,
in parallel, a systematic mutational analysis of the regulatory domain. The three conserved
regions within the regulatory domain- CR1, CR2, and CR3, were targeted for mutagenesis. In

these regions, we created the mutants M1, M2, M4, M5, and M6. M1 (R344A, T345A) and
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M2 (R357A, S361A) were mutants in the CR1 region, M4 (T440A, N442A, S443A, Q444A,
P445A) was in the CR2 region, while M5 (T519A, W520A) and M6 (F523A, P524A, E527A)
were mutations made in the CR3 region (Figure 3.3) (Table 3.1). We conducted a similar plate-
based assay, as mentioned in section 3.2.3, to check these clones for functionality as well as
for the deregulated phenotype. Mutants in all three conserved regions were functional (Figure
3.10). However, the MET13_M2 mutant showed a severe growth defect in the methionine
medium (Figure 3.10). The mutation MET13 M1, also within the CR1 region, did not,
however, show a growth defect. None of the other mutants of CR2 or CR3 (M4, M5, and M6)
exhibited any growth defect in any of the tested sulfur sources. Therefore, among these three
conserved regions (CR1, CR2, and CR3), we found that a specific region within CR1 might be
critical for regulation by SAM, as suggested by the growth of methionine medium.

Table 3.1 Regulatory domain mutants of CR1, CR2, and CR3 of the Met13p

Mutant Name Residues Mutated Region of Regulatory Domain
M1 R344A.T345A CR1
M2 R357A.S361A CR1
M4 T440A.N442A.S443A.Q444A P445A CR2
M5 T519A.W520A CR3
M6 F523A.P524A.E527A CR3
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Figure 3.10 Combinatorial mutational assessment of CR1, CR2, and CR3 reveals that
CR1 is critical for regulation by SAM

S. cerevisiae met13A strains transformed with vector control, MET13 WT, and conserved
region mutants (MET13_M1, MET13 M2, MET13_M4, MET13_ M5, MET13_M6) selected
on 200uM glutathione were grown to exponential phase in minimal medium containing 200uM
glutathione, harvested, washed, re-suspended in water, and serially diluted to give 0.1, 0.01,
0.001, and 0.0001 ODsno of cells. Ten microliters of these dilutions were spotted on minimal
medium containing either 200uM GSH or 200uM methionine as the sulfur source. The
photographs were taken after 48 hours of incubation at 30°C. The experiment was repeated
three times, and a representative data set is shown in the above figure.

3.2.6. MET13_M2 mutant within the CR1 region completely lacks allosteric regulation
by SAM

As the MET13_M2 (R357A, S361A) mutant presented a severe growth defect on methionine
media, it suggested that the mutant enzyme might be displaying a deregulated phenotype. To
evaluate this mutant for deregulation, we purified recombinant MET13_M2 from E. coli and
performed the MTHFR assays. We measured the activity of the mutant in the absence and
presence of SAM. In agreement with plate assays for functionality, the MET13 M2 mutant
was functional and exhibited no inhibition of activity even in the presence of 200uM SAM
(Figure 3.11). Thus, the MET13 M2 (R357A, S361A) mutant is completely devoid of
allosteric inhibition by SAM.
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Figure 3.11 MET13 M2 mutant within the CR1 region completely lacks allosteric
regulation by SAM

Measurement of catalytic activity of MET13 WT and MET13_M2 mutant, without and with
200uM SAM, was performed using NADPH-menadione oxidoreductase assay. The activity
was calculated as the rate of disappearance of NADPH by monitoring absorbance at Azsz hm
and using the extinction coefficient of NADPH as 6220 M cm™. The experiment was done
twice, and relative activity was plotted by using the activity of the wild-type protein in the
absence of SAM as the normalizing factor. The graph here corresponds to the representative
data set for one of the experiments.

3.2.7. Alanine mutant of R357 residue of MET13 M2 mutant is responsible for the
deregulated phenotype

The MET13_M2 carries two mutations, R357A and S361A. To determine whether both R357A
and S361A together contributed to this phenotype or whether a mutation in any one of them
alone was sufficient to cause deregulation, we generated independent single point alanine
mutants, MET13 R357A and MET13 _S361A. This was followed by an examination of their
growth on media supplemented with 200uM GSH or 200uM methionine, respectively. Like
the MET13_M2 mutant, both MET13 R357A and MET13_S361A were functional (Figure
3.12). However, the deregulated phenotype was presented only by MET13 R357A and not by
the MET13_S361A mutant (Figure 3.12). Thus, the deregulation of MET13_M2 could be
attributed to the R357A mutation of Met13p. This was subsequently confirmed by in-vitro

purification and enzyme inhibition studies (Figure 3.13).
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Figure 3.12 Alanine mutant of R357 residue of MET13_M2 mutant is responsible for the
deregulated phenotype

S. cerevisiae met13A strains transformed with vector control, MET13 WT, MET13_R357A,
and MET13 S361A selected on 200uM glutathione were grown to exponential phase in
minimal medium containing 200uM glutathione, harvested, washed, re-suspended in water,
and serially diluted to give 0.1, 0.01, 0.001, and 0.0001 ODsoo of cells. Ten microliters of these
dilutions were spotted on a minimal medium containing either 200uM GSH or 200uM
methionine as the sulfur source. The photographs were taken after 48 hours of incubation at
30°C. The experiment was repeated thrice, and a representative data set is shown in the above
figure.
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Figure 3.13 In-vitro MTHFR activity and inhibition assays reveal a complete loss of
regulation of MET13_R357A mutant by SAM.

Measurement of catalytic activity of MET13_WT, MET13 P354A, and MET13 R357A,
without and with 200pM SAM, was performed using NADPH-menadione oxidoreductase
assay as described in the materials and methods section. The activity was calculated as the rate
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of disappearance of NADPH by monitoring absorbance at Azs3 nm and using the extinction
coefficient of NADPH as 6220 Mt cm™. The concentration of the protein samples measured
using the Bradford assay was used for calculating the specific activities of all the purified
protein samples. The experiment was done thrice, along with three technical replicates for each
sample protein. The graph here corresponds to the representative data set plotted using the
average of the three technical replicates along with £S.D values.

3.2.8. A short stretch (residues F353 to G359) within CR1 is critical for MTHFR
regulation

To determine whether R357 alone was responsible for deregulation or whether other amino
acids within the CR1 region might be important, we carried out a more detailed analysis of the
CR1 region. We made individual alanine mutants for eleven of the conserved residues within
CR1(S340, Y341, R344, T345, W348, F353, P354, G356, R357, G359, and S361) and checked
their growth on methionine medium. The mutants were functional, as seen by functional
complementation of met134 strain on GSH supplemented media. The methionine specific
growth defect was demonstrated by F353A, P354A, G356A, R357A, G359A mutants of
Met13p (Figure 3.14A). This analysis of the CR1 region spanning 340-361 residues indicated
that the stretch 353-359 seems critical for MTHFR regulation by SAM (Figure 3.14B) since

residues outside this region did not exhibit any growth defect on methionine medium.
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Figure 3.14 A short stretch (residues from F353 to G359) within CR1 is critical for
MTHFR regulation.

(A) S. cerevisiae met/3A strains transformed with vector control, MET13_WT, and single point
alanine mutants of conserved residues (S340A, Y341, R344, T345, W348, F353, P354, G356,
R357, G359, and S361) within CR1 were selected on 200uM glutathione. These transformants
were grown to exponential phase in minimal medium containing 200uM glutathione,
harvested, washed, re-suspended in water, and serially diluted to give 0.1, 0.01, 0.001, and
0.0001 ODego of cells. Ten microliters of these dilutions were spotted on a minimal medium
containing either 200uM GSH or 200uM methionine as the sulfur source. The photographs
were taken after 48 hours of incubation at 30°C. The experiment was repeated three times, and
a representative data set is shown in the above figure. (B) Schematic with residues highlighted
in orange within CR1 that are crucial for MTHFR regulation by SAM, as indicated by plate-
based growth assays. (C) Dilution spotting of S. cerevisiae met/3A strains transformed with
MET13 N355H clone was performed by growing the transformants to exponential phase in
minimal medium containing 200uM glutathione, which was later harvested, washed, re-
suspended in water, and serially diluted to give 0.1, 0.01, 0.001, and 0.0001 ODseqo of cells. Ten
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microliters of these dilutions were spotted on minimal medium containing either 200uM GSH
or 200uM methionine as the sulfur source. The photographs were taken after 48 hours of
incubation at 30°C. The experiment was repeated three times, and a representative data set is
shown in the above figure.

