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Human serine racemase is a pyridoxal 5’-phosphate (PLP)-dependent dimeric enzyme
that catalyzes the reversible racemization of L-serine and D-serine and their dehydration
to pyruvate and ammonia. As D-serine is the co-agonist of the N-methyl-D-aspartate
receptors for glutamate, the most abundant excitatory neurotransmitter in the brain,
the structure, dynamics, function, regulation and cellular localization of serine racemase
have been investigated in detail. Serine racemase belongs to the fold-type Il of
the PLP-dependent enzyme family and structural models from several orthologs
are available. The comparison of structures of serine racemase co-crystallized with
or without ligands indicates the presence of at least one open and one closed
conformation, suggesting that conformational flexibility plays a relevant role in enzyme
regulation. ATP, Mg®t, Ca*, anions, NADH and protein interactors, as well as
the post-translational modifications nitrosylation and phosphorylation, finely tune the
racemase and dehydratase activities and their relative reaction rates. Further information
on serine racemase structure and dynamics resulted from the search for inhibitors with
potential therapeutic applications. The cumulative knowledge on human serine racemase
allowed obtaining insights into its conformational landscape and into the mechanisms of
cross-talk between the effector binding sites and the active site.

Keywords: pyridoxal 5’-phosphate, enzyme catalysis, allosteric regulation, conformational landscape, D-serine,
N-methyl-D-aspartate receptor, neuropathologies

INTRODUCTION

The N-methyl-D-aspartate (NMDA) receptors are ligand-gated ion channels involved in synapse
formation, synaptic plasticity, learning and memory potentiation (Paoletti et al., 2013). They are
the only neurotransmitter receptors whose activation requires two distinct agonists, glutamate and
either glycine or D-serine, with the latter ones sharing the same binding site. Intermediates of the
kynurenine pathway also bind the NMDA receptors: quinolinic acid is a strong agonist, whereas
kynurenic acid acts as an antagonist (Németh et al., 2006; Lugo-Huitron et al., 2013).

Increased levels of D-serine are associated with neuronal excitotoxicity caused by excess influx
of calcium ions, as observed in several pathological conditions, including Parkinson and Alzheimer
diseases, stroke and amyotrophic lateral sclerosis. On the other hand, low levels of D-serine are
associated with schizophrenia. These pathological conditions prompted the search for the enzyme
responsible for the production of D-serine in the brain. Serine racemase (SR) was first localized
in astrocytes and later in neurons. Nowadays, the prevalent view is that the main production of
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D-serine takes place in neurons (Wolosker et al., 2016). Then,
D-serine is exported via the ASC-1 transporter to astrocytes,
where it is stored and subsequently released in the synaptic space
(Wolosker et al., 2016). Other D-amino acids, such as D-aspartate
and D-alanine, were detected in the brain (Hashimoto et al,,
1992). The racemases involved in their production have not yet
been identified (Conti et al., 2011). SR itself was proposed to be
responsible for the production of D-aspartate, an agonist of the
NMDA receptors (Ito et al., 2016).

SR activity depends on the coenzyme pyridoxal 5 -phosphate
(PLP), in contrast with other racemases that are PLP-
independent (Conti et al., 2011). A unique feature of human
SR (hSR) is the modulation of its activity by several ligands,
protein interactors and post-translational modifications (PTMs),
suggesting significant conformational plasticity. In this review,
we will present SR structure, dynamics, function and regulation,
with special emphasis on the human ortholog, discussing them in
the frame of the enzyme energy landscape.

SR STRUCTURE

PLP-dependent enzymes are classified in seven fold types
(Grishin et al., 1995; Jansonius, 1998; Mehta and Christen,
2000; Schneider et al., 2000; Percudani and Peracchi, 2009).
Traditional classification of PLP-dependent enzymes assigns
fold-type I to the aspartate aminotransferase family, the largest
and best characterized family (Bruno et al., 2001; Phillips
et al., 2002; Kaiser et al., 2003; Storici et al., 2004; Spyrakis
et al., 2014). Fold type II group includes tryptophan synthase,
O-acetylserine sulfhydrylase, threonine deaminase and serine
dehydratase (Bettati et al., 2000; Campanini et al., 2003; Raboni
et al, 2003, 2005, 2007, 2009, 2010; Spyrakis et al., 2006,
2013). Bacterial alanine racemase is the archetypal protein of
fold type III and the D-amino acid aminotransferase family is
the most representative example of the fold type IV subgroup.
Glycogen phosphorylase corresponds to fold type V. Fold types
VI and VII were more recently introduced and include D-lysine
5,6-aminomutase and lysine 2,3-aminomutase, respectively. SR
exhibits the type II fold, which consists of a large and a small
domain with similar o/f architecture, constituted of a central p-
sheet surrounded by helices. The PLP cofactor, covalently bound
to a lysine of the large domain, lies in a cleft between the two
domains (Figures 1A,B).

At present, 10 SR X-ray crystallographic structures have been
deposited in the PDB, and, among these, three structures are
of the human enzyme (Table 1). In hSR numbering, the large
domain is formed by residues 1-68 and 157-340, while the small
domain comprises residues between 78 and 155. The longer
connecting region, residues 69-77, forms a flexible hinge that is
only partially detected by X-ray crystallography for hSR (Smith
et al.,, 2010; Takahara et al., 2018). In yeast Schizosaccharomyces
pombe SR (SpSR), this region is folded to form a short a-helix
(Goto et al., 2009; Yamauchi et al., 2009), while in rat SR (rSR) it
forms a loop (Smith et al., 2010). In the small domain of hSR,
three a-helices surround the four B-strands (S3-S6) of the B-
sheet. Two of these helices (H4 and H5) are on the same side

with respect to the B-sheet and lie toward the interface with
the large domain. The third helix (H6) is on the opposite site,
forming a solvent-exposed surface. The large domain is formed
by six B-strands, forming a twisted B-sheet (S1, S2, S7-S10) and
11 flanking a-helices (H1-H3, H7-H14) (Figures 1A,B).

