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Abstract



L-serine and D-serine play crucial roles in the central nervous system (CNS).
Indeed, L-serine is a neurotrophic factor and represents the precursor of the
neurotransmitters glycine and D-serine, the co-agonists of N-methyl-D-aspartate
(NMDA) glutamate receptors. Serine racemase (SR) is the enzyme responsible for
converting L-serine into D-serine and eliminating both enantiomers to pyruvate and
ammonia. NMDA receptors are involved in the brain's development, plasticity and
function. In addition, they are related to Alzheimer's and Parkinson's diseases,
ischemia and amyotrophic lateral sclerosis.

In the CNS, the primary route of L-serine biosynthesis is the phosphorylated
pathway (PP), which starts from the glycolytic precursor 3-phosphoglycerate. The PP
takes place in astrocytes thanks to three sequential enzymatic reactions catalyzed by
3-phosphoglycerate dehydrogenase (3-PHGDH), phosphoserine aminotransferase
(PSAT) and phosphoserine phosphatase (PSP). Defects in the genes that encode the
PP’s enzymes lead to severe CNS diseases, known as serine deficiency disorders
(SDDs), characterized by a low concentration of L-serine in the cerebrospinal fluid and
plasma. These syndromes exhibit highly variable neurological phenotypes, with
retardation, microcephaly, and seizures typical in newborns and progressive
polyneuropathy in adults. Early recognition is crucial for their successful treatment with
L-serine repletion. In addition, since SDDs can affect all three enzymes of the PP, with
overlapping phenotypes, the molecular understanding of their pathogenetic variants is
fundamental for diagnosis, prognosis, and therapy.

Chapter 1 of this PhD dissertation offers a general introduction to the state of
the art of human brain serine metabolism. In particular, the role and characteristics of

the pyridoxal-5'-phosphate-dependent enzymes human phosphoserine



aminotransferase (hPSAT) and human serine racemase (hSR) are described in detail.
The following chapters report the experimental activity.

Chapter 2 focuses on the functional and biochemical characterization of hPSAT,
especially its pathogenic variants S43R, G79W, A99V, D100A, S179L, C245R, and
R342W associated in the literature with SDDs. In addition, the non-pathogenic P87A
variant was studied for comparison. All PSAT variants were investigated to understand
the loss-of-function mechanisms that can be responsible for SDDs pathogenesis.

Chapters 3 and 4 focus on hSR regulation, especially evaluating the possible
biochemical link between serine metabolism and the glycolytic flux in humans. Chapter
3 explores the interaction of hSR with the glycolytic human enzyme glyceraldehyde-3-
phosphate dehydrogenase (hGAPDH). Chapter 4 reports the investigation of hSR

inhibition by glyceraldehyde 3-phosphate (G3P), the hGAPDH substrate.
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Chapter 1. Introduction

11



1.1 The roles of serine

In nature, the amino acid serine is present in two enantiomeric forms: L-serine
and D-serine, which differ in the relative spatial arrangement around the a-carbon (Dai
et al., 2019). Both enantiomers are fundamental for human health; their main functions

are summarized in Figure 1.
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Figure 1. Structures and principal roles of L-serine and D-serine.
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L-serine — besides being the proteinogenic enantiomer — plays a key role in
intermediate metabolism in eukaryotic cells. Indeed, it is involved in the regulation of
important cellular processes such as growth, differentiation, proliferation, cell migration
and apoptosis (Kent et al., 1995; HoleCek et al., 2022). L-serine also participates in
protein biosynthesis, is the main source of monocarbonic cell units, serves as a
precursor of membrane lipids such as phosphatidylserine, sphingolipids, i.e.,
sphingomyelin (Hirabayashi et al., 2008; McCluskey et al., 2022) and cerebrosides,
and is necessary for the synthesis of nucleotide precursors as thymidine (Herbig et al.,
2002). Moreover, L-serine plays an essential function in the central nervous system
(CNS) as a neurotrophic factor (Yoshida et al., 2004; HoleCek et al., 2022). It is also
the precursor of glycine and D-serine signal molecules, which represent the co-
agonists of N-methyl-D-aspartate (NMDA) glutamate receptors. NMDA receptors are
involved in the development, plasticity and function of the central nervous system
(Furuya et al., 2008; Chen et al., 2023). The important role of L-serine in the brain was
evidenced in both in vitro and clinical data. L-serine improved, in a dose-dependent
manner, the survival of human cultured hippocampal neurons and Purkinje cells
(Yoshida et al., 2004). In addition, patients with significantly decreased levels of L-
serine and glycine in plasma and cerebrospinal fluid are affected by severe
neurological disorders (Tabatabaie et al.,, 2011; Van der Crabben et al., 2013;
Swanson et al., 2022). The other evidence of the strong connection between L-serine
and CNS is that the de novo synthesis of L-serine is mainly produced in astrocytes
through the phosphoglycerate pathways (PP), indicating that it represents an essential
amino acid for neurons (Furuya et al., 2000; Yamasaki et al., 2001; HolecCek et al.,

2022). Also, D-serine is fundamental for the brain. Indeed, abnormalities of D-serine
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levels have been related to several neuropathologies and psychiatric disorders caused
by hyper or hypo-activation of the NMDA receptors. In physiological conditions, D-
serine accounts for 5 to 20 percent of the total serine in the cerebrospinal fluid (Dietzen
et al., 2018). In particular, low levels of D-serine are associated with schizophrenia,
while a high concentration is linked to Alzheimer's and Parkinson's diseases
(Martineau et al., 2008; Lu et al., 2023). The critical role of D-serine in neuromodulation
was highlighted by Inoue et al., 2008 thanks to knockout mice for serine racemase
(SR-KO mice). SR is the enzyme responsible for D-serine production. SR-KO mice
exhibited an altered brain transmission; in particular, they presented hypofunction
phenotypes of NMDA receptors which the typical characteristics of schizophrenia, with
a lower number of dendrites spines and a diminished of hippocampal volume (Balu et
al.,, 2013). In addition, the animals presented alterations in spatial memory and

difficulties in pre-pulse inhibition (Labrie et al., 2009).

1.2 Serine metabolism

In humans, there are several sources of L-serine; it can be absorbed at the
intestinal level through the diet or obtained by the turnover of proteins and
phospholipids (Herbig et al., 2002; Hole€ek et al., 2022). However, in the CNS, the
primary route of L-serine biosynthesis is the phosphorylated pathway (PP). It takes
place in the astrocyte, starting from the glycolytic intermediate 3-phosphoglycerate.
Under physiological conditions, the de novo synthesis through the PP is essential to
supply the L-serine needed by the brain. Indeed, L-serine distribution in CNS is limited
due to the reduced permeability to the blood-brain barrier (Yoshida et al., 2004;

D’Souza et al., 2023). L-serine produced in astrocytes by the PP is critical for brain
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neurotransmission since it is the precursor of D-serine and glycine, two co-agonists of

NMDA receptors (Neame et al., 2019). An overview of serine metabolism in the human

brain is shown in Figure 2.
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Figure 2. Model of the L-serine/D-serine metabolism in the CNS (Murtas et al., 2020).

The cytosolic PP consists of three sequential enzymatic reactions. The first two
reactions are reversible and are catalyzed respectively by 3-phosphoglycerate
dehydrogenase (PHGDH, EC 1.1.1.95) and phosphoserine aminotransferase (PSAT,

EC 2.6.1.52). PHGDH oxidizes 3-phosphoglycerate to 3-phosphohydroxypyruvate
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using NADH as a co-substrate (Figure 3-A), while PSAT converts 3-
phosphohydroxypyruvate to 3-phosphoserine (Figure 3-B). The third and last reaction
is irreversible and is catalyzed by phosphoserine phosphatase (PSP, EC 3.1.3.3),
which catalyzes the dephosphorylation of 3-phosphoserine to L-serine (Figure 3-C)
(Wang et al., 2013). PHGDH is abundantly expressed in astrocytes, whereas the
cellular levels are barely detectable in neurons. Instead, PSAT and PSP are expressed
in both cell types (Furuya et al., 2000).
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Figure 3. Schematic representation of the three sequential enzymatic reactions in the phosphorylated
pathway. A) PHGHD enzyme. B) PSAT enzyme. C) PSP enzyme.

L-serine produced by PP can be converted into the neurotransmitters glycine and D-
serine thanks to serine hydroxymethyltransferase and serine racemase enzymes,
respectively. The enzyme serine hydroxymethyltransferase (SHMT, EC 2.1.2.1) can

catalyze the reversible and simultaneous conversion of L-serine to glycine and of
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tetrahydrofolate into 5,10-Methylenetetrahydrofolate (Figure 4) (Verleysdonk et al.,
1999; Cappello et al., 2022). There are two isoenzymes of SHMT, mitochondrial and

cytosolic forms. Only the mitochondrial isoenzyme is probably present in the CNS.
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Figure 4. Reactions catalyzed by serine hydroxymethyltransferase.

Serine racemase (SR, EC 5.1.1.18) converts L-serine into D-serine (Figure 5-A). This
enzyme also catalyzes the dehydration of both enantiomers to pyruvate and ammonia

(Figure 5-B) (Wolosker et al., 1999; Ramos et al., 2023).
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Figure 5. Reactions catalyzed by serine racemase. A) Racemization. B) Dehydration.

17



D-serine is then degraded by D-amino acid oxidase (DAAO, EC 1.4.3.3) (Pollegioni et
al., 2007). It is notable that L-serine and their precursors are primarily found in
astrocytes, while SR is founded mainly in neurons (Wolosker, 2011), suggesting the
presence of a transport mechanism of L-serine from astrocytes to neurons. The
“shuttle hypothesis” has been proposed in which L-serine produced in astrocytes can
be shuttled to neurons, where it is converted to D-serine by SR. Based on this
mechanism, neurons release D-serine at the synaptic interface. Then, the
neurotransmitter can be re-uptaken by neurons and possibly astrocytes through serine
transporters (ASCT-1) (Wolosker et al., 2016). Recent work supported this astrocyte-
neuron crosstalk demonstrating that the inhibition of astrocytic PHGDH suppressed
the de novo synthesis of L- and D-serine and reduced the NMDA receptor's synaptic

potentials (Neame et al., 2019).

1.3 PLP-dependent enzymes in serine metabolism

Both enzymes investigated in this dissertation are pyridoxal-5'-phosphate-
(PLP)-dependent enzymes: PSAT and SR. The PLP-dependent enzymes are
characteristic for requiring the PLP as a cofactor for their catalytic activity. PLP
functions as a cofactor in many enzymatic processes, including decarboxylation,
deamination, transamination, racemization, and others (Percudani & Peracchi, 2009;
Yoshimura, 2022). PLP represents the most important metabolically active form of
vitamin B6. The denomination "vitamin B6" refers to a group of six biologically
interconvertible compounds of 3-hydroxy-2-methylpyridine: pyridoxal, pyridoxine,
pyridoxamine, and their respective 5'-phosphates (Figure 6) (Percudani & Peracchi,

2009; Saxena et al.,, 2022). The PLP structure is formed by a pyridine ring
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heteroaromatic with four substituents: an aldehyde group on C4, a methyl group on

C2, a phosphate ester on C5 and a hydroxide on C3 (John et al., 1995; Yoshimura,

2022)
0
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Figure 6. Biologically interconvertible compounds of the vitamin B6. PLP is highlighted with a red

square.

Since the principal substrates of PLP-dependent enzymes are amines and
amino acids, they are involved in key cellular metabolic pathways in all organisms,
such as serine metabolism (Yoshimura, 2022). Consequently, they are frequently

related to important metabolic diseases (Nguyen et al., 2022). In the human brain’s
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serine metabolism, there are three examples of PLP-dependent enzymes: PSAT, the
second enzyme in the PP, SR, the enzyme responsible for D-serine regulation, and
SHMT, which converts L-serine into glycine.

PLP-dependent enzymes are classified into seven "fold types" based on their
structural organization and evolution (Yoshimura, 2022). PSAT is a transaminase and
belongs to the fold type group IV of the a-family (Murtas et al., 2020). SR is part of the
fold type Il, which includes enzymes capable of catalyzing reactions of 3-elimination
and B-substitution (Raboni et al., 2019). Instead, SHMT is a ubiquitous representative
of the largest and best-characterized family of fold type | (Florio et al., 2011; Fauziah

Ma'ruf et al., 2021).

1.4 Phosphoserine aminotransferase (PSAT)

1.4.1 Structure

PSAT is the second enzyme of the L-serine phosphorylated pathways
(Tabatabaie et al., 2011). The crystal structure of human enzyme complexed with PLP
deposited in the protein data bank (PDB) had a resolution of 2.5 A (PDB entry 3E77,
residues L17-L370).

PSAT forms a homodimer characterized by an a/f fold, in which each monomer
contains one PLP moiety (Figure 7-A). The interface between the monomers is
extensive; around 12% of the protomer surface is buried (Figure 7-B) (Coulibaly et al.,

2012; Murtas et al., 2020).
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Figure 7. A) Structure of PSAT human enzyme (hPSAT) in complex with the cofactor PLP (PDB 3E77).
The PLP is represented in yellow. B) Molecular surface of hPSAT dimers. The two subunits are in

different shades of blue.

In the human enzyme, each monomer consists of 362 amino acid residues and is
formed by a large and a small domain (Figure 8). The large domain includes residues
17-263 and exhibits six a-helixes and seven [(-sheets, all parallel except for the
second. The small domain consists of residues 3-16 and 264-362 and has a compact

structure with three a-helixes and two antiparallel -sheet.
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Figure 8. Structure of PSAT monomer (PDB 3E77). The small domain is shown in dark blue, and the

large domain is highlighted in cyan. The cofactor PLP is represented in yellow.

Residues from both domains contribute to the active site, which is at the interface
between the two monomers. This feature, typical of the PLP-dependent enzymes of
the a family, suggests that the dimeric state is fundamental for enzyme activity (Murtas
et al., 2020; Singh et al., 2021).

PSAT has been isolated and characterized from bacteria, yeast, plants, rodents
and mammals (Tabatabaie et al., 2011). In a recent comparison of PSAT structures of
different organisms, it emerged that its architecture is quite similar, except for the
length of the two last a-helixes belonging to the small domain. In human PSAT
(hPSAT), the loop near the two a-helixes is longer than in other organisms (Singh et
al., 2019). Interestingly, this loop is close to the active site. Indeed, both loops are

located at the entrance of the active site cleft. The longer loop in hPSAT probably
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provides major flexibility and, consequently, better access to the active site influencing
the biochemical properties (Singh et al., 2019).

Like other PSATSs, the human enzyme exhibits local positive charges around the
active site and negative charges distributed over the surface (Basurko et al., 1999;
Sekula et al., 2018). The cofactor PLP is bound to Lys200, belonging to the large
domain. This bond forms the internal aldimine. The pyridine N atom interacts with the
large domain and creates hydrogen bonds with W107, T156, and D176. These
connections stabilize the aromatic ring of PLP that assumes a parallel direction with
the indole ring of W107, resulting in a more favourable stacking interaction (Figure 9).
Thanks to the crystal structure of Bacillus alcalophilus PSAT, complex with the
substrate L-phosphoserine, it is known that the residues S43, H44, R45, and R335 are
located at the hPSAT active site and participate in the substrate binding (Battula et al.,

2013).

Figure 9. Representation of PLP (orange) covalently bound to Lys200 and amino acid interactions in
the active site of hPSAT (adapted from Murtas et al., 2020).
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PSAT variants of the protozoan parasite Entamoeba histolytica allowed to understand
that a small loop between N-terminal residues 1-16 is crucial for enzyme activity. It is
buried in the active site with the role of maintaining the active site architecture and
limiting the movement of the loop containing the Lys200, stabilizing the internal
aldimine formation. Indeed, the PSAT variants in the N-terminal loop show almost
complete enzymatic inactivity, demonstrating that it is crucial to enzyme activity (Singh
et al., 2019).

Experiments on green alga Scenedesmus obliquus PSAT have led to the
conclusion that the enzyme active site is optimized to bind L-glutamate, 3-
phosphohydroxypyruvate, 2-oxoglutarate and O-phospho-L-serine, which have side
chains of equal length (Stolz et al., 1995). Bovine PSAT is able to use the 2-amino-5-
valerate, L-homocysteate and 2-amino-4-phosphobutyrate as substrates (Basurko et
al., 1999). At the same time, Escherichia coli PSAT accepts L-aspartate (Figure 10)

(Duncan et al., 1984; Lewendon et al., 1984).
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1.4.2 Catalysis
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Figure 10. Examples of PSAT substrates.

preference of hPSAT is still unclear.
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The crystal structure of Escherichia coli PSAT, complexed with a-methyl-l-glutamate
(PDB, 1BJO), shows that the arginine residues in the active site may contribute to

stabilizing the L-aspartate bond (Hester et al., 1999). However, the substrate

PSAT catalyzes the reversible glutamate-dependent transamination of 3-

phosphohydroxypyruvate to 3-phosphoserine, releasing 2-oxoglutarate. The cow
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PSAT and Arabidopsis thaliana PSAT enzymes show a bimolecular ping—pong
mechanism (Basurko et al., 1999; Sekula et al., 2018), probably also present in the
human enzyme. In this mechanism, the enzyme reacts with the substrate to form a
product, dissociating before the second substrate binds to the active site (Lueck et al.,
1973). It is a pH-dependent enzymatic reaction that, for PSAT, has an optimum pH
between 7.5 and 8.5 (Hester et al.,, 1999). A schematic representation of hPSAT

catalytic mechanism is shown in Figure 11.
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Figure 11. Representation of the hPSAT-catalyzed transamination reaction (modified from Sekula et

al., 2018). In the human enzyme, the PLP is bound to Lys200.

Two reversible half-reactions form the transamination reaction (Eliot & Kirsch,
2004). Initially, the PLP aldehyde group covalently binds the e-amino group of the

lysine residue at the enzyme's active site (in hPSAT, the Lys200), forming a Schiff
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base defined as internal aldimine. After L-glutamate binding, the internal aldimine
breaks up, and the amino group of the substrate makes a nucleophilic attack on the
aldehyde group of the PLP, forming a PLP-glutamate gem-diamine as an intermediate
(Fukui et al., 2008) and then a new Schiff base, termed external aldimine. The
exchange of aldimine is known as a transaldimination reaction (Figure 12) (Liang et

al., 2019).