In the above results, we inferred that the residues 355 and 358, sandwiched between
amino acids 353-359, might be crucial for the regulation of Met13p; however, these residues
were not examined since they were not conserved among other organisms. At position 355,
asparagine, a neutral amino acid residue, was replaced by histidine, a positively charged amino
acid, exclusively in plants, and at 358, there was a synonymous substitution in the case of yeast
by phenylalanine as opposed to tryptophan in all the others. A. thaliana MTHFR has been
previously shown to be SAM insensitive (Roje et al., 1999) and only differ at this particular
amino acid in this short stretch within CR1. Hence, rather than making an alanine mutant, we
substituted asparagine to histidine and studied its impact using the plate-based assay.
MET13_N355H mutant was functional as seen by growth on GSH plates, and like the other
deregulated mutants of CR1, presented a growth defect on methionine media (Figure 3.14C).
Together these results confirmed that a short stretch of amino acids (F353, P354, N355, G356,
R357, and G359) within CR1 is critical for the regulation of MTHFR protein by SAM.

3.2.9. In-vitro MTHFR activity and inhibition assays reveal a complete loss of regulation
of MET13_R357A mutant by SAM

MET13_P354A and MET13_R357A, two of the representative CR1 mutants, which display
the most severe growth defect in the methionine supplemented media, were examined by
NADPH-menadione oxidoreductase assay for SAM insensitivity. The catalytic activity in the
absence of SAM for both MET13_P354A and MET13_R357A was slightly higher than the
wild-type protein (Figure 3.13). Additionally, both these mutants retained MTHFR activity
even in the presence of SAM (Figure 3.13). MET13_P354A was partially inhibited (repression,

50%), whereas MET13 _R357A completely lacked inhibition. This fully deregulated yeast
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MTHFR protein that we have isolated for the first time (MET13_R357A), which exhibits a
methionine specific growth defect in SD minimal media and is insensitive to SAM as evaluated
by in-vitro inhibition assay, should be a useful aid in understanding the physiological
implications MTHFR regulation by SAM.

3.2.9.1. The methionine growth defect of feedback insensitive, deregulated MET13
mutant (MET13_R357A) requires a functionally active enzyme

The feedback insensitive, deregulated mutants showed a severe growth defect on methionine
plates. The possibility existed that the growth defect of these mutants was unrelated to their
activity and was a consequence of the interference of these mutants with some other protein or
an unrelated pathway. It was, therefore, necessary to establish that the growth defect of these
mutants was due to their unregulated activity. One way of establishing this link was to create
a catalytically inactive mutation of the deregulated MTHFR. Therefore, we created a mutation
of the active site residue of MTHFR, E22 (Trimmer et al., 2001). An E22A led to an inactive
MTHFR, as seen by its inability to complement the met134 defect (Figure 3.15). We then
introduced this E22A mutation in the R357A deregulated mutant background. Here, we
observed that the R357A deregulated mutant carrying the E22A mutation no more displayed
the growth defect on methionine (Figure 3.15). This result established that the deregulated

mutants displayed the methionine growth defect due to the deregulated property of MTHFR.
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Figure 3.15 The methionine growth defect of feedback insensitive, deregulated MET13
mutant (MET13_R357A) requires a functionally active enzyme.

S.cerevisiae metl3A strains transformed with vector control, MET13 WT, MET13_E422A
(catalytically inactive mutant), MET13_R357A, and MET13_E22A.R357A were selected on
200uM glutathione. These transformants were grown to exponential phase in minimal medium
containing 200uM glutathione, harvested, washed, re-suspended in water, and serially diluted
to give 0.1, 0.01, 0.001, and 0.0001 ODego Of cells. Ten microliters of these dilutions were
spotted on a minimal medium containing either 200upM GSH or 200uM methionine as the
sulfur source. The photographs were taken after 48 hours of incubation at 30°C. The
experiment was repeated three times, and a representative data set is shown in the above figure.

3.2.9.2. MET13_R357A mutant exhibits a deregulated phenotype even under the native
promoter

The plate-based assays described so far have all been done with the Metl3p expressed
downstream of the TEF promoter, which is a strong and constitutive promoter. Thus, it was
possible that these phenotypes were a consequence of substantial overexpression. To establish
if even the natively expressed Metl3p bearing the deregulated mutation showed a growth
phenotype, we cloned the MET13 R357A gene under its native promoter and tested it for
deregulation using different concentrations of methionine (0.005mM, 0.05mM, 0.2mM,
0.5mM, 1.0mM, and 2.0mM). The clone was functional, as seen by the complementation of
met134 in GSH media (Figure 3.16). The growth defect exhibited by MET13 R357A

expressed under the TEF promoter was observed at 0.005mM methionine and became more
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severe at 0.2mM methionine. In contrast, MET13_R357A, when expressed under its native
promoter, showed deregulation only at 10 fold higher methionine concentrations starting from
0.05mM and was more severe at 2mM (Figure 3.16). Thus even when expressed under the
native promoter, the growth defects were observed, although owing to the slightly weaker
promoter (compared to TEF), the effects were more visible only at higher methionine

concentration.

met134

200uM 5uM 50uM 200uM 500uM 1mM 2mM
Glutathione Methionine Methionine Methionine ~ Methionine  Methionine Methionine

Figure 3.16 MET13 R357A mutant exhibits a deregulated phenotype even under the
native promoter.

S. cerevisiae metl3A strains transformed with vector control, MET13 _WT, and
MET13 R357A expressed under native promoter were selected on 200uM glutathione. These
transformants were grown to exponential phase in minimal medium containing 200uM
glutathione, harvested, washed, re-suspended in water, and serially diluted to give 0.1, 0.01,
0.001, and 0.0001 ODseqo of cells. Ten microliters of these dilutions were spotted on a minimal
medium containing 200uM GSH and a range of methionine concentrations (0.005- 2.0mM) as
the sulfur source. The photographs were taken after 48 hours of incubation at 30°C. The
experiment was repeated three times, and a representative data set is shown in the above figure.

3.2.9.3. Defective growth of MET13 _R357A on methionine media in the presence of
endogenous WT copy of gene suggests the dominant nature of this mutation

The functional complementation of the mutants and the growth defects on methionine were all
examined in a met134 background. Therefore, we were interested in determining whether the

defective growth on methionine shown by the deregulated mutant was observed even in the
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presence of a wild-type Metl3p. We, therefore, transformed a wild-type strain, with a
functional Met13p, with the mutant. We also used a strain that was wild-type for MET15 so
that it was not a methionine auxotroph. A similar methionine specific growth defect of the
MET13_R357A clone was observed at identical methionine concentration (200uM) in the
parental background, BY4742 (Figure 3.17). This suggests a dominant nature of the

deregulated MTHFR mutant.

200uM 200uM
Glutathione Methionine

Figure 3.17 Defective growth of MET13_R357A on methionine media in the presence of
endogenous wild-type copy of gene suggests the dominant nature of this mutation.

WT S. cerevisiae strains transformed with vector control, MET13_WT and MET13_R357A
selected on 200uM glutathione were grown to exponential phase in minimal medium
containing 200uM glutathione, harvested, washed, re-suspended in water, and serially diluted
to give 0.1, 0.01, 0.001, and 0.0001 ODeoo of cells. Ten microliters of these dilutions were
spotted on a minimal medium containing either 200uM GSH or 200uM methionine as the
sulfur source. The photographs were taken after 48 hours of incubation at 30°C. The
experiment was repeated thrice, and a representative data set is shown in the above figure.

3.2.10. Analysis of SAM insensitive mutants for conformational changes

To understand the basis of the deregulated phenotype of the mutations based on the structure,
we mapped these residues on the modeled crystal structure of yeast MTHFR. Interestingly, the
residues, F353 to G359, mapped on the interfacial region of the two monomers of the protein,
which interacted through its regulatory domain (Figure 3.18). It was possible, therefore, that
these SAM insensitive mutants led to an altered oligomerization state and was responsible for

the lack of inhibition by SAM. Hence, we examined the oligomeric status of these mutants with
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the help of gel filtration chromatography. Both MET13 WT, as well as the deregulated
mutants, MET13 P354A and MET13 _R357A, presented similar profiles with two peaks, a
smaller one corresponding to higher oligomer (tetramer) and a major peak of the dimeric form
of the protein (Figure 3.19). Thus, the deregulated behavior of these conserved region mutants
could not be explained by the altered oligomeric condition of the protein.