The structural investigation of SpSR (Goto et al., 2009;
Yamauchi et al., 2009), which exhibits 35.1% sequence
identity with hSR, allowed the detection of an open-closed
conformational shift occurring upon binding of the substrate.
This mechanism was described previously for fold type I
PLP-dependent aspartate aminotransferases (Jansonius and
Vincent, 1987; Jager et al, 1994; Okamoto et al, 1994) and
for several fold-type II enzymes such as OASS and tryptophan
synthase (Raboni et al, 2009; Mozzarelli et al, 2011). The
structure of SpSR without any ligand at the active site (PDB
code: 1V71), is in an open conformation (Goto et al., 2009),
whereas SpSR modified at the active site with a lysino-D-alanyl
group—which mimics the substrate—was found to be in a
closed conformation (PDB code: 2ZPU) (Yamauchi et al., 2009).
Co-crystallization of this modified form with serine, which could
still be accommodated at the active site despite the modification,
also stabilized a closed conformation (PDB code: 2ZR8) (Goto
et al.,, 2009). In the observed closed conformation, the small
domain undergoes a 20° rotation toward the large domain to
close the active site (Figure 2A). A large conformational change
occurs to the asparagine loop Ser-Ser-Gly-Asn (residues 81-84
for SpSR, 83-86 for rat and human SR), at the N-terminal part
of a-helix H5 (H4 in rat and human SR, since in SpSR an extra
helix is present after helix H3), which forms the binding site
for the carboxylate moiety of the substrate serine. Moreover,
the carboxylate is involved in a salt bridge with the N-terminal
Argl133 of a-helix H7 (H6 in rat and human SR) (Goto et al,
2009). An analogous open-closed conformational change was
described for rSR by Smith and coworkers (Smith et al., 2010).
The structure of rSR converts from an open conformation
(PDB code: 3HMK) of the enzyme to a closed conformation
upon formation of a complex with the competitive inhibitor
malonate (PDB code: 3L6C). Argl35 (corresponding to Argl33
in SpSR) and the asparagine loop move toward the ligand bound
to the active site, similarly to the behavior observed for SpSR
(Figure 2B). The structure of hSR bound to malonate was also
reported (PDB code: 3L6B) (Smith et al., 2010). Human and
rat SR are 90% identical in sequence and their structures are
almost indistinguishable (Smith et al., 2010). A comparison of
the structure of hSR bound to malonate with a recently published
structure of hSR in the free form (PDB code: 5X2L) (Takahara
et al., 2018) confirmed that also hSR undergoes an open-closed
conformational change when a ligand is present at the active site
(Figure 2C). The structure of a plant SR from maize was also
solved (PDB code: 5CVC), showing a fold similar to the other
SR structures, apart from the C-terminal helix, which protrudes
outside the core of the monomer (Zou et al., 2016).

All structures of SR deposited so far in the PDB share two
common features: the presence of a site for the binding of
divalent cations and a similar spatial arrangement of the PLP-
binding site. The binding site for divalent cations is in the
large domain and is physiologically occupied by Mg?*. Binding
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missing
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FIGURE 1 | Structure of human serine racemase (PDB code 3L6B) shown in two orthogonal views (A,B). a-helices and B-strands belonging to the large domain are
colored in cyan and red, respectively, while those belonging to the small domain are reported in blue and orange, respectively. The divalent cation is represented as a
pink sphere. All loops are colored in pink. The positions of the asparagine and glycine loops and of Arg135 are indicated by arrows.

asparagine

glycine
loop

C-term

TABLE 1 | Structures of serine racemase available in the PDB.

PDB Species Ligands Length Missing a.a. Mutations Open or References
code from FASTA closed
conformation
5X2L Homo sapiens PLP, Mngr 348 1,2, 67-76, 318-348 - Open Takahara et al.,
2018
3L6B Homo sapiens Malonate, 348 1,2, 69-73, 330-348 C2D, C6D Closed Smith et al., 2010
PLP, Mn2+
3L6R Homo sapiens Malonate, 348 1,2, 69-75, 330-348 C2D, CeD. Closed Smith et al., 2010
PLP, Mn2+ selenomethionine
labeled
3HMK Rattus norvegicus PLP, Mn2+ 339 1,2, 324-339 C2D, CeD Open Smith et al., 2010
3L6C Rattus norvegicus Malonate, 339 1, 324-339 G2D, CeD Closed Smith et al., 2010
PLP, Mn2+
V71 Schizosaccharomyces PLP, M92+ 323 1-5 - Open Goto et al., 2009
pombe
2ZR8 Schizosaccharomyces Serine, PDD, 323 1-4 - Closed Goto et al., 2009
pombe Mg2+
1WTC Schizosaccharomyces PLP, M92+, 323 1-5 - Open Goto et al., 2009
pombe Mg-AMP-PCP
2ZPU Schizosaccharomyces PDD, Mgz*' 323 1-4 - Closed Yamauchi et al.,
pombe 2009
5CVC Zea mays PLP, Mngr 346 1-15, 345-346 - Open Zou et al., 2016

The length of 3L6B on the PDB file is reported to be 346 a.a., but the FASTA sequence contains 348 a.a. Hence, the length of the FASTA sequence is shown in the table. Missing amino

acids are those not present in the X-ray electron density.

of divalent cations is essential for the enzyme correct folding,
stability and activity (see below) (Cook et al., 2002; Ito et al.,
2012; Bruno et al,, 2017). In the structures of rat and human
SR (all but 5X2L), a Mn?* ion is present instead of Mg2+, since
MnCl, was used in the crystallization buffer. This ion has no
physiological relevance and the presence of Mn?* does not alter
the structure of the enzyme. The metal binding site is formed
by ionic interactions with the carboxylate groups of Glu208 and
Asp214 (Glu210 and Asp216 in rSR and hSR), the backbone

carbonyl group of Gly212 (Ala214 in rSR and hSR) and three
water molecules (Goto et al., 2009; Smith et al., 2010; Figure 3A).
The metal ion is coordinated with an octahedral geometry. This
site is not directly involved in catalysis, although it is connected
through water molecules to a tetra-glycine loop (Gly 183-184-
185-186 for SpSR and 185-186-187-188 for rSR and hSR) at the
N-terminal of a-helix H9 (in SpSR numbering, H8 in rSR and
hSR), which forms a series of H-bonds with the phosphate group
of PLP, contributing to the correct positioning of the cofactor
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FIGURE 2 | Overlay of (A) the open (PDB 1V71, light purple) and closed (PDB 2ZR8, light orange) structures of SpSR; (B) the open (PDB 3HMK, light blue) and
closed (PDB 3L6C, light pink) structures for rat SR; (C) the open (PDB 5X2L, blue) and closed (PDB 3L6B, orange) structures of hSR. PLP is in yellow sticks. The
divalent cation is reported as a sphere with the same color code of the cartoon representation. The major conformational change occurring upon ligand binding, i.e., a
20° hinge movement of the small domain toward the large domain, is indicated by arrows.