Internal aldimine gem-diamine 1 gem-diamine 11 External aldimine

Figure 12. Schematic representation of transaldimination reaction (Vivoli et al., 2009)

Subsequently, the aldehyde group of PLP allows the formation of an imine with a free
amino group, while another deprotonated primary amino group can attack the external
or internal aldimine making it reversible. This reaction enables the binding of PLP and
substrate, the release of the product and the regeneration of the enzyme with the
bound PLP in the active site (Liang et al., 2019). After the external aldimine formation,
Ca deprotonation leads to a carbanionic or quinonoid intermediate. The subsequent
protonation of the PLP in C4, which serves as an "electronic trap", allows the formation
of a ketimine intermediate. Then, the hydrolysis of the imine bond enables the release
of a-ketoglutarate, and the enzyme binder pyridoxamine-5'-phosphate (PMP) is ready

to accept the 3-phosphohydroxypyruvate, which covalently binds PMP. The release of
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one molecule of water produces another ketimine and then an external aldimine PLP-
3-phosphoserine. At this point, catalytic lysine carries out a nucleophilic attack on the
PLP C4 to create an intermediate germinal diamine PLP-3-phosphoserine. The
reaction ends when the initial inner aldimine is regenerated, and 3-phosphoserine is

released from the active site (Liang et al., 2019; Sekula et al., 2018).

1.4.3 Isoforms

In humans, the primary transcript encoding PSAT can undergo an alternative
splicing process, resulting in the production of two mature isoforms: hPSATa and
hPSATRB. The hPSATa and hPSATf have 324 amino acids (35.2 kDa) and 370 amino
acids (40.0 kDa), respectively. The two isoforms differ in the presence of 46 residues
encoded by exon 8 (138 bp) in the Val290-Ser337 region, which is missing in the
shortest isoform (Baek et al., 2003). PSATa is not present in other organisms, then the
primary transcript of the gene undergoes alternative splicing only in humans.
Experiments in human cell lines showed that hPSATa transcript could be barely
detected. In addition, it was not detectable in the healthy tissue. Moreover, there was
evidence that it is poorly active (Baek et al., 2003). In contrast, hPSAT( was highly
expressed in all cell lines and many human tissues, indicating that, under physiological
conditions, this protein isoform is involved in the L-serine biosynthetic pathway (Baek

et al., 2003).
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1.5 Serine racemase

1.5.1 Structure

Serine racemase belongs to the fold type Il family of PLP-dependent enzymes.
In solution, SR forms a homodimer with a typical open structure a-, in which each
monomer binds a molecule of PLP (Figure 13).

Until today, more than ten X-ray crystallography structures of SR from various
organisms have been deposited in PDB (Raboni et al., 2019). Among these are four
human crystal structures; the most recent (PDB, 6SLH) has a resolution of 1.89 A and

represents the hSR holoenzyme, including the PLP cofactor (Koulouris et al., 2020).

Figure 13. Structure of hSR (PDB, 3L6B). The monomers are shown in cyan and blue, and the PLP is

in yellow.

In the human enzyme, each monomer consists of 340 amino acids, formed by a large

and a small domain (Figure 14). The large domain is organized into seven [3-sheets
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(all parallel except the first) surrounded by ten a-helixes, contains the binding site for
PLP and is composed of amino acids 1-68 and 157-340. Instead, the small domain
has four parallel B-sheets, and three a-helices, arranged in such a way that two (helix
4 and 5) are near the interface between the domains and the third is on the side
exposed to the solvent. The small domain includes 78-155 amino acid residues and is
connected to the large domain by a flexible region consisting of 69-77 amino acids

(Smith et al., 2010; Takahara et al., 2018).

Figure 14. Structure of hSR monomer (PDB, 3L6B). The large domain is shown in cyan, the small

domain is represented in dark blue, and the PLP is in yellow.

The cofactor, PLP, is covalently bound as an internal aldimine to Lys56 into the

large domain. Other residues interacting with PLP include the Met189 and the
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tetraglycine loop (Gly185, Gly186, Gly187 e Gly188) that coordinates the PLP
phosphate group with their peptide skeleton nitrogen atoms contributing to the correct
positioning of the cofactor for the catalysis reactions (Figure 15). In addition, Ser313 is
bound to the pyridine nitrogen, and Asn86 interacts with the 5-OH group (Jiraskova-

Vanickova et al., 2011; Campanini et al., 2013; Graham et al., 2019).

Figure 15. The PLP phosphate binding pocket in hSR (PDB, 3L6B) with the coordination of the
tetraglycine loop (Graham et al., 2019).

The PLP binding site residues as tetraglycine loop, 54-9 and 313-316 are conserved
between SR orthologues and other dependent PLP enzymes and were demonstrated
to be essential for racemase and D-serine dehydratase reactions (Yoshimura & Goto,

2008; Goto et al., 2009; Smith et al., 2010).
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The other two binding sites have been crystallographically characterized: one
for divalent cations, such as Ca?* and Mg?* and one for nucleotides, such as AMP-

PCP, a stable structural analogous of adenosine triphosphate (ATP) (Figure 16).

Figure 16. Structure of hSR (PDB, 3L6B). The monomers are shown in cyan and grey, the PLP in
yellow, the divalent cation in dark purple and the AMP-PCP in red. The AMP-PCP was placed based on
the overlap of the human structure with that of yeast (PDB, 1TWTC).

The divalent cations are coordinated with the lateral chains of Glu210 and Asp216, the
backbone of Ala214 and three water molecules. They are not directly involved in the
catalytic processes of hSR but are necessary for the proper folding and stabilization of
the protein structure (Cook et al., 2002; Ito et al., 2012; Bruno et al., 2017).

The organization of the ATP binding site was solved in Schizosaccharomyces pombe
(SpSR) in complex with AMP-PCP (PDB, 1TWTC) by Goto et al., 2009. The nucleotide
complexed with Mg?* ions binds into a cleft at the interface between the two monomers.

The ATP interacts both with the small and the large domains. The phosphate groups
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are positioned at the dimerization interface while the adenine is exposed to the
solution. In SpSR the binding site of the ATP is formed by the Ala115 and Tyr119 of
the small domain; Asn25, Phe50, GIn51, Lys52, Met53 and Asn311 of the large domain
and Ser32, Ser33, Thr34, Arg275, Met276 and Lys277 of the large domain of the other
subunit. The adenine ring of AMP-PCP is placed between Ala115 and Arg275. Ribose
O3' interacts with the lateral chains of Asn311 and Lys277 of the other subunit. Of
these 14 residues interacting with ATP, 11 are conserved in human and rat SR, while
Asn25, Thr34 and Met53 are replaced by His, lle and Thr, respectively. This
observation suggested a similar localization of ATP in mammalian (Jiraskova-

Vanickova et al., 2011).

1.5.2 Dynamics

Human serine racemase shows a complex conformational landscape (Raboni
et al., 2019). The conformational change from open to closed forms in the presence of
a competitive inhibitor (malonate) was studied in human and rat SR (rSR) by Smith
and coworkers. Indeed, rSR and hSR have 90% identical sequences and are
structurally indistinguishable. The analysis of rSR buried monomer-monomer surfaces
of the open (PDB, 3HMK) and closed (PDB, 3L6C) forms shows that the dimer
interface exhibits a high degree of flexibility (Smith et al., 2010). This probably depends
on the rearrangement of the interaction between the two monomers upon ligand
binding to the active site due to an open-close conformational switch (Raboni et al.,
2019). It has been observed that the binding of a physiological substrate (L-serine and
D-serine) or an inhibitor (glycine or malonate) causes the rotation of about 20° of the

small domain on the large domain to close the active site. In particular, helix 6 and 5
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(with the exception of helix 4) move towards the PLP, while the large domain maintains
the same orientation in both conformations. This movement leads to the correct
positioning of the Ser84 residue with respect to L-serine, allowing the racemization
reaction (Yamauchi et al., 2009; Smith et al., 2010). The presence of a conformational
change when a ligand is present at the active site was confirmed by the comparison of
the hSR bound to malonate (PDB, 3L6R) (Smith et al., 2010) with the more recent
structure of hSR without ligand (PDB, 5X2L) (Takahara et al., 2018). The

superimposition of the two human structures, open and closed, is shown in Figure 17.

Figure 17. Comparison of the open (PDB 5X2L, blue) and closed (PDB 3L6B, orange) structures of
hSR. The PLP is in yellow sticks. The arrow indicates the movement (around 20°) of the small domain

toward the large domain after binding with malonate (Raboni et al., 2019).
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The SR dynamic in the presence of Mg?*-AMP-PCP was studied in the yeast
SR (SpSR) crystal structure (PDB, 1TWTC) by Goto and coworkers, 2009. There is a
unique structure complex with ATP analogues deposited in the PDB to date. SpSR
exhibits 35.1% sequence identity with hSR. It has been observed that the Mg2*-AMP-
PCP complex, which binds at the nucleotide site in the open form of the enzyme, does
not induce a conformational change. However, when the nucleotide is bound at the
dimers interface, the respective orientation between the two domains changes, each
revolving around the axis of the adenyl rings of the AMP-PCP, increasing the surface
of the posterior groove formed by the two monomers (Figure 18) (Goto et al., 2009).
In addition, it was reported by size exclusion chromatography in vitro studies that when
ATP is present in solution, the enzyme is present in an equilibrium between dimeric
and monomeric form (Bruno et al., 2017). Moreover, fluorescence spectroscopy
experiments demonstrated that, in the presence of ATP, SR assumed a conformation

like the open state, in which the active site is more closed (Marchetti et al., 2013).

no AMP-PCP

- —p

B

Figure 18. Surface representation of conformational rearrangement of SpSR in the presence (PDB
1WTC, pink) and absence (PDB 1V71, cyan) of AMP-PCP bound at the dimer interface in the two

symmetric sites (adapted from Raboni et al., 2019).
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1.5.3 Catalysis

Serine racemase has two distinct catalytic activities: it performs the reversible
racemization from L-serine into D-serine and their irreversible dehydration to pyruvate
and ammonia (Wolosker et al., 1999; Ramos et al., 2023). In addition, it is the only
confirmed mammalian enzyme responsible for the isomerization of L-serine to D-serine

(Wang et al., 2012). The reactions catalyzed by SR are shown in detail in Figure 19.

36



1
HOCH;—C

D-serine

@55 Sersd

CHz CH;

| I
"
H -

Y\.COO
HOCHz—(‘:)‘

+
o B (/N\H

/ ]
., ™
P (o]
/s Y
° |
P’
N CH,

External aldimine

g
e
N
_ o = ™H
oxp/ i "! .
7 >0 SN HOCHy—g 4C00
+ |
= NH;
N~ CH,
Internal aldimine L-serine
Racemization \
CH CH
CHz CH, 2 Ha
I 5 I NH, OH
NH3 OH
H
HOCHZ‘-..C co0 HOCHZ—(;: _CO0
+
Il N
NL - 0 s \j'-|
o/ C| ; Opl o
\"P\ o /o =
# o
SN -
N CH N CH3
B 3
. ‘) External aldimine
Quinonoid
Dehydration
H20
Lys56 ( Ser84
o,
NH2 OH Lys56
HaC. coo’
=g CHp
" CH.
r!nk . N 2
. o = °H o P H
oL/ e ~p b 4+ HyN
P o == ~ o
// \O / 7 o == o.
o | o [
2 P
N7 CH, N7 cH, ‘
: ! Internal aldimine 1
a-aminoacrylate H,0 -..\’u
|
V
o]
Mot i
H,e” Scoor N

Figure 19. Reactions mechanisms catalyzed by SR: racemization and dehydration (Raboni et al., 2019).
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In the absence of substrate, the aldehyde group of PLP is covalently bound to
the amino group of Lys56 present in the active site of the enzyme, forming a Schiff
base (internal aldimine). The bond with the amino acid substrate allows the PLP to
form an external aldimine. Indeed, the a-amino deprotonate group of lysine attacks the
C4 of the internal aldimine allowing the release of Lys56 and the reorientation of Ser84,
essential for the catalytic activity of the enzyme. If the starting amino acid substrate is
L-serine, the a carbon of aldimine gives a proton to Ser84. Instead, when the substrate
is D-serine, Lys56 is protonated. Both reactions lead to the formation of a quinonoid
intermediate, a planar carbanion that is stabilized by resonance from PLP by
delocalizing negative charges on pyridine (Foltyn et al., 2005). After the first two steps,
common for both enzymatic reactions, starting from the quinonoid intermediate, the
two pathways are separated. In the racemization reaction occurs, the a re-protonation
of the carbanion (by Ser84/Lys56) that leads to the regeneration of the external
aldimine with L/D-serine as an intermediate, the amino acid substrate is then divided
by a transimination with Lys56, thus regenerates the free enzyme. In the dehydration
reaction, instead, the hydroxyl of the carbanion in (3 is protonated, and the amino acid
intermediate generated after dehydration is very unstable. It is rapidly hydrolyzed to
pyruvate and ammonia. The final quantity of the products of the two reactions is not
equivalent. Indeed, the racemization and dehydration reactions occur simultaneously
but with different catalytic efficiency. In particular, the performance of dehydration of L-
serine is more outstanding than D-serine, and both are more effective than

racemization (Marchetti et al., 2013).
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1.5.4 Protein interactors

Human serine racemase has a complex interactome fine-tuned at different
levels by small ligands, post-translational modifications and proteins (Raboni et al.,
2019). Many proteins have been proposed to interact with the hSR, particularly those
associated with glutamatergic neurotransmission and the glutamatergic receptors
AMPA (a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) and NMDA. The C-
terminal portion of hSR appears to be most relevant for protein partner interactions.
Indeed, in this region, there is a well-characterized consensus sequence (Ser-Val-Ser-
Val) that is able to recognize PDZ domains (Baumgart et al., 2007). The PDZ domain
consists of 80-90 amino acids and is involved in protein-protein interactions (Kim et al.,
2004; Stevens et al., 2022). It is known that PICK1 (protein interacting with C-kinase)
and GRIP (glutamate receptor interacting protein) bind SR through the PDZ domain

(Figure 20) (Jiraskova-Vanickova et al., 2011; Baumgart et al., 2007).

Figure 20. Model of hSR protein-protein interactions. In yellow is shown the consensus sequence (Ser-
Val-Ser-Val) of hSR, which is able to recognize the PDZ domains (blue circle) of GRIP (orange) or
PICK1 (green) proteins.
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Furthermore, it is reported that PICK1 enhances D-serine release from the glia
and increases hSR activity (Jiraskova-Vanickova et al., 2011). However, it is still
unclear how PICK1 and GRIP interact to regulate the SR, but both depend on the
AMPA receptor's phosphorylation state (Wolosker et al., 1999; Fujii et al., 2005; Kim
et al.,, 2005; Matthews et al., 2021). Moreover, SR degradation via the ubiquitin-
proteasome system is mediated by GOLGAS (golgin subfamily A member 3 or GCP70
or golgin-160) and DISC1 (disrupted-in-schizophrenia-1). GOLGAS3 stabilizes SR
levels through the inhibition of its ubiquitination. Indeed, GOLGAS interferes with the
binding of ubiquitin E3, reducing the levels of ubiquitination and degradation in vivo
(Wolosker et al., 1999; Fujii et al., 2005; Dumin et al., 2006; Canu et al., 2014; Ito et
al., 2020). A similar action is performed by DISC1, which is an interesting drug target
for schizophrenia and other psychiatric disorders. DISC1 mutant studies have clarified
its role in binding and stabilizing SR, preventing its degradation through ubiquitination
(Ma et al., 2013).

In addition, the interaction between SR and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) has been studied in murine orthologues by Suzuki et al.,
2015. The authors reported that murine SR interacts directly with murine GAPDH in
the presence of glyceraldehyde-3-phosphate (G3P), the GAPDH substrate, resulting
in SR inhibition. Since GAPDH catalyzes the sixth step of glycolysis, SR-GAPDH
interaction may be a biochemical link between glycolysis and D-serine metabolism
(Suzuki et al., 2015). This topic is a part of my PhD research work and will be discussed

in detail in chapters 3 and 4.
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1.6 Serine metabolism disorders

Anomalies in the L-serine and D-serine metabolism are related to different

pathologies. The main diseases are summarized in Table 1.

PHGHD deficiency
PSAT deficiency
PSP deficiency
NLS

NLS2

< SDDs

L-SERINE

< Cancer

Alzheimer's disease
Parkinson’s disease
Ischemia
Amyotrophic lateral

D-SERINE sclerosis

+» NMDA receptors
hyperactivation

e Schizophrenia

% NMDA recept
receptors e Neuronal damage

hypoactivation

Table 1. Overview of the main L-serine and D-serine metabolism pathologies.

Serine deficiency disorders (SDDs) are a heterogeneous clinically and genetically
group of rare autosomal recessive pathologies caused by pathogenetic alterations in
genes coding for phosphorylated pathway enzymes, namely PHGDH, PSAT and PSP.
These neurometabolic disorders are characterized by neurodevelopmental defects,
epilepsy, microcephaly and low plasma and cerebrospinal fluid serum levels (Acuna-
Hidalgo et al., 2014; Brassier et al., 2016; Ni et al., 2019; Abdelfattah et al., 2020).
The first described disruption of L-serine biosynthesis was reported by Jaeken
et al., 1996, on the PHGDH gene. Most cases of SDDs are still associated with

pathogenic variants of 3-PHGDH (Yoshida et al., 2004; Tabatabaie et al., 2010; Van
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der Crabben et al., 2013; Benke et al., 2017), but recently there have been an
increasing number of cases related the mutations in the gene PSAT1 encoding for
PSAT. SDDs associated with the genetic impairment of PSAT1 are known as PSAT
deficiency (PSATD, OMIM # 610992). The first two cases of PSATD were observed in
the year 2007 in two siblings heterozygous that had a frameshift and a missense
mutation of the PSAT1 code for the D100A variant. Both siblings exhibited typical
intractable seizures, microcephaly, psychomotor retardation, and hypertonia. Unlike
other L-Ser disorders, they were not symptomatic at birth, suggesting the possibility of
post-natal treatment (Hart et al., 2007). More recently, PSATD was associated with a
case of S43R PSAT variant (Brassier et al., 2016) and with the cases of T156M and
A15P PSAT variants (Debs et al., 2021). Noteworthy that the A15P PSAT variant was
reported as the first case of successful therapy with administration post-birth of L-
serine (Debs et al., 2021). Thanks to early diagnosis, the integration of serine in the
mother and newborn could reduce and, in some cases, even prevent the onset of
symptoms (Jaeken et al., 1999; Brassier et al., 2016; Debs et al., 2021). However,
accurate assessment of serine levels requires measurement of cerebrospinal fluid
concentration and accurate comparison with control levels of the same age. For this
reason, early diagnosis depends on personal family history and genotypic information.
Therefore, this is a disease in which knowledge of the functional significance of genetic
variants can dramatically alter patient clinical outcomes (De Koning et al., 2004; Moat
et al., 2010; Brassier et al., 2016; Sirr et al., 2020).