Next, we examined these SAM insensitive mutants for the lack of SAM binding using
modified limited proteolysis experiments, as has been described previously for mammalian
MTHFR protein (Sumner, Jencks, Khani, Matthews, et al., 1986). The tryptic digestion pattern
for wild-type as well as mutant protein (MET13 _R357A) with and without SAM (200uM)
seemed more identical, each having a half-life of approximately 20 minutes for the full-length
protein of about 70 kDa (Figure 3.20). In one of the experiments, the mutant degraded in less
than 20 minutes (data not shown), but these results were not reproducible. To further probe the
presence of any conformational differences among the wild-type and mutant proteins, we
probed the melting temperatures of these proteins using Circular Dichroism (CD) studies. The
CD studies gave identical Tm values of 57.19°C for MET13 WT protein and 57.78°C for
MET13_R357A mutant protein (Figure 3.21). Therefore, these experiments fail to show any

significant differences in the conformation of the mutant protein.
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Figure 3.18 Deregulated MET13 mutants mapped to the interfacial region of the two
MOoNomers.
The panel on the right is a zoomed out version of the figure on the left specifying the position
of the deregulated Met13p mutants (indicated in orange sticks) on modeled yeast MTHFR. The
cartoon representations in light cyan and green were used for distinguishing between the two
monomers.
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Figure 3.19 Size-exclusion chromatograms of wild-type and deregulated Met13p

Purified proteins of MET13_WT and two representatives of the deregulated proteins,
MET13 P354A and MET13_R357A (1.5mg/ml), were examined for changes in oligomeric
status using analytical size-exclusion chromatography on Superdex-200 column. Peak area
calculations, which have been depicted in Table 3.2, were done using the Unicorn Analysis
software of GE healthcare.
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Table 3.2 Size-exclusion chromatography profiles of wild-type and deregulated mutant

Protein Sample

MET13_WT
MET13_P354A
MET13_R357A

Time
(minutes)

-Trypsin
-SAM

+Trypsin

-SAM

+Trypsin

+SAM

Elution Volume Area Peak 1

Peak 1 (ml)
11.62

11.62
11.42

—~ -

- =
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_"! ST
- ! ’ .

ve

(mAU*mI)
39.8 (17.1%)
80.7 (33.7)
35.8 (15.3%)
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SIS S

Elution Volume Area Peak 2

Peak 2 (ml) (mAU*ml)
13.00 192.9 (82.9%)
13.23 158.8 (66.3%)
13.02 198.3 (84.7)
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Figure 3.20 Limited proteolysis analysis of wild-type and deregulated Met13p.
Purified MTHFR wild-type and deregulated enzyme (5uM) was treated with trypsin (0.01%
w/w) with and without 200uM SAM, the mixture was incubated at 25°C, and the aliquots were
removed at the indicated time points. The digestion reaction was quenched by boiling the
samples in SDS PAGE sample loading buffers. Aliquots were then subjected to SDS PAGE
and stained using coomassie brilliant blue R-250 (0.25% w/v). As indicated, different gels
represent different reaction conditions; top panel: no trypsin, middle panel: enzyme+trypsin,
lower panel: enzyme+SAM-+trypsin. The experiment was repeated at least three times, and a
representative data set that was most consistent is shown in the above figure.
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Figure 3.21 Melting temperature studies of MET13 WT and MET13_R357A mutant
using CD spectroscopy.

Tm analysis for MET13_WT and MET13_R357A (3uM) proteins was performed using
Circular dichroism. CD Spectra (200-280 nm) for both the proteins diluted in potassium
phosphate buffer (50mM, pH 7.2) containing 0.3mM EDTA was collected beginning at 25°C.
An increment of 5°C was done until the temperature was increased to 90°C. Protein was held
at a given temperature for 5 minutes. This experiment was done only once.

3.3.  Discussion
| have described in this chapter the isolation of mutants in the regulatory region of MTHFR
that shows a lack of inhibition by SAM. SAM mediated inhibition of MTHFR has been
considered to be a key regulatory feature in one-carbon metabolism ever since the discovery of
allosteric inhibition of mammalian MTHFR by SAM (Kutzbach & Stokstad, 1967, 1971).
However, there was neither direct evidence for the presence of this regulation in vivo nor clear
demonstrations of the regions in the regulatory region that was important for this control. The
current studies, therefore, provide this evidence for regulation in vivo and helps in delineating
the residues in MTHFR critical for this feedback inhibition. We have been able to demonstrate
this by isolating, for the first time, mutants in the regulatory region of MTHFR that show a lack
of inhibition by SAM.

Although peptide mapping and photo affinity labelling of the mammalian enzymes that
were carried out more than 2 decades ago had suggested that the SAM binding domain lay

within a 6kDa region of the regulatory region close to the junction of the Catalytic and
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Regulatory domains of MTHFR, the exact residues were never delineated (Goyette et al.,
1994). Recent crystal structural studies, however, had suggested residues that conflicted with
the earlier mapping data (Froese et al., 2018). Therefore, we combined both structural and
targeted mutagenic approaches to precisely identify SAM binding residues.

One of these mutants, E422A, was predicted to be involved in SAM binding based on
the modeled structure. However, this showed only partial loss of regulation as the mutant still
demonstrated partial inhibition by SAM. However, a mutation (MET13_M2) in the conserved
region of the regulatory domain, CR1, showed an almost complete loss of regulation and
represented the first MTHFR mutant known so far that completely lacks SAM regulation. Since
this mutant also exhibits a severe growth defect in methionine medium, we used this phenotype
to further define potential deregulated mutants by a systematic mutational analysis of the
regulatory region. This rigorous investigation led us to pinpoint a 7 amino acid stretch, 353-F-
P-N-G-R-F-G-359, within the CR1 region of the regulatory domain, as being critical for the
regulation by SAM. This region falls within the 6kDa region that was earlier suggested from
the photo-affinity labelling studies (Goyette et al., 1994; Matthews et al., 1998). The residue,
E422, which was predicted by the modelled yeast MTHFR structure to bind to SAM (both from
our work with the yeast model and the earlier human MTHFR structural studies), was,
surprisingly, completely outside the CR1 region. The structural model does not indicate any
proximity of E422 with the CR1 region, so the participation and involvement of E422 is unclear
at present. One possibility is that at some early point of the conformational transitions, when
the SAM first binds to the region in CR1, it may also be in proximity to the E422. However,
this awaits more dynamic insights into the process. Importantly, the CR1 region mapped to the
interfacial region between the two monomers on the structure, and thus it would have been

difficult to predict the involvement of these regions based on the modelled structure. Therefore,
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combining both structural approaches and targeted mutagenic approaches yielded valuable
insights into the regions of the protein that are likely to determine regulation by SAM.

One important outcome of this study is also the development of a simple assay or screen
for isolating or evaluating deregulated mutants of MTHFR. This was the methionine-dependent
growth defect, which was consistently observed with the deregulated mutants. The reason for

this growth defect is the subject of the investigation of the next chapter.
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metabolic homeostasis in S. cerevisiae

95






4. Chapter 4

4.1. 4.1 Introduction

MTHFR is an enzyme that links the folate cycle to the methionine cycle in one-carbon
metabolism. As explained earlier, previous studies with the purified eukaryotic MTHFR have
revealed that the enzyme is under allosteric inhibition by S-Adenosyl methionine (SAM)
(Appling, 1991; Bagley & Selhub, 1998; Kutzbach & Stokstad, 1967, 1971). Although this
allosteric regulation has been known for decades, the importance of this regulatory control to
one-carbon metabolism has never been adequately understood, as mutants defective in this
regulation have never been obtained.

In the earlier chapter, | have described the isolation and characterization of deregulated
mutants of MTHFR that lack feedback inhibition by SAM. Importantly, we had discovered a
growth phenotype of such mutants in methionine medium. In this chapter, we have tried to
explore in detail the consequences of MTHFR deregulation and the reason behind the greater
growth defect seen in the methionine medium. To understand the metabolic consequences, we
have carried out biochemical and metabolite analysis. We have investigated the folate and
methionine cycles. In addition, we have also investigated the transsulfuration pathway
metabolites. Since NADPH and FAD are the cofactors of the MTHFR enzyme, we investigated
how the levels of these cofactors were affected as a consequence of deregulation. The impact
on redox homeostasis was also examined. We have observed that both the folate and
methionine cycles were affected in these mutants, as was the transsulfuration pathway leading
to decreased formation of glutathione and its precursors critical for redox homeostasis. The
major consequences appeared to be in the depletion of nucleotides. Folates are precursors to
nucleotides, but folate supplementation led to only partial recovery. 3C isotope labelling and
metabolic studies revealed that the deregulated MTHFR cells undergo continuous

transmethylation of homocysteine by CHsTHF to form methionine, which drives SAM
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formation accentuating the ATP depletion. SAM was also cycled back, leading to futile cycles
of SAM synthesis and recycling. This also explains the need for MTHFR to be regulated by

SAM, and the study has yielded valuable insights into one-carbon metabolism.