Asp216

Gly188

Ala115

Asn51 Asn311
Met53

yrll9

FIGURE 3 | Binding sites in SR. The amino acids involved in the interactions are reported as cyan sticks, and polar interactions are highlighted by yellow dotted lines.
The PDB used are 3L6B (hSR, closed form) for panels (A-C), and TWTC (spSR with AMP-PCP) for (D,E). (A) Divalent cation binding site in hSR. The cation (Mn2+) is
represented as a pink sphere; (B) PLP binding site in hSR; (C) Malonate binding site in hSR; (D) AMP-PCP binding site in spSR. The residues of the monomer in
closer contact with the allosteric effector are reported. The positions of Asn25, Phe50, Asn51, Lys52, Met53, Ala115, Tyr119, and Asn311 in spSR correspond to
His24, Phe49, Asn50, Lys51, Thr52, Ala117, Tyr121, and Asn316 in hSR, respectively; (E) residues of the second monomer involved in the interaction with AMP-PCP
are reported. Asterisks indicate that the residues belong to the monomer on the opposite side of AMP-PCP. The positions of Thr31, Ser32, Ser33, Thr34, Arg275,
Met276, and Lys277 in spSR correspond to Thr30, Ser31, Ser32, 11e33, Arg277, Met278, and Lys279 in hSR, respectively. Water molecules involved in the binding of
SR with ligands are omitted for the sake of simplicity in all panels except (A). All distances are within 3.4 A
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(Figure 3B). The PLP ring is covalently linked as an internal
aldimine to a Lys residue in the active site (Lys57 in SpSR and
Lys56 in rSR and hSR). PLP binds with the re face toward the
solvent, in the same orientation as in aspartate aminotransferases
(Goto et al,, 2009). Considering hSR numbering, conserved
residues in the PLP active site are motifs formed by residues 54—
59 (Ser-X-Lys-Ile-Arg-Gly), 313-316 (Ser-X-Gly-Asn) and the
tetra-glycine loop (Smith et al., 2010). Ser84 (hSR numbering), a
highly conserved residue, was proved to be essential for racemase
and D-serine dehydratase activities because it is involved in the
binding of ligands to the active site (see below) (Yoshimura and
Goto, 2008; Goto et al., 2009; Smith et al., 2010; Figure 3C).
SR is present in solution as a symmetric dimer, as confirmed
by X-ray crystallography, size-exclusion chromatography and
glutaraldehyde cross-linking (Goto et al., 2009; Smith et al., 2010;
Figure 4). Most residues at the dimer interface are conserved
among different species (Goto et al., 2009). The dimer was found
in both open and closed conformations. The analysis of the
buried monomer-monomer surface area for rSR in the open and
closed form indicated that the dimer interface has a high degree
of flexibility (Smith et al., 2010), probably corresponding to a
rearrangement of the interactions between the two monomers
upon ligand binding to the active site, as a consequence of
the open-closed conformational switch. An equilibrium between
dimer and tetramer has been described (Wang and Barger, 2011),
and found to depend on the presence of ligands and metal ions
(Bruno et al., 2017).

The dimeric structure of SR is crucial for the regulation of
enzyme activity. The structure of SR bound to a stable analog
of ATP, 5'-adenylyl methylene diphosphonate (AMP-PCP), in
the absence of ligands bound to the active site, i.e., in the open
form, was solved for SpSR (Goto et al., 2009). AMP-PCP in
complex with Mg?" ions binds into a cleft at the interface
between the subunits at two symmetry-related sites. AMP-PCP
interacts with the small and large domains of one subunit, and

FIGURE 4 | Dimeric structure of hSR (PDB code: 3L6B). The two monomers
are represented in cyan and green. PLP and malonate are in sticks, and
colored in yellow and pink, respectively. The divalent cation is represented as a
pink sphere.

with the large domain of the other subunit. The binding of
Mg-AMP-PCP to the open form changes the relative orientation
between the two subunits, increasing the width of the groove
between the two monomers (Figure 5). The residues involved
in AMP-PCP binding include Alall5 (SpSR numbering) and
Tyr119, interacting within the small domain. The large domain
binds AMP-PCP with Asn25, Phe50, Asn51, Lys52, Met53, and
Asn311, all residues present in loop regions (Figure 3D). On
the opposite side, the ligand interacts with Thr31, Ser32, Ser33,
Thr34, and Arg275, Met276, Lys277, both at a terminal part of
a-helices of the large domain of the second monomer in the
dimer (Figure 3E). Water molecules are also involved in the
binding. The position of Mg-AMP-PCP has been docked into
the structure of hSR in the presence of malonate (PDB code:
3L6B), suggesting that the overall interaction with ATP is similar
between yeast and mammalian SR (Jiraskova-Vanickova et al,
2011). Although the AMP-PCP site and the substrate binding site
are 15 A away, and the two symmetric ATP sites are 24 A apart,
an allosteric communication occurs, likely by rearrangement of a
H-bond network, which connects the O3’ group of PLP with the

an

no AMP-PCP

-— =

5:3

+ AMP-PCP

FIGURE 5 | Quaternary rearrangement of spSR upon binding of AMP-PCP
with enlargement of the groove between the two monomers. (A) Surface
representation of spSR in the open form in the presence (PDB 1WTC, pink)
and absence (PDB 1V71, cyan) of AMP-PCP bound to two symmetric sites at
the dimer interface. The scheme indicates the changes in the relative position
of the monomers in the two conditions, i.e., without or with AMP-PCP. In order
to highlight the quaternary changes caused by AMP-PCP, the superposition of
only one monomer is shown (B) facing the direction of the dimer interface,
upon rotation of 90° of the dimer, and (C) from the opposite side of the
subunit, upon rotation of 180° of the monomer, i.e. rotation of the dimer of 90°
in the opposite direction. AMC-PCP is in yellow. In (B), only the molecule of
AMP-PCP bound to the monomer is shown.
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y-phosphate of AMP-PCP. This network involves Thr52, Asn86,
GIn89, Glu283 and Asn316 in hSR (Met53, GIn87, Glu28l,
Asn311 in SpSR) and two water molecules (Goto et al., 2009;
Marchetti et al., 2013; Canosa et al., 2018).

SR CATALYSIS

SR catalyzes two reactions, the reversible racemization of L-Ser
or D-serine and the irreversible dehydration of L-Ser and D-Ser
to pyruvate and ammonia (De Miranda et al., 2002; Foltyn et al.,
2005).