Neu—-Laxova syndrome (NLS) is the most severe disease in the spectrum of
SDDs the first description was in 1971 (Neu et al., 1971), is a rare lethal multiple-

malformation disorder with less than 100 cases reported to date (Manning et al., 2004;
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Coto-Puckett et al., 2010; Acuna-Hidalgo et al., 2014; Shaheen et al., 2014; Mattos et
al., 2015; El-Hattab et al., 2016; Ni et al., 2019; Bourque et al., 2019; Cavole et al.,
2020). The distinctive clinical features of NLS consist of intrauterine growth restriction
(IUGR) and typical craniofacial abnormalities. CNS abnormalities such as
microcephaly and cerebellar hypoplasia, skin alterations such as ichthyosis and joint
contractures are also frequent. Other congenital malformations such as the lip and cleft
palate, spina bifida or genitourinary tract abnormalities have also been reported
occasionally. Although NLS causes pre-perinatal death, some cases of survival have
been observed for weeks or months (Abdelfattah et al., 2020; Sirr et al., 2020). When
associated with homozygous or compound heterozygous mutations of PSAT17, NLS is
known as Neu-Laxova syndrome-2 (NLS2, OMIM # 616038) (Abdelfattah et al., 2020).
NLS was initially associated with variants of PHGDH (Shaheen et al., 2014). However,
pathogenic variants of PSAT have been recently identified (Acuna-Hidalgo et al., 2014;
Abdelfattah et al., 2020). The PSAT variants A99V and S179L were associated with
NLS2 (Acuna-Hidalgo et al., 2014; Abdelfattah et al., 2020). In addition, the Y70N and
R342W variants were identified in Chinese families (Ni et al., 2019), and a screening
of 15 families with NLS2 led to the identification of the G79W, C245R, E155Q and
R61W PSAT variants (Abdelfattah et al., 2020). The same study confirmed the
association of NLS2 with the A99V and S179L variants (Abdelfattah et al., 2020). The
PSAT pathogenic variants are a part of my PhD research work, and their functional
and biochemical characterization will be discussed in detail in chapter 2.

In addition to SDDs, recent studies have highlighted the role of the
phosphorylated pathway in cancer, suggesting that the hyperactivation of serine

biosynthesis may drive oncogenesis (Amelio et al., 2014; Singh et al., 2021). Indeed,
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high levels of L-serine increase the carbon units and building blocks for the production
of amino acids, nucleotides and lipids used by cancer cells for proliferation. Moreover,
in cancer cells, a part (around 10%) of 3-phosphoglycerate obtained from glycolysis is
converted to 3-phosphohydroxypyruvate. PSAT uses this molecule to convert
glutamate to a-ketoglutarate, which supports cancer cell metabolism through the Krebs
cycle (Possemato et al., 2011; De Berardinis et al., 2011). In addition, it is known that
PSAT overexpression is linked to a less efficacy response to treating breast cancer
(Martens et al., 2005; Zhu et al., 2022), and it is associated with most colorectal cancer
(Friederichs et al., 2005; Van de Gucht et al., 2022) and adenocarcinoma (Ojala et al.,
2002; Zhao et al., 2022). Moreover, recently, L-serine metabolism could be related to
the development of diabetes (Holm et al., 2019).

Also the anomalies in D-serine metabolism are related to severe pathologies.
Indeed, the correct levels of D-serine in the CNS are fundamental to regulating the
activity of NMDA receptors and, consequently, to brain health (Furuya et al., 2008; Ni
et al., 2022). In physiological conditions, D-serine levels were in the range of 5-20
percent of the total serine in the cerebrospinal fluid (Dietzen et al., 2018). Altered levels
of D-serine represent a trigger for glutamatergic transmission dysregulation (Conti et
al., 2011; Chen et al., 2022), resulting in many pathologies. In particular, an increase
in neurotransmission is associated with Alzheimer's and Parkinson's diseases
(Martineau et al., 2008; Lu et al., 2023), ischemia and amyotrophic lateral sclerosis
(Sasabe et al., 2007; Kapil & Sharma, 2020). A decrease is related to schizophrenia

and neuronal damage (Bennett et al., 2009; Wu et al., 2022).
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Aim of the work
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L-Serine metabolism is critical in the human brain. Indeed, it plays an essential
role in the development and functioning of the central nervous system. Defects in the
genes that encode for the enzymes in the phosphorylated pathway are related to a
different spectrum of CNS diseases, from serine deficiency disorders to Neu-Laxova
syndrome. The first aim of this PhD thesis was to carry out a structural and biophysical
characterization of some relevant pathogenic variants of human phosphoserine
aminotransferase (PSAT) to clarify their loss of function mechanism. Since all three
enzymes of the PP can affect SDDs producing overlapping phenotypes, the molecular
understanding of their pathogenetic variants is relevant for the affected individuals'
diagnosis, prognosis, and therapy. Therefore, eight PSAT variants and wild-type PSAT
were selected from the literature, expressed, and purified. The PSAT variants were
biochemically characterized by various techniques: spectroscopy of absorbance,
activity assay, circular dichroism, size exclusion chromatography and dynamic light
scattering.

In addition, L-serine is the precursor to D-serine, a natural co-agonist of the
NMDA glutamate receptors involved in brain development and plasticity and strength
related to Alzheimer's and Parkinson's diseases, amyotrophic lateral sclerosis and
ischemia. Since serine racemase (SR) is the enzyme responsible for D-serine
regulation in the human brain, it is a possible drug target. Therefore, the second aim
of this PhD work was to better explore the hSR interactome and to expand existing
knowledge on enzyme regulation. In particular, | focused my scientific effort on
studying the possible interaction/inhibition between human serine racemase and
human glyceraldehyde dehydrogenase. This was important to clarify the presence of

a biochemical link between glycolysis and serine metabolism. Therefore, the
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expression and purification of both enzymes were carried out. In addition, the possible
protein interaction was studied by size exclusion chromatography and cross-linking
techniques, while hSR inhibition was characterized by spectroscopic techniques.
Understanding the mechanisms that control the function and dynamics of the human
serine racemase enzyme could have interesting consequences from a pharmaceutical
point of view and allow to design of molecules that can indirectly modulate the NMDA

receptor's activity.
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Chapter 2. Functional
characterization of pathogenic
variants of human phosphoserine

aminotransferase
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2.1 Introduction

As mentioned in chapter 1, L-serine is a vital molecule for protein synthesis, a
precursor of phospholipids and glutamatergic neurotransmitters such as D-serine and
glycine. L-serine is mainly synthesized in astrocytes through the phosphorylated
pathway (PP), which starts from the glycolytic precursor 3-phosphoglycerate. The PP
takes place thanks to three sequential enzymatic reactions catalyzed by 3-
phosphoglycerate dehydrogenase (3-PHGDH), phosphoserine aminotransferase
(PSAT) and phosphoserine phosphatase (PSP).

Mutations in the genes that encode for the three enzymes are associated with
a group of neurometabolic autosomal recessive disorders known as serine deficiency
disorders (SDDs), characterized by low concentrations of L-serine in cerebrospinal
fluid and plasma (Tabatabaie et al., 2010; Van der Crabben et al., 2013). Although
most cases of SDD are associated with pathogenic variants of 3-PHGDH (Tabatabaie
et al., 2010; Van der Crabben et al., 2013; Benke et al., 2017; Yoshida et al., 2004), a
small but increasing number of cases were shown to involve mutations in the gene
PSAT1 encoding for PSAT.

PSAT is a homodimeric pyridoxal 5’-phosphate PLP-dependent enzyme that
catalyzes the second step in PP, the transamination of 3-phosphohydroxypyruvate and
L-glutamate to 3-phosphoserine and a-ketoglutarate. SDDs associated with the
genetic impairment of PSAT are known as PSAT deficiency (PSATD), clinically
characterized by neurodevelopmental defects, epilepsy, microcephaly and low plasma
and cerebrospinal fluid serum levels. PSATD was first reported in two siblings
heterozygous for a frameshift and a missense mutation of PSAT17, the latter encoding

for the D100A variant. Unlike other L-serine disorders, there were no symptoms at
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birth, suggesting the possibility of postnatal treatment (Hart et al., 2007). More recently,
a case exhibiting the S43R PSAT variant was reported and classified as PSATD
(Brassier et al., 2016).

Neu—-Laxova syndrome (NLS) is the most severe disease in the spectrum of
SDDs. When associated with homozygous or compound heterozygous mutations of
PSAT1, NLS is known as Neu-Laxova syndrome-2 (NLS2) (Abdelfattah et al., 2020).
The syndrome exhibits a wide range of phenotypes, including lethality, severe
neurologic symptoms, seizures, and intellectual disability. Acuna-Hidalgo et al., 2014
reported a study of a cohort of 12 unrelated families affected by NLS2 with two
missense PSAT1 mutations, coding for variants A99V and S179L. The R342W variants
were identified in Chinese families (Ni et al., 2019). Other PSAT pathogenic variants,
G79W and C245R, were found by screening 15 families with NLS2 (Abdelfattah et al.,
2020).

In this work, after careful bibliographical research, we selected the PSAT
variants that were more interesting from a biochemical and medical perspective
associated in the literature with either PSATD or NLS2. We produced the human
recombinant protein of S43R, G79W, A99V, D100A, S179L, C245R, and R342W with
the aim of identifying the specific loss-of-function mechanisms that can be responsible
for SDDs pathogenesis. For comparison, we also characterized P87A PSAT, the only
non-disease-associated Uniprot-reviewed natural variant. We have excluded
pathogenic variants resulting in early (i.e., before the catalytic Lys200 binding PLP)
truncation of PSAT. We used a wide range of experimental techniques for the
biochemical characterization: absorption spectroscopy, activity assay, dynamic light

scattering, circular dichroism and size exclusion chromatography.
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2.2 Materials and Methods

2.2.1 Materials

If not otherwise specified, all reagents were purchased from Sigma Aldrich (St.
Louis, MO, USA) at the best commercial quality available and used as received. Tris
(2-carboxyethyl) phosphine (TCEP) was obtained from Apollo Scientific (Stockport,

UK).

2.2.2 Expression system for human PSAT variants

Human phosphoserine aminotransferase WT and variants were expressed in
recombinant form as a fusion protein with a six-histidine tag encoded in the expression
vector pET28Cpol. The characteristics of PSAT WT expression vector were described
in detail by Donini et al., 2009. The expression vectors for PSAT variants were
produced by Genscript Industry (Rijswijk, Netherlands) based on the same vector. The

sequence of the expressed WT PSAT protein is shown in Figure 21.
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Figure 21. FASTA sequence of recombinant hPSAT-WT (isoform-3). The number of amino acids is 393,
molecular weight is 42.875 kDa, and theoretical pl is 8.07. Analysis carried out via online software:

https.//web.expasy.org/compute_pi/.

The hPSAT variants selected for this research work were: S43R, G79W, P87A, A99V,
D100A, S179L, C245R, and R342W. For all variants, the lyophilized plasmid DNA (4
Mg) was accurately resuspended with 40 uL of water for injection and centrifugated at
13.000 g for 3 minutes at 4 °C. The stock DNA concentration was around 100 ng/uL,
then diluted at the final concentration of 10 ng/uL for storage at -20 °C and at 2 ng/uL
for the transformation protocol. The expression plasmids containing the mutation were
electroporated in Escherichia coli TUNER™ BL21(DE3) (Merck Millipore, Darmstadt,

Germany) cells for protein expression and purification.

2.2.3 Protein expression

The transformed cells were plated in Luria Bertani (LB) agar solid medium

(tryptone 10 g/L, NaCl 10 g/L, yeast extract 5 g/L and agar 15 g/L) with 50 ug/mL
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kanamycin at 37 °C overnight. Then, a single-cell colony for each PSAT variant was
picked up from the plate and was incubated in 10 mL of LB (tryptone 10 g/L, NaCl 10
g/L and yeast extract 5 g/L) with 50 yg/mL kanamycin at 37 °C overnight with soft
shaking. The overnight culture was diluted 1:100 in LB medium with 50 pg/mL
kanamycin. Bacterial growth was followed by measuring optical density (OD) at 600
nm. When cells reached about 0.7-0.8 OD, the culture was transferred at 4 °C for 20
minutes. Subsequently, a concentration of 0.2 mM Isopropyl-B-D-1-
thiogalactopyranoside (IPTG) was added to induce the human PSAT expression.
Bacterial growth continued at 20 °C for the next 16 hours with a shake of 110 rpm.
Subsequently, the cells were collected by centrifugation at 7200 g for 10 minutes at 4
°C. Finally, three washes in phosphate buffer and NaCl (PBS) were carried out, and

the pellets were frozen at the temperature of -80 °C.

2.2.4 Protein purification

The purification protocol was identical for WT and all PSAT variants. Cell frozen
at -80 °C were resuspended with a vortex in 30 mL of lysis buffer (25 mM Tris HCI and
300 mM NaCl, pH 8.00 a 6 °C) in the presence of protease inhibitors 0.2 mM
phenylmethylsulfonyl fluoride at pH 8.0 (PMSF), 0.2 mM benzamidine and 1.5 uyM
pepstatin A. The final concentrations of 1 mM TCEP, 50 uM PLP and 0.2% Tween20
were added. Then, the suspension was left for 50 minutes in the dark and in agitation
at 4 °C in the presence of lysozyme (1 mg/mL) to promote the breaking of the cell wall.
Cell lysis was completed by sonication. The suspension was divided into two parts,
about 15 mL each, to facilitate the operation. Then approximately 5 cycles lasting 20

seconds with a "macro tip" probe were performed. Next, a 45-minute centrifugation
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was carried out at 4 °C at 18000 g to separate the soluble and insoluble components.
The supernatant, carefully collected to avoid the particle aggregates, was incubated
with 5 mL of TALON® resin (Clontech, Mountain View, CA, USA) for 1 hour at4 °C in
agitation. Previously the resin was preequilibrated with 60 mL of 25 mM Tris HCI e 300
mM NaCl, pH 8.00 a 6 °C and with 25 mM Tris HCI, 300 mM NaCl, 1 mM TCEP, 50
MM PLP and 0.2% Tween20, pH 8.00 a 6 °C. After loading the sample, the resin was
washed with 250 mL of washing buffer (25 mM Tris HCI, 300 mM NaCl and 20 mM
imidazole, pH 8.00 a 6 °C). Then the protein was recovered by suspending the resin
in 8 mL of elution buffer (25 mM Tris HCI, 300 mM NaCl and 250 mM imidazole, pH
8.00 a 6 °C). The protein eluted was dialyzed against 1 L of dialysis buffer (25 mM Tris
HCIl and 300 mM NaCl, pH 8.00 a 6 °C) in the presence of 1 mM TCEP and 4 uM PLP.
The process took place in the dark at 6 °C. After 3 hours, 1 L of fresh dialysis buffer
was changed, and the buffer exchange continued overnight to eliminate any trace of
imidazole. Finally, the protein was concentrated in Amicon® (Merck/Millipore,
Burlington, MA, USA) and stored in aliquots of 200 pL at -80 °C. Purity was analyzed
by SDS-PAGE electrophoresis and densitometric analysis carried out by ChemiDoc

Image System™ (Bio-Rad, Hercules, CA, USA).

2.2.5 Absorption spectra

Protein UV-visible absorption spectra were acquired using a CARY4000 UV-Vis
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) with a temperature-
controlled cell-holder Hellma™. Far UV Quartz Cuvettes (1 cm pathlength) were used
for all experiments. For the WT and S43R, P87A, A99V, D100A, S179L, C245R

variants, the extinction coefficient £¢(280 nm) was 35870 M-' cm'. While G79W and
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R342W had an extinction coefficient £(280 nm) of 41370 M-' cm™. We used the

molecular weight of 42853 g/mol for all proteins.

e Spectra after purification
Spectra of hPSAT variants were collected after purification in the 600-240 nm range at
20 °C, with 1-minute thermal equilibration in a cell holder. The proteins were diluted
with 25 mM Tris and 300 mM NaCl at 36 uM concentration for all variants. The
baselines were performed using the dialysis buffer corresponding to each variant to
obtain a better background correction and evaluate the PLP saturation without external

interference. All spectra were acquired in duplicate.

e PSAT pure forms
For WT PSAT and all variants, we produced pure catalytic intermediates, exploiting
the natural PSAT transamination reaction. To obtain the internal aldimine ketoenamine
form (PLP) and pyridoxamine 5'-phosphate (PMP) pure forms, we added to each
protein 0.11 mM 3-phosphohydroxypyruvate and 20 mM L-glutamate, respectively.
The reaction was spectroscopically followed in the region between 300-500 nm to
verify the change in PLP maximum absorption: 408 nm for the internal protonated
aldimine and 340 nm for the PMP. Immediately after the transamination reaction, the
samples were dialyzed against 20 mM potassium phosphate buffer at pH 7, then

aliquoted and stored at -80 °C.
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e Spectra of PLP saturation levels
The spectra of PSAT-PLP pure forms were acquired in the range of 240-500 nm at the
concentration of 40 uyM for all proteins. The experiments were carried out in a solution
containing 50 mM HEPES, 50 mM Bicine, and 100 mM NaCl pH 5.9 to stabilize the
internal aldimine protonated forms with absorbance at 408 nm. To evaluate the PLP
saturation levels, the spectra were acquired in the absence and the presence of 1 yM
and 5 uM of free PLP in the solution mix. Each sample was thermostated at the
temperature of 20 °C in the cell holder for 3 minutes before the recording. All spectra
were corrected for the specific buffer contribution and acquired in duplicate. To
calculate the PLP saturation levels, we divided the absorbance value at 408 nm for the
absorbance at 280 nm. All data were normalized for the WT PSAT absorption ratio and

expressed in percentage.