4.2. 4.2 Results

4.2.1. MTHFR deregulation disrupts the cellular folate and nucleotide pools

MTHFR is an enzyme that straddles two cycles, the folate cycle and the methionine cycle. It is
also a key regulatory step in 1-C metabolism. Therefore, it was possible that the deregulated
enzyme might impact the metabolic homeostasis of both cycles, although which of the cycles
might be primarily affected was difficult to predict. As MTHFR deregulated enzymes have not
been isolated earlier, it was, therefore, important for us to investigate the metabolic
consequences. We, in particular, exploit the acute phenotype seen in the methionine medium
for our analysis.

We first examined the folate pools and whether cells might be facing folate deficiency owing
to the deregulated MTHFR. Although plasma membrane folate transporters have not yet been
reported in yeast, we nevertheless supplemented cells with an increasing concentration of folic
acid in the medium. At higher concentrations of folic acid, we observed a significant rescue of
growth (Figure 4.1A). To further define which pools were deficient, we decided to examine
the steady-state levels of the different folate pools. Although folate pools are continuously
cycling and are also difficult to measure reliably owing to their lability, we nevertheless
attempted to estimate these pools. Using LC-MS/MS analysis, we observed a decrease in the
levels of the substrate of MTHFR, CH.THF (p-value = 0.1) in the deregulated mutant,
MET13 R357A, whereas pools of the product of MTHFR, CH3THF, appeared to be higher in
the mutant (p-value = 0.25) (Figure 4.1 B). The levels of these two folate intermediate

(CH2THF, and CHsTHF) indicated increased activity of MTHFR while suggesting that the
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cells could be facing some limitations in the pools of CH,THF. Interestingly, an increase in the
THF pools (p-value = 0.07) (Figure 4.1B) for the deregulated mutant suggested that the activity
of the downstream enzyme, methionine synthase (MET®6) involving the donation of the CH3
group to homocysteine could be increased.

As CH>THF, the substrate of MTHFR is also essential for the synthesis of nucleotides
(purines and thymidine); depleted CH>THF pools would be reflected in depleted nucleotide
pools. Therefore, we determined the nucleotide levels in the MTHFR deregulated strains as a
read-out of an impaired folate cycle. We observed a striking, 10-fold depletion of the cellular
AMP, GMP, and CMP pools in the mutant bearing cells (Figure 4.1B). To examine whether
external supplementation might rescue the growth, we performed a growth assay by
supplementing mutant cells with either adenine or guanine (0.05-1mM). We observed that
adenine supplementation as little as 0.05mM rescued the growth defect of the deregulated
MTHFR mutant (Figure 4.1C). However, guanine at even 1mM did not restore the growth of
the deregulated mutant (Figure 4.1C). A likely explanation for the inability of guanine to
complement the growth defect is the inability of guanine to interconvert to adenine, while
adenine is able to interconvert to guanine intracellularly (Rebora et al., 2001). Hence, the
restoration of both would be required to restore cell growth. While these observations are
consistent with the depletion of CH>THF, which is the precursor in nucleotide biosynthesis,
the much steeper decreases in the nucleotide levels suggested that folate depletion might be

only one of the causative factors.
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Figure 4
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Figure 4.1 MTHFR deregulation disrupts cellular folate and nucleotide pools

(A) Yeast met/3A strains transformed with vector control, MET13 _WT, and MET13_R357A
were grown to exponential phase in minimal medium containing 200uM glutathione,
harvested, washed, re-suspended in water, and serially diluted to give 0.1, 0.01, 0.001, and
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0.0001 ODego of cells. Ten microliters of these dilutions were spotted on a minimal medium
containing either 200uM GSH, methionine, and methionine, along with the increasing
concentration of folic acid (10-1000 uM). The photographs were taken after 72 hours of
incubation at 30°C. The experiment was repeated three times, and a representative data set is
shown in the above figure. (B) The relative abundance of folate and nucleotide pools in
transformants bearing the wild-type MET13 or deregulated mutant of yeast MTHFR,
MET13_R357A. Transformants were grown overnight in SD minimal media along with GSH
(200uM) as a sulfur source and re-inoculated in a medium containing methionine (200uM) and
different types of folate intermediates and nucleotide intermediates were determined by LC-
MS/MS. Error bars indicate SD. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001. The graphs show
a representative data set of three biological replicates. (C) Growth conditions same as (A) Ten
microliters of these dilutions were spotted on minimal medium containing 200uM GSH,
200uM methionine, and different concentrations of either adenine or guanine (50-1000M) in
methionine supplemented plates. The photographs were taken after 48 hours of incubation at
30°C. The experiment was repeated three times, and a representative data set is shown in the
above figure.

4.2.2. Cells bearing deregulated MTHFR display depleted cofactor pools

The MTHFR enzyme uses NADPH as the reducing equivalent for the catalytic activity.
Additionally, it has a FAD moiety non-covalently bound to it, which is also essential for the
oxidoreductase activity. Both NADPH/NADP and FAD/FADH2 derive from adenine pools.
Thus with adenine pools significantly lower in the cells, these pools would also be expectedly
lower. Furthermore, with unregulated MTHFR activity, the reduced NADPH pools that are
required for numerous anabolic reactions would be further depleted, while the specific oxidized
FAD pools that are cofactors in many essential enzymes would also be similarly depleted. We
measured total NADPH/NADP pools in the cellular extracts of transformants bearing either
MET13 WT or MET13_R357A plasmid. We observed an approximate 2-3 fold reduction in
total NADPH/NADP pools in cells expressing the deregulated MET13 mutant when compared
with the wild type cells upon growth in minimal media containing 200uM methionine media
(Figure 4.2A). Deficiency in the nucleotide pools could be responsible for this significant

decrease. Further, since NADPH represents approximately 95% (ratio of NADPH/NADP

varies from 15-60) of the content of NADPH and NADP pools, it indicates a depletion in the
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reduced NADPH pools (Zhang et al., 2016) primarily. If this is the case, then merely
replenishing the reduced pools might in itself provide some benefit to the cells. We attempted
to examine this by replenishing the NADPH pools by overexpression of the ZWF1 gene, which
encodes glucose-6- phosphate dehydrogenase (G6PDH) enzyme. G6PDH, the first step in the
pentose phosphate pathway (PPP), is the major enzyme converting NADP to NADPH, and this
is the main NADPH generating enzyme in living cells (Thomas et al., 1991). We observed that
the co-expression of ZWF1 with the deregulated mutant, MET13_R357A, led to a significant
growth rescue (Figure 4.2B). These findings confirm that the unregulated MTHFR activity
leads to the depletion of the cellular reserves of NADPH, which can be partly restored by the
reductive biosynthetic activity of G6PDH.

The cofactor FAD that is bound to MTHFR plays a critical role in many other
oxidoreductase reactions as well, where it aids in transferring electrons in several redox
reactions. MTHFR is a flavin-dependent oxidoreductase that requires oxidized FAD for
transferring the electrons and reducing equivalents to its substrate, CH>THF (Figure 1.10).
Since FAD is also derived from adenine, the deregulated cells would have lower total pools of
FAD/FADH; and a higher demand for oxidized FAD. We investigated this possibility by
restoring the cellular reserves of oxidized FAD. Fumarate reductase is a flavoprotein and
catalyses the reduction of fumarate to succinate along with the synthesis of oxidized FAD
(Figure 4.2C) (Camarasa et al., 2007). Yeast has two fumarate reductases: FRD1, a cytosolic
fumarate reductase, and OSM1, a mitochondrial fumarate reductase (Enomoto et al., 2002).
We co-expressed the cytosolic fumarate reductase FRD1 gene along with a deregulated Met13p
and examined the growth on methionine plates. FRD1 over-expression significantly rescues
the defective growth of our deregulated mutant on methionine media (Figure 4.2D). These
results confirm that NADPH and oxidized FAD, both of which are required for the catalytic

activity of MTHFR, becomes limiting in a deregulated mutant of MTHFR.
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Figure 4.2 Cells bearing deregulated MTHFR display depleted cofactor pools.