Racemases have been classified as PLP-dependent or PLP-
independent (Conti et al., 2011), with SR belonging to the first
group. Amino acid racemization is a two-steps reaction where
alpha proton abstraction is followed by re-protonation from the
opposite side of a planar intermediate. Since the pK, of alpha
proton is considerably high, pK about 21 or higher (Yoshimura
and Esak, 2003), racemases have evolved to face the problem of
increasing the acidity of this proton. In hSR, PLP is covalently
bound to Lys56 and, differently to fold type I PLP-dependent
enzymes (Griswold and Toney, 2011), presents a deprotonated
pyridine nitrogen (Goto et al., 2009). This feature is shared
with fold type II PLP-dependent enzymes, like bacterial alanine
racemase (Toney, 2005), tryptophan synthase (Raboni et al,
2009) and O-acetylserine sulthydrylase (Mozzarelli et al., 2011).
Lys56 is not only involved in the formation of the internal
aldimine with PLP, but, together with Ser84, is also a catalytic
residue and participates in proton abstraction/reprotonation of
serine in a classical two-base mechanism (Foltyn et al., 2005; Goto
et al., 2009; Scheme 1). In the deprotonated form, the substrate
binds to SR active site and undergoes a transaldimination
reaction with PLP with formation of an external aldimine. The
protonation state of Ser84 and Lys56 depends on the enantiomer
of serine that binds to the enzyme. When L-Ser is the substrate,
a deprotonated Lys56 can abstract the alpha proton leading to
an anionic quinonoid intermediate. When D-Ser binds, Lys56
is protonated and Ser84 is deprotonated, thus allowing proton
abstraction from the opposite side of the amino acid. The
existence of a true quinonoid species is questioned by the lack
of any experimental observation of this intermediate and by
the structural evidence that a negative charge on the pyridine
nitrogen could not be stabilized by a positively charged residue, as
observed for transaminases (Griswold and Toney, 2011). On the
other hand, the formation of a metastable quinonoid would favor
reaction specificity, as already observed for alanine racemase
(Toney, 2005). The final step of the reaction is reprotonation
by either Ser84 or Lys56. Human SR does not racemize L-
Thr, whereas archaeal SR does, albeit with lower efficiency with
respect to serine (Ohnishi et al., 2008). However, very recent
works have demonstrated that mouse SR (mSR) can catalyze
the racemization of L-Asp (Ito et al., 2016). The efficiency of
D-Asp production is more than 500-fold lower than that of D-
Ser production (keat/Km = 12 min~!-mM for L-Ser racemization
vs. 0.022 min~!-mM for L-Asp racemization). Over-expression
of SR in cultivated cells increases the concentration of D-
Asp, thus suggesting another relevant role in vivo for this

enzyme. Phylogenetic analyses indicated that animal Asp and Ser
racemases form a serine/aspartate racemase family cluster (Uda
et al., 2016) and the aspartate racemase activity evolved from
the SR activity by acquisition of a triple serine loop facing the
substrate binding site (Uda et al., 2016, 2017).

The anionic intermediate that forms upon alpha proton
abstraction can undergo a B-elimination reaction with formation
of the a-aminoacrylate, an unstable intermediate that is readily
hydrolyzed to pyruvate and ammonia with restoration of the
internal aldimine. The B-elimination reaction is also catalyzed
on P-chloroalanine, L-threonine, L-Ser-O-sulfate and L-threo-3-
hydroxyaspartate (Panizzutti et al., 2001; Strisovsky et al., 2005)
and does not lead to syncatalytic inactivation of the human
enzyme, an event often observed in transaminases (Morino et al.,
1979; Cooper et al., 2002). Both racemization and dehydration
reactions are activated, to a different extent, by ATP (see below),
the dehydration of L-Ser being the most affected, with a 31-
fold increase in catalytic efficiency upon nucleotide binding
(De Miranda et al., 2002; Canosa et al., 2018; Table 2). Under
physiological conditions, i.e., SR fully saturated with ATP, the
dehydration reaction is several folds more efficient than the
racemization reaction. The physiological relevance of D-Ser
production by SR has been demonstrated with knock-out mice,
which show a D-Ser concentration in the brain that is less
than 10% compared to normal mice (Labrie et al., 2009; Balu
et al, 2013). On the other hand, the role of dehydration in
vivo is still debated and was suggested to be relevant for D-Ser
degradation, especially in those brain areas lacking D-amino acid
oxidase (De Miranda et al., 2002). Since SR has evolved from
serine dehydratases (De Miranda et al., 2000), it is likely that the
dehydration reaction is the vestige of the enzyme ancestor and
was maintained during evolution for its contribution to D-Ser
homeostasis. Overall, the efficiency of SR in D-Ser production
is very low, likely due to the low metabolic requirement for this
amino acid and the need for a strict regulation of its production.
However, there is evidence that localization and/or interaction
with other proteins might play a role in increasing the rate of
D-Ser production under physiological conditions (see below).

SR SMALL LIGANDS AND PROTEIN
INTERACTORS

hSR activity is finely regulated by several physiological effectors,
including ATP, cations, anions and interacting proteins, whose
fluctuations contribute to the homeostasis of D-serine.

Small Ligands

The stimulation of SR activity by ATP was first described
by Neidle and Dunlop (Neidle and Dunlop, 2002) on the
murine ortholog, when they observed a five-fold increase in
the catalytic activity in the presence of small quantities of yeast
extract. Successive experiments demonstrated that SR activity
was triggered by either magnesium or calcium and nucleotides,
the most active being ATP, ADP and GTP. In the same year, other
two research groups independently confirmed the activation
role of divalent cations and nucleotides on mSR activity
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(Cook et al., 2002; De Miranda et al., 2002). The effectiveness
of ADP and non-hydrolyzable ATP analogs (De Miranda et al.,
2002; Neidle and Dunlop, 2002) further demonstrated that
the nucleotides do not provide an energetic contribution to
catalysis.

ATP is one of the principal modulators of hSR catalysis and
takes part in a fine-tuning of the enzymatic activity (Table 2).
The catalytic efficiency of dehydration on L-serine is deeply
enhanced by ATP, which exerts a 31-fold increase in activation,
with a keat/Ky of 8.1 4 1.1 and 253.0 + 15.0 s7' M~! in
the absence and presence of ATP, respectively (Marchetti et al.,
2013). Otherwise, under the same conditions, the efficiency of
dehydration activity on D-serine increases 4-fold, with only a
small effect of ATP on D-serine degradation rate (0.6 and 2.4
s~! M™L, respectively). The racemization of L-serine occurs with
about a two-fold increased efficiency in the presence of ATP
(from 9.2 to 17.5 s7! M™1), but the net effect of ATP binding is
a strong stimulation of L-serine degradation, with an increment
from 0.9 to 14.5 of the ratio between the two activities in the
absence and presence of ATP, respectively (Marchetti et al., 2013).
As shown above, the comparison of the structure of SpSR in
the absence and presence of the ATP analog AMP-PCP (PDB
1V71 and 1WTC) revealed a change in the relative orientation
of the major and minor domain (Goto et al., 2009), resulting
in a wider back groove. Moreover, in the presence of ATP and
either glycine or malonate, hSR active site appears less accessible
than in the absence of ATP, as demonstrated by PLP fluorescence
quenching (Marchetti et al., 2015). Moreover, by monitoring
PLP fluorescence in the absence and presence of ATP, it was
demonstrated that ATP binding to hSR promotes a decrease
in the polarity of the active site, diminishing its accessibility
(Marchetti et al., 2013). These observations are in line with the
existence of a H-bond network that links the ATP binding site
with the active site (Goto et al., 2009) and modulates the active
site open-to-closed transition, promoting the correct orientation
of the catalytic residues. Recently, GIn89 has been pointed out
as a key residue in the allosteric communication between the
active site and the ATP-binding site. This residue is specifically
involved in the activation of the dehydration reaction by ATP
and its mutation to either Ala or Met completely abolishes
nucleotide-dependent modulation of serine dehydration (Canosa
etal., 2018).