2.2.6 Enzyme activity

To measure the PSAT catalytic reaction, we used a Cary 4000 UV-Vis
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) with a temperature-
controlled cell-holder Hellma™. PSAT catalyzes the transamination of 3-
phosphohydroxypyruvate (3-PHP) to O-phospho-L-serine with glutamate as an amino
donor and concomitantly produces a-ketoglutarate. We performed an in-solution
coupled assay with glutamate dehydrogenase (GDH). Indeed, the a-ketoglutarate
produced by PSAT is a substrate for GDH, which uses nicotinamide adenine
dinucleotide (NADH) to convert a-ketoglutarate to L-glutamate. The NADH has a

characteristic absorption peak at 340 nm, whereas its oxidized shape does not absorb
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at this wavelength. Therefore, it was possible to follow the PSAT a-ketoglutarate

formation by NADH oxidation at 340 nm (Figure 22).
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3-phosphohydroxypyruvate  L-glutamate O-phospho-L-serine a-ketoglutarate
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NH," + NADH + H* NAD*

Figure 22. Schematic representation of PSAT enzymatic coupled assay with GDH.

The enzyme assays were performed at 37 °C in a reaction mixture containing 50 mM
HEPES pH 7, 100 mM KCI, 1 mM DTT, 32 mM NH4Cl, 0.1 mM NADH, 0.1 mM 3-PHP
and 20 mM L-glutamate. For the assays in the presence of PLP, a concentration of
170 uM or 500 uM was added to the solution mix. The final volume of the assay solution
was 150 uL, and the protein concentration was 80.8 nM in a quartz cuvette with 1 cm
of path length. The solution with protein was thermostatic for 2 minutes in a cell holder
in the presence of protein and NADH, and then a trace of 1 minute was acquired. The
eventual slope of this trace reflected the contribution of NADH oxidation. The addition
of L-glutamate trigged the reaction. The signal was recorded for a total of 10 minutes.
The slope was read immediately after the addition of protein. The initial rate value was
calculated on a 1-minute track. The slope (AOD / min) was divided for the NADH molar
coefficient (6200 M-1 cm-1) after subtracting the rate of the pre-incubation phase. All

data were acquired in triplicate.
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2.2.7 Circular dichroism

The circular dichroism (CD) experiments were performed with a Jasco J-1500
spectropolarimeter equipped with a Peltier thermostatic unit. The software was JASCO

Spectra Manager Il. For all analyses, 0.1 mm quartz cells were used.

¢ Protein stability
For all PSAT variants, the CD spectra were collected in the spectral scans of 250 and
180 nm in a solution containing 20 mM potassium phosphate buffer at pH 7, with 2
minutes of thermostatation in the cell holder. Since the protein storage solution was
rich in NaCl (25 mM TRIS, 300 mM NaCl), to avoid the absorbance interferences due
to salt, all proteins were dialyzed against a solution containing 20 mM potassium
phosphate buffer at pH 7 before the experiment. For all spectra, the protein
concentration was 5 uyM, and the temperature was set at 20 °C. To improve the signal-
to-noise ratio, the data pitch was set at 0.5 nm, DIT at 8 seconds, bandwidth at 2 nm,
and the scan speed was 50 nm/min. For all proteins, we collected 3 independent
measurements, each resulting from 3 averaged accumulations. All CD spectra were
corrected for buffer background. Secondary structure estimation was performed
through the Dichroweb algorithm using the analysis program CONTIN and the

reference set optimized for 185-240 nm.

e Thermal stability
For all PSAT variants, the far-UV CD signal changes at 220 nm were monitored as a
function of increasing temperature in a range of 20-80 °C, with steps of 5 °C and an

equilibration time of 1 s at each temperature before recording a reading. In each
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experiment, the protein concentration was 5 yM in a solution containing 20 mM
potassium phosphate buffer at pH 7. The measures were collected in triplicate. The
general thermal stability was analyzed with SigmaPlot software, considering two-state
transitions regarding the unfolding process. The unfolding data were elaborated with
the equation:

8=0p+1f/ (1+e"((T-TmVk)

where 6 is the ellipticity at 222 nm, 6o is an offset, f is the amplitude of the thermal
transition, T is the temperature (°C), Tm is the melting temperature, and k is the slope
of the phase. For PSAT variants that exhibited a biphasic curve with a three-state
thermal unfolding, to estimate the melting temperatures of the two transitions, we used

the double Boltzmann equation:

B=00+A[f/(1+er((T-Tmi)lks) + (1-0/(1+e"((T-Tm)/k2))]

where 6 is the ellipticity at 222 nm, 6o is an offset, A is the amplitude, fis the fractional
abundance of the first phase, T is the temperature in °C, Tms and Tm; are the melting

temperatures of the two phases and ks, and k2 are the slope of the two phases.

2.2.8 Dynamic light scattering (DLS)

The DLS experiments were carried out with a Zetasizer Nano (Malvern
Panalytical Instruments, UK) coupled with a 633 nm laser, using NIBS detection (173°
backscatter). The temperature control was set at 25 °C, each sample was equilibrated

at the temperature for 60 seconds before recording the analysis. Three independently
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prepared samples of each protein were analysed, and, for each, three experimental
accumulations were collected immediately after preparation (time 0) and after 1 h. The
proteins were extensively centrifugated for 45 minutes at 16000 g and then diluted at
23 uM final concentration in a solution containing 50 mM NaH2PO4 and 300 mM NacCl,
pH 7. To avoid interference with light scattering, the experimental buffer was filtered
with a filter membrane of 0.22 um. The diameter conversion in MW was performed by
Zetasizer Software v7.11 (Malvern Panalytical Instruments, UK). The standard proteins

myoglobin and conalbumin were used as calibrants.

2.2.9 Size exclusion chromatography (SEC)

Gel filtration analyses were performed by the Prominence HPLC system
(Shimadzu, Kyoto, Japan) coupled with an SPD-20A Model UV detector (Shimadzu,
Kyoto, Japan) and LabSolutions software (Shimadzu Kyoto, Japan). Chromatographic
separation was performed on a Phenomenex BioSep-2000 (300 mm x 7.5 mm) column
(Phenomenex, CA, USA) pre-packed with silica beads of 5 um. The column separation
range molecular weights were between 1 and 300 kDa, and the pH range was 2.5-7.5.
To ensure the best performance from the column, it was pre-equilibrated for 2 hours
at the flow rate of 0.8 mL/min with a solution containing 50 mM NaH2PO4 and 300 mM
NaCl pH 7 at room temperature. The pumps were set on isocratic elution mode. The
manual injection volume was 50 pL at 23 uM protein concentration, and the samples
were diluted in 50 mM NaH2PO4 and 300 mM NaCl pH 7. All analyses were acquired
in triplicate. The total chromatographic run period was 15 min, with a flow rate of 1

mL/min. Detection was performed at 280 nm. The column was calibrated with the
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standard: myoglobin (17 kDa), ovalbumin (44 kDa), Immunoglobin G (150 kDa),

Immunoglobin A (300 kDa), and bovine thyroglobulin (670 kDa).
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2.3 Results and discussion

2.3.1 Structural predictions

In the literature, the single nucleotide polymorphisms (SNPs) on the
gene PSAT1 were consistently associated with disorders in the biosynthesis of serine
(SDDs), hallmarked by a low concentration of L-serine in the cerebrospinal fluid and
plasma (Tabatabaie et al., 2010; Van der Crabben et al., 2013). In particular, SDDs
associated with the genetic impairment of PSAT are known as PSAT deficiency
(PSATD). Microcephaly, neurodevelopmental defects, and epilepsy characterize
PSATD. In addition, in the most severe cases, we speak about Neu—Laxova syndrome
(NLS), which exhibits severe neurologic symptoms, including lethality and intellectual
disability. When NLS is associated with homozygous or compound heterozygous
mutations of PSAT1, it is known as Neu-Laxova syndrome-2 (NLS2) (Abdelfattah et
al., 2020). In this research work, we selected for characterization the PSAT variants
that were more interesting from a medical and biochemical perspective (Table 2). The
evaluation of the functional impact, based on the evolutionary conservation of the
affected residues, was predicted with the Mutation Assessor and the PolyPhen-2
algorithms (Adzhubei et al., 2010; Reva et al., 2011). In addition, also in Table 2, were
reported the published prediction about the associated structural perturbations based

on the analysis of the PDB model 3E77 (Abdelfattah et al., 2020).
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Functional Functional Predictions
Variant  Associated Impact Impact based on
arian Pathology  Location  prediction - prediction - structural
Mutation PolvPhen-2 analysis
assessor y PDB 3E77
S43R  PSATD 2% PLP domai ey Dimer
omain — High damaging ciability
) Probably
G79W NLS2 "2  PLP domain High damaging Pﬁg%lﬁﬂ .
Non- Probably
P87A pathogenic PLP domain Medium damaging -
(Uniprot)
Probably Protein
A99V NLS2 31 PLP domain Medium damaging instability
Probably
D100A PSATD ®2 PLP domain Low damaging -
_ Probably
S179L NLS2 3,2 PLP domain ngh damaging .
] ) Probably Dimer
C245R NLS2 PLP domain Medium damaging instability
i Probably
R342W NLS2 * C- terminus High damaging -

Table 2. PSAT variants, associated pathologies ' Abdelfattah et al., 2020, 2 Sirr et al., 2020, 3 Acuna-
Hidalgo et al., 2014, # Ni et al., 2019, 5 Hart et al., 2007, 6 Brassier et al., 2016. Predicted functional

alteration based on the Mutation assessor algorithm (Reva et al., 2011), PolyPhen-2 algorithm

(Adzhubei et al., 2010) and on structural analysis PDB 3E77 (Abdelfattah et al., 2020).

The visual exploration of the structure of O-phosphoserine-bound human PSAT

(PDB 8A5W) helped us to speculate about the connection between structural base

changes and pathology (Figure 23).
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Figure 23. Crystal structure of human PSAT WT in complex with O-phosphoserine (PDB 8A5W).

We observed that S43 is located at the active site, near (5.8 A) to the phosphate group
of the PSAT substrate, suggesting a possible steric clash and, consequently, a
probable lower affinity for the substrate in the S43R variant. Residue S43 is highly
conserved among the PSAT orthologues; the crystal structures of Bacillus alcalophilus
PSAT complex with L-serine showed that S43 is directly involved in substrate binding
(Battula et al., 2013). Moreover, since S43 is also part of the interdimeric interface, its
substitution was also predicted to destabilize the dimer (Abdelfattah et al., 2020). The
residue R342 is localized in the C-terminal domain, and it is adjacent to the substrate’s
binding site forming an ionic bond with its carboxylate group. In the variant, the amino
acid arginine, with a positively charged side chain, is replaced by bulky and non-

charged tryptophane. Therefore, the amino acid substitution can alter the substrate
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binding affinity, and also it can result in a structural change (Ni et al., 2019). Residue
G79 is close to the phosphate group of PLP in its binding site. In the G79W variant,
glycine is replaced by tryptophan, an amino acid with a larger hydrophobic side chain,
which may cause steric clash and prevent or reduce the PLP binding as already
predicted (Abdelfattah et al., 2020). S179 and C245 are also close to the PLP moiety,
and lower PLP affinity can be hypothesized. In addition, for C245, the amino acid
substitution with bulky arginine may alter the dimer stability (Abdelfattah et al., 2020).
The residues A99 and D100 are located away from the active site, they are highly
conserved within PSAT orthologues. For these reasons, the pathogenic mechanism
for the variants A99V and D100A is more challenging to interpret. However, their
variants were predicted to cause protein instability and have been associated with
serine deficiency disorders in multiple publications (Hart et al., 2007; Abdelfattah et al.,
2020). In the case of D100A-PSAT, the hydrophobic alanine residues are solvent-
exposed, likely to cause protein aggregation. The residue P87 is located near A99 and
D100, far from both PLP and O-phosphoserine. However, its amino acid substitution

with alanine is not associated with pathology currently.

2.3.2 Protein expression and purification

All PSAT variants and WT were expressed and purified with the same protocol
(see Materials and Methods 2.2.3 and 2.2.4) to obtain the pure enzymes. During the
expression step, all variants showed a behaviour like WT PSAT, except S179L.
Indeed, S179L exhibited slower growth both in the solid plate and in LB medium at 37

°C and reached the logarithmic phase at 0.7-0.8 OD at almost twice the time of WT
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PSAT and all other variants. The variant S179L also had a lower amount of 80% of

expressed protein than WT (Figure 24).
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Figure 24. SDS-PAGE of (A) WT PSAT and (B) S179L PSAT. All samples, noninduced and induced,

were normalized to each other.

The purification yields for all variants were in a range of 50-90 mg per litre of culture,
except for S179L and A99V. For S179L, we obtained 5-fold lower yields than WT
PSAT, probably due to multiple factors, including a possible protein instability. Instead,
A99V produced around half the yields compared to WT PSAT, since 50% of the protein
was in E. coli inclusion bodies (insoluble fraction), indicating a possible folding

problem. In literature, Hart et., al 2007 reported that the recombinant D100A variant
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was expressed in E. coli with a 10-fold lower yield than WT PSAT. However, under our

expression system conditions, we observed only a slight drop in yield (Table 3).

Yield (mg/L)

WT 85 mg/L
S43R 90 mg/L
C245R 90 mg/L
P87A 75 mg/L
R342W 60 mg/L
G79wW 50 mg/L
S179L 13 mg/L
A99V 36 mg/L
D100A 70 mg/L

Table 3. Purification yield (mg/L) purity for WT PSAT and all variants PSAT.

To evaluate the WT and PSAT variant’s purity and to verify the MWs compared to the
predicted based on the protein sequences, we performed an SDS-PAGE experiment.
For all PSAT variants, the purity was in the range between 90% - 98% compared to
WT PSAT. Moreover, all proteins, except D100A, showed the same electrophoretic
mobility according to WT PSAT MW of 42.83 kDa. (Figure 25). The D100A sequence

was confirmed by mass spectrometry analysis (data not shown).
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Figure 25. SDS-PAGE of WT PSAT and PSAT variants after IMAC purification. The protein purity (%)

was calculated with Image Lab™ software (Bio-Rad, Hercules, CA, USA).

2.3.3 Spectroscopy

We collected the UV-vis absorption spectra of WT PSAT and all variants
immediately after purification in the solution 25 mM TRIS, 300 mM NaCl, pH 8 at 25
°C. Since PSAT is a PLP-dependent enzyme, it was possible to assess the
spectroscopy difference in the PLP absorbance region (300-500 nm) between the
PSAT variants compared to WT. We observed that variants spectra changed
significantly, with different relative contributions of the bands at 408 nm and 340 nm.
These absorbances were attributed to the different catalytic intermediates of PLP
during the transamination reaction of PSAT, which exhibited different absorption
spectra (Figure 26). In the PSAT enzyme, the cofactor PLP is covalently linked with

Lys200, forming an internal aldimine fraction (Murtas et al., 2020). The protonated
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internal aldimine exhibited an absorption maximum of 408 nm, while the absorption at

340 nm was related to pyridoxamine 5'-phosphate (PMP).
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Figure 26. PSAT catalytic intermediate’s reaction and relative spectroscopic absorbance.

Variants A99V, S43R, D100A, and P87A exhibited a prevalence of PMP similar to WT
PSAT. The absorption spectra of R342W and C345R PSAT indicated a mixture of PLP
and PMP forms suggesting a different catalytic reactivity than WT PSAT. The spectra
of variants S179L and G79W exhibited very low intensity in the 300-500 nm range

compared to absorption at 280 nm, indicating a limited saturation with PLP (Figure 27).
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Figure 27. Absorption spectra of 35 uM PSAT immediately after purification, in the region of PLP
absorption, in a buffer containing 25 mM TRIS, 300 mM NaCl, pH 8 at 20 °C. The spectra were
normalized at 280 nm, with the correction factor for the tryptophane for G79W and R342W variants. WT
(black line), S43R (red line), G79W (dark red line), P87A (blue line), A99V (purple line), D100A (grey
line), S179L (light green line), C245R (cyan line), and R342W (dark green line).

Pyridoxal 5'-phosphate is a key coenzyme for many enzymes involved in
essential biochemical pathways for human health (Clayton et al., 2006). Therefore, it
could be possible that differences in PLP saturation levels between PSAT variants
were responsible for the pathology. Therefore, to compare the PSAT variants spectra,
avoiding mixing of PLP and PMP forms, and to assess in detail the PLP saturation
levels for each variant, we produced the pure forms for all proteins: the pure internal
aldimine forms and the PMP forms. These pure catalytic intermediates were obtained,
using the natural transamination reaction of PSAT, by adding 0.11 mM 3-
phosphohydroxypyruvate and 20 mM L-glutamate to aliquots of each protein solution,

respectively (Figure 28). The internal aldimine is present in the equilibrium of
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protonated and deprotonated forms, with absorption at 408 nm ad 345 nm,

respectively.
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Figure 28. Schematic representation of PSAT catalytic intermediates pure forms and UV-vis absorption

maxima.

Since the internal aldimine equilibrium between protonated and deprotonated form is
influenced by pH, to evaluate the PLP saturation of internal aldimine, the spectra were
acquired in a solution containing 50 mM MES, 50 mM HEPES, 50 mM Bicine, and 100
mM NaCl at pH 5.9 (Figure 29-A). Indeed, this experimental condition permitted the

stabilization of only the PLP protonated ketoenamine form with absorption at 408 nm.
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The level of PLP saturation was calculated for each variant by the ratio of the band at
280 nm and 408 nm. Variants C245R, S179L, and G79W were 50%, 10%, and 5%
saturated compared to WT PSAT. Variants A99V and D100A exhibited a higher A4os
nm/Az2so nm ratio than WT PSAT, indicating either a higher saturation or a slightly

different extinction coefficient of the PLP moiety at 408 nm (Figure 29-B).
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Figure 29. (A) PLP absorption spectra of 40 yM PSAT-PLP form in a buffer containing 50 mM MES, 50
mM HEPES, 50 mM Bicine, and 100 mM NaCl pH 5.9 at 20 °C. Inset: region of PLP absorption. WT
(black), S43R (red), G79W (dark red), P87A (blue), A99V (purple), D100A (grey), S179L (light green),
C245R (cyan), and R342W (dark green). (B) Saturation levels of PLP in PSATs, the absorption ratio

was calculated between 408 nm and 280 nm. All absorption ratios were normalized for WT PSAT value.