(A) Intracellular levels of NADPH in transformants bearing the wild-type MET13 or
deregulated mutant of yeast MTHFR, MET13_R357A. Transformants were grown overnight
in SD minimal media along with GSH (200uM) as a sulfur source and re-inoculated to medium
containing methionine (200uM) and NADPH estimated using NADP/NADPH-Glo™ assay
kit. The graph shows a representative data set of three biological replicates. Error bars indicate
SD.n=3.*p<0.05, and **p <0.01 (B) The S. cerevisiae met/3A strains were co-transformed
with MET13 _R357A and vector control of ZWF1, the transformants were grown to
exponential phase in minimal medium containing 200uM glutathione, harvested, washed, re-
suspended in water, and serially diluted to give 0.1, 0.01, 0.001, and 0.0001 ODsqo of cells. Ten
microliters of these dilutions were spotted on a minimal medium containing either 200uM GSH
or methionine. The photographs were taken after 72 hours of incubation at 30°C. The
experiment was repeated three times, and a representative data set is shown in the above figure.
(C) Reaction of fumarate reduction and oxidation (D) S. cerevisiae wild-type strains (BY4742)
were co-transformed with MET13 _R357A and either vector control or FRD1. The
transformants were grown, as mentioned in (B).
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4.2.3. Impact of the deregulated MTHFR on amino acid pools, SAM, and glutathione
MTHFR links the folate cycle to the methionine cycle that leads to the synthesis of methionine,
SAM, cysteine, and glutathione (Figure 1.2). In addition to the sulfur amino acids, cysteine,
and methionine, that are required for protein biosynthesis, SAM is required for methylation in
a host of reactions with lipids, proteins, and DNA. At the same time, glutathione is critical for
redox homeostasis. We were, therefore, interested in understanding the consequences of
MTHFR deregulation on the levels of these different sulfur metabolites, their intermediates
that fall in the reverse transsulfuration pathway, and amino acid pools in general.

We carried out the analysis of the sulfur metabolites in a met154met134 background.
MET15 deletions are deficient in inorganic sulfur assimilation; thus, all the sulfur in such cells
is derived from the organic sulfur supplemented in the medium (methionine or glutathione).
The cells carried a deletion in the MET13 gene and thus lacked the endogenous MTHFR
(met134). The strains thus only carried on the plasmids, either the wild-type or mutant
MTHFR. The transformants exposed to methionine were harvested at two different cell
densities, i.e., ODsoo 0.5 and 1.0, corresponding to the early and mid-exponential phase of
growth, respectively, and these samples were used immediately to extract metabolites for
targeted LC-MS/MS-based metabolite estimations.

Even though the cells were deregulated for MTHFR and were also grown in media
containing exogenous methionine, the methionine levels surprisingly remained almost
unchanged; instead, they showed a minor reduction (1.2 fold) in the mutants (Figure 4.3A-B).
SAM levels were, however, increased, whereas SAH showed decreased levels in the
deregulated mutant (Figure 4.3A-B). The metabolites of the reverse trans-sulfuration pathway,
homocysteine, cystathionine, and cysteine, showed decreased levels, the most striking being in
the levels of cystathionine (Figure 4.3A-B). We also observed lower levels of both oxidized

and reduced forms of glutathione (GSH and GSSG) (Figure 4.3A-B). To confirm if the cells
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were indeed facing a glutathione depletion, we examined sensitivity to methylglyoxal (MG)
since GSH is required for detoxification of MG (Figure 4.4A) (Jain et al., 2018). Indeed, cells
transformed with MET13_R357A showed enhanced sensitivity to MG in comparison with
wild-type Met13p, suggesting that glutathione was getting depleted in these strains (Figure 4.4
B-C).
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Figure 4.3 Impact of the deregulated MTHFR on amino acid pools, SAM, and
glutathione.

Relative intracellular levels of different intermediates in the methyl cycle and transsulfuration
pathway positioned in the context of the sulfur amino acid pathway, from the S. cerevisiae
(ABC2613) transformants with MET13 WT or MET13 _R357A that were grown overnight in
the minimal media with amino acid supplements, and GSH. These were then re-inoculated at
0.15 OD600 in fresh SD media without any sulfur source. Methionine was added to the
transformants after 3 hours of secondary inoculation, and samples were collected for metabolite
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extraction at 0.5 (A) and 1.0 (B) OD. The graph here corresponds to the representative data set
plotted using the average of four biological replicates along with £S.D values. Error bars
indicate SD. n = 4. *p < 0.05, **p < 0.01, and p***< 0.001.

Estimations of the pools of the other non-sulfur amino acids were also carried out, and
while the pools of the majority of amino acids were low, a few of the amino acids revealed
sharper differences (Figure 4.5A-B). These included aspartic acid, threonine, and arginine. The
trends for all the metabolites were similar at 0.5 (Figure 4.5 A-B) and 1.0 OD cells. However,
the differences were more striking for sulphur metabolites and arginine at the mid-exponential

phase of growth corresponding to 1.0 OD cells.
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Figure 4.4 Increased sensitivity of deregulated MET13 R357A mutant towards
methylglyoxal (MG), GSH specific oxidizing agent.

(A) Methylglyoxal detoxification pathway in yeast by utilization of GSH. (B) Transformant
bearing the deregulated mutant, MET13 R357A, exhibits sensitivity to MG when grown
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overnight in SD minimal media along with GSH (200uM) as sulfur source and re-inoculated
to medium containing methionine (200uM). At the exponential phase (1.0-1.5 OD), 5 OD of
cells were plated onto SD plates supplemented with either methionine or glutathione. Filter
disc containing 5.0 mM MG was placed onto the lawn of cells, which were allowed to grow at
30°C for 48 h. The experiment was repeated twice, and a representative data set of two
biological replicates is shown in the above figure. (C) The graph corresponds to the zone of
inhibitions calculated using the average of two independent biological replicates. Error bars
indicate SD. n = 2. *p < 0.05, NS is not significant.
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Figure 4 5 Impact of the deregulated MTHFR on amino acid pools.

Relative intracellular levels of different amino acid pools from the S. cerevisiae (ABC2613)
transformants with MET13_WT or MET13_R357A that were grown overnight in minimal
media with amino acid supplements and GSH. These were then re-inoculated at 0.15 OD600
in fresh SD media without any sulfur source. Methionine was added to the transformants after
3 hours of secondary inoculation, and samples were collected for metabolite extraction at 0.5
(A) and 1.0 (B) OD. The graph here corresponds to the representative data set plotted using the
average of four biological replicates along with £S.D values. Error bars indicate SD. n=4. *p
< 0.05, **p < 0.01, and p***< 0.001.
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4.2.4. Methionine biosynthesis continues in the deregulated MTHFR even in the
presence of exogenous methionine

The surprisingly unchanged levels of methionine suggested that in the presence of exogenous
methionine, the homeostasis of cellular methionine might be maintained by repression of
synthesis. To determine the relative importance of endogenous biosynthesis of methionine and
direct uptake of exogenous methionine in the observed phenotype, we initially adopted a
genetic strategy to investigate the phenomenon. MET6 encodes the methionine synthase
enzyme that accepts the methyl group from CHsTHF to convert homocysteine to methionine.
When we deleted this gene, we observed that the strain, met64 lacked methionine biosynthetic
capacity. This was evident from its inability to grow on glutathione as the sulfur source since
the strain had now become strictly auxotrophic for methionine. Importantly, the strain also
showed a reduced growth defect when transformed with the deregulated MTHFR (Figure
4.6A). We then evaluated the contributions of methionine uptake, where we deleted MUP1, a
high-affinity transporter of methionine. Interestingly, the mupi4 strains also did not show the
growth defect on methionine in the presence of the deregulated MTHFR (Figure 4.6B). These
experiments seemed to indicate that both endogenous biosynthesis and the transport of
exogenous methionine were essential factors in the growth defect on methionine.

Despite the suggestions from the genetic experiments, we needed more rigorous
confirmation as to whether methionine biosynthesis by CH3THF was indeed taking place.
Although methionine biosynthesis appeared to be required (based on the met64 observations),
this normally does not occur in a strain which is supplemented by methionine, since in the
presence of exogenous methionine, methionine biosynthesis is repressed. To evaluate this
aspect, we resorted to $3C metabolic studies.