Based on the intracellular ATP concentration, hSR was
thought to be always saturated in vivo. However, in vitro
studies revealed that ATP binds with a strong cooperativity
(Hill n close to 2) with calculated ATP Kps for high and
low affinity states of 11.5uM and 1.8 mM, respectively. These
values fall within the physiological range (Marchetti et al., 2013),
underlying a potential sensitivity of hSR activity on intracellular
ATP fluctuations. The apparent Kps for ATP obtained through
fluorescence measurements in the absence of active site ligands
(0.26 £ 0.02mM) and through activity assays (0.22 £ 0.01 mM
and 0.41 £ 0.02mM for L-serine and D-serine dehydration,
0.22 % 0.05 mM for L-serine racemization, respectively), are very
similar. This finding indicates that the intermediates that form
during the catalytic cycle do not allosterically affect ATP binding
site, in contrast with glycine that forms a stable Schiff base
and affects ATP affinity (Dunlop and Neidle, 2005; Marchetti
et al., 2013). Furthermore, when the active site is involved in the
formation of a stable complex between PLP and a ligand, such
as glycine, ATP binds to hSR in a non-cooperative fashion, with
a 50-fold stronger affinity. In the same way, ATP influences the
substrates affinity for the active site (as mirrored on Ky; values)
and strengthens the binding of covalent (i.e., glycine, 15-fold) or
non-covalent (i.e., malonate, 10-fold) inhibitors (Marchetti et al.,
2013, 2015). Based on these evidences, glycine, the alternative
glutamate co-agonist to D-serine on NMDA receptors, may
participate to the fine-tuning of the communication between
active and allosteric sites.

As for ATP, also the residues involved in the metal binding
site are highly conserved in the yeast, murine and human SR
sequences, giving a similar coordination in all the three structures
(see above) (Goto et al., 2009; Smith et al., 2010; Takahara et al.,
2018). Although the mammalian enzyme can be activated both by
calcium or magnesium (Cook et al., 2002; De Miranda et al., 2002;
Neidle and Dunlop, 2002), the metal binding site has always been
assumed as physiologically occupied by the latter because of its
intracellular concentration and the stronger activation effect with
respect to the former. Recently, investigations of hSR enzymatic
activity in vitro in the presence of either magnesium or calcium
support the absence of a relevant competition between the two
ions at physiological level (Bruno et al, 2017). Racemization
and dehydration activities in the presence of 1 mM L-serine and
2mM ATP, concentrations close to intracellular conditions in

TABLE 2 | Catalytic parameters of hSR for serine racemization and dehydration in the presence and absence of ATP, at saturating concentrations of Mg2+.

Reaction Km (mM) Kcat (min—1) Kcat/Km Fold increase
(s™'-M77)
-ATP +ATP -ATP +ATP -ATP +ATP

L-Ser 35 +5 34 +4 19 + 1 35v1 92+14 175 £ 241 1.9
racemization

L-Ser 76 £ 10 12 £1 37 +4 183+ 3 8.1+ 11 253.0 £ 15.0 31.0
dehydration

D-Ser 46 £ 3 167 + 16 1.7 £ 041 23 £1 0.6 + 0.1 2.4+ 0.1 4.0
dehydration

Data are from Marchetti et al. (2013) and Canosa et al. (2018).
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neurons (Gribble et al., 2000; Foltyn et al., 2005; Genc et al., 2011),
unveiled a larger effect of magnesium on catalytic efficiency, with
a 2.5-fold difference with respect to calcium. Magnesium and
calcium bind to hSR with similar affinities both in the absence
(EC50 of 28 = 3 uM and 126 £ 7 uM, respectively) and presence
of ATP (ECsp of 17 £ 1uM and 194 + 6 uM, respectively).
Therefore, the two cations are able to elicit with different affinities
similar conformational changes responsible for the activation
of hSR, thus behaving as activators (Purich and Allison, 2002).
During the neural transmission, Ca?* concentration locally rises
up to 100 wM in neurons, but cannot compete with magnesium
for the binding to hSR and does not influence the enzymatic
turnover number (Bruno et al., 2017). For these reasons, the
impact on hSR regulation in vivo is likely to be insignificant.

It has been demonstrated that the activity of hSR can be
further affected by halides (Marchetti et al., 2015). Among them,
chloride, the only one with physiological relevance, behaves
like an “uncompetitive activator” (Wild et al., 1976; Maruyama,
1990), since it influences both kc,¢ and Ky, but does not alter the
catalytic efficiency (Marchetti et al., 2015). In mature neurons in
the CNS, the intracellular concentration of chloride is maintained
at about 5 mM through the co-transport of different ionic species
(Doyon et al., 2016). During the action potential, the intracellular
concentration of Cl™ can increase five-fold, to 20-25 mM, both
in the presynaptic terminal and in the postsynaptic dendrites.
This rapid change occurs due to the activation of GABAA and
glycine receptors, and modulates both the release of glutamate
neurotransmitter and the inhibitory post-synaptic current (Price
and Trussell, 2006). It is interesting to note that in vitro studies
show that in the presence of ATP and Mg®", hSR quaternary
structure can be affected by the concentration of NaCl. In
particular, hSR exists as a tetramer in the absence of NaCl,
whereas at increasing salt concentration the equilibrium is shifted
toward the dimeric form (Bruno et al., 2017). The half effect
corresponds to 20-50 mM NaCl, suggesting a possible role of
chloride in the oligomeric distribution of hSR.

Protein Interactors

In addition to small molecule effectors and post-translational
modifications (see below), SR function is regulated by the
interaction with specific proteins, particularly proteins associated
with AMPA and NMDA receptors. Particularly, the C-terminal
end, located near the ATP binding site, mediates the interaction
with protein partners.

The Glutamate Receptor Interacting Protein (GRIP) enhances
SR activity and D-serine release from glia (Kim et al., 2005)
and in transfected mammalian cells (Baumgart et al, 2007).
Furthermore, GRIP was shown to cause SR conformational
changes (Baumgart et al., 2007). This conclusion was supported
by molecular modeling of the interaction between SpSR and a
GRIP-contained PDZ domain (Baumgart et al., 2007).

Protein Interacting with C-kinase (PICK1) is activated by the
erythropoietin-producing hepatocellular receptor (Eph), which
promotes its release in the cytosol of astrocytes, where it interacts
with SR. Specifically, upon Eph receptor activation, there is a
dissociation of PICK1 from Eph and an increased association
with SR (Zhuang et al,, 2010; Kiriyama and Nochi, 2016),

accompanied with an increase in D-serine synthesis (Fujii et al.,
2005; Hanley, 2008; Hikida et al., 2008). GRIP and PICK1
both contain a PDZ domain, which is recognized by three
carboxyl-terminal amino acids of SR with a well characterized
consensus sequence (Val-Ser-Val) (Baumgart et al., 2007). How
PICK1 and GRIP interact to regulate SR is still unclear, but they
are both dependent on the phosphorylation status of AMPA
receptors (Wolosker et al., 1999; Fujii et al., 2005; Kim et al.,
2005). Phosphorylation at Ser880 causes dissociation of GRIP,
whereas PICKI1 remains bound (Mustafa et al., 2004; Wang and
Barger, 2011). Other accessory proteins, such as Stargazin and
postsynaptic density proteins 95 (PSD-95), also regulate AMPA
receptors (Ma et al., 2014). There is evidence of the formation of
a ternary complex of SR with Stargazin and PSD-95, presumably
affecting SR activity and, therefore, glutamate neurotransmission
(Ma et al., 2013).