Since some variants were particularly depleted of PLP, we wondered if it could depend
on alterations due to amino acid substitutions or if it depended on the folding process
and whether they were able to saturate in the presence of free PLP in the solution.
Therefore, we collected the UV-vis spectra of all proteins after extensive incubation in

the presence of 1 yM and 5 uM free PLP in solution and calculated the ratio of the
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band at 408 to 280 nm (Figure 30). We observed that the PLP saturation for all variants
did not increase by a high concentration of free PLP in the solution, suggesting that

they could not bind PLP.
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Figure 30. Absorption ratio between 408 nm and 280 nm for all PSAT variants in a solution containing
50 mM MES, 50 mM HEPES, 50 mM Bicine, and 100 mM NaCl at pH 5.9 at 20 °C. In the absence and
presence of 1 uM and 5 uM PLP free PLP in the solution mix. All absorption ratios were normalized for

WT PSAT value.

In addition, to exclude the possibility of a PLP incorporation that requires long
incubation times, we acquired the spectra of protein G79W, the variant with the lower
PLP saturation level, compared to WT PSAT in the presence of 5 uM PLP for 16 hours
at 25 °C. After 90 minutes, the spectra of the G79W variant showed scattering,
probably due to protein precipitation. For both proteins, no significant incorporation of

PLP over time was observed (Figure 31).
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Figure 31. Absorption ratio between 408 nm and 280 nm for WT (white) and variant G79W (red) in a
solution containing 50 mM MES, 50 mM HEPES, 50 mM Bicine, and 100 mM NaCl at pH 5.9 at 20 °C.
In the presence of 5 yM PLP in the solution mix for 16 hours. The G79W absorption ratios were
normalized for WT PSAT value.

2.3.4 Enzyme activity

PSAT catalyzes the transamination of 3-phosphohydroxypyruvate to 3-
phosphoserine with glutamate as an amino donor and concomitantly produces a-
ketoglutarate (Murtas et al., 2020). We evaluated the catalytic activity of PSAT variants
in solution with enzymatic continuous assay coupled to enzyme glutamate
dehydrogenase (GDH). Indeed, the alpha-ketoglutarate, produced by PSAT, is the
substrate of GDH. The coupled enzyme uses the nicotinamide adenine dinucleotide
(NADH) to convert alpha-ketoglutarate to L-glutamate. So, we can detect the PSAT
alpha-ketoglutarate production through the NADH oxidation in absorption
spectroscopy at 340 nm. We worked in the WT PSAT saturating condition: 20 mM of

L-glutamate and 0.1 mM 3-phosphohydroxypyruvate. The activity assays were
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performed in a solution containing 50 mM HEPES and 100 mM KCI, in the presence
of 170 uM PLP. We observed that P87A, A99V, and D100A variants exhibited an
activity assay similar to WT PSAT. The variant S43R showed an intermedia activity of
around 60%, while the variant C245R showed only 10% activity compared to WT
PSAT. Instead, the variants G79W, S179L and R342W were virtually inactive (Figure
32), suggesting that the amino acid substitution can be responsible for the reduced

production of serine that causes the diseases.
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Figure 32. Enzymatic activity of 80.8 nM PSAT variants in a solution containing 50 mM HEPES, 100
mM KCI, 100 uM 3-PHP, 130 uM NADH, 170 uM PLP, 20 mM L-glutamate, 32 mM NH4Cl and 1.5 mM
DTT, pH 7 at 37 °C. All data were acquired in triplicate and normalized for the percentage of WT PSAT

activity.

Observing the previously described enzyme activity, we noted that the variants P87A,
A99V, and D100A, which exhibited a behaviour similar to WT PSAT, also had high
PLP saturation. In contrast, the variants G79W, and S179L, without PLP bound, were

inactive. The unique exception was R342W which was inactive despite being almost
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entirely PLP-saturated. Therefore, we correlated the PLP saturation levels with
enzymatic activity (Figure 33). There was good correspondence, suggesting that the

primary molecular mechanism for the loss of function in PSAT pathogenic variants is

a reduced affinity for PLP.
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Figure 33. Correlation between the enzymatic activity (%) and the PLP saturation level of PSAT
variants.

To rule out definitely that PSAT variants could not bind free PLP in the solution,
it was necessary to test the proteins at saturating concentration of PLP. Since in the
absorbance experiments, the maximum possible concentration of PLP tested was 5
MM, due to the PLP absorption contribution, we used the activity assays to evaluate
the behaviour of the PSAT variants in the presence of a saturating concentration of
PLP. Therefore, to estimate PLP affinity, the same enzyme assays described above

were performed in the absence and presence of 500 uM PLP in the reaction mixture
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and compared to the enzyme activity recorded with 170 uM PLP for each PSAT variant
(Figure 34). In the presence of a saturating concentration of PLP, we expected
recovery of activities for variants that showed low PLP saturation levels. However, for
all variants, we were not able to observe a significant increase in activity, suggesting
that the active site is not accessible to PLP after protein folding. The other explanation,
only for the non-saturated forms, is that the PLP dissociation constant is significantly
greater. However, the concentration of free PLP in cells is in the low micromolar range

(Footitt et al., 2011), indicating that PLP’s low affinities would result in apo forms in

vivo.
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Figure 34. Enzyme activity of 80.8 nM PSAT variants at different PLP concentrations: 0 uyM, 170 uM
and 500 yM. The solution containing 50 mM HEPES, 100 mM KCI, 100 uM 3-PHP, 130 uM NADH, 20
mM L-glutamate, 32 mM NH4Cl and 1.5 mM DTT, pH 7.
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2.3.5 Secondary structure

Structure and function of proteins are closely linked. Indeed, a reduced
secondary structure could be responsible for the lower activity or, the lower affinity for
cofactors or substrates (Zeeshan et al., 2019). Therefore, to evaluate the effect of the
aminoacidic substitution on the secondary structure in the PSAT pathological variants,
in search of the possible pathological mechanism and to try to explain the reduced PLP
saturation ad the lower activity for some variants, we carried out circular dichroism
experiments. Circular dichroism (CD) spectroscopy is an optical spectroscopic method
that, in the region of far UV (180-250 nm), exploits the differential absorption of left-
and right-circularly polarised light by peptide backbone chain to obtain protein structure
information. The spectra of WT and all PSAT variants for PLP forms were collected
(Figure 35) in the 185-250 nm range at 20 °C in 20 mM potassium phosphate solution
without salt presence to improve the signal noise ratio (Kelly et al., 2005; Miles et al.,
2021). For all proteins, the spectra were acquired in three independent measures.
Observing the spectra, we noticed that S179L and C245R variants showed different
levels of absorption both in the region of alpha-helix (around 190 nm) and beta sheets
(around 220 nm), compared to WT PSAT. In the complex, the others PSAT variants

showed absorption spectra similar to WT PSAT.
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Figure 35. CD spectra of 5 yM PSATs PLP pure form in 20 mM potassium phosphate buffer at 20 °C.
All spectra were acquired in triplicate and correct for buffer background. WT (black), S43R (gray), G7T9W
(blue), P87A (dark purple), A99V (dark green), D100A (red), S179L (light green), C245R (cyan) and
R342W (purple).

For a more precise analysis, all spectra were elaborated with the DichroWeb algorithm
to determine the del percent of secondary structures (Miles et al., 2022). The values
are reported in Table 4. Overall, we observed no significant changes in the secondary
structure of PLP forms compared to the WT PSAT, except for S179L and C245R
variants. Indeed, these variants showed a lower proportion of alpha helix, 26% and
28%, respectively, against 33.2% of WT PSAT. Also, the same variants exhibited a
higher share of beta sheets, 23% and 21% for S179L and C245R, respectively,
concerning 18% for WT. The G79W variant showed a slight decrease of beta sheets
of around 2% compared to WT. For all variants, the percentage of turns was

unchanged, except S179L, which exhibited a slightly higher proportion of 20.6% than
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18.8% for WT. The DichroWeb algorithm did not recognize a significantly different

percentage of unordered structures among variants.

Alpha helix (%) Beta sheet (%) Turns (%) Unordered (%)

WT 33.2+0.9 18.0+2.0 18.8+0.6 30.240.1
S43R 31.9+0.2 19.310.5 18.9+0.6 29.9+0.1
G79W 33.9+1.0 16.0+£1.0 19.41+0.4 31.0+0.2
P87A 31.0+3.0 19.0+£2.0 19.6+0.3 30.310.1
A99V 31.0+3.0 18.0+2.0 19.940.3 30.4+0.1
D100A 32.2+0.7 18.7+0.2 18.8+0.8 30.310.1
S179L 25.9+0.3 23.0+0.3 20.6+0.3 30.410.3
C245R 28.0+2.0 21.0+2.0 19.9+0.3 30.710.1
R342wW 31.9+0.3 19.0£1.0 19.3+0.9 30.040.2

Table 4. Secondary structure analysis of 5 uM PSAT-PLP CD spectrum. The percentages of structures

were calculated with DichroWeb software.

After assessing the effect of the mutations on the secondary structure for the PLP
forms, since the S179L and C245R variants that showed a change in the secondary
structure had also reduced PLP saturation levels (50% and 10% respectively), we
wondered what impact PLP had on the secondary structure. We explored whether the
change in secondary structure for S179L and C245R depended on PLP-reduced
saturation or amino acid substitution. We, therefore, investigated the PMP pure forms
to assess whether the secondary structure was reduced. We collected the CD spectra

of PMP pure forms in the 185-250 nm range at 20 °C in 20 mM potassium phosphate
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solution (Figure 36). We observed that in the complex all PSAT variants showed similar
spectra to WT PSAT, except for S179L and C245R variants. These variants, as noticed
for PLP forms, exhibited different levels of absorption at 190 nm e 220 nm, compared

to WT PSAT. In particular, S179L variant showed the most different spectra.
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Figure 36. CD spectra of 5 yM PSATs PMP pure form in 20 mM potassium phosphate buffer at 20 °C.
All spectra were acquired in triplicate and correct for buffer background. WT (black), S43R (gray), G79W
(blue), P87A (dark purple), A99V (dark green), D100A (red), S179L (light green), C245R (cyan) and

R342W (purple).

We analyzed the secondary structure components using by DichroWeb algorithm as
done for PLP forms. We observed a pattern similar to PLP forms, in which S179L and
C245R variants exhibited a decrease in the percentage of alpha helix and an increase
in beta sheets compared to WT PSAT. The other variants were like WT (Table 5).

These data suggest that the state of PLP did not significantly change the secondary
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structure. The structural disruption of S179L PSAT in both PLP and PMP forms was
consistent with its lower yields of purification, which suggest decreased stability. In
addition, it is necessary to underline that, as well as S179L PSAT and C245R PSAT,
the other poorly saturated variant G79W, did not appear to show a significant perturbed
secondary structure. This indicates a specific effect of the S179L and C245R

substitutions rather than a secondary effect of PLP loss in the virtually apo forms.

Alpha helix (%) Beta sheet (%) Turns (%) Unordered (%)

WT 33.0£1.0 18.5+1.0 18.7+0.5 29.7+0.1
S43R 30.0+£3.1 20.0+2.0 19.6+0.4 29.7+0.2
G79W 30.410.4 19.0+1.0 19.9+0.2 31.0+0.5
P87A 29.0+1.0 21.0+1.3 20.110.1 30.210.1
A99V 33.6+0.3 17.0£1.0 19.310.2 29.8+0.6
D100A 30.5+0.2 20.2+0.3 19.840.2 29.8+0.3
S179L 24 .5+0.7 23.7+0.9 21.4+0.1 30.60.1
C245R 28.4+0.9 20.0£1.0 20.7+0.1 30.9+0.1
R342wW 31.842.0 19.5+1.8 19.3+0.1 29.5+0.1

Table 5. Secondary structure analysis of 5 yM PSAT-PMP CD spectrum. The percentages of structures

were calculated with DichroWeb software.
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2.3.6 Thermal stability

In the literature, Abdelfattah et al., 2020 proposed the reduced stability of PSAT
pathological variants as a pathogenetic mechanism for serine deficiency disorders.
Environmental conditions, such as temperature, can be used to assess protein stability
(Timr et al., 2020). In the previous experiment, we evaluated the secondary structure
content at the constant temperature of 20 °C. Therefore, to investigate the stability of
PSAT pathological variants, we performed thermal denaturation experiments between
20-80 °C. We monitored the changes in the secondary structure as a function of
temperature by circular dichroism at 222 nm. Experiments were carried out for the
PLP-bound, although the poorly PLP-saturated variants (G79W, S179L, C245R)
should be essentially regarded as apo-forms. For the variants bound PLP forms, we
observed a temperature of melting (Tm) between 46 to 70 °C, compared to 63 °C
recorded for WT-PLP PSAT. The variants S43R, D100A and R342\W showed thermal
stability similar to WT with the Tms of 56 °C, 64 °C and 59 °C, respectively. Instead,
the variants G79W and C245R exhibited lower thermal stability with a Tm of 49 °C and
47 °C. Also in this case, the S179L variant is the most dissimilar to the WT PSAT, with
the lowest melting temperature of 56 °C. Unexpectedly, A99V, which had been
predicted to be unstable (Acuna-Hidalgo et al., 2014; Abdelfattah et al., 2020),

exhibited a Tm of 70 °C with 7 °C higher than WT PSAT (Figure 37).
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Figure 37. Thermal stability in a range of 20-80 °C of 5 yM PSAT variants: WT (white), S43R (red),
G79W (green), P87A (yellow), A99V (blue), D100A (pink), S179L (cyan), C245R (grey), R342W (dark
red) in 20 mM potassium phosphate, pH 7.

We observed that the variants G79W, S179L and C245R that showed lower Tms also
had reduced PLP saturation levels, while D100A and S43R, which had the same PLP
saturation level as WT, also showed similar thermal stability. Therefore, we correlated
the PLP saturation with thermal stability (Figure 38). The correlation was good,
indicating that PLP binding stabilizes PSAT by about 10 °C. Thermal instability is,
therefore, a possible mechanism of pathogenesis, although it is difficult to dissect this

effect from other consequences of low PLP saturation in vivo.
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Figure 38. Linear correlation between the melting temperatures estimated considering a single

unfolding transition and the PLP saturation level of PSAT variants.

Trying to explain better the pathological mechanism that could be related to thermal
stability, we evaluated the stability in the absence of PLP using the PMP-bound forms.
The experimental conditions were the same as described above. The PMP WT PSAT
exhibited a Tm of 57 °C, 6 °C lower than PLP forms. However, the pathological variants
did not show differences in thermal stability between PLP and PMP forms. The Tms
pattern was in the range of 47-69 °C, very similar to PLP. Indeed, we recorded only 1-
2 degrees change in Tms between the pure forms (Table 6). Therefore, it was
concluded that the covalent binding of PLP to Lys200 does not confer additional

stability in general.
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Tm"P (+S.E.M.) TmP™P (+S.E.M.)

WT 63+2 57+3
S43R 56+2 59+1
G79W 49+1 510
P87A 672 65+1
A99V 701 69+0

D100A 6412 611
S179L 462 470
C245R 47+1 49+1
R342W 59+2 58+0

Table 6. Value of thermal stability for PSATs PLP and PMP pure forms. The data were analyzed with

SigmaPlot software.

Subsequently, observing in detail the unfolding curves for PLP-bound PSAT WT and
the PLP-bound variants (S43R, P87A, D100A, R342W), we noticed that the curves
were biphasic with a two-step unfolding. On the contrary, the apo-forms G79W and
S179L exhibited monophasic unfolding curves, as well as C245R, which was poorly
saturated with PLP (Figure 39). Since the biphasic state was present only in variants
with PLP bound, we hypothesized that the PLP cofactor was a key to the biphasic
unfolding transition, instead of stabilizing the protein in general. Interestingly, the only

variant PLP-saturated that showed a monophasic curve was A99V.
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Figure 39. Thermal stability of 5 yM PSAT variants in a range of 30-80 °C in 20mM potassium phosphate

buffer. The data were fitting with a double Boltzmann equation.

The biphasic curves were composed of two unfolding intermediates, one at low and

the other at high temperatures. To estimate the Tms of each phase, we analyzed the

PLP unfolding curves with the Boltzmann double equation. We observed that, for WT

and PLP-bound variants, except A99V, the first phase of unfolding was around 55 °C.
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Since the low-temperature unfolding intermedia in PLP-bound corresponded with the
unique phase of poorly PLP-bound forms, we proposed that it was independent of PLP.
On the contrary, the second denaturation step had a Tm of around 65 °C. It was visible
only in PLP-bound forms (Figure 40). Therefore, it was probably stabilized by PLP. We
also observed that the transition temperatures were unchanged among variants
indicating that amino acid substitutions do not impact protein stability significantly. The
variant A99V represented a particular case. Indeed, despite being saturated with PLP,
it exhibited a monophasic curve with the Tm corresponding to the transition occurring
at the highest temperature for the other variants. We proposed that the A99V higher
saturation could be related to a stronger bond with PLP, which probably stabilized the

less stable intermedia showing a monophasic curve.
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Figure 40. Estimation of the melting temperatures of PSAT variants considering two steps or a single

step unfolding transition depending on the shape of the unfolding traces.
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2.3.7 Dimer stability

PSAT is a dimeric enzyme composed of two monomers; each monomer
contributes to the active sites at their interface. Thus, the dimeric configuration is
fundamental for correct active site formation and functional activity (Murtas et al.,
2020). As we observed in our enzymatic assay experiments, some PSAT variants were
inactive or showed reduced activity compared to WT PSAT. We have hypothesized
that the lack of activity could depend on the reduced dimer stability. Therefore, we
assessed the oligomerization state for the variants S43R, G79W, S179L, C245R and
R342W, which exhibited a deficit in activity through the size exclusion chromatography.
In the SEC experiment (Figure 41), the chromatography column is packed with porous
beads, and pore sizes are used to separate the proteins based on their dimension

(Sakashita et al., 2018).
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Figure 41. Schematic representation of size exclusion operation.
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First, we tested WT PSAT for setting the experimental conditions. To avoid non-
size interactions between protein and column beads that could alter the elution based
on protein dimension (Lambrecht et al., 2015), we used a 50 mM phosphate running
buffer rich in sodium chloride (300 mM) at pH 7. Then, to verify that WT PSAT eluted
according to size and to calculate the MW, we performed a calibration curve using the
standard proteins: myoglobin (17 kDa), ovalbumin (44 kDa), Immunoglobin G (150
kDa), Immunoglobin A (300 kDa), and bovine thyroglobulin (670 kDa). In particular, the
MWs of ovalbumin and IgG perfectly cover the range of WT PSAT oligomerization
state: monomer (42.85 kDa), dimer (85.70 kDa), and possible aggregates state (>
85.70 kDa). The WT PSAT was loaded at 23 pM, resulting in an elution concentration
of around 2.3 uM. We observed that the peak was well-defined, sharp and base-to-
base, indicating that the protein was stable in the chromatographic conditions and that
the injection concentration was adequate for the analytical purpose (Figure 42). The
retention time was 8.18 minutes; based on the calibration curve, it corresponded to the
MW of 76 kDa, resulting consistently in a PSAT dimer (85 kDa). The reduced MW may
depend on the protein factor shape; moreover, when the protein has a not a globular
shape, the calibration curve based on globular protein standards may be less precise

(Some et al., 2019).
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Figure 42. Size exclusion chromatography of 23 yM WT PSAT in 50 mM sodium phosphate buffer and
300 mM NaCl, pH 7. In the inset, the calibration curve. Column: BioSep-2000, flow rate 1 mL/min. The

data was normalized for the maximum absorption at 280 nm.