The wild-type and mutant bearing cells were grown in minimal media supplemented with

leucine, lysine, histidine, and methionine were fed either [*2C]-, or [1-*3C] glucose. The
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TBDMS derivatized protein hydrolysate from these cells was subjected to GC-MS for accurate
analysis of mass isotopomer distribution in amino acids. The total ion chromatogram of 15
amino acids derived from protein hydrolysates was obtained (Figure 4.7A and Table 4.1). The
derived mass isotopomer fragments were successfully validated by comparing the corrected
mass isotopomer distributions (MID) with expected theoretical proportions in unlabelled
fragments. Among these fragments, the reliable mass ions (m/z) of fragments [M-85] or [M-
57] were considered for comparison of label incorporation and distribution (Antoniewicz et al.,
2007). In the case of the fragments derived from unlabelled amino acids (obtained from 2C
tracer feeding), the fractions of $3C in these fragments were observed to be less than the natural
abundance (i.e., <1.13%). In parallel, the cells fed with [1-*C] glucose confirmed the label
redistribution of 15 amino acids under pseudo-steady state conditions via different pathways

of the central metabolism in MET13_WT as well as in MET13_R357A (Figure 4.7B).

met13A mup1Amet13A

200uM Methionine

10uM Methionine

Figure 4.6 Methionine synthesis as well as uptake critical for the deregulated phenotype
of MTHFR.

Yeast met/3A, (A) met6Ameti3A and (B) muplAmeti3A strains were transformed with vector
control, MET13 WT, MET13 F353A, MET13 P354A, MET13 G356A, and
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METI13 R357A were grown to exponential phase in minimal medium containing 200uM
glutathione, harvested, washed, re-suspended in water, and serially diluted to give 0.1, 0.01,
0.001, and 0.0001 ODego of cells. Ten microliters of these dilutions were spotted on a minimal
medium containing 200uM GSH or different methionine concentrations. The photographs were
taken after 48 hours of incubation at 30°C. The experiment was repeated three times, and a
representative data set is shown in the above figure.
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Figure 4.7 MIDs of 3C Metabolite analysis

(A) GC-MS spectra of amino acids derived from the yeast cells. 15 TBDMS derivatized amino
acids were detected from the cell hydrolysates of MET13_WT and MET13_R357A. The m/z
fragments of each amino acid resulted in Mass isotopomer distributions. (B) Mass isotopomer
distributions of amino acid pools observed between the MET13 WT and MET13 _R357A
obtained from [1-13C] glucose feeding. The TBDMS derivatized protein hydrolysate from these
cells was subjected to GC-MS for accurate analysis of mass isotopomer distribution in amino
acids. Due to ionization in mass spectroscopy, the TBDMS derivatized amino acids formed
different fragments such as [M-0]", [M-15]*, [M-57]", [M-85]*, [M-159]", and [M-R]* (where,
R denotes the side chain of an amino acid often resulting in fragment [f302]*), where [M-57]",
[M-85]" fragments of each amino acid were plotted using linear regression.
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Table 4.1 List of TBDMS derivatized amino acids detected using GC-MS from the yeast
cell hydrolysates

S. No. Retention Time Amino acids identified Derivatives
(RT)
1 10.787 Alanine 2TBDMS
2 11.438 Glycine 2TBDMS
3 14.009 Valine 2TBDMS
4 15.151 Leucine 2TBDMS
5 15.967 Isoleucine 2TBDMS
6 16.762 Proline 2TBDMS
7 21.894 Methionine 2TBDMS
8 22.504 Serine 3TBDMS
9 23.200 Threonine 3TBDMS
10 24.657 Phenylalanine 2TBDMS
11 26.381 Aspartic acid 3TBDMS
12 28.928 Glutamic acid 3TBDMS
13 31.033 Lysine 3TBDMS
14 34.986 Histidine TBDMS
15 35.942 Tyrosine 3TBDMS

We first examined the $3C incorporation in the four externally fed amino acids: leucine, lysine,
histidine, and methionine that were added to fulfil the nutritional requirement. When external
amino acids are supplemented, the corresponding biosynthetic pathway is strongly repressed.
Thus, as expected, in the case of leucine, lysine, and histidine, de novo biosynthesis was not
observed, and thus these amino acids are principally used from the external medium (Figure
4.8). We see only an exception with methionine (Figure 4.8). The [1-3C] fed cells indicated
significantly higher m+1 isotopomer for all these fragments of methionine in the case of
deregulated MTHFR bearing cells compared to the wild-type (Figure 4.8). The first four carbon
backbone of methionine are derived from aspartate, and the last carbon, which is *3C-labelled,
is derived from one-carbon metabolism (Figure 4.11). The presence of higher m+1 isotopomer
in fragment ions of methionine, Met-292[C2-5] lacking C1 and Met-320[C1-5] (Figure 4.8 and
4.11) confirms CHsTHF (a 1C intermediate of folate cycle) as the precursor for the increased

label of methionine in the mutant. These results reveal a continuous biosynthesis of methionine
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in yeast (with significantly higher rates in the mutants) through the substrates of *3C-labelled
CHs and homocysteine. The mass isotopomer distributions of methionine also show that the
homocysteine, one of the substrates of methionine synthesis, is primarily derived from SAM
via methionine cycle rather than from aspartate, which would have otherwise led to m+2 mass
isotopomers in methionine (Figure 4.11). This finding confirms the significance of externally

fed methionine for the defective growth phenotype of the deregulated mutant.
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Figure 4.8 Methionine biosynthesis continues in the deregulated MTHFR even in the
presence of exogenous methionine.

13C label redistribution, the fate of externally fed, histidine, lysine, leucine, and methionine is
depicted. The proportional mass isotopomer distribution (MIDs) of protein derived amino acid
fragments retro-biosynthetically report on the labelling of precursors. These amino acid
fragments were obtained by TBDMS derivatisation and GC-MS ionisation and are presented
by their m/z and carbon backbone.
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4.2.5. Cells with deregulated MTHFR show minor readjustments in relative metabolic
fluxes

The continuous synthesis of methionine, even in the presence of exogenous methionine and its
specific effect on growth retardation, required a better understanding of the impact of
methionine over the metabolic fluxes and the cellular metabolism of the deregulated mutant.

Interestingly, one observes a dramatic difference in growth seen on plates; however,
when the growth was analysed in the liquid medium, the generation time of the mutant bearing
cells was only about 2.3 times the wild-type (Generation time of 10.5 hours for the mutant as
compared to 4.5 hours for the wild-type) (Figure 4.9).

To examine alterations in pathway preferences, we further analysed the *3C isotope
labelling data to analyse the fluxes of these pathways under pseudo-steady state conditions, as
mentioned in the previous section (Figure 4.10). The label incorporation in all the amino acids
except leucine, lysine, histidine (discussed in the previous section), and glycine were observed
as indicated by the relative mass isotopomer distributions.

The *3C redistribution in the amino acids retro-biosynthetically reporting on the central
precursors of different pathways of central metabolism shows that the relative fluxes in the
wild-type and mutant are predominantly stable with only minor but appreciably significant
readjustments as supported by the quantitative analysis of the extent of *C proportions in the
mass isotopomers.

Glycolysis is active in both wild-type and mutant cells based on **C incorporation in
serine and alanine that retro-biosynthetically report of the label incorporations in the glycolytic
intermediates, 3-Phosphoglycerate (3-PG) and Pyruvate, respectively (Figure 4.11).3C label
incorporation detected in Phenylalanine MIDs indicates active pentose phosphate pathway
(PPP) for both the MET13_WT and MET13 R357A transformed cells. Likewise, the label

incorporation in aspartate, glutamate, and proline confirms an active TCA cycle (Figure 4.11).
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However, minor differences in the relative abundances of mass isotopomers were observed

between the wild-type and the mutant, suggesting minor readjustments of central metabolism.
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Figure 4.9 Cells bearing the deregulated MTHFR do not show major changes in relative
metabolic fluxes.

(A) MET13 WT or MET13 R357A bearing transformants in metl34met154 (ABC2613)
were harvested after ~ 13 hours and ~26 hours post methionine addition.