Another interactor of SR is Golga-3, a protein that binds
to the cytosolic face of the Golgi apparatus and stabilizes
SR levels through inhibition of its ubiquitination (Wolosker
et al, 1999; Fujii et al., 2005 Dumin et al., 2006; Canu
et al,, 2014). Recently, it was also showed that the protein
Disrupted in Schizophrenia 1 (DISC1), which is implicated in
pathology of major psychiatric disorders, binds SR, preventing its
ubiquitination and degradation. The C-terminus truncated form
of DISC1 is unable to bind SR and induces its degradation and D-
serine depletion (Ma et al., 2013). FBXO22, a component of the
ubiquitin-proteasome system, also interacts with SR modifying
its intracellular organization (see below) (Dikopoltsev et al,
2014).

FIGURE 6 | Sites for SR nitrosylation and phosphorylation. The structure of
hSR (PDB 3L6B, light pink) and rSR (PDB 3L6C, orange) are superimposed
and the positions of the sites for S-nitrosylation (in green on the structure of
hSR) and phosphorylation (in blue on the structure of rSR) are reported in
sticks. The divalent cation is in pink. Cys269 has two possible positions with
0.5 occupancy based on the PDB file.
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SR POST-TRANSLATIONAL
MODIFICATIONS

SR was reported to be post-translationally modified by
nitrosylation, phosphorylation and palmitoylation. SR levels are
also regulated by ubiquitin-tagging for proteasomal degradation.

Nitrosylation

Experiments on a human glioblastoma cell line showed that the
activity of SR was inversely regulated by nitric oxide, and addition
of D-serine promoted denitrosylation of the murine purified

ortholog (Shoji et al., 2006). These results suggested a regulation
mechanism in which D-serine, besides being the substrate of
the enzyme, is also an activator through denitrosylation (Shoji
et al., 2006). The nitrosylation site in murine SR was determined
to be Cysl13, adjacent to the ATP binding site, whose S-
nitrosylation was shown to inhibit the enzyme activity of about
10-fold (Mustafa et al., 2007). This regulation mechanism was
interpreted as a feedback control of NMDA activation (Mustafa
et al., 2007). Unlike the murine ortholog, human SR was shown
to be S-nitrosylated at three cysteine residues, Cys113, Cys269,
and Cys128, with Cys269 being unique to the human ortholog
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(Marchesani et al., 2018; Figure6). The inhibition kinetics
was biphasic, indicating that at least two of these residues
were responsible for enzyme inhibition, as confirmed by site-
directed mutagenesis of Cys113 (Marchesani et al., 2018). When
nitrosylated, hSR binds ATP with affinity and cooperativity
similar to the native enzyme. However, nitrosylation does not
affect enzyme activity in the absence of ATP, suggesting that
nitrosylation alters the allosteric communication between the
ATP binding site and the active site, possibly via the stabilization
of a distinct conformation (Marchesani et al., 2018).

Phosphorylation

Phosphorylation of murine SR takes place at Thr71 in the
cytosolic and in the membrane-bound SR. In the latter, an
additional phosphorylation site was detected at Thr227 (Balan
et al, 2009; Foltyn et al., 2010; Figure 6). Phosphorylation
at Thr71 is the main phosphorylation site and promotes D-
serine synthesis by increasing enzyme turnover rate. Indeed,
Thr71Ala SR exhibits a 50% lower activity when compared

to the wild type. However, this phosphorylation site is not
conserved in hSR, indicating that it belongs to a rodent-
specific regulation mechanism. Phosphorylation of Thr227 favors
the association of SR with membranes. Indeed, the levels
of membrane-bound SR under non-stimulated conditions are
reported to decrease in Thr227Ala mutant. Prediction of the
kinases mediating SR phosphorylation at Thr71 and Thr227
carried out by in silico analysis of the phosphorylation motif
identified proline-directed kinases as the strongest candidates.
However, treatment with inhibitors of the predicted kinases did
not alter the phosphorylation profile nor changed SR binding to
the membrane making the identification of the specific kinase
still elusive. In addition, phosphorylation at Thr71 was reported
to be regulated by phosphatases and stimulated by growth
factors present in the serum, as expected for a dynamic event.
Phosphorylation by protein kinase C (PKC) on serine residue
of rodent SR was suggested by Mustafa and colleagues based on
the proximity of the two proteins mediated by PICK1 binding
(Mustafa et al., 2004). Later, Vargas-Lopes et al. demonstrated

TABLE 3 | Selected inhibitors of hSR.

Compound K; (nM) Type of inhibition Site of inhibition References

Malonate 710 + 33 (- ATP) Reversible Active site Marchetti et al., 2015
77 £ 9uM (+ATP)

Glycine 7000 =+ 300 (-ATP) Reversible, covalent Active site Marchetti et al., 2013
470 + 30 (+ATP)

3 *4 Reversible Active site Mori et al., 2017

5 *207 Reversible Active site Takahara et al., 2018

6 1300 Reversible Active site Dellafiora et al., 2015

Dicarboxylic cyclopropane 900 Reversible Active site Beato et al., 2016

7 18+7 Reversible ATP site Bruno et al., 2016

*K; calculated from IC50 using the equation K; = ICso/([S]4+K)+1 that can be applied to reversible competitive inhibitors. Values of L-serine concentration and Ky, were derived from

data reported in the quoted references.

Open conformations

Closed conformations

SCHEME 3 | Conformational space of SR. The conformations determined crystallographically are marked with (*). For conformations characterized in terms of
catalytic activity, the relative value of catalytic efficiency in comparison with the metal-free form is reported. Gly and Mal indicate glycine and malonate, respectively.
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TABLE 4 | SR interactors and effects on SR structure and function.