After testing the characteristic of WT PSAT elution and its size compared to the
theoretical MW, we evaluated different concentrations in injection of WT PSAT to
exclude that, in our condition, the protein showed a concentration-dependent
monomerization or aggregation. This step is important for choosing the best analytical
protein concentration for studying pathological variants and excluding the abnormal
behaviour of variants due to experimental conditions instead of caused by the
aminoacid substitutions. Therefore, the experiment was repeated at a higher
concentration of 200 uM and a lower loading concentration of 5 uM and 1 uM in the
same condition described above (Figure 43). The WT PSAT exhibited at all
concentrations peaks well-defined with an average retention time of 8.20,

corresponding to a mean MW of 75 kDa. These results confirmed the dimer stability of
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WT PSAT under our experimental conditions, excluding the formation of monomers or

aggregate ad high MW due to intrinsic experimental setup.
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Figure 43. Size exclusion chromatography of WT PSAT. The protein concentration was in the range of
200 yM-1 pM. Column: BioSep-2000, mobile phase: 50 mM sodium phosphate (pH 7) and 300 mM

NaCl, flow rate 1 mL/min. All data were normalized for the maximum absorption at 280 nm.

Since WT PSAT showed a dimeric state at all concentrations of protein injection, we
decided to test the PSAT variants at the intermedia concentration of 23 uM in order to
be more sensitive to possible variations in molecular weight due to the instability of the
dimer. The variants S43R, G79W, S179L, C245R and R342W, which exhibited a lack
of activity in the enzymatic assay, and that we assumed could monomerize, were

analyzed. For this experimental pattern, the variants P87A, A99V and D100A, which
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showed the same activity as WT, were temporarily excluded. All variants analyzed
exhibited peaks sharp with a shape profile analogous to the WT PSAT (Figure 44),
suggesting that the proteins were stable and eluted without column unspecific
interaction. We observed that all proteins showed an elution time similar to WT PSAT
and, consequently, a similar MW around 76 kDa, suggesting that they all retain a
dimeric structure. Therefore, for the variants S43R, G79W, S179L and C245R and
R342W, we excluded the dimer stability as a mechanism of pathology and as a cause
to reduced enzymatic activity. Other analyses for the variants P87A, A99V and D100A

are ongoing.
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Figure 44. Size exclusion chromatography of WT PSAT (black line) and PSAT variants (red line) in 50
mM sodium phosphate buffer and 300 mM NaCl, pH 7. The protein concentration was 23 yM. Column:
BioSep-2000, flow rate 1 mL/min. All data were normalized for the maximum absorption at 280 nm, to

facilitate the visual comparison.

2.3.8 Aggregation

The incorrect folding and aggregation of proteins are recognized as
characteristic of many human diseases (Nelson et al., 2019). After analysing the
changes in the secondary structure, we evaluated the possibility of an increasing
tendency to aggregation due to structural perturbations produced by substitutions, as
a pathological mechanism for PSAT variants, through dynamic light scattering (DLS)

experiments. In the dynamic light scattering technique, a monochromatic beam of light
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is sent to the sample, which scatters the light in different directions based on the
dimension of the particles. The DLS instrument records how intense scattered light is
at a fixed angle. This information can be correlated to the particle's hydrodynamic
diameter (dn) that scatters the light. Through a math algorithm, the hydrodynamic
diameter is converted to MW, and we obtain information about the size of the protein
and the presence of aggregates. To set the methodology, we performed the
experiments on WT PSAT at different concentrations: 50 uM, 25 yM and 12.4 yM, in
50 mM sodium phosphate buffer and 300 mM NaCl pH 7, at 25 °C. No difference was
observed between conditions (data not shown). Therefore, we proceeded with 23 uM,
the same concentration used in size exclusion experiments for dimer stability
evaluation. The conversion from hydrodynamic diameter to MW was calculated by
Malvern Zetasizer Software. In literature reported that the DLS experiments on
polymerized hemoglobins demonstrated an almost perfect correlation between dn and
MWs (Faggiano et al., 2010). Therefore, to verify the correlation between
hydrodynamic diameter and MW in our experimental conditions, we conducted DLS
experiments for WT PSAT and standard proteins (Figure 45). We used myoglobin (14
kDa) to test the sensibility at low MW and conalbumin (76 kDa) since it had an MW
similar to PSAT dimer (85 kDa) as standard. We observed that myoglobin, ovalbumin
and WT PSAT showed a dn of 3.20, 7.02 and 7.45, respectively, corresponding to 10.1
kDa, 63.5 kDa and 72.8 kDa. The values obtained through algorithm conversion were
compatible with the theoretical proteins MWSs, demonstrating that under our

experimental conditions, DLS technique was sensible to protein size analysis.
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Figure 45. DLS intensity particle size distribution of myoglobin (A), conalbumin (B) and WT PSAT (C),
in a buffer containing 50 mM NaH2PO4, 300 mM NaCl pH 7. The protein concentration was 23 pM.

After verifying the experimental method, we carried out the DLS experiments for all
PSAT variants in the condition described above. Therefore, for all PSAT variants, the
intensity particle size distribution was recorded immediately (time 0) after sample
preparation (Figure 46). All variants showed a population with an average
hydrodynamic diameter of around 7.45 nm, corresponding to the MW of around 73.75
kDa. These MWs, although slightly variable among variants, were all compatible with
the PSAT dimers, which have an estimated MW of 86.70 kDa (Table 7). Instead, the
minority population of the total signal intensity for all variants, except D100A, was
represented in the range of 15-34% with a higher hydrodynamic diameter ranging from
0.4 to 1 um, corresponding to aggregates of around 0.5x103 - 80x103 copies of PSAT
dimers. The variants G79W, S179L and R342W showed a higher percentage of
aggregates than 21.35% of WT and other variants, 29.7%, 27.65% and 34.25%,
respectively, suggesting a tendency to aggregation. It should be emphasized that the

D100A variant exhibited the highest percentage of aggregation of 73.55%, with a dn of
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258.4 nm corresponding to around 3500 dimers, probably due to the exposition of

hydrophobic residue toward the bulk solution.

Est. Mw (kDaS.E.M.)

WT 731
S43R 76+4
G79W 63+0
P87A 78+5
A99V 762
D100A 66+1
S179L 970
245R 62+5
R342wW 721

Table 7. DLS PSATs estimate M\Ws, the conversion of dhnand MW was calculated with Malvern Zetasizer
Software.
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Figure 46. DLS intensity particle size distribution of WT PSAT (black line) compared to PSAT variants
(red line) in a buffer containing 50 mM NaH2PO4, 300 mM NaCl pH 7. The protein concentration was 23

pUM. Data were normalized to the peak intensity of the particle corresponding to dimeric PSAT.
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Given the high tendency to aggregation for the same variants, we assessed the time-
dependent aggregation phenomena. Therefore, we recorded the intensity particle size
distribution after 1 hour (Figure 47). For WT and all variants, no major changes were
observed for the population with a hydrodynamic diameter of 7.45 nm. The aggregate
percentages at high MWs, although slightly variable among variants, were unchanged,
with the only exception of S179L. Indeed, this variant exhibited a tendency to
aggregate over time in accordance with its perturbed secondary structure observed in
circular dichroism and the lower expression yields. The compared value of aggregation

for each variant at time 0 and after 1 h are shown in Table 8.
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Figure 47. DLS intensity particle size distribution of WT and PSAT variants at time 0 (black line)
compared to the same sample analyzed after 1 hour (red line) in a buffer containing 50 mM NaH2POa,
300 mM NaCl pH 7. The protein concentration was 23 uM. Data were normalized to the peak intensity

of the particle corresponding to dimeric PSAT.
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Aggregation (% signal intensity)

to 1h

WT 21.35 24.75
S43R 24.75 26.30
G79wW 29.70 41.45
P87A 19.20 22.90
A99V 19.45 23.95
D100A 73.55 77.80
S179L 27.65 69.59
C245R 15.40 25.95
R342W 34.25 36.85

Table 8. Comparison of aggregates PSATSs signal intensity percentage at 0 minutes and after 1 h.
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2.4 Conclusions

The essential role played by L-serine as a precursor of phospholipids and
neurotransmitters is attested by the occurrence of serine deficiency syndrome caused
by mutations in the genes that code for the enzymes of the phosphorylated pathway.
The PSAT pathogenetic variants were selected based on NLS2 and PSTD case
literature. We expressed and purified the PSAT variants: S43R, G79W, A99V, D100A,
S179L, C245R, and R342W. Most of these variants exhibit properties that might be
responsible for the pathologies they were associated with. For comparison, the non-
pathogenic Uniprot-reported P87A natural variant was also investigated, with no
significant differences with respect to WT PSAT in terms of stability, aggregation, PLP
saturation and enzyme activity and secondary structure. The G79W and S179L are
located in the PLP binding domain. The variants result in being poorly bound to PLP
and are virtually inactive. Both PLP saturation levels and activity do not change in the
presence of high PLP concentrations in the solution mix. Both variants showed a
monophasic unfolding curve with a melting temperature of about 15 degrees below WT
PSAT. In addition, S179L showed a change in secondary structure, with a higher B-
sheet percentage, compared to WT. It also exhibited a tendency to aggregate on time,
showing a great and clear pathogenic mechanism in accordance with the NLS2
association reported in the literature (Acuna-Hidalgo et al., 2014). The R342W variant
results in PLP saturated as WT PSAT but inactive. It showed an unfolding biphasic
curve with a melting temperature similar to WT PSAT for both PLP and PMP bound
forms. R342 residue is localized in the C-terminal domain and is adjacent to the
substrate’s binding site, forming an ionic bond with its carboxylate group. Probably the

pathogenic mechanism is related to the impossibility of the bulky and non-charged
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tryptophane to form the necessary molecular link for the transamination reaction. The
C245R variant shows a low level of PLP saturation. The activity is around 10% WT
PSAT, and it does not change in the presence of higher PLP concentration, suggesting
that variants it is at the maximum saturation and that the pathogenetic mechanism is
related to the low PLP affinity. It also shows an increase in beta sheet percentage in
secondary structure for both PLP and PMP forms. However, the thermal stability and
tendency to aggregation are similar to WT PSAT. The S43R variant was predicted to
be unstable. However, it is present in dimeric form. In addition, it has an activity of
around 80% WT and a similar PLP saturation, thermal stability, secondary structure,
and tendency to aggregation. Residue S43 is located at the active site, in proximity
(5.8 A) to the phosphate group of the PSAT substrate. Probably, the pathogenic
mechanism is related to the bulkier substituent Arg that interacts with substrate
binding. The pathogenic mechanism of D100A and A99V was still unclear. The variants
have an activity like WT PSAT and bound PLP and have the same secondary structure
as WT PSAT. The D100A has a high tendency to aggregate, probably due to the amino
acid substitution being more prone to solvent accessibility. At the same time, the A99V
shows a monophasic curve with a temperature of melting around 70 °C, higher than
WT, suggesting a more strongly bound PLP. Although some pathogenetic mechanisms
are not yet perfectly clear, with this research work, we have helped to better clarify the
key role of the enzyme phosphoserine aminotransferase within the biosynthesis of L-
serine, confirming the association between mutations in the PSAT1 gene and serine

deficiency disorders, such as PSATD and NLS2.
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Chapter 3. Interaction of human
serine racemase and
glyceraldehyde 3-phosphate

dehydrogenase

104



3.1 Introduction

Protein-protein interactions (PPi) are fundamental for many biological reactions
and signalling pathways. Thanks to their functional and regulatory role, the PPi could
potentially be exploited as drug targets (Rabbani et al., 2018).

The enzyme serine racemase (SR) exhibits a complex conformational space
(Raboni et al., 2019) that can be modulated by protein interactors, particularly by
proteins associated with AMPA and NMDA receptors. For example, it is known that
PICK1 and GRIP bind SR through the PDZ domain (Baumgart et al., 2007; Jiraskova-
Vanickova et al., 2011). Also, there is evidence that Golga-3 and DISC1 maintain SR
intracellular concentration constant by controlling its ubiquitination (Wolosker et al.,
1999; Canu et al., 2014).

Suzuki et al., 2015 reported murine GAPDH as a protein interactor of murine
SR, resulting in its inhibition. Therefore, they envisaged a possible biochemical link
between glycolysis and D-serine metabolism through pull-down and
immunohistochemistry experiments. In addition, the author explained that adenosine
triphosphate (ATP) and glyceraldehyde-3-phosphate (G3P), the substrate of
glyceraldehyde-3-phosphate dehydrogenase, were crucial to SR-GAPDH interaction.

To evaluate if the human orthologues of SR and GAPDH form a complex, we
expressed and purified the human enzymes. To explore the formation of a stable hSR-
hGAPDH complex, we designed a size exclusion chromatography (SEC) experiment.
This technique, also known as gel filtration chromatography, allows the separation of
proteins according to their molecular weight, thanks to a molecular sieve mechanism.
Indeed, the chromatography column is packed with porous beads. Compared to

smaller proteins, the complex with large dimensions cannot enter the pore beads and
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elutes before in the chromatographic period. In contrast, the single proteins elute with
a longer retention time. We also performed a cross-linking experiment to explore the
formation of an unstable hSR-hGAPDH complex. Cross-linking is the process of
chemically joining two or more molecules through covalent bonds. A cross-linking
reagent (or cross-linker) is a molecule containing two or more reactive ends that can
chemically bond to specific functional groups (primary amines, sulfhydryls, etc.) on
proteins. The protein-protein interaction may be visible on SDS-PAGE. Since hSR and
hGAPDH subunits have nearly identical MW, we expressed and purified hSR fused
with thioredoxin (hSR-TRX) to distinguish them on the gel.

In this research work, we explored the interaction of the human orthologue of
SR and GAPDH to understand better and clarify the regulation of D-serine metabolism

in the human brain.

Part of this work was published in:
Michielon A. et al. "Human serine racemase is inhibited by glyceraldehyde 3-
phosphate, but not by glyceraldehyde 3-phosphate dehydrogenase." Biochimica et

Biophysica Acta (BBA)-Proteins and Proteomics 1869.1 (2021): 140544.

Candidate’s contribution:

| expressed and purified the protein human serine racemase. Prof. Stefano Bruno
provided the protein human glyceraldehyde 3-phosphate dehydrogenase. | designed
and performed the size exclusion chromatography experiments on FPLC. Moreover, |
developed and carried out the cross-linking experiments with the collaboration of Prof.

Serena Faggiano (University of Parma).
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3.2 Materials and Methods

3.2.1 Materials

All reagents were high-quality chemicals purchased from Sigma Aldrich (St.
Louis, MO, USA), except for Tris (2-carboxyethyl) phosphine (TCEP), which was

purchased from Apollo Scientific (Denton, Manchester, UK).

3.2.2 Protein expression

e Human serine racemase
Human serine racemase was expressed in recombinant form as a fusion protein with
a six-histidine tag encoded in the expression vector pET28a (EMD Millipore,

Darmstadt, Germany). The sequence of the expressed protein is shown in Figure 48.

10 20 30 41 50 &l
MGSSHHHHH H SS5GLVPRGSH MCAQYCISFA DVEKAHINIER DSIHLTPVLT SSILNQLIGR
70 g0 8 100 110C 120
NLFFECELFQ ETGSFEIRGR LNAVESLVFPD ALEREKPEAVV THSSGNHGOA LTYAAKLEGI
130 140 130 1aC 170 180
PAYIVVEQTZ PDCEERLATQRA YGASTVYCEF SDESEENVAE EVIEETEGIM VHPHNOEPAVI
150 200 2140 220 230 240
AGOGTIALEYV LNOVPLVDAL VVPVGGGGML AGIATTVEAL EPSVEVYAAE PSHADDCYOQS
250 2a0 270 280 280 300
KLEGELMPNL YPPETIADGYV ESSIGLNIWF ITIRDLVDDIF TVIEDEIECA TOQLVWERMEL
310 320 330 340 350 3ad
LIEPTAGVGY AAVLSQHFQT VSPEVENICI WVLSGGNVDLT SSITWVEQAE RPASYQSVSV

Figure 48. FASTA sequence of recombinant hSR. The number of amino acids is 360, molecular weight
is 38.7 kDa, and theoretical pl is 6.67. Analysis carried out via online software:
https.//web.expasy.org/compute_pi/.
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The plasmid was transformed into E. coli BL21 Codon Plus (DE3) -RIL (Agilent
Technologies, Santa Clara, CA, USA) cells containing the plasmid encoding the
chaperonins GroEL and GroES (Chaperone Plasmid set, Takara®). The plasmids
pET28a and TAKARA bear resistance to kanamycin and chloramphenicol,
respectively. The transformed cells were grown at a temperature of 37 °C in Luria
Bertani (LB) medium (tryptone 10 g/L, NaCl 10 g/L and yeast extract 5 g/L), with
kanamycin (50 ug/ml) and chloramphenicol (50 pg/ml). Bacterial growth was followed
by measuring optical density (OD) at 600 nm. When cells reached about 0.5 OD,
arabinose (0.3 mg/ml) was added to induce the production of GroEL/GroES. Also,
benzyl alcohol (1 ml/L) was added since it was reported that it increased the expression
of molecular chaperones in response to a stress condition (De Marco et al., 2005; Duan
et al., 2019). The cultures were transferred at a temperature of 20 °C; after 20 minutes,
Isopropyl-B-D-1-thiogalactopyranoside (IPTG) was added at the final concentration of
0.05 mM to induce the expression of human serine racemase. Bacterial growth
continued at 20 °C for the next 16 hours. Subsequently, the cells were collected by
centrifugation at 4500 g for 15 minutes at 4 °C. Finally, three washes in phosphate

buffer and NaCl (PBS) were carried out, and the pellets were frozen at -80 °C.