From the [1-3C] glucose fed cells, two amino acids, serine, and alanine, displayed minor but
significant differences in *C incorporation between wild-type and mutant, highlighting
readjustment in glycolysis. The relative proportion of m+1 in Ser-362[C2-3] fragment (lacking
C1) in comparison to the Ser-390[C1-3] confirms that C3 was labelled via glycolysis (Figure
4.11). The relative levels of m+1 in the mutant for both serine and alanine (that are derived
from glycolysis) were marginally yet significantly lower than the wild-type implying a slightly
lesser rate of glucose oxidation (significant based on t-test) (Figure 4.11).The data provides
strong evidence that glucose metabolism via glycolysis was marginally lower in the mutant as
compared to the wild-type, and this could be a consequence of the depleted ATP levels in the
cell. With lower glycolysis, it can be speculated that the relative activities via PPP would be
higher. The conversion of serine to glycine releases the labelled C3 into 1-carbon pools

(CH,THF), which was **C enriched (Figure 4.11).
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However, regardless of these minor differences, our data suggest that the deregulated mutant,
which has a slower growth rate, is undergoing minor metabolic readjustments to behave

metabolically like the wild-type without any major changes in the fluxes.
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Figure 4.10 Work-flow for 13C metabolic flux analysis experiment.
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Figure 4.11 Cells bearing the deregulated MTHFR do not show major changes in relative

metabolic fluxes.
The 13C label redistribution via glycolysis, pentose phosphate pathway, TCA cycle, the folate

cycle, methionine cycle, methionine salvage pathway, polyamine synthesis, transsulfuration
pathway, and amino acid biosynthesis are highlighted. Also, the fate of externally fed histidine,




lysine, leucine, and methionine is depicted. The proportional mass isotopomer distribution
(MIDs) of protein derived amino acid fragments retro-biosynthetically report on the labelling
of precursors. These amino acid fragments were obtained by TBDMS derivatisation and GC-
MS ionisation and are presented by their m/z and carbon backbone. The 3C redistribution in
the carbon atoms of central metabolites is derived from our analysis and highlighted via red
circles. The open circles represent unlabelled carbon, while the circles in green represent either
unlabelled C or labelled 3C incorporation. In the methionine cycle and methionine salvage
pathway, additional carbons from ATP (Adenine and ribose unit) are depicted in circles with
close vertical lines. * represents significance at 99% significance level analysed via t-test. The
abbreviations used are as follows:

MID: Mass Isotopomer distributions; *Creq: Labeled carbon; '?Cunie: Unlabeled carbon;
12C green OF BCreq: Unlabeled carbon or labeled carbon. PPP: Pentose phosphate pathway; TCA:
Tricarboxylic acid cycle; G6P: Glucose-6-Phosphate; 3PG:  3-Phosphoglycerate;
DHF:Dihydrofolate; THF: Tetrahydrofolate; 5,10-CH>THF: 5,10-methylene tetrahydrofolate;
5-CHsTHF: 5-methyl tetrahydrofolate; 5-HCO-THF: 5- formyltetrahydrofolate; 10-HCOTHF:
10-formyltetrahydrofolate; 5,10-CH THF: 5,10-methenyl tetrahydrofolate; SAM: S-Adenosyl
methionine;  SAH:  S-Adenosyl  homocysteine;  dcSAM:  Decarboxylated — S-
Adenosylmethionine; MTA: Methylthioadenosine; MTR: Methylthioribose; SHMT:Serine
hydroxymethyl transferase; TYMS: Thymidylate synthase; GART:Glycinamide
ribonucleotide transformylase; AICART: Aminoimidazolecarboxamide ribonucleotide
formyltransferase; MTHFR: Methylenetetrahydrofolate reductase; MS: Methionine synthase.

4.2.6. In the deregulated MTHFR mutant cells, SAM cycles in futile salvage pathways
wherein both methionine and adenine are continuously utilized and recycled

The absence of any major metabolic readjustments in the deregulated mutant as compared to
the wild-type suggested that pathways downstream of methionine were responsible for the
methionine-dependant growth defect in the MTHFR deregulated mutants. Methionine
formation drives the ATP dependant enzymatic synthesis of S-adenosyl methionine (SAM).
The metabolite analysis had indicated an increase in SAM, which can meet two distinct fates
(Figure 1.7). In the first case, SAM is involved in the methylation of a variety of cellular
substrates such as nucleic acids, proteins, and lipids. Recent studies in yeast have reported
phosphatidylethanolamine (PE) methylation as the major SAM consumer (Ye et al., 2017).
Therefore, we quantified the relative abundance of phospholipids [phosphotidyl ethanolamine

(PE) and phosphatidylcholine (PC)] in the deregulated MTHFR mutant. Mutant harboring cells
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show a noticeable increase (=1.6 fold) in the total PC levels along with a marginal decline in
cellular abundance of PE (Figure 4.12). An increase in SAH, a side product of PE methylation
and other methylation reactions, is generally observed with increased methylation. However,
SAH, in turn, is hydrolysed to homocysteine and adenosine, both of which are in increased
requirements in the mutant (Figure 4.3A). Adenosine is required because of the depleted
adenine pools, while homocysteine is required owing to the continuous unregulated formation
of CHsTHF. The methyl group of CHsTHF is accepted by homocysteine to form methionine
again, and subsequently, the methionine formed drives the ATP-dependant formation of SAM.
The second route of SAM metabolism is through the methionine salvage pathway. In this
pathway, the methionine, which converts to SAM, is converted back to methionine with the
release of adenine and polyamine following the decarboxylation of SAM. In the polyamine
pathway, the decarboxylated-SAM can be used in the synthesis of spermidine from putrescine
or in the formation of spermine, which eventually releases into methyl-thioadenosine (MTA),
subsequently yielding methionine and adenine (Chan & Appling, 2003). We measured the
relative abundance of polyamines (spermidine and spermine) in the wild-type and mutant
bearing cells. While there was no significant change observed in the relative abundance of
spermidine in the wild-type and mutant transformed cells, we observed a significant increase
of 2.5 fold in the amount of spermine for the deregulated mutant (MET13_R357A) (Figure
4.12). This clearly suggested a significant conversion of SAM back to methionine and adenine,
with the concomitant formation of spermine. The methionine so formed would again drive the
ATP-dependant formation of SAM.

Thus, based on the metabolite data, it is clear that the methionine and ATP driven
formation of SAM is recycled back through both pathways of SAM metabolism. The first is
via SAH and homocysteine, while the other is through decarboxylated SAM and the

polyamines. As a consequence of this, with continuous methionine formation that is leading
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again to the formation of SAM, one observes futile cycles of ATP-dependant SAM formation
and its recycling to methionine and adenine/adenosine. The activities of both the pathways in
yeast with higher rates in the mutant, in particular, is supported by the higher proportion of
mass isotopomer m+1 in methionine mainly contributed by the incorporation of 3C of CHsTHF

due to enhanced activities of either methionine cycle and/or methionine salvage pathway via

SAM.
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Figure 4.12 Increased SAM pools of the deregulated MTHFR mutant is metabolized via
both pathways metabolism.

(A) A schematic for the metabolism of SAM in budding yeast. Major catabolism of SAM to
SAH occurs by methylation of phosphatidylethanolamine (PE), or SAM may also be consumed
for the production of spermidine, spermine, and MTA via polyamine synthesis, the latter then
enters a futile methionine salvage pathway producing adenine as a side-product (B-C) Relative
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intracellular levels of (B) the two phospholipids intermediates involved in PE methylation (C)
polyamines (spermidine and spermine) estimated from yeast transformants of MET13_WT or
MET13 _R357A in metl34metl54 (ABC2613) that were grown overnight in minimal media
with amino acid supplements and GSH. These were then re-inoculated at 0.15 ODeoo in fresh
SD media without any sulfur source. Methionine was added to the transformants after 3 hours
of secondary inoculation, and samples were collected in triplicates at 1.0 OD. The graph here
corresponds to the representative data set plotted using the average of three biological replicates
and three technical replicates of each of these biological replicates along with +S.D values.
Error bars indicate SD. n = 3. *p < 0.05, **p < 0.01, p***< 0.001 and NS is not significant.

4.3. Discussion

In this chapter, we have been able to show the critical role of SAM-mediated allosteric control
of MTHFR in the maintenance of overall metabolic homeostasis in the cell. The growth defect
seen in the feedback-insensitive deregulated MTHFR mutant on methionine medium provided
an opportunity to understand the metabolic reasons behind the regulation of MTHFR by SAM.
In the deregulated MTHFR mutant, we observed a drastic reduction in the nucleotide pools
(which are derived from folate pools). However, growth could only be partly recovered by
supplementation with external folate. Thus, while depleted folate pools appeared to be part of
the explanation for the growth defects, additional mechanisms seemed to be important. Our
investigations further revealed the presence of ongoing methionine synthesis driven by
CHsTHF formation that occurred even in the presence of biosynthetically repressive levels of
methionine in the medium. Using stable isotope labelling studies, we could demonstrate that
the 13C label seen in methionine arises from CHsTHF and quantitative estimations indicated a
31% increased consumption of CH>THF by the deregulated MTHFR mutant. Methionine,
when it is in excess of its requirement in protein biosynthesis, is activated by ATP to the
universal methyl donor, SAM. As the continuous generation of SAM would exacerbate
nucleotide depletion, it suggests, therefore, that severe nucleotide depletion is a consequence
of sustained SAM synthesis in a deregulated, feedback-insensitive MTHFR mutant. Besides its

impact on folate and nucleotide metabolism, MTHFR deregulation also results in the depletion
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of essential cofactors, i.e., NADPH and FAD (oxidized form). These results provide evidence
that the regulation of yeast MTHFR is crucial for maintaining cellular NADPH and FAD pools.