Interactors Isoform Site of interaction on Effect Experimental evidences References
SR
SMALL LIGANDS
ATP Human  Dimer interface Structural rearrangement, Activity assays, binding assays, Jiraskova-Vanickova et al., 2011
(by similarity) activation molecular docking Marchetti et al., 2013
Marchetti et al., 2015
Canosa et al., 2018
Mouse Dimer interface Activation Activity assays Cook et al., 2002
(by similarity) De Miranda et al., 2002
Neidle and Dunlop, 2002
S. Dimer interface Structural rearrangement, Activity assays, X-ray crystallography  Goto et al., 2009
pombe* activation
Mg?t/Ca?* Human®  Glu210, Ala214, Activation X-ray crystallography, activity assays ~ Smith et al., 2010
Asp216 Bruno et al., 2017
Mouse Glu210, Ala214, Activation Activity assays, circular dichroism, Cook et al., 2002
Asp216 radiolabelling De Miranda et al., 2002
(by similarity) Neidle and Dunlop, 2002
Rat™ Glu210, Ala214, Not determined X-ray crystallography Smith et al., 2010
Asp216
S. ATP binding site Activation Activity assays, X-ray crystallography  Goto et al., 2009
pombe Glu208, Gly212, Yamauchi et al., 2009
Asp214
CI~ Human  Unidentified Activation, oligomerization Activity assays, gel filtration Marchetti et al., 2015 Bruno
etal., 2017
NADH Human  Dimer interface Inhibition Activity assays Bruno et al., 2016
Glycine Human  Active site Inhibition Activity assays, binding assays Hoffman et al., 2009 Marchetti
etal., 2013
Mouse  Active site Inhibition Activity assays Dunlop and Neidle, 2005
Strisovsky et al., 2005
Malonate Human  Active site Inhibition Activity assays, binding assays, X-ray Strisovsky et al., 2005
crystallography Smith et al., 2010
Marchetti et al., 2015
Rat Active site Inhibition X-ray crystallography Smith et al., 2010
PIP> Mouse Lys70, Lys77, Lys96, Inhibition, association to Immunocytochemistry, activity Mustafa et al., 2009

Lys137, Leu168

POST-TRANSLATIONAL MODIFICATIONS

Nitrosylation

Phosphorylation
Acylation/palmitoylation
Ubiquitination

PROTEINS
GRIP

PICK1

Stargazin/PSD-95

Human

Mouse

Mouse

Mouse
Mouse

Mouse
Rat

Human

Mouse

Mouse

Cys113, Cys128,
Cys269

Cys113

Thr71, Thr227

Unidentified Ser or Thr
Not determined

C-terminus
C-terminus

C-terminus

C-terminus

C-terminus

intracellular membranes

Inhibition

Inhibition

Activation

Translocation to membranes

Degradation

Activation
Activation

Activation

Activation

Inhibition

assays, binding assays

Activity assays, binding assays, mass

spectrometry
Activity assays

Mass spectrometry, radiolabelling,
activity assays

Radiolabelling, immunocytochemistry

Western blotting

Western blotting, activity assays

Yeast two-hybrid screening,
immunoprecipitation

Yeast two-hybrid screening, binding

assays, immunoprecipitation,
immunocytochemistry

Binding assays, siRNA, western

blotting, immunoprecipitation, HPLC

Immunoprecipitation, western

blotting, immunocytochemistry, HPLC

Marchesani et al., 2018

Shoji et al., 2006
Mustafa et al., 2007

Balan et al., 2009
Foltyn et al., 2010

Balan et al., 2009
Dumin et al., 2006

Jirdskova-Vanickova et al., 2011
Kim et al., 2005

Fuijii et al., 2005

Hikida et al., 2008
Zhuang et al., 2010

Ma et al., 2014

(Continued)
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TABLE 4 | Continued

Interactors Isoform Site of interaction on Effect Experimental evidences References
SR

Golga-3 Mouse N-terminus Increased half-life Yeast two-hybrid screening, Dumin et al., 2006
immunoprecipitation,
immunocytochemistry, binding assays

DISC1 Human  Not determined Increased half-life Western blotting, Ma et al., 2013
immunoprecipitation,
immunocytochemistry

Mouse Not determined Increased half-life Immunohistochemistry, western Ma et al., 2013

blotting, immunoprecipitation,
immunocytochemistry, binding assays

FBXO22 Mouse Not determined Prevention of translocation to Activity assays, binding assays, Dikopoltsev et al., 2014

membranes

immunoprecipitation

*Co-crystallized with the ATP analog AMP-PCP,
“*Mn?* in the crystallographic structure.

that PKC phosphorylates SR on serine residues and decreases SR
activity in vitro (Vargas-Lopes et al., 2011). Analogously, PKC
activation increases SR phosphorylation and reduces D-serine
levels in astrocyte and neuronal cultures and in rat frontal cortex.
In particular, PKC-mediated phosphorylation regulates D-serine
availability in the brain in NMDA-dependent memory-related
processes. Alignment of the amino acid sequences of human, rat
and mouse SR revealed five conserved consensus sequences for
PKC phosphorylation but the site remains to be established.

Acylation/Palmitoylation

SR does not possess specific amino acid motifs required for
prenylation, isoprenylation, or myristoylation. Interestingly,
SR is a rare example of an O-palmitoylated protein at still
unidentified serine or threonine residues (Balan et al., 2009).
Palmitoylation contributes to membrane binding and plays a
key role in SR translocation from the cytosol. In addition to
[*H]palmitic acid, [*H]octanoic acid was also incorporated into
SR in neuroblastoma cells, suggesting that in vivo O-acylation
may involve fatty acids of different lengths (Balan et al., 2009).

Ubiquitination

SR has a relatively short half-life compatible with the existence
of an efficient degradation/regulatory system. Indeed, it was
demonstrated that SR undergoes poly-ubiquitination in an ATP-
dependent manner both in vitro and in vivo, which leads to
degradation by the ubiquitin-proteasome system. However, the
E3 ubiquitin ligase that transfers ubiquitin chains to SR is still
unidentified (Dumin et al., 2006). The ubiquitin system is a key
regulator of SR and D-serine levels. Partner proteins have been
reported to affect the rate of protein degradation by the ubiquitin-
proteasome system, altering its half-life and modulating SR
function (see above). In particular, interaction with Golga-3 both
in vitro and in vivo stabilizes SR, prevents its ubiquitination and
slows down its degradation by the ubiquitin-proteasome system.
Consequently, the significant increase in its half-life and steady-
state levels indirectly raises D-serine levels. Analogously, DISC1
diminishes SR ubiquitination acting as a scaffold that stabilizes
SR. Truncation of the C-terminus in a mutant DISC1 disrupts
the physiologic binding to SR and increases ubiquitination and

degradation of SR in astrocytes with a consequent decrease in
D-serine production (Ma et al., 2013). FBX022, an F-box motif-
containing protein and a component of the SCF ubiquitin ligase
complex, does not promote SR ubiquitination nor its targeting to
the proteasome system. Indeed, it is the free FBXO22a species,
without the participation of the SCF-FBX022a complex, which
prevents the accumulation of membrane-bound SR species and
regulates D-serine synthesis (Dikopoltsev et al., 2014).

SR INHIBITORS

High concentrations of D-serine in the brain are associated with
high NMDA receptors activity, leading to severe excitotoxicity,
as observed in Parkinson and Alzheimer diseases, amyotrophic
lateral sclerosis and ischemia. Therefore, significant efforts have
been directed toward the development of active-site inhibitors
with potential therapeutic effects (Conti et al., 2011; Jirdskova-
Vanickovd et al., 2011).