¢ Human serine racemase-thioredoxin
The hSR-TRX construct was subcloned into a pET21b-derived expression vector.
Between TRX and hSR was inserted a proteolysis site for the TEV protease (EC
3.4.22.44, Tobacco Etch Virus nuclear-inclusion-a endopeptidase) to remove during
the purification step the histidine tag. The fusion protein was expressed in E. coli BL21

(DE3)-RIL cells (Agilent Technologies, Santa Clara, CA, USA). The expression of
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human serine racemase with bacterial thioredoxin and the six-histidine tag was

described in detail by Bruno et al., 2017.

e Human glyceraldehyde 3-phosphate dehydrogenase
The expression of human glyceraldehyde 3-phosphate dehydrogenase as a

recombinant protein was reported by Bruno et al., 2016.

3.2.3 Protein purification

¢ Human serine racemase
Cell frozen at -80 °C were resuspended in 50 mL lysis buffer (50 mM Naz2HPO4, 150
mM NaCl, 5 mM TCEP, 50 uM PLP, 4 °C) containing protease inhibitors (0.2 mM
phenylmethylsulfonyl fluoride at pH 8.0 (PMSF), 0.2 mM benzamidine and 1.5 uyM
pepstatin A) added. The suspension was left for 45 minutes in agitation at 4 °C in the
presence of lysozyme (1 mg/mL) to promote the rupture of the cell wall. Subsequently,
cell lysis was performed by sonication with a "macro tip" probe. The sonication phase
consisted of 5 cycles lasting 20 seconds. Next, a 50-minute centrifugation step was
carried out at 4 °C at a speed of 16000 g to separate the soluble and insoluble
components. The supernatant was incubated with 4 mL of TALON® resin (Clontech,
Mountain View, CA, USA) for 1 hour at 4 °C. Subsequently, the resin was washed with
120 mL of washing buffer (50 mM Na2HPO4, 300 mM NaCl, pH 8), and then the protein
was recovered by suspending the resin in an elution buffer (50 mM Na2HPO4, 150 mM
NaCl, 250 mM imidazole, pH 8). Next, we proceed with a desalting step and buffer
exchange in 50 mM triethanolamine (TEA) at pH 8, the HiTrap™ Desalting column (GE

Healthcare Life Science, Little Chalfont, United Kingdom). Finally, hSR was
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concentrated in Amicon® (Merck/Millipore, Burlington, MA, USA). The protein obtained
was aliquoted and stored at -80 °C. Purity was analyzed by SDS-PAGE
electrophoresis and densitometric analysis carried out by ChemiDoc Image System™

(Bio-Rad, Hercules, CA, USA).

¢ Human serine racemase-thioredoxin
The purification of hSR-TRX followed the same protocol as the hSR, except for the
phase of TEV removal. After the incubation with 4 mL of TALON® resin (Clontech,
Mountain View, CA, USA) for 1 hour at 4 °C, the protein was incubated with his-tagged
TEV protease (60 ug per mg of protein) for 3 h at 4 °C to remove the his-tagged
thioredoxin fragment. Then, the protein was dialyzed to remove the imidazole and
further incubated with the TALON resin to remove the uncleaved protein and His-
tagged TEV protease, to complete the purification procedure. The purification of

human serine racemase with thioredoxin was reported in detail by Bruno et al., 2017.

e Human glyceraldehyde 3-phosphate dehydrogenase
Human glyceraldehyde 3-phosphate dehydrogenase was purified as previously

described by Bruno et al., 2016.

3.2.4 Size exclusion chromatography

The system AKTA pure FPLC (GE Healthcare Life Science, Little Chalfont,
United Kingdom) coupled with a UV detector was employed for the size exclusion
chromatography experiments for hSR and hGAPDH. Chromatographic separation was

achieved on a Superdex Increase 200 (300 mm x 3.2 mm) column (GE Healthcare Life
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Science, Little Chalfont, United Kingdom), pre-packed with agarose beads of 8.6 um
for high flow rates and pH stability. The column separation range molecular weights
were between 10 and 600 kDa. The pumps were set on isocratic elution mode. The
column was pre-equilibrated for 1 hour at the flow rate of 1 mL/min with a solution
containing 25 mM TRIS and 150 mM NaCl pH 8. The manual injection volume was 100
ML at the protein concentration of 16 uM for hSR and 84 yM hGAPDH. The proteins
were incubated in different combinations for 30 minutes a 4 °C in 200 mM TEA, 150
mM NaCl, 5 mM DTT, 6 mM ATP and 10 mM MgClz. Detection was performed by the
Uv-vis detector of the FPLC system at 280 nm wavelength for hSR, hGAPDH and
standard proteins and 240 nm for the mixer hSR-hGAPDH and hSR-GAPDH with 5
mM D-G3P. The total chromatographic run period was 20 minutes at a flow rate of 1
mL/min. The procedures of column equilibration and experiments were carried out at
room temperature. The column was calibrated with different molecular weight
standards, including lysozyme (14.4 kDa), trypsinogen (24 kDa), ovalbumin (45 kDa),

bovine serum albumin (66 kDa), ferritin (440 kDa) and bovine thyroglobulin (670 kDa).

3.2.5 Cross-linking

For cross-linking experiments, we used the cross-linker glutaraldehyde. The
samples were dialyzed in the 20 mM HEPES buffer at pH 7.5 to remove the amino
groups contained in the TEA buffer (the hSR storage buffer) that would react with
glutaraldehyde. The cross-linker was diluted from 2% to 0.5% stock in 20 mM HEPES.
The experiments were conducted at room temperature, and the proteins were
incubated with 0.1 glutaraldehyde for 10 minutes. The protein concentration in the

reaction mix was 15 uyM for hNSR-TRX and 30 uM for GAPDH.
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The reaction was stopped using 1 M Tris HCI pH 8. Then we performed SDS-PAGE
experiments. We used the gel of 10% acrylamide, which was run for 45 minutes at 200
V at room temperature. The gel was stained in Coomassie blue for 50 minutes and
then bleached for 5 hours. The densitometric analysis was performed by ChemiDoc

Image System™ (Bio-Rad, Hercules, CA, USA).
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3.3 Results and discussion

3.3.1 Size exclusion chromatography

We carried out gel filtration experiments to evaluate whether hSR directly
interacts with hGAPDH, as reported for the murine orthologue (Suzuki et al., 2015). In
SEC experiments, the protein MWSs were related to the chromatographic elution period.
Large proteins elute before smaller proteins because they were excluded by the size
pore beads of the column.

Since Suzuki et al., 2015 showed that, in pull-down experiments, ATP
augmented the SR-GAPDH interaction in a dose-dependent manner ranging from 2 to
10 mM, we decided to evaluate the hypothetical hSR-hGAPDH interaction in the
presence of 6 mM ATP in the incubation mix. In addition, the authors hypothesized that
GAPDH needed a conformational change to interact with SR and reported that G3P
increased the SR-GAPDH interaction in a dose-dependent manner ranging from 0.5
to 1 mM. In the literature, there was evidence that G3P modulated GAPDH
conformation (Mozzarelli et al., 1982; Bruno et al., 2014). Therefore, we decided to test
the possible hSR-hGAPDH complex formation with 6 mM ATP both in the presence
and absence of a large excess of 5 mM G3P.

To evaluate whether hSR directly interacts with hGAPDH, we used hSR as a
spectroscopic reporter. The chromatographic course was followed by absorbance at
420 nm (around the absorption maximum of hSR-PLP internal aldimine) to check the
elution peak of hSR and avoid ATP or hGAPDH absorption interference. In this way, it
was possible to use a concentration of hGAPDH 5-fold higher than hSR. All
experiments were performed in a solution of 200 mM TEA, 150 mM NaCl, 5 mM DTT,

and 10 mM MgClz. To evaluate the MWs of our protein of interest, we created a
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calibration curve using a standard protein range of 14-670 kDa. We used lysozyme,
trypsinogen, ovalbumin, bovine serum albumin, ferritin, and bovine thyroglobulin. In
particular, the bovine serum albumin (66 kDa) was near the theoretical hSR dimer MWs
(74 kDa). After the calibration, we carried out the hSR at the concentration of 18 uM to
evaluate the elution characteristic. We observed that the peak was sharp and well-
defined, indicating that the protein concentration in injection was correct for the analytic
purpose and that the proteins were stable in the chromatographic conditions (Figure
49-A). Then we tested 18 uM hSR in the presence of 84 yM hGAPDH and 6 mM ATP
(Figure 49-B), and finally, we assessed 18 yM hSR with 84 uM hGAPDH, 6 mM ATP
and in the presence of 5 mM D-G3P (Figure 49-C).

Based on the calibration curve, we estimated for hSR alone an MW of 59.2 kDa,
for the condition hSR with hGAPDH and ATP an MW of 51.2 kDa and the hSR with
hGAPDH, ATP and G3P in solution mix an MW of 43.4 kDa. These values were lower
than the theoretical MW of the hSR dimer of 74 kDa, probably due to differences in
protein shape. However, we excluded the hSR-hGAPDH complex formation, which

had a theoretical MW of 22 kDa in 1 a 1 stoichiometry.
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Figure 49. Size exclusion chromatography experiments in a solution of 200 mM TEA, 150 mM NaCl, 5
mM DTT, and 10 mM MgClz. A) 18 uyM hSR + 6 mM ATP. In the inset is reported the calibration curve.
B) 18 uM hSR + 84 yM hGAPDH + 6 mM ATP. C) 18 yM hSR + 84 yM hGAPDH + 6 mM ATP + 5 mM
D-G3P. The chromatographic courses were shown from 5 to 15 minutes to demonstrate the absence of
peaks at higher MWs than hSR. All absorbances were normalized for the maximum absorption value at

420 nm to facilitate the visual comparison.
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3.3.2 Cross-linking experiment

We performed a cross-linking experiment to rule out the possibility of an
unstable complex between hSR and hGAPDH, not visible under size exclusion
chromatography conditions. The glutaraldehyde is able to form covalent binds, in this
way it is possible to fix the interactions of hSR and hGAPDH. Indeed, they are present
as dimers and tetramers, respectively, and the formation of oligomers of higher MW is
visible on the SDS-PAGE. Since hSR and hGAPDH subunits have nearly identical
MW, we expressed and purified hSR fused with thioredoxin (hSR-TRX) to distinguish
them on gel (Table 9). Thioredoxin is a small protein composed of 105 amino acids

with a molecular weight of 12.5 kDa.

Length
(Number of amino acid) MW (kDa)
hSR 360 38.7
hSR-TRX 465 512

Table 9. Compare hSR and hSR with thioredoxin.

Several concentrations of glutaraldehyde were tested: 0.1%, 0.5% and 1%. The 0.1%
had the best protein cross-linking ratio and visual quality of the electrophoretic mobility.
In the cross-linking experiments, the concentration of ATP was decreased at 2 mM,
compared to the 6 mM in the gel filtration experiment, due to the possibility of the ATP
amino group interacting with the cross-linker. Anyway, Suzuki et al., 2015 reported that

2 mM ATP was already sufficient for the formation of complex SR-GAPDH.
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We first tested the proteins without glutaraldehyde to set the methodology and evaluate
the electrophoretic mobility in the presence of ATP and G3P. So, we conducted two
experiments in parallel in the absence and presence of ATP and G3P.

For both gels, we prepared the samples: hSR-TRX alone, hGAPDH alone and the mix
of hSR-TRX+hGAPDH. We observed that, as expected, all proteins migrate according
to their MWs: around 51 kDa for hSR-TRX and 38 kDa for hGAPDH. The same MWs
were present in the lanes with hSR-TRX+hGAPDH. It was confirmed that there were
no electrophoretic mobility differences in the presence of ATP and G3P (Figure 50).
Since the amount of protein loaded into the well was very high (around 5 pg), we saw
the presence of contaminants. However, the purity estimated after purification was

around 98% for hGAPDH and 94% for hSR-TRX.
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Figure 50. SDS-PAGE of 15 yM hSR and 30 yM hGAPDH in the absence (A) and presence (B) of 2
mM ATP and 5 mM D-G3P.

After testing the protein without a cross-linker, we reproduced the same
experiments in parallel with or without ATP and G3P in the presence of 0.1%
glutaraldehyde. We prepared the sample with 10 minutes of incubation: hSR-
TRX+glutaraldehyde,  hGAPDH+glutaraldehyde and the mix of hSR-
TRX+hGAPDH+glutaraldehyde. The lane patterns were the same compared to the
conditions’ presence and absence of ATP and G3P. In detail, we observed that hSR-
TRX with glutaraldehyde formed aggregates at high MWs, higher than the theoretical
dimer of 100 kDa, showing that the cross-linking reaction took place. Instead, hGAPDH

maintained a faint band at the MW of monomer 38 kDa. In addition, a band appeared
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at 75 kDa, probably a dimeric form of hGAPDH, and we observed aggregates at high
MW in the well. However, in the conditions with two mixed proteins, we did not see a
band corresponding to the sum of hSR-TRX and hGAPDH monomers of 90 kDa. The
band related to the MW of the complex was not present either in the condition with
ATP+G3P or without (Figure 51). So, we ruled out that hSR formed a complex with
hGAPDH. As confirmation of the technique's validity, cross-linking was recently used
on human serine racemases to demonstrate the interaction with the PDZ domain

(Giaccari et al., 2022).
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Figure 51. SDS-PAGE with the crosslinker 0.1% glutaraldehyde of 15 uM hSR and 30 yM hGAPDH in
the absence (A) and presence (B) of 2 mM ATP and 5 mM D-G3P.
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3.4 Conclusions

Human serine racemase has a wide, still unclear interactome. Exploring its
interaction with other proteins is important to better understand the regulation of D-
serine production in the human brain and, consequently, to clarify the pathogenic
mechanism in D-serine diseases such as Parkinson’s and Alzheimer’s diseases. In
the case of our research, studying the interaction between hGAPDH was also crucial
to better explain the contribution to the glycolytic flux at the human serine biosynthesis.
Suzuki et al., 2015 reported that the murine SR interact directly with murine GAPDH.
In addition, through pull-down and immunohistochemistry experiments, the authors
explained that ATP increased the interaction in a dose-dependent manner. The
substrate of GAPDH, G3P, also contributed to the stabilization of mMSR-mGAPDH
interaction. However, we explained that human orthologues undergo a different
regulation than murine. Indeed, the techniques of gel filtration chromatography and
cross-linking on the human purified enzymes performed in the presence of the same
ATP concentration used by Suzuki demonstrated that hSR did not interact with

hGAPDH either in the presence of G3P or in its absence.
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Chapter 4. Inhibition of human
serine racemase by

glyceraldehyde-3-phosphate

121



4.1 Introduction

Human serine racemase is a PLP-dependent enzyme. It catalyzes D-serine
formation from L-serine and eliminates both enantiomers to pyruvate and ammonia
(Graham et al., 2019)

Small ligands, halides and proteins finely tune the enzyme; the extensive hSR
regulation is crucial for maintaining tight control of D-serine homeostasis in the human
brain (Campanini et al., 2013; Raboni et al., 2019). Indeed, an alteration of D-serine
levels in the central nervous system has been linked to neuropathologies such as
Alzheimer’s disease, Parkinson’s disease, and schizophrenia (Coyle et al., 2018).

Suzuki et al., 2015 reported a regulation mechanism in which the interaction of
murine glyceraldehyde-3-phosphate dehydrogenase in the presence of its substrate
glyceraldehyde-3-phosphate (G3P) inhibited murine serine racemase. However, in
Chapter 3, we demonstrated that the two human orthologues did not form a protein-
protein complex either in the presence of G3P or in the absence.

Given the importance of serine metabolism in the human brain, we deemed it
necessary to explore better the possibility of hSR inhibition by the G3P. Therefore, in
this research work, we explored in detail many possible inhibition mechanisms of G3P
exploiting the spectroscopic properties of serine cofactor racemase, PLP. We also
performed the activity assays to evaluate the inhibition on time and for both G3P

enantiomers.
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Part of this work was published in:
Michielon A. et al., "Human serine racemase is inhibited by glyceraldehyde 3-
phosphate, but not by glyceraldehyde 3-phosphate dehydrogenase." Biochimica et

Biophysica Acta (BBA)-Proteins and Proteomics 1869.1 (2021): 140544.

Candidate’s contribution:

| expressed and purified human serine racemase. | designed and performed all activity

assays and spectra absorbance experiments.
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4.2 Materials and Methods

4.2.1 Materials

Tris (2-carboxyethyl) phosphine (TCEP), which was purchased from Apollo
Scientific (Denton, Manchester, UK). All other chemicals and reagents were purchased
from Sigma - Aldrich (St. Louis, MO, USA) and were of the highest grade commercially

available unless otherwise stated. Materials were used as received.

4.2.2 Protein expression and purification

Recombinant hSR was expressed as a hexa-His tagged fusion protein encoded
in a pET28a-derived plasmid (Dixon et al., 2006) and transformed in Escherichia Coli
BL21 CodonPlus (DE3)-RIL cells (Merck-Millipore, Darmstadt, Germany), previously
transformed with plasmids encoding GroEL and GroES chaperonins. The procedure

was described in detail by Marchetti et al., 2013 and Canosa et al., 2018.

4.2.3 Preparation of experimental buffer

The pH of commercial L-G3P and D- G3P (Sigma — Aldrich, St. Louis, MO, USA)
were measured by a pH paper testing and verified the pH at 37 °C in the 1 mL volume
in the absence and presence of 5 mM D-G3P at different concentrations of hSR
storage buffer (TEA solution) with a pH meter:

A) 50 mM TEA, pH 8.00
B) 150 mM TEA, pH 8.00

C) 200 mM TEA, pH 8.00
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To obtain the complete experimental solution were added to 150 mM NaCl, 2 mM ATP,
2 mM MgClz, 50 yM PLP and 5 mM DTT. To avoid a pH change in the experimental
solution, the compounds ATP and PLP were corrected during solubilization to obtain a
pH of around 6.50-7.00. The ATP was prepared in a 250 mM stock in H20 and adjusted
pH with 2 M HCI to attain a pH of around 6.5. The PLP was solubilized in H20 at a
concentration of 25 mM stock and adjusted pH with 2 M NaOH to obtain a solution at
pH 7. The final buffer solution was 200 mM TEA, 150 mM NaCl, 2 mM ATP, 2 mM

MgClz, 50 uM PLP and 5 mM DTT, pH 8.00 at 37 °C.