In addition to the folate cycle, we also observed consequences on both the methionine
cycle and the transsulfuration pathway. Methionine biosynthesis occurs in the methionine cycle
through the transmethylation of homocysteine (Finkelstein, 1990). However, homocysteine
also stands at the junction of another competing pathway, the transsulfuration pathway, towards
the formation of cystathionine and cysteine (Selhub & Miller, 1992; Thomas & Surdin-Kerjan,
1997). As a consequence of the deregulated MTHFR, its product, CHsTHF, is formed
continuously, and these higher CH3THF pools push the transmethylation of homocysteine
towards methionine biosynthesis despite the presence of adequate external methionine. This
depletes the homocysteine pools and limits their availability for the transsulfuration pathway.
That this phenomenon is indeed occurring is reflected not only by the lower levels of
homocysteine but also by the significantly lower levels of cystathionine and cysteine observed
in these mutants. With lower cysteine, there is consequently decreased glutathione, and thus
redox homeostasis is also partially disrupted as seen by the sensitivity to methylglyoxal. In
contrast to the transsulfuration pathway, the methionine cycle is overactive, with the
consequence that the accumulating methionine (through both de novo biosynthesis and external
uptake) drives the formation of SAM despite the depleted ATP levels. This also explains the
methionine dependence of the phenotype.

SAM is a critical methyl donor for various substrate-specific methyltransferases that
enables the methylation of DNA, RNA, and proteins, and these can have profound metabolic
consequences in the cell. In yeasts, excess SAM can also be trapped in the methylation of
phosphatidylethanolamine to form phosphatidylcholine, and this has been reported in yeast to
function as a ‘methyl sink’ (Ye et al., 2017). Irrespective of the substrates, though, the

methyltransferases generate S-adenosyl homocysteine (SAH). SAH, in turn, is hydrolyzed to
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adenosine and homocysteine through the action of the enzyme, S-adenosyl homocysteine
hydrolase. The homocysteine so generated is normally diverted to the synthesis of cysteine and
glutathione through the transsulfuration pathway. However, this is prevented, as we have seen
earlier, owing to the continuous transmethylation of homocysteine by CH3THF and its
diversion towards the formation of methionine in the deregulated MTHFR. The binding
constants of SAM and SAH for mammalian MTHFR protein are approximately 2.7uM and
2UM, respectively (Froese et al., 2018; Kutzbach & Stokstad, 1971). The human intracellular
concentration of SAM is well within this range, i.e., 1-3 pM. On the other hand, in the yeast
grown on a minimal medium, steady-state concentrations of SAM is almost tenfold higher. It
varies between 10-30uM for SAM and between 100-400uM for SAH (Laxman et al., 2013).
The kinetic parameters for yeast MTHFR homolog have not been determined yet. However, if
we consider the dissociation constant of SAM for MET13p similar to human MTHFR, our
study would be completely relevant in the physiological setting where the SAM concentration
varies between 10-30uM.

SAM is also metabolized through the methionine salvage pathway, wherein SAM is
first decarboxylated and then recycled with the release of methionine, adenosine, and
polyamines (Murin et al., 2017). In the deregulated MTHFR mutant, we observed a 2.5 fold
increase in the amount of spermine, suggesting that the pathway is indeed active in the mutant.
This possibly also explains why arginine, a precursor for spermine, is also observed at
significantly lower levels in the deregulated mutant. Thus, in effect, the methionine and ATP-
driven formation of SAM enters both the pathways of SAM metabolism. It is difficult to
conclude at this point which of the two pathways might be the predominant one in the
regeneration of adenosine. However, irrespective of whether one or the other is a major
contributor to the recycling process, one observes futile cycles of SAM formation, and it’s

recycling to methionine and adenosine. This unregulated, ‘wasteful’ synthesis of SAM and
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recycling further accentuates the nucleotide depletions seen in the cell and consequently also
affects the cell growth. Spermine levels are also dependant on their catabolism. In yeast,
spermine is catabolized by a FAD utilizing enzyme, FMS1 (White et al., 2001). As the SAM-
insensitive mutants face the depletion of FAD pools, it is possible that the activity of this FAD
utilizing enzyme might also be compromised. Therefore, inefficient catabolism of spermine
might also be contributing to the increased spermine levels in the deregulated mutant.

Even though both yeast and human MTHFR enzymes require NADPH for their activity
and are feedback regulated by SAM, it is interesting to note that the plant enzyme is naturally
feedback-insensitive while also requiring NADH for the activity in place of NADPH. In an
effort to investigate the importance of SAM-insensitivity in yeast, a previous study made use
of Arabidopsis enzymes and yeast-arabidopsis chimeric enzymes (Roje et al., 2002). However,
the enzyme had quite different cofactor requirements compared to the native enzyme, and thus
these studies, while yielding interesting results, could not be generalized to the actual situations
in vivo, and, not surprisingly, led to significantly different metabolic consequences than what
was observed in the current study.

Although the findings described in this report are restricted to yeasts, they have
implications for human MTHFR. Human MTHFR shares 43% identity with the yeast protein.
This similarity extends to both the catalytic and regulatory domains of the protein. The 7 amino
acid region in CR1 important for regulation by SAM that we have shown here is also conserved
in the human protein. Therefore, it is likely that mutations or polymorphisms in these regions
of the human MTHFR might also exhibit a deregulated phenotype and exhibit similar metabolic
consequences in humans. In fact, few of the polymorphisms in human MTHFR protein are
indeed present in the CR1 region (Table 4.2); however, they have not been characterized
sufficiently yet. Innumerable studies on SNPs of human MTHFR have been carried out over

the years owing to their relevance to many diseases, but these have focused on SNPs exhibiting
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a loss of function (Burda et al., 2015; Lopez-Lopez et al., 2013; Rummel et al., 2007; Wang et
al., 2018). Mutations or SNPs that might result in a gain of function have not been identified
or even recognized so far. This study with the feedback-insensitive, deregulated MTHFR
reveals that a single polymorphism in the critical region could significantly disrupt cellular
folate and nucleotide homeostasis while also impacting homocysteine levels and affecting
redox homeostasis. Investigations of patient MTHFR polymorphisms that affect MTHFR
regulation are therefore likely to be important, but are likely to manifest quite different
phenotypes than what has been reported so far for the loss of function/decreased function SNPs.
One of the possible phenotypes that might be predicted would be increased sensitivity of cancer
patients to drugs targeting the folate pathway, as has been recently observed with
polymorphisms in the histidine catabolic pathway (Kanarek et al., 2018). In conclusion, these
studies with the isolation and investigation of deregulated mutants of MTHFR have yielded
valuable new insights into SAM cycle and one-carbon metabolism, and future investigations
with these mutants, both in yeasts and humans, will throw more light on the interaction of these
two pathways.

Table 4.2 List of polymorphism in human MTHFR corresponding to CR1 region of yeast

S. No. Nucleotide Change Amino acids change Residual
Activity
(% Control)
Catalytic Regulatory Human Yeast
Domain Domain
1 C1141T Arg377Cys Arg344 7.4
1359+1G>A splice site
2 G1142A Arg377His Arg344, 34.8
G1142A Arg377His Arg344
3 G358A C1134G Alall6Thr Ala73 29.1
Tyr374* Tyr341
4 C553G C1141T His181Asp Tyrl40 15.0
Arg377Cys Arg344
5 G590A C1141T Cys193Tyr Gly152 nd

Arg377Cys Arg344
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6 T980C C1141T Leu323Pro Met284 2
Arg377Cys Arg344

7 G1016A 1179-2delA Arg335His Arg296 5.3
Trp389fs*1 Phe358

Text in red indicates SNPs in the CR1 region (Burda et al., 2015)

* STOP codon mutation

nd: no data
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Appendix

Comparison of MID [M-57] in yeast cells bearing WT (W) or mutant (M) Met13p, fed with
12¢, 3Cy and 3Cy substrates
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