Active Site Ligands

The first SR inhibitors were identified by screening a series of
dicarboxylic acids (Strisovsky et al., 2005). Malonate (compound
1, Scheme 2) emerged as the most active compound, with a Kj of
27 wM for mSR, and 77 and 710 uM for hSR, in the presence and
absence of ATP, respectively (Marchetti et al., 2015; Table 3). The
structure of the malonate-hSR complex (Figure 3C) indicated
that malonate is H-bonded to the protein backbone and to
amino acid residues. Also three water molecules are involved in
the binding (Goto et al., 2009; Smith et al., 2010). Attempts to
improve the affinity led to 2,2-dichloromalonate, which exhibits
a K; of 19.3uM for mSR (Vorlova et al,, 2015). Other SR
inhibitors were identified in small peptide libraries containing the
3-phenylpropanoic acid moiety (Dixon et al., 2006). Nonspecific
hydroxamic acid derivatives were also identified as inhibitors of
SR (Hoffman et al., 2009). However, the affinities of all these
inhibitors were lower than 2,2-dichloromalonate.

By a combination of in silico screening and de novo synthesis,
compound 2 was identified (Mori et al, 2014), and further
optimized to generate compound 3, which showed an ICsg in
vitro of 14 WM for mSR, a calculated K; of about 4 uM (Table 3)
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and an in vivo activity on a mouse model, suppressing neuronal
over-activation (Mori et al., 2017). An inhibitor with an ICsy of
1 mM (compound 4) was identified and optimized by structure-
based drug design starting from hSR, leading to compound 5,
with an ICsg of 0.84 mM (Takahara et al., 2018) and a calculated
K; 0of 0.207 mM (Table 3).

In order to expand the chemical space of hSR inhibitors, in
silico structure-based screening using both the open and the
closed conformations of hSR was carried out (Dellafiora et al.,
2015). Compounds with very heterogeneous chemical scaffolds
were identified, sharing the presence of carboxylate moieties or
carboxylate isosters. They exhibit K; values in the low millimolar
range, such as compound 6 that possesses three carboxylate
moieties and exhibits a calculated K; of 1.3 mM (Table 3).

A further effort was carried out to mimic malonate with a
cyclopropane scaffold synthesizing a small library of substituted
cyclopropane derivatives. These compounds were docked into
hSR structures and evaluated in vitro. The most active compound
was dicarboxylic cyclopropane, which binds with a K; of 0.9 mM
(Beato et al., 2016).

The goal of developing high affinity, competitive inhibitors
based on analogs of the substrate L-serine was initially perceived
as relatively easy, as structural models for both open and closed
conformations in complex with a few ligands were available for
computer-assisted drug design. However, the results obtained so
far indicate that SR is a rather difficult target for drug discovery.
More structures of hSR in the presence of ligands should be of
help in mapping the conformational ensemble. Furthermore, the
so far identified inhibitors exhibit a relatively low affinity making
rather difficult to saturate the active site and thus to obtain a high-
resolution structure of the enzyme-ligand complex, hampering a
structure-based drug discovery approach. In addition, it should
be pointed out that hSR does not easily crystallize.

Allosteric Ligands

It was reported that the reduced form of NADH inhibits
SR activity (Suzuki et al., 2015). This finding hints for a
potential link of D-serine concentration to the glycolytic flux.
A well-defined metabolic link between D-serine concentration
and the glycolytic flux is represented by the fact that L-
serine is generated in three steps from phosphoglycerate that
is a main glycolytic metabolite. The structural similarity of
NADH with ATP, which acts as an allosteric effector activating
hSR, suggested a potential competition for the same binding
site. Indeed, it was found that the affinity of ATP for
hSR in the presence of NADH decreased and the binding
lost cooperativity (Bruno et al., 2016). NADH analogs based
on the reduced N-substituted 1,4 dihydronicotinamidic ring,
including 1-methyl-1,4-dihydronicotinamide (MNA-red) and p-
1,4-dihydronicotinamide monucleotide (NMN-red) (compound
7, Scheme 2) were found to be partial inhibitors of hSR activity.
In particular, NMN-red exhibited a mixed-type inhibition, with
a Kj of 18 = 7puM (Bruno et al., 2016; Table 3). By molecular
docking, the binding site for NADH, MNA-red and NMN-red
was identified to be at the dimer interface, close to the ATP
binding site (Bruno et al.,, 2016).

Surprisingly, no effort has been made so far to develop
allosteric activators binding at the ATP site capable of increasing
the levels of D-serine for the treatment of schizophrenia, which
is characterized by low D-serine concentrations in the brain.
This avenue possibly needs to await the full determination of the
complex hSR interactome.

CONFORMATIONAL LANDSCAPE OF hSR

The evidence accumulated on SR suggests that the enzyme
is partitioned among different conformations characterized by
distinct functional properties depending on the bound ligands
(Table 4). Some of these conformations were crystallographically
detected and classified as open and closed enzyme states
(Scheme 3). The transition involves the reorientation of the small
domain with respect to the large one within each subunit, leading
to a closure of the active site. Such dynamic events are common
to many PLP-dependent enzymes, such as tryptophan synthase,
O-acetylserine sulfhydrylase and aspartate aminotransferase.
Further conformational states, such as the form present in the
absence of divalent cations, were inferred to be open-like based
on fluorescence experiments (Bruno et al, 2017). A further
level of complexity is generated by observations suggesting
the existence of equilibria between dimers and tetramers in
solution experiments for mSR and hSR (Wang and Barger,
2011; Marchetti et al., 2015; Bruno et al., 2017). The different
conformations are associated with significantly different catalytic
properties, ranging from the lowest catalytic efficiency in the
absence of divalent cations, to the intermediate —20-fold higher-
when Mg?* is added, to the highest when ATP is also present,
with a further 30-fold increase (Scheme 3). Furthermore, ATP
binds cooperatively, with a dissociation constant ranging from
millimolar to low micromolar range depending on the ligation
state of the active site. Conversely, the affinity of malonate and
glycine increased several fold in the presence of ATP.

PERSPECTIVES

Overall, results obtained on hSR indicate that protein function
is regulated by alterations of the conformational distribution
(Table 4), i.e. effectors stabilize distinct tertiary and quaternary
enzyme conformations. This finding might be exploited for
the design of positive and negative allosteric effectors with
therapeutic actions. However, in order to proceed along this
pathway, the three-dimensional structures of hSR in the presence
of ligands that bind to either the active site or the allosteric site
should be determined. This aim might be challenging due to
difficulties in hSR crystallization. Indeed, surprisingly, so far the
structure of hSR in the presence of ATP or a stable ATP analog
has not yet been determined. As cryo-EM methods for protein
structural determination are approaching the resolution of X-ray
crystallography, it might be feasible to collect structures of hSR
complexed with ligands and protein interactors in order to obtain
a more detailed map of the conformational landscape of SR. In
turn, this information should improve the identification of hits
in silico ligand screening campaigns.
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