4.2.4 Absorption spectra

Protein UV-visible absorption spectra were acquired using a CARY4000 UV-Vis
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) with a temperature-
controlled cell-holder Hellma™. Far UV Quartz Cuvettes with 1 cm pathlength were
used for all experiments. All spectra were recorded in the 600-240 nm range and
corrected for buffer contribution. All experiments were performed, unless otherwise
indicated, in a solution containing 200 mM TEA, 150 mM NaCl, 2 mM ATP, 2 mM
MgCl2 and 5 mM DTT, at pH 8.0. The compound D-G3P, when present, was added at
the 5 mM final concentration and incubated on the reaction mixture for 30 minutes
unless otherwise indicated. The compound PLP was added at 50 yM and incubated
for 10 minutes. A control condition was prepared for all absorption experiments in the

presence of D-G3P and PLP.
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4.2.5 Preparation of hSR apo form

To obtain the apo form of hSR, the protein was incubated with 10 mM of L-serine
(a value close to the Km) for 1 hour at ambient temperature. Then 500 puL of hSR 50
MM was dialyzed using membrane dialysis with 16 kDa cut-off against 50 mL of a buffer
containing 200 mM TEA, pH 8.0, for 3 hours at 4 °C. The dialysis buffer was changed

every hour.

4.2.6 Enzymatic assay

The Cary 4000 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA) coupled with a temperature-controlled cell-holder Hellma™ was used to
follow the initial velocity of L-serine elimination catalyzed by hSR. It was a coupled
assay with lactate dehydrogenase (LDH) that measures the pyruvate that
spontaneously forms from a-aminoacrylate (Foltyn et al., 2005; Marchetti et al., 2013).
The pyruvate produced by SR reacts with a molecule of NADH, producing NAD* and
lactate. The NADH has a characteristic absorption peak at 340 nm, whereas its
oxidized shape does not absorb at this wavelength. So, it was possible to monitor the
kinetic following the NADH disappearance at 340 nm (Eisenthal and Danson 1993).
The final volume of assay solution was 150 pL in a quartz cuvette with 1 cm of path
length. When the experiment started, a trace of 1-2 minutes was acquired in the
presence of protein and NADH. The eventual slope of this trace reflected the
contribution of NADH oxidation. After three minutes, the L-serine was added and
started the reaction. The signal was collected for a total of 15 minutes. The slope was

read before the 4 minutes. The value was calculated on a 1-minute track. The slope
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(AOD / min) was divided for the NADH molar coefficient (6200 M-' cm'). All data were

acquired in triplicate.

« Evaluation of G3P inhibition
The activity of 0.44 yM hSR was incubated for 5 minutes at 37 °C in the presence of
10 mM D-G3P in a solution containing 200 mM TEA, 150 mM NaCl, 2 mM ATP, 2 mM
MgCl2, 50 uM PLP and 5 mM DTT at pH 8.0. A control condition was prepared with the
same incubation time. The 320 uM NADH, 66 U/mL LDH, and 500 mM L-serine were

added to start the reaction.

» Time dependent L-G3P and D-G3P inhibition
To evaluate the time-dependent G3P inhibition, we tested the activity of hSR in the
presence of 5 mM D-G3P or 5 mM L-G3P. We prepared a solution containing 200 mM
TEA, 150 mM NaCl, 2 mM ATP, 2 mM MgClz, 50 yM PLP and 5 mM DTT at pH 8.0.
Then we added 0.88 uM hSR and divided the solution into two samples. In one sample,
we added 5 mM D-G3P or L-G3P; in the other, we added the same volume of H20.
Both samples were incubated in a thermostatic bath at 37 °C for up to 120 min. For
each time point: 0, 10, 30, 60, 90, and 120 minutes we added 320 yM NADH, 66 U/mL

LDH, and 10 mM L-serine to trigger the reaction.

¢ Michaelis-Menten parameters for L-serine in the presence of D-G3P
To estimate the Michaelis-Menten parameters for L-serine, we incubated 0.44 yM hSR
in the presence of 5 mM D-G3P for 60 minutes at 37 °C. Then 320 uM NADH, 66 U/mL

LDH, and L-serine were added to trigger the reaction. The L-serine concentrations
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were: 0, 5, 10, 50, 200, and 500 yM. The same experimental setup was used to obtain
the km parameters of hSR without G3P. The experimental data were fitted with the
equation:

Vo = (Vmax [S]) / (Km + [S])

Vo is the initial rate, [S] is the concentrations of the substrate (L-serine) in the assay,
Vmax is the maximal velocities in uM/s divided by the enzyme concentrations (in uM),

and Km is the Michaelis-Menten constant.

e Enzymatic assay in the presence of D-G3P, malonate, glycine and ATP
For testing the effect of hSR ligands on G3P-induced inhibition, 0.88 yM hSR was
incubated for 60 min at 37 °C in a buffer containing 200 mM TEA, 150 mM NaCl, 2 mM
ATP, 2 mM MgClz, 50 uM PLP, 5 mM DTT and 5 mM D-G3P in the presence of either

1 mM malonate, 5 mM glycine, and 2 mM ATP and 10 mM ATP.

e Enzymatic assay in the presence of D-G3P and different PLP concentration
To explore if the PLP incrementing hSR activity, the protein at 0.88 uM concentration
was incubated for 60 minutes with D-G3P at 5 mM concentration in the absence and
presence of 250 uM PLP in a solution containing 200 mM TEA, 150 mM NaCl, 5 mM
DTT, 2 mM ATP and 2 mM MgClz. The control condition was prepared to incubate the

protein without G3P.
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4.3 Results and discussion

4.3.1 Evaluation of D-G3P inhibition

Although hSR did not form a complex with hGAPDH (as explained in chapter
3), we proposed the hypothesis that the hSR might be inhibited by the hGAPDH
substrate, G3P. To teste the G3P inhibition, a concentration of 10 mM D-G3P, the
natural substrate of GAPDH, was incubated with hSR for 5 minutes in a solution
containing 200 mM TEA, 150 mM NaCl, 2 mM ATP, 2 mM MgClz, 50 yM PLP, 5§ mM
DTT. A control condition was incubated in the absence of D-G3P. We observed that in
the presence of D-G3P, the hSR activity was reduced to less than a third compared to

the control (Figure 52).
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Figure 52. Relative activity of 0.44 yM hSR in the presence of 10 mM D-G3P in a solution of 200 mM
TEA, 150 mM NaCl, 2 mM ATP, 2 mM MgClz, 50 uM PLP, 5 mM DTT, pH 8.00 at 37 °C.
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We also tested the dependence of hSR inhibition in the presence of D-G3P at the
range between 1-10 mM after 5 minutes of incubations (data not shown), and we chose
the intermediate concentration of 5 mM D-G3P for the next experiments. In addition,
to exclude the possibility of experimental activity inhibition due to pH and not the G3P,
we controlled the final pH of the hSR in the presence of 5 mM G3P in the solution
assay (200 mM TEA, 150 mM NaCl, 2 mM ATP, 2 mM MgClz, 50 yM PLP, 5 mM DTT,

pH 8.00), confirming that the solution pH remained unchanged.

4.3.2 L-G3P and D-G3P time-dependent inhibition

After observing hSR inhibition in the presence of D-G3P, we wondered if
inhibition depended on a specific interaction between the enantiomer D and serine
racemase. Therefore, to better understand the hSR inhibition by the G3P, we also
tested the enantiomer L-G3P. For both enantiomers, we investigated the behaviour
over time to evaluate if the enantiomers had the same inhibition rate on hSR activity.
We tested both compounds at a concentration of 5 mM in a solution of 200 mM TEA,
150 mM NaCl, 2 mM ATP, 2 mM MgClz, 50 uM PLP and 5 mM DTT, pH 8.00. The
reaction was followed for 120 minutes. In these conditions, both compounds showed
time-dependent inhibition of hSR. After 10 minutes, the inhibitions were around 35%
and after 60 minutes reached 50% of the total (Figure 53). There was no significant
inhibition difference between the two enantiomers over time. In the next experiments,

we used the natural enantiomer D-G3P.
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Figure 53. Comparison between the relative activity of 0.88 uM hSR in the presence of D-G3P (red
circles) and 5 mM L-G3P (blue circles) in the solution of 200 mM TEA 150 mM NaCl, 2 mM ATP, 2 mM
MgClz, 50 uM PLP, 5 mM DTT, 320 uM NADH, 66 U/mL LDH, and 10 mM L-serine at pH 8.00, 37 °C.

For the purpose of better understanding the inhibition mechanism, we estimated
the Michaelis-Menten parameters for the L-serine B-elimination reaction after a 60-
minute incubation with 5 mM D-G3P when the inhibition arrived at a plateau. Relative
to the enzyme without D-G3P, Km increased about twice, from 15.0 £ 1.7 to0 28.6 + 6.2
mM. Moreover, Vmax diminished by around 30%, representing a likely indication of a
mixed inhibition mechanism (Figure 54). It is known that hSR has considerable
conformational plasticity (Raboni et al., 2019), and these data suggest that G3P may

be able to stabilize an enzymatic conformation with reduced activity.
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Figure 54. Dependence of the (3-elimination activity of 0.44 yM hSR on L-serine concentration upon
incubation for 60 minutes at 37 °C in the absence (black circles) and presence of 5 mM D-G3P (red
circles). The solution contains 200 mM TEA 150 mM NaCl, 2 mM ATP, 2 mM MgClz, 50 yuM PLP, 5 mM
DTT, 320 uM NADH, 66 U/mL LDH at pH 8.00, 37 °C. The solid lines fit the experimental points to the

Michaelis-Menten equation.

4.3.3 G3P and PLP competition

To explore the inhibition mechanism, we compared the G3P and PLP structures.
The PLP is the cofactor of hSR. In the absence of substrate L-serine, the aldehyde
group of PLP is covalently bound to the amino group of Lys56 present in the active site
of the enzyme, constituting one internal aldimine (De Miranda et al., 2000, Foltyn et al.
2005). Since G3P and PLP showed a nearly perfect overlapping of carbonyl and
phosphate groups (Figure 55), we hypothesized that they could compete to form the

internal aldimine. Lumeng et al., 1978, reported an analogous inhibitory mechanism
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for other PLP-dependent enzymes in which the presence of acetaldehyde promotes

the release of the PLP from the active site.

Figure 55. Overlay of pyridoxal phosphate and D-G3P. The similarity points were circled in red.

To observe the possible competition of G3P and PLP, we collected the spectra
of hSR in the region of PLP absorption (300-500 nm). The intermediates of PLP
(internal and external aldimine) show different spectroscopic properties depending on
their surroundings. Indeed, when the PLP is bound to the Lys56, it has a maximum
absorption at 412 nm, while the free PLP (external aldimine) absorbs at 390 nm.
Thanks to the different wavelength absorption, it was possible to understand if PLP
formed the internal aldimine in solution in the presence of G3P. We acquired the
spectra of hSR before and after incubation of 5 mM D-G3P for 30 minutes (Figure 56).
However, no significant spectral alteration was observed in the area around 412 nm.

In addition, in the region at 390 nm, no band formed over time. This result shows that

133



the enzyme does not release PLP following incubation with D-G3P, excluding this

inhibition mechanism.
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Figure 56. Absorption spectra of 17 yM hSR in a solution containing 200 mM TEA, 150 mM NaCl, 5
mM DTT, 2 mM ATP and 2 mM MgCl: before (black line) and after (red line) incubation with 5 mM D-
G3P for 30 min.

To rule out definitely the PLP and G3P competition for internal aldimine, it was
necessary to test G3P in the presence of high levels of PLP conditions. However, in
the absorption experiment described above, it was not possible to test higher
concentrations of PLP due to the PLP contribution absorption. Therefore, we evaluated
the possible competition for the internal aldimine formation, between G3P and PLP, by
activity assay, in which the PLP absorption was not a limit. So, we tested the hSR
activity in the absence and the presence of 250 uM PLP (Figure 57). Both conditions
were incubated with 5 mM D-G3P for 30 minutes. A control condition without D-G3P
was prepared and incubated. According to what we have seen in absorption, no

recovery of enzymatic activity is observed in the presence of high concentrations of

134



PLP. The rate of G3P inhibition was the same for both conditions with and without PLP,
indicating that G3P inhibition was not dependent on the presence of PLP in the solution

incubation.
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Figure 57. Relative activity of 0.88 uM hSR after incubation for 60 minutes with 5 mM D-G3P in the
absence (NO PLP) and presence of 250 yM PLP in a solution containing 200 mM TEA, 150 mM NaCl,
5mM DTT, 2 mM ATP and 2 mM MgClz. The CTRL bar is the activity of hSR in the absence of G3P.

4.3.4 Evaluation of G3P inhibition

Serine racemase is a PLP-dependent enzyme, it was purified in the presence
of PLP, and the final protein is in the catalytic intermedia form, with Lys56 bound PLP.
Therefore, to assess the G3P inhibition mechanism in detail, we prepared an hSR
enzyme without bound PLP to avoid bias. To bring out the PLP, we incubated hSR at
37 °C with its substrate L-serine in 200 mM TEA, 150 mM NaCl, 5 mM DTT, 2 mM ATP
and 2 mM MgCl2 at pH 8, and we followed the reaction over time. In the presence of

substrate took place the L-serine B-elimination reaction and hSR produced pyruvate
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ad ammonia (De Miranda et al. 2002). In the absorption spectra (Figure 58), we
observed a progressive release of PLP by decreasing the band ad 412 nm. After 30
minutes, the internal aldimine absorption was at a minimum. Also, an increase at the

peak at 320 nm was present due to the pyruvate formation in the solution.
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Figure 58. Absorption spectra of 17 yM hSR (black line), in 200 mM TEA, 150 mM NaCl, 5 mM DTT, 2
mM ATP and 2 mM MgClz, at 37 °C. Spectra upon the addition of 10 mM L-serine: after 5 minutes (in

blue), 10 minutes (magenta), 15 minutes (green), 20 minutes (yellow), 25 minutes (red) and 30 minutes

(grey).

Subsequently, at the complete release of PLP, we divided the solution into two
parts. One part was incubated with 5 mM D-G3P for 30 minutes, and the other no.
Then, after 10 minutes, at both conditions was added 50 yM PLP. The absorption
spectra were acquired. For both conditions in the presence (Figure 59-A) and the

absence (Figure 59-B) of G3P, the band at 412 nm was recovered. This indicated that
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the PLP added to the solution, despite G3P presence previously incubated, formed the

internal aldimine. Suggesting that G3P did not tightly bind the Lys56 and did not

compete with PLP.
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Figure 59. Absorption spectra of hSR previously stripped of PLP in the presence of L-serine (black line)
and then incubated with 50 uM PLP in the presence (A) and absence (B) of 5 mM D-G3P.

4.3.5 G3P inhibition in the presence of malonate and glycine

Malonate and glycine are the active-site ligands of hSR. In the crystal structure,
it was reported that malonate induced a conformational change in which the small
domain shifts of 20 ° on the large domain. This rotation leads to the closing of the active
site (Yamauchi et al., 2009; Smith et al., 2010). To understand if the G3P inhibition
mechanism can be related to the active site accessibility, we evaluated the hSR activity
in the presence of the active-site ligands. We incubated hSR for 60 minutes with
glycine or malonate in the presence and absence of 5 mM D-G3P (Figure 60). We

observed that when glycine or malonate was present in the incubation mix, the
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inhibition rate of G3P was decreased. Indeed, the relative activity for glycine was 0.6
and for malonate was 0.7, both higher than the hSR control (mean around 0.4).
According to this result, it is plausible that G3P partially compete with the orthostatic
ligands to bind the active site. Moreover, it could be possible that G3P bind an allosteric

site connected to the conformational change produced by the active-site ligands.
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Figure 60. Relative activity of 0.88 yM hSR with 1 mM malonate and 5 mM glycine. The white bars are
the conditions without G3P. In the red bars, the presence of 5 mM D-G3P.

4.3.6 G3P inhibition in the presence of ATP

The nucleotide ATP is an allosteric effector of hSR. It binds at the interface of
the protein domains, where several positively charged residues link its phosphate
moieties (Goto et al., 2009). Since G3P and ATP have in common a phosphate group,
we explored the possibility of G3P binding at the ATP site. We tested the G3P inhibition
in the presence of 2 mM ATP and 10 mM ATP after 60 minutes of incubation (Figure

61). A control condition without ATP in the incubation mixer was also prepared. We
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observed an increase in relative activity in both conditions where ATP was present
compared to the control without ATP. In particular, in the presence of a 10 mM
concentration of ATP, the hSR activity was highest. This suggests that the presence
of ATP hindered the G3P inhibition, and we proposed that G3P compete with ATP for
the binding. It was known that in the presence of ATP, hSR assumed a conformation
like the open state, but the active site is more closed (Marchetti et al., 2013). Moreover,
Goto et al., 2009 showed in a crystal structure that, when ATP binds at the interface of
the two protein domains, they change the orientation increasing the width of the groove
formed by the two monomers. According to this evidence, we also proposed that ATP

promoted an enzymatic conformation most unfavourable to G3P binding.
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Figure 61. Relative activity of 0.88 yM hSR with 2 mM and 10 mM ATP. The white bars are the
conditions without G3P. In the red bars, the presence of 5 mM D-G3P.
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4.4 Conclusions

To investigate the connection between biochemical glycolytic flux and D-serine
metabolism, we have investigated the relationship between human SR and GAPDH.
We observed a direct partial inhibition, at non-physiological concentrations, by the
GAPDH substrate G3P for both enantiomers. Thanks to the absorption experiment on
olo and apo hSR form, we excluded that G3P competed with PLP to form the internal
aldimine. However, we were not able to establish the inhibition mechanism
unequivocally. We proposed the possibility that G3P competed for ATP binding site or
that it was susceptible to protein conformational change induced by active-site ligands
such as malonate and glycine. In any case, we helped better explain the complex and
delicate regulation of hSR in D-serine homeostasis and, thus, human glutamatergic

communication.